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Abstract: Maize is one of the globally most important cereal crops used for food, feed and fuel. It
requires optimum soil nutrients such as Nitrogen (N), Phosphorus (P), and Potassium (K) for proper
growth and development as well as for tolerance to biotic and other abiotic stresses. Yield potentials
are not met under suboptimal soil fertility. One of the innovations that can reduce environmental
impacts of continuous fertilization and lower the cost of maize production under low soil nutrient
conditions is the development and use of tolerant cultivars. This paper provides spotlights on the
following: (1) morphology and physiology of root and shoot systems; (2) genetics and genomics; and
(3) transcriptome, proteome, and metabolome profiles, to elucidate maize tolerance to low amounts
of soil nutrients, N, P, and K. Maize cultivars having deeper rooting structure, more lateral roots,
dense roots, and high root exudates are more tolerant to N, P, and K limited conditions. Cultivars
that are tolerant to N, P, and K stress (low) have high nutrient use efficiency, good photosynthetic
and translocation activity that support high aboveground shoot weight under suboptimal N, P, and
K conditions. Maize tolerance to N, P, and K stress (low) is quantitative, and mainly controlled by
additive genes. Maize cultivar development and dissemination programs can exploit the mechanisms
highlighted in this review.
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1. Introduction

Maize (Zea mays L.) is an economically important crop that can contribute to eradi-
cation of poverty and hunger in most developing countries. It is grown worldwide. Soil
nutrients such as nitrogen (N), phosphorus (P), and potassium (K) are major mineral ele-
ments required by maize for effective growth and development [1–3]. Nitrogen is required
for protein synthesis and forms an essential component of chlorophyll, which plays an
important role in photosynthesis [4]. Many plants, including maize, are very sensitive to
phosphorus availability since they require it in considerable amounts for their physiological
activities [5–7]. Indeed, P is the second-largest nutrient demanded by maize plants with
an immense impact on the growth and yield of the crop [8,9]. P is considered as one of
the crucial nutrients contributing largely to crop yield and quality. It plays a key role in
many physiological processes, vital components in osmoregulation, enzyme activation in
various metabolic pathways, photosynthesis, and the transport of assimilates [10]. K is the
most abundant cation in plant tissues [11]. Since these mineral elements are essential for
plant growth and development, crop growers always ensure to supply plants with these
additional mineral elements through fertilizer application because the soil is not able to
provide all the required amounts plants need to grow well [12,13]. Overfertilization can
result in excess soil nutrients which have negative impacts on the ecosystem. Sustainable
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food production at a reduced cost and environmental safety have necessitated the develop-
ment and dissemination of maize cultivars that are tolerant to low amounts of soil N, P,
and K.

In recent years, the advent of molecular markers such as single-sequence repeats (SSRs)
and single-nucleotide polymorphisms (SNPs) and next-generation sequencing technologies
have revolutionized the study of molecular mechanisms of many agronomically impor-
tant traits in maize and other crops. Genetic markers, RNA, proteome and metabolome
technologies are used to dissect the genetic architecture and molecular pathways of