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Abstract Nitrogen, the vital primary plant growth nutrient

at deficit soil conditions, drastically affects the growth and

yield of a crop. Over the years, excess use of inorganic

nitrogenous fertilizers resulted in pollution, eutrophication

and thereby demanding the reduction in the use of chemical

fertilizers. Being a C4 plant with fibrous root system and

high NUE, maize can be deployed to be the best candidate

for better N uptake and utilization in nitrogen deficient

soils. The maize germplasm sources has enormous genetic

variation for better nitrogen uptake contributing traits.

Adoption of single cross maize hybrids as well as inherent

property of high NUE has helped maize cultivars to

achieve the highest growth rate among the cereals during

last decade. Further, considering the high cost of nitroge-

nous fertilizers, adverse effects on soil health and envi-

ronmental impact, maize improvement demands better

utilization of existing genetic variation for NUE via

introgression of novel allelic combinations in existing

cultivars. Marker assisted breeding efforts need to be

supplemented with introgression of genes/QTLs related to

NUE in ruling varieties and thereby enhancing the overall

productivity of maize in a sustainable manner. To achieve

this, we need mapped genes and network of interacting

genes and proteins to be elucidated. Identified genes may

be used in screening ideal maize genotypes in terms of

better physiological functionality exhibiting high NUE.

Future genome editing may help in developing lines with

increased productivity under low N conditions in an envi-

ronment of optimum agronomic practices.

Keywords Co-expression networks � Maize � NUE �
Mapping � Productivity � Quantitative trait loci

Introduction

Maize (Zea mays L.) is the world’s most important crop in

terms of production. Due to its high nutritive value (72%

starch, 10% protein, 4.8% oil, 8.5% fiber, 3% sugar and

17% ash), maize is the most multifaceted crop (Ahmad

et al. 2018) and an important cereal for human and animal

consumption, giving adequate quantity of energy and

proteins (Wondesen and Sheleme, 2011). Globally, maize

ranks third in cereal production after rice and wheat. Total

maize produced over the world covering 170 maize

growing countries was 1.15 billion MT which covers

the * 197 million hectares area in 2020 (FAOSTAT,
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2020). Among the 170 countries, four countries, viz.,

United States, China, Brazil and Argentina together con-

tribute for over 65% of worldwide production while three

countries, viz., China, USA and Brazil contribute more

than 47% of global area under maize. United States leads

maize production with average productivity of 10.5 MT/ha

followed by Brazil at 7.9 MT/ha. In developed countries.

The average productivity of maize is 6.7 t ha-1 while it is

2.4 t ha-1 in developing countries (Khalily et al. 2010). In

South America, Africa and China, maize is one of the most

important food crops (Khalily et al. 2010; Wondesen and

Sheleme 2011). Though, India is in the 4th position with

4.6% of total global acreage, it ranks at 7th place with only

2.4% of the global production (FICCI 2021). India lags far

behind from the United States in terms of maize production

and productivity (Ansari et al. 2015). Among the many

reasons for this sub-optimal productivity, one of the major

causes is relatively lower adoption of high yielding single

cross based long duration hybrids. However, last decade’s

trend has shown a significant increase in area under single

cross hybrids (Yadav et al. 2015).

Global population is increasing at an exponential rate

and it is estimated that, by 2050 AD, the world population

will be near 9.5 billion (U.S. Bureau of the Census 2009).

To feed the burgeoning population, food production must

be increased by around 56% without any peril to envi-

ronmental health (Bloch et al. 2020). During 1960s, Green

Revolution made India a self-reliant country for food

grains; but, impacted large-scale adoption of high input

intensive cropping system This resulted in over-exploita-

tion of ground water resources at an alarming rate, soil

health deterioration from excessive imbalanced fertil-

izer application, plant protection chemicals and erosion of

genetic diversity. Shift towards rice–wheat based mono-

cropping from diversified multiple cropping systems has

contributed for deterioration (Choudhury et al. 2013). Crop

diversification involving low input-intensive or higher

resource-efficient (water and nutrients) cereals like maize

in combination with legumes, oilseeds etc. can overcome

many of the shortfalls associated with soil and environ-

mental health which surfaced in post-green revolution era

(Sood et al. 2009). In north India, maize is grown as suc-

cessive to rice replacing the existing rice-rice or rice-pulse

cropping system due to water scarcity for rice. This is

probably the reason for its gaining popularity in conser-

vation agriculture (Kumar et al. 2015).

Adequate use of nitrogen inputs for synchronous

improvements in grain yield and nitrogen use efficiency

(NUE) has been regarded as a contingent blueprint

for development of sustainable agriculture (Wang et al.

2019). Among all the field crops, cereals share the maxi-

mum proportion in food security but the supply of optimum

nitrogen (N) with 25 to 30% NUE is the new challenge in

cereals (Sheoran et al. 2021). Further, maize being a high

yielder has direct impact on food security of a nation.

Among cereals, maize has got the highest yield potential,

which necessitates more requirements of N and other

resources for obtaining higher yields. But providing

excessive fertilization brings more harm to the agricultural

soils, environment and even for human health (Gou et al.

2010). It leads to pollution of the soil and prevents the

optimal utilization of N, or reducing the NUE. Integrated

agronomic approaches along with molecular genetic

approaches to improve the photosynthetic efficiency are

utilized to get better yields of maize without more appli-

cation of nitrogenous fertilizers, thereby improving the

NUE. Recently, very interesting reviews were published on

NUE in major crops like cereals (Sandhu et al. 2021) rice

(Lee 2021), wheat (Islam et al. 2021) but not maize.

Therefore, in the present review, we emphasized the role of

N in maize and reviewed its optimum usage for better

yields, improved NUE by various agronomic, genetic and

molecular breeding approaches in dissecting the NUE

contributing factors in maize.

Role of N in maize and its deficiency

Balanced nutrition is an essential requirement in increasing

the production and quality of food grains. Among nutrients

supplemented by any agronomic practice, N ranks top

(Frink et al. 1999). Other than carbon, hydrogen and oxy-

gen, N is the main building block of plant tissues. It makes

upto 1–4% of plant’s dry matter (Humtsoe et al. 2018) and

is a constituent of protein and nucleic acids; hence, its

deficiency in soil reduces growth and yield (Haque et al.

2001). N plays a significant role in various physiological

processes of plants. N being a component of ATP, amino

acids, chlorophyll and nucleic acids plays an important role

in energy transfer and metabolic processes contributing to

higher production in maize (Wang et al. 2017). N is the

major component of photosynthetic organelle, chloro-

phyll’s structure affecting the production of dry matter, leaf

area and photosynthetic efficiency (Tafteh and Sepaskhah

2012). In maize, N is deposited in storage proteins such as

Zein in the endosperm and Globulin in the embryo of

maize, providing nutrition during seed germination (Moose

and Below 2009). Maize root system and its branching

pattern influence N uptake from soil solution and is

assimilated into amino acids (Moose and Below 2009). N

uptake from the soil continues till flowering and then

declines briefly after flowering. (McCullough et al. 1994;

Naeem et al. 2018; Qi et al. 2019; Fernandez et al. 2020). N

assimilation occurs through the different pool of carbon

acceptors in C4 photosynthesis mechanism of maize in

comparison to C3 plants (Moose and Below 2009). N is
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initially required to support continued growth and high

rates of starch synthesis in the endosperm of maize seeds.

The most sensitive and highly correlated component trait of

maize grain yield in response to N is kernel number

(Moose and Below 2009). Growth regulators, particularly

cytokinins and polyamines, serve as secondary signals to

coordinate the developmental processes (Sakakibara et al.

2006).

Enough supply of N extends leaf area effectively. N

delays senescence and plays essential role in initiation of

cob and tassel. N stress symptoms appear on lower older

leaves. Mid-rib of leaves with V-shaped yellow discol-

oration coalesces and the entire leaf turns light green (Ding

et al. 2005; Clay et al. 2006). Later, these V-shaped regions

develop necrotic lesions and then the leaf dries up. Plant

vigor is also affected severely. The chlorophyll meter is an

instrument used for measuring leaf chlorophyll content

(Rostami et al. 2008) and it reflects N deficiency by indi-

rectly indicating a reduction in photosynthetic activities.

Deficiency is observed for inadequate N availability (N is

lost through denitrification and leaching or run-off). N

deficiency causes poor growth and development of maize

plants (Sheoran et al. 2021). Further, improper N supply

affects the source sink relationship (Torbert et al. 2011). By

maintaining the growth of kernel function throughout the

grain filling stage, it reflects its significance in both the

number of developed kernels and final size of kernel (Hopf

et al. 1992; John and Schmitt 2007). N stressed plants

exhibit reduced photosynthetic capacity due to degradation

of chlorophyll resulting in decreased flow rate of available

photosynthates to the growing regions. Leaf expansion and

photosynthetic rates of maize are drastically reduced by

low N stress (Muchow 1989). Similarly, maize grown in

N-stressed soils produced lower grain number and less

grain weight (Eck 1984), due to reduction in the number of

fertilized ovum, kernel abortion and other changes at

physiological and biochemical level that results in sub-

stantial reduction of grain yield (Uhart and Andrade 1995).

Under N stress, anthesis–silking interval (ASI) increases.

Reduction of grain yield per cob may become drastic if the

ASI goes beyond five days (Elings et al. 1996). The

common effects of N deficiency on maize plants are on

relative male and female flowering time (anthesis-silking

interval), number of cobs per plant, and number of kernels

per ear (Ribaut et al. 2007). The positive relationship

between the nutrient supply and seed weight may be due to

a higher growth rate of seed during grain filling stage

(Khan et al. 2005).

N deficiency adversely affects the growth of maize plant

and decreases the shoot to root ratio (Steer and Harrigan

1986), radiation use efficiency, radiation interception, dry

matter partitioning, and growth of reproductive organs

(Marschner 2012). Plant biomass is drastically reduced and

premature senescence occurs (McConnell et al. 1995),

leaves turns pale yellowish green color in the early stage of

growth and becomes more yellow to orange or red in the

final stages of growth (Kravchecko et al. 2003). If defi-

ciency exists for a longer time, then the senescence of older

leaves occurs. Thus, both the reproductive and vegetative

phenological developments are retarded due to N

deficiency.

Availability of soil N to the plants and fertilizer
application

N is one of the critical component for high productivity and

yield and the most important supplement to meet the food

demand of increased population (Aseel et al. 2019). N

exists as surplus gas in the atmosphere (* 78%) and soil

(2–20 t/ha) (Bockman et al. 1990) but its availability

depends on its presence in reduced form i.e. either nitrate

or ammonia (Huang et al. 2000). Further, atmospheric N

must be fixed in the soil through symbiotic or non-sym-

biotic bacteria colonizing roots in cereals to be made

available to the biological world (Parnell et al. 2016). In

soil, N exists both in organic and inorganic forms; of these,

organic N contributes 95% of the total N present and the

remaining 5% is contributed by inorganic and other forms

of N. However, crop easily utilizes the inorganic form

since availability of organic N heavily depends on miner-

alization kinetics of organic matter (oxidation, decompo-

sition and release). Among the N forms available in soil,

only the nitrate (NO3
-) and ammonium (NH4

?) forms are

absorbed by the plant but their availability is limited to

only 2% of total N present in the soil (Hailegnaw et al.

2021). The organic form of N cannot be assimilated by the

plant and requires mineralization of organic N to inorganic

N through amination and ammonification (Rangel and

Silva 2007). It has been envisaged that, the total reserve of

N in the soil is not equal to N available to the plants

(Amado et al. 2002), because mineralized N varies with

species, quantity of organic residues, microbes, tempera-

tures, moisture, aeration and humidity (Mary et al. 1996).

Parts of mineralized N in soil may be lost, when there is an

excess application of N in inorganic form, resulting in

ground water contamination, and emission of N-based

GHG’s, complicating the environmental hazard. The

demand for N among crops is much higher than the

available soil N reserve (Vitousek and Howarth 1991).

Light soils and soils with low organic matter content are

usually considered as more prone to N deficiency. Some-

times climatic conditions also cause N deficiency, such as

cold weather, especially in the early winters. Excessively

wet or leached soil, soil with very high or very low pH, and

also fields with fast-growing crops often show N
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deficiency. Thus, N present in the soil may be lost by

ammonia volatilization, denitrification, leaching, soil ero-

sion and uptake by plants (Silva 2005). In another study,

soil acidification in maize stunted the growth and reduced

the N uptake and NUE. Pan et al. (2020) reported * 24%

higher NUE at pH 6.0 compared to pH of 4.0 in clay

ultisols soil.

In a cereal crop like maize, N inputs are usually nec-

essary to optimize crop yield, grain quality and profitability

over short interval (Ma et al. 2008; Jin et al. 2012). Under

the current scenario, the goal of high yield is possible only

through the use of chemical nitrogenous fertilizers (Ma

et al. 2014). In most of the maize growing regions, irre-

spective of low marginal return and NUE, N rate is grad-

ually increasing. In 2017, about 109 million tons of N

fertilizer was consumed globally for total agricultural

production (FAO 2017) and is predicted to reach 443

million tons by 2050 (Sheoran et al. 2021).

NUE reflects the inter-relationship between soil com-

ponents and plant system (Good and Beatty 2011) or how

much per unit economic returns obtained in the form of

yield by using per unit fertilizer. However, plants can

uptake up to 30–40% of total applied N (Santos et al 2019).

Excessive application of N can increase the cost of pro-

duction because of low NUE due to volatilization losses

(Hammad et al. 2017) and nitrate leaching (Hong et al.

2007), at places of intensive agricultural practices (Singh

2005). Only 47% of the total N applied globally in fields, is

converted into grains or converts into organic matter;

whereas, the remaining is lost in gaseous forms (Sheoran

et al. 2021). Due to low NUE, there is an annual economic

loss of $680 million to $1 billion for Canadian farmers

(Biswas and Ma 2016). It is, therefore, worthwhile to

improve the NUE and achieve better growth and devel-

opment through optimum N (Li et al. 2020). Farmers’

economic situation is a major limiting factor affecting

balanced nutrient applications (Below 2002); and hence,

stratified cultivable area based on annual N application to

field crops (Sripada et al. 2005).

Fertilizers containing N are applied initially as basal

dose and later as split doses due to volatility of most of the

nitrogenous compounds. Time of application decides a lot

about the availability of N to the plants. For maize, mid-

summer is the peak time when the plant uses the most N, so

ideally N application should peak during that period.

Warm, less-tilled, poorly drained soils pose a problem of N

availability due to leaching and denitrification. Though N

is abundant in many soils, N deficiency probably continues

to be a very serious problem globally.

The effect of externally applied ammonium (NH4) on

plant growth is influenced by the stages of growth and

concentration of N in soil. N metabolic pathway enzyme,

Glutamate synthetase activity was unaltered when NH4 was

applied to 3-day-old seedlings. but, upregulated when

applied to 18 - 23 days old seedlings. Seedlings stage

prolonged N stress reduced the rate of subsequent dry

matter accumulation, indicating critical N requirement for

maximum NUE. In N metabolic pathway enzymes, higher

growth was observed, when applied in a combination of

both NO3 and NH4 sources of N (Handa et al.1985). In a

recent study, suitable fertilizer placement depth (25 cm)

increased NUE and maize yield (Wu et al. 2021).

Nitrogen use efficiency in maize

N is one of the most critical inputs that define crop pro-

ductivity and yield under field conditions. It must be sup-

plemented to meet the food production demands of an ever-

increasing population (Aseel et al. 2019). The NUE has

been classified as agronomic efficiency (aNUE), physio-

logical efficiency (PhE), agro-physiological efficiency

(aPhE), apparent recovery efficiency (ARE), and utilization

efficiency (UE) (Santos et al. 2003). aNUE for grain maize

has been defined as the increment in grain yield through per

unit of applied N (Wang et al. 2019). It is the product of N

uptake efficiency (Plant N accumulation/N uptake from the

soil) and N utilization efficiency (yield/plant N). The N

uptake per unit of N available in the soil is called recovery

efficiency. Nitrogen harvest index (NHI) is defined as

partitioning of total plant N into the grain (Fageria 2014).

NHI appears to be under genetic control, other indices of

NUE are observed as largely affected by crop management

practices and environmental factors. N uptake efficiency

(NUpE) indicates the fraction of N uptake from the total

available N from all sources and represents the ability of

crops to take up N from soil also called nitrogen recovery

efficiency (Burns 2006; Wang et al. 2019; Li et al. 2020).

However, nitrogen utilization efficiency (NUtE) or nitro-

gen internal efficiency indicates how much grain yield

produced per unit N-uptake and represents the efficiency

with which crops use the absorbed N to grow and give

yield (Schenk, 2006, Wang et al. 2019; Li et al. 2020).

Improvement in the NUpE leads to low loss of N in soils,

on the other hand NUtE leads to high yield in low N inputs

(Li et al. 2020), so both NUpE and NUtE may be consid-

ered in improving NUE. Thus, the overall NUE can be

defined as the harvested yield per unit used of N which is

available in the soil (Lassaletta et al. 2016). It is vital to

enhance both uptake and utilization efficiency of N-applied

to reduce the N losses while meeting the crop N require-

ments. The N-utilization largely depends on the photo-

synthetic efficiency of the plants and the subsequent

assimilation and translocation process of photosynthates

into the economic parts of the plant (mostly grains),

(Shewry 2007). The utilization efficiency of applied N may
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be enhanced by the selection of genotypes for traits that are

helping to produce higher yield with low N application.

The more adapted genotypes in low N conditions are the

better sustainable strategy to improve NUE (Hire and Lea

2018). NUE is a quantitative trait which is expected to be

controlled by many genes.

Higher rates of nitrogenous fertilizer application are

considered as the key to high productivity. Higher

responsiveness of maize yield for supplemental N, leads to

the annual application of * 27–63 million tonnes of N in

2050 (Alexandratos and Jelle 2012). This has caused

increased pressure on water and soil quality causing

degradation of natural soil health. Maize NUE varies from

25 to 50% (Tilman et al. 2002; Aseel et al. 2019) which

indicates that half or more of the N applied is lost to the

environment (Moose and Below 2009). Another estimate

measured the NUE for maize as 33% or less worldwide

(Krupnik et al. 2004). So, higher doses of N application

reduce the NUE (Pan et al. 2020) and adversely affect the

environment by increasing soil acidification, environmental

pollution and decrease in soil microbial activity (Chen

et al. 2014; Zhu et al. 2016). Based on the previous studies,

1% increase of NUE can save upto US$ 1.1 billion annu-

ally (Kant et al. 2011). Therefore, developing maize

genotypes with high NUE can prove to be the best option

for increasing the grain yield under low N conditions or

minimum N losses and maintaining the health of the

environment (Santos et al. 2019).

Studies exhibited the presence of interaction of geno-

types with N fertilization and genetic variability for NUE

in maize (Bertin and Gallais 2000b, a). At high N input,

genetic variation in NUE was said to be due to variation in

N uptake, whereas at low N input, NUE variability was due

to differences in N utilization efficiency (Gallais and Hirel

2004). Past progress in selecting genotypes for NUE has

been limited because of the complexity of the genetic

network regulating plant N metabolism (Moose and Below

2009). Much of the research on NUE has been focused on

productivity and physiological response of maize geno-

types to different N management practices (Giller et al.

2004). NUE in maize is governed by interactions between

soil N levels, N availability due to microbial activity in the

rhizosphere, and the ability of the maize plant to assimilate

and use acquired N for plant growth (Gallais and Coque

2005).

Factors affecting NUE

NUE in the plant can be affected by plant morphological

features, N application, time of application, etc. It is

important to understand these factors to better understand a

complex trait like NUE to develop higher NUE cultivars.

Root system architecture (RSA) regulators

Roots play a significant role in the acquisition of water and

mineral nutrients that are essential for plant’s survival by

affecting yield and production in agriculture (White and

Brown 2010). N uptake is strongly influenced by root

structure and its functioning, although uptake is limited by

sink capacity (Hawkesford 2014). Development and mor-

phology of the root architecture (root/shoot ratio, root size,

and root distribution in the soil profile) of the plant are

important factors influencing the N uptake from the soil

(Eghball et al. 1993). Better N uptake, root growth and

development increases the NUE by preventing leaching

losses of N fertilizer and inherent soil N resulting in

reduced groundwater contamination (Lynch 2013). With

the improvement of root structure, there is a significant

increase in root dry weight, absorption area and root/shoot

ratio for water absorption (Liu et al. 2017). Strong root

architecture per unit of leaf area is considered as an index

to maintain high photosynthetic rates and duration as well

as prolonged stay green leaf character, thus, providing

sufficient photosynthates to be deposited in grains to

achieve high yields and higher NUE (Kang et al. 1998;

Liedgens and Richner 2001). In maize, root system archi-

tecture (RSA) is a key determinant of water and nutrient

uptake efficiency and is described as the organization of

primary root and derived branches (Hochholdinger and

Zimmermann 2008). A greater NUE was obtained in a new

maize variety with higher root dry weight and root-shoot

ratio. A positive correlation was observed between the

NUE and root-shoot ratio at the silking stage of crop

growth (Yu et al. 2015). Breeding for root traits may

improve N uptake efficiency in maize (Coque et al. 2008).

Considerable genetic variation for NUE at low N in maize

has been reported (Moll et al. 1982) and root morphology

has been observed as important in uptake of low mobility

nutrients (Nye and Tinker 1977).

Rate and time of N application

The NUE is significantly affected by N rates applied in the

soil since a negative relationship between the increase in

fertilizer N-rate and NUE exists due to rapid losses of N

when the input exceeds the crop assimilation capacity

(Meisinger et al. 2008; Zhu et al. 2016). Although, higher

doses of N fertilizers increased grain yield, kernel, and cob

number significantly, it has been reported that agronomic N

efficiency (AEN), N partial factor productivity (PFPN), and

NUE of maize in both rainfed and irrigated conditions

decreases with increasing fertilizer dose (Jin et al. 2012;

Srivastava et al. 2018). Translocation efficiency was also

observed to be reduced with high N supplies compared

with lower input (Cox et al. 1986). So, the adoption of
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improved N management practices in maize production can

increase both grain yield and NUE and minimizes N

loading of the environment (Halvorson et al. 2010; Ciam-

pitti and Vyn 2011; Ma et al. 2012; Ma and Biswas 2015).

Although, the rate of N-application is location and soil

specific, however, in general, grain yields, biomass and

shelling percentage of maize crop is increased with

increase in N rates (Nunes et al. 1996). Bakht et al. (2006)

reported that N application at 200 kg/ha in Peshawar,

Pakistan significantly increased the number of leaves

plant-1, number of cobs per plant, number of grains per

cob, plant height, grain and biological yield. Chlorophyll

‘a’ content increased by 30%, 43% and 46% and chloro-

phyll ‘a ? b’ content by 32%, 46% and 52% respectively

with the increase in N application rate from 0 to 100 and

200 kg/ha compared to the control plants (0 N kg/ha)

(Biswas and Ma 2016). From an experiment on integrated

agronomic management practices of summer maize

involving differential N-doses (0–300 kg/ha), Liu et al.

(2017) reported that for optimum growth of root systems

(development and proliferation), application of N @

184.5 kg ha-1 significantly improved the root architecture

(root length density and root dry weight) without any

penalty to the grain productivity. Costa et al. (2002),

however, reported that greater root length and root surface

area were obtained at 127.5 kg N ha-1 compared with

either the absence of fertilizer N or at higher N rate of

255 kg N ha-1. Excessive doses of fertilizer N applica-

tions are reported to inhibit root growth and development,

thus, reducing the ability of roots to absorb nutrients and

water, which causes reduction in NUE (Liu et al. 2017;

Wang et al. 2000). Many studies suggested that N appli-

cations in optimum quantities during mid and late growth

stages significantly improves the N uptake, root characters,

assimilation, source-sink translocation and final grain

development process, thus leading to higher grain yields

and harvest index and thus improving NUEs compared to

basal application of whole N in one go (Liu et al. 2017; Sun

et al. 2017; Zhou et al. 2017).

The split and time of N application are alternatives to

increase the efficiency of fertilizers and minimize losses,

allowing for synchronization between the applications and

the period of high nutrient demand (Yamada et al. 2006).

Split N applications, with the highest rate applied at sow-

ing, for the same final amount of fertilizer, resulted in

higher grain yield. The rate of 70 kg N ha-1 in topdressing

provided the highest maize grain yield compared with the

yield obtained with the rates of 40 and 100 kg N ha-1.

Increased N at sowing increased the 1000 grain mass, plant

height, ear length, grain number per row and grain number

per ear (Lana et al. 2013). Demir et al. 2021, observed that

application of 186 kg N /ha with fertigation system

increased the silage maize yield (99.6 tone/ha).

Plant density

Plant population is one of the factors affecting NUE. In

soils with low N availability, NUE of maize fields increases

with the increase in planting density (reduction of row

spacing from 70 to 52 or 35 cm) (Beriberi et al. 2008). The

mechanism that makes the maize plant to absorb more N

with narrow row spacing could be better root proliferation

and distribution below ground, suppression of weed growth

and increase in light interception during critical growth

stages (Sharratt and McWilliams 2005). In a study con-

ducted at Northern China plains it was concluded that

choosing the optimum plant density combined with

appropriate N management could augment grain yields and

the NUE in maize. Further increased plant densities with

crowding stress decreases the ability of plants to utilize soil

N particularly at the post-silking stage, thus higher rates of

N fertilizers were required to acquire higher grain yields

(Yan et al. 2017).

Improvement in NUE

Both genotype and environment affect nutrient availability

but through breeding efforts, improvement in NUE can be

achieved. We can hardly control the environment when the

plants are to be grown in large fields, but through manip-

ulation of genetic traits we can certainly improve the

production level. Apart from enhancing NUE by genetic

methods, few cultural practices are associated with the

improvement of NUE. The use of nitrification inhibitors

which slows down the oxidation of NH4, and slow and

controlled release fertilizers have been used to reduce N

leaching (Sitthaphanit et al. 2010). Incorporating straw

with a high C:N ratio and minimum tillage can reduce N

leaching. The above strategies can be effective in reducing

leaching but the extra cost often makes them prohibitive for

use by small holders in rain-fed environments. Timing of

fertilizer application and split doses is another low-cost

strategy to reduce nutrient leaching, so that nutrient supply

is synchronized with plant demand (Gehl et al. 2005). Split

application of N is one of the methods to improve NUE by

the crop while reducing nutrient loss through leaching and

volatilization (Tolessa et al. 1994; Muthukumar et al.

2007). It improves the maize grain yield and increases the

economic benefit from increased grain yield (Sitthaphanit

et al. 2010). Optimum irrigation in maize can also help in

obtaining maximum NUE (Li et al. 2019). Crop rotation,

the practice of growing a series of dissimilar or different

type of crops in the same area in sequenced seasons plays a

vital role in improving soil structure and fertility by

increasing biomass (Raun and Johnson 1999). Improved

soil structure and fertility helps in establishment of better
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root system which eventually helps is attaining better NUE

by the plant. Source of N in fertilizers also affects NUE.

Ammonium (NH4) source of N is less prone to leaching or

denitrification losses.

Importance of root structure for improving NUE
in maize: Genomics perspective

Crop production could have been doubled in the past four

decades in part through a seven-fold increase in the

application of N fertilizers (Hirelet al. 2007). General

effects of N on maize root growth have been studied

extensively in various parts of the world. Agricultural

production in the twenty-first century is predicted to be

more limited because of lower availability and increased

cost of water and nutrient resources (Lal 2007). This

emphasizes the need to improve the root system so that

plants are better able to capture the essential resources

more efficiently. Pot experiments with maize have shown

that maize roots are thinner and longer in ammonium rich

zones (Zhang and Barber 1993).

Quantitative trait loci (QTL) for root traits

and NUE

Recent advances in QTL identification have become more

important in the NUE enhancement of crop plants includ-

ing maize. QTL identification and gene mapping is an

effective tool to find the key regions of the chromosomes

that segregate for NUE (Fig. 1). QTL underlying grain

yield and associated traits under normal and low-N stress

conditions could hasten the development of NUE varieties

in maize (Ertiro et al. 2020). Root-ABA1, a major QTL has

been mapped for root features and ABA levels in leaf

(Giuliani et al. 2005; Landi et al. 2005). Number of aer-

enchyma cells provides a good indicator of a root growth

pattern. With the higher number of aerenchyma cells, the

root volume may increase to have better exploration of

nutrients in soil. Four QTLs contributing to aerenchyma

formation were reported on chromosome 3 (Qaer3.10),

chromosome 5 (Qaer5.05–6), chromosome 9 (aer9.07–8)

and chromosome 10 (Qaer10.04) from maize 9 teo-

sinte (Zea luxurians) crosses. Some QTLs for the traits

correlated with NUE and N assimilation have been repor-

ted in maize under low N (LN) and high N (HN) conditions

(Agrama et al. 1999; Gallais 2001; Hirel et al. 2001; Gal-

lais and Hirel 2004; Ribaut et al. 2007). The brief infor-

mation of the QTL studies on various traits governing NUE

in maize has been provided in Table 1.

The proposed hypothetical ideotype for RSA of maize

for higher NUE is, optimal numbers and steeper angles of

crown roots which could modulate rooting depth and

subsequently enhance water and N acquisition (Mi et al.

2010; Lynch 2011, 2013; Trachsel et al. 2013; Saengwilai

et al. 2014). Maize inbred lines showing high NUE

apparently have bigger root diameters than lines with a

lesser NUE under low-N conditions (Yang et al. 2019). A

thorough understanding of the genetic basis of RSA is the

first key step in altering RSA toward better nutrient uptake.

QTL mapping has been a major approach in investigating

the genetic basis of maize root systems, as root traits are

genetically controlled by a number of small-effect loci

(deDorlodot et al. 2007; Cai et al. 2012). Significant vari-

ation in RSA has been known to exist among maize

genotypes, which provides an abundance of genetic mate-

rial for QTL mapping (Jenison et al. 1981; Landi et al.

1998; Tuberosa et al. 2003; Chun et al. 2005; Kumar et al.

2012). After the first maize RSA QTL reported by Lebreton

et al. (1995), varying growth conditions, growth stages and

different mapping populations were studied (Hund et al.

2011). However, the localization of these QTLs was

inconsistent among the different studies. More QTL anal-

yses for RSA would be required to identify consistent QTL

for any future map-based cloning and marker assisted

selection.

A low N condition of the soil is a major cause of yield

loss in tropical maize coupled with water stress (Pingali

and Pandey 2001). Therefore, the efforts for developing

cultivars that outperform controls under low N conditions

are increasing and a better understanding of the genetic

basis of maize development under low N conditions is

required to accelerate and improve selection efficiency

(Ribautet al. 2007). Five stable QTLs were identified for

low N environments and five co-localized with QTLs

identified for ASI or for the number of ears per plant under

low N conditions (Ribautet al. 2007). Mandolina et al.

(2018) identified two co-localized QTLs for grain yield,

NUE, high biomass and nitrogen harvest index namely

QTL-1 and QTL-6. These may be helpful to select for better

NUE and high yield simultaneously. Only a few studies

have been done to identify QTLs for low-N stress (Gallais

and Hirel 2004). Bartin and Gallais (2001) have shown that

the QTLs detected at high N input were different from

those detected at low N input. Three QTL regions control

maize RSA traits, which could be promising candidates for

cloning the underlying genes for improving maize root

system, as well as water, N and phosphorus use efficiency

(Liu et al. 2017). Nitrogen remobilization (NRE) in plants

from source to sink organs is an vital phenomenon gov-

erned by complex transcriptional regulatory networks

(Gong et al. 2020). Two candidate genes namely ZmASR6

and GRMZM2G172230 for a major QTL of NRE were

identified (Gong et al. 2020), Hormone-coupled transcrip-

tion factors and downstream target genes disclose a gene

regulatory network for the NRE phenomenon after silking
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Fig. 1 Physical map of maize with in silico predicted positions of identified NUE contributing genes. In-Silico gene prediction and mapping

tools were used to identify and map the genes ( Zm-Zea mays; DGR-markers identified at Division of Genomic Resources, NBPGR, New Delhi)
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in maize. These results revealed a classy regulatory

machinery for NRE and enabled characterization of trea-

sured genes for genetic improvement of NUE in maize. In

maize zinc finger protein Dof1 (DNA binding with one

finger) regulates multiple genes in the metabolic pathways

and 54 putative Dof1 genes are reported in maize

(Yanagisawa et al. 2004; Peña et al. 2017). Recently, Ge

et al. (2020) identified NIN-like protein 5 (ZmNLP5) TF as

key gene for regulating maize response to N through

altered N signalling and metabolism. A list of cloned genes

and transcription factors involved in N metabolism and N

uptake and distribution in maize are presented in Table 2

and supplementary table 1.

Transcriptomics in identification of NUE genes

in maize

Transcriptome profiling approach has the potential to be

used to integrate biological information on metabolic

processes, including pathways involved in N uptake,

assimilation and remobilization. Since last decade, plant

molecular biotechnology, combined with dynamic inte-

grative biological studies increased our knowledge to

understand the regulatory mechanisms controlling the pri-

mary steps of N assimilation and the subsequent metabolic

pathways involved in N supply for secondary metabolic

processes (Jiang et al. 2018). Several NUE associated

genetic experiments have been conducted in arabidopsis

Table 1 Details of QTL studies on various traits governing the NUE in maize

Parents Population

type & size

Marker

type &

No.

QTLs Chr Phenotypic

Variance

Explained (R2,

in %)

Traits References

B73 9 G79 F2:3 (214) RFLP

(108)

Bnl9.13 1 15.2 Ear leaf area, Plant height and

grain yield/plant under low-N

conditions

Agrama

et al.

(1999)

2 7 and 9 9.2–13.4 Grain yield/plant under low-N

F2 9 Io RILs (99) RFLP

(152)

42 All

except

7 and

10

– Agronomic and physiological

traits in normal and N stress

Hirel et al.

2001

Ac7643S5 9 Ac7729/

TZSRWS5

F2:3 (240) RFLP 5 (stable) 1 0.5–8.0 Grain yield under N stress Ribaut et el.

(2007)

F2 9 Io RILs (99) RFLP

(152)

24 All

except

3, 7

and 10

9–21.9 15 N abundance Coque et al.

(2006)

F2 9 Io RILs (114) SSR

(167)

608 (72

distinct

QTLs

clusters)

All – Agronomic and physiological

traits in normal and N stress

Coque et al.

(2008)

Z3 9 87–1 RILs (94) SSR

(260)

17 All

except

4 and 9

11–43.7 Root traits Liu et al.

(2012a, b)

Ye478 9 B73, Mo17,

Qi319, QB80, and

ZZ01

BC4F2
(413)

SSR

(189)

23 (N stress) 2, 3, 4, 5,

6 and 8

4.51–24.27 Grain yield, 100 grain weight,

row number per ear and

kernel number per row

Liu et al.

(2012a, b)

Mo17 9 Huangzao4 RILs (239) – 16 (9 High

N ? 7 Low

N regime)

1,2,3,4,7

and 8

5.4–20.5 Ear leaf length, ear leaf width

and ear leaf area

Zheng and

Liu

(2013)

NUEC2 9 NUEC4 DH (60) SNP

(754)

30 All

except

1 and 7

17–45 Seedling root traits Pestsova

et al.

(2016)

Ye478 9 Wu312 RILs (218) SSR

(184)

184 All 4.2–53.6 NUE related traits Li et al.

(2015)

B100 9 LP2 RILs (181) SSR

(196)

3 1 and 9 8.4–12.3 NUE Mandolino

et al.

(2018)
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Table 2 A list of cloned genes and transcription factors involved in N metabolism and nitrogen uptake and distribution in maize

S.No. Gene symbol Description Chr References

1 ZmGS1 Glutamine synthetase 1 1 Prinsi and Espen (2015)

2 ZmGS2 Glutamine synthetase 2 1 Prinsi and Espen (2015)

3 ZmGS3 Glutamine synthetase 3 9 Martin et al. (2006)

4 ZmGS4 Glutamine synthetase 4 5 Martin et al. (2006)

5 ZmGS5 Glutamine synthetase 5 4 www.ncbi.nlm.nih.gov

6 ZmGS6 Glutamine synthetase 6 1 Li et al. (1993)

7 ZmDof1 DOF1 transcription factor N/A Yanagisawa et al. (2004)

8 ZmNRT2.1 High-affinity nitrate transporter 2.1 5 Trevisan et al. (2008)

9 ZmNRT2.2 High-affinity nitrate transporter 2.2 N/A Pii et al. (2016)

10 ZmNiR Ferredoxin–nitrite reductase 5 Matsumura et al. (1997)

11 ZmNiR2 Ferredoxin–nitrite reductase 2 4 Zanin et al. 2015

12 ZmNR1 Nitrate reductase 1 4 Shaner and Boyer 1976

13 ZmASN1 Asparagine synthetase 1 9 Balyan et al. (2016);

Han et al. (2016);

www.ncbi.nlm.nih.gov

14 ZmASN2 Asparagine synthetase 2 3

15 ZmASN3 Asparagine synthetase 3 1

16 ZmASN4 Asparagine synthetase 4 9

17 Zmcipk31 CIPK-like protein 1 1

18 ZmGPI Glucose-6-phosphate isomerase 7

19 ZmNPF1.1 Low affinity nitrate transporter 1.1 3 Fang et al. 2021

20 ZmNPF1.4 Low affinity nitrate transporter 1.4 3 Fang et al. 2021

21 ZmNPF2.1 High affinity nitrate transporter 2.1 1 Santi et al. (2003);

Guan et al. (2021);

Pii et al. (2016);

Ibrahim et al. (2017);

Garnett et al. (2013)

Balyan et al. (2016)

22 ZmNPF2.2 High affinity nitrate transporter 2.2 1

23 ZmNPF2.3 High affinity nitrate transporter 2.3 5

24 ZmNPF3.1 Low affinity nitrate transporter 3.1 9

25 ZmNPF4.10 Low affinity nitrate transporter 4.10 6

26 ZmNPF5.8 Low affinity nitrate transporter 5.10 6

27 ZmNPF5.12 Low affinity nitrate transporter 5.12 1

28 ZmNPF5.13 Low affinity nitrate transporter 5.13 8

29 ZmNPF5.14 Low affinity nitrate transporter 5.14 6

30 ZmNPF6.2 Low affinity nitrate transporter 6.2 3 Wen et al. (2017);

Wen and Kaiser (2018);

www.ncbi.nlm.nih.gov

31 ZmNPF6.3 Low affinity nitrate transporter 6.3 8

32 ZmNPF6.4 Low affinity nitrate transporter 6.4 10

33 ZmNPF6.5 Low affinity nitrate transporter 6.5 1

34 ZmNPF6.6 Low affinity nitrate transporter 6.6 1

35 ZmNPF6.7 Low affinity nitrate transporter 6.7 5

36 ZmNPF6.8 Low affinity nitrate transporter 6.8 5

37 ZmNPF7.4 Low affinity nitrate transporter 7.4 7 Dechorgnat et al. (2019);

Oosten et al. (2019);

Balyan et al. (2016);

www.ncbi.nlm.nih.gov;

www.uniprot.org
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(Wang et al. 2003; Gutiérrez et al. 2007) and in other major

cereal crops including rice (Kumari et al. 2021), wheat

(Peña et al. 2017) and maize (Sekhon et al. 2011; Gong

et al. 2020).

Since last decade, transcriptomics approach has been

widely applied to identify N-associated candidate genes

and to functionally characterize responses to N availability

in soil. N-responsive genes have been classified in several

classes based on their characteristics. In arabidopsis, a set

of NUE associated genes have been identified using

microarray studies including known nitrate-induced genes

(NR genes), the nitrate transporter (NRT1), glutamine

synthetase (GS) and additionally many other novel genes

differentially expressed under low- and high-N conditions

in soil (Wang et al. 2000; 2003; Gutiérrez et al. 2007). An

increasing number of whole genome transcriptome analy-

ses allow us to conduct NUE based analysis in maize

(Sekhon et al. 2011; Amiour et al. 2012; Downs et al.

2013; Humbert et al. 2013; Zamboni et al. 2014; He et al.

2020; Gong et al. 2020). In recent study Kumari et al.

(2021) identified a total of 62 NUE candidate genes for

NUE related traits and their expression in rice.

In maize, a core set of NUE associated genes have been

identified in different maize lines by using transcriptomic

approaches with different methods (Yang et al. 2010;

Schlüter et al. 2012). Predicted initial results of these

studies reflected that various genes were associated to

alteration in N conditions, but their level of response

appeared to be largely dependent on the genotype. These

genes may play an important role in wide range of devel-

opmental, metabolic and regulatory functions, including

transcription factors which are responsible for coordinating

multiple genes in a potential regulatory network. Interest-

ingly, a cluster of NUE associated genes could be utilized

as biomarkers for both breeding and optimizing fertilizer

usage (Yang et al. 2010). Methods for identifying target

genes from transcriptomic profiling data are part of

important approaches towards providing a general frame-

work for computational modeling of inferred networks. In a

recent study, to elucidate the genetic basis of NUE related

traits by genome wide association study, an association

panel of 139 maize inbred lines was genotyped with 50,790

single nucleotide polymorphism (SNP) (He et al. 2020).

They reported Zm00001d025831 and Zm00001d004

633 encoded ammonium transporter1 and transmembrane

amino acid transporter family protein as possible signifi-

cant candidate genes for NUE.

Expression network of genes involved in root
architecture and NUE

A network of 113 proteins involved either directly or

indirectly in creating an environment to influence the NUE

positively and negatively has been identified through sys-

tem biology approach using co-expression data available in

data bases (STRING v11, Szklarczyk et al. 2019) of

identified genes depicted in figure (Fig. 2). The major

cluster depicted in identified network (Fig. 2) includes

SCR, WUS, PIN, NPY family proteins, AGC kinases and

AUX1. SHORTROOT and SCARECROW are root pat-

terning genes contributing for its development and overall

structure. Apart from these two genes, activity of auxin

responsive DR5 promoter with expression of AUX1 (auxin

influx carrier protein) and PIN proteins regulates the auxin

movement and leads to lateral root development (Malamy

2005).

A minor cluster of 17 OFP transcription factor was

found to be linked with BLH2, BLH4, KNAT6, BEL1 and

PIN1AT indirectly. This cluster of meristematic functions

Table 2 continued

S.No. Gene symbol Description Chr References

38 ZmNPF7.9 Low affinity nitrate transporter 7.9 5

39 ZmNPF7.10 Low affinity nitrate transporter 7.10 4

34 ZmNPF7.12 Low affinity nitrate transporter 7.12 8

35 ZmNPF8.1 Low affinity nitrate transporter 8.1 3

36 ZmNPF8.2 Low affinity nitrate transporter 8.2 1

37 ZmNPF8.8 Low affinity nitrate transporter 8.8 1

38 ZmNPF8.9 Low affinity nitrate transporter 8.9 1

39 ZmNPF8.12 Low affinity nitrate transporter 8.12 7

40 ZmNPF8.13 Low affinity nitrate transporter 8.13 1

41 ZmNPF8.14 Low affinity nitrate transporter 8.14 1

42 ZmNPF8.15 Low affinity nitrate transporter 8.15 1

Physiol Mol Biol Plants (December 2021) 27(12):2875–2891 2885

123



regulating proteins depicts their role in root branching and

root hair developments. WUS, another transcription factor

connects all three clusters mentioned above with other

proteins like PIN5, HAM4, and BRCA1 which specifically

binds to H3K4me3 WUS to repress transcription by chro-

matin remodeling (STRING database). NTR2 interacts

with AGL44, a MADS box transcription factor which is

required for nitrate response by root plasticity and together

promotes lateral root growth with co-expression of AXR4,

an auxin influx facilitator and co-localized with AUX1.

This shows that that NRT2.1 nitrate transporter acts as a

sensor via regulation of auxin transport.

N-responsive intergenic and intronic long non-

coding RNAs

Long non-coding RNAs (lncRNAs) are a class of non-

coding RNAs longer than 200 nucleotides. They act as

source of phasiRNAs and sponges for miRNAs; termed as

ceRNA in many cases as they compete with coding

sequences in regulating gene expression. LncRNAs play

critical role in regulating diverse biological processes, such

as transcriptional regulation, dosage compensation and

genomic imprinting (Muers 2011; Guil and Esteller 2012;

Mercer and Mattick 2013; Fatica and Bozzoni 2014).

Although, much information about biological functions of

lncRNAs in plants is not available so far with recent

Fig. 2 : Network of co-

expressing genes contributing

Nitrogen Use Efficiency. Co-

expression based interaction of

genes were plotted to identify

key nodes of interaction and

putative gene candidates for

future genome editing
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advances in rapid development of high-throughput

sequencing technologies, large numbers of lncRNAs have

been identified and functionally characterized in ara-

bidopsis, maize, rice and other plant species using in-sil-

ico and experimental approaches (Yan et al. 2017). In

maize genome, 1802 potential lncRNAs have been identi-

fied from 18,668 full-length cDNA sequences using

bioinformatics tools (Boerner and McGinnis, 2012). In

another study, Li et al. (2015) identified 20,163 putative

lncRNAs and 1704 high-confidence lncRNAs by using

expressed sequence tag (EST) databases and RNA-seq

datasets from 30 different experiments. Recent studies

explored the regulation of lncRNA expression in response

to abiotic stresses in higher plants (Contreras-Cubas et al.

2012; Liu et al. 2012a, b; Matsui et al. 2013; Qi et al. 2013;

Wang et al. 2014). Differentially expressed 245 poly

(A) ? and 58 poly (A)—lncRNAs under various stress

stimuli have been identified from RNA-seq of arabidopsis

seedlings (Di et al. 2014). In maize, Lv et al. (2016)

evaluated the potential role of lncRNAs with/without

polyA tails in response to N resources. Ultra-deep total

RNA sequencing was performed to identify the intergenic/

intronic lncRNAs genes expressed in maize leaves. Among

the 7245 identified novel lncRNAs, 637 were N-respon-

sive. Through this study, it has been demonstrated that, the

predicted lncRNAs play a key role in metabolic processes

associated with energy, oxidative phosphorylation, and

phosphorus and N compounds.

Further annotation of lncRNAs in cereal genomes may

provide a unique opportunity to understand the molecular

mechanism of NUE. Some experimental approaches like

overexpression, RNAi and promoter analysis may be uti-

lized to characterize biological functions of lncRNAs,

which could be important to provide valuable information

for NUE leading to maize crop improvement.

Conclusion and future perspectives

NUE is a complex trait, derived from the amalgam of

physiological traits. Hence the genetic dissection of N

uptake, N flow and N utilization process at cellular, organ,

and plant levels needs to be explored through targeting

selection for multiple traits, especially root traits. However,

such studies are complicated by factors like N regimes,

genotypes and developmental stage. Therefore, there is

need to explore the root system architecture under different

soil types and N regimes using different cultivars. Hence,

agronomy targeted breeding can be explored to achieve

better genetic gains particularly by targeting efficient

accumulation of N in the grain. Furthermore, the integra-

tion of association mapping, genomic prediction and

‘omics’ approaches with the phenomic approaches can

contribute significantly in improving NUE in maize. The

most challenging task in NUE studies is the precise phe-

notyping of the traits. The advances in phenomics have

enabled to utilise the hyperspectral imaging based field

observations (through spectrometers or aerial imagery) as

well as automated mobile and fixed platforms (Knyazikhin

et al. 2013; Virlet et al. 2017). Considering the generation

of enormous datasets (big data), integration of ‘omics’

approaches data into modelling and selection will be the

biggest target for plant breeders (Langridge and Fleury

2011). Further, the metabolomics also need to be integrated

to interpret the functional characterization of the expres-

sion gene networks. The genetic dissection of gene net-

works can help to apply the metabolic engineering for

developing NUE efficient cultivars (Toubiana et al. 2013).

In addition, the transgenic breeding should emphasize on

the identification of the genes that instead of overexpres-

sion can negatively regulate the NUE and hence facilitate

the engineering of NUE through genome editing (Wan

et al. 2017). Further the breeding of maize for biological N

fixation is although a challenging but promising task to

improve the NUE (Sheoran et al. 2021). The pan-genomics

approach can also be explored to identify unique genes for

NUE in maize. Hence, considering the availability of

enormous variability, omics and engineering approaches,

there lies great opportunities to develop the NUE efficient

ideotypes in maize and hence safeguarding the food secu-

rity and sustainability of nature.
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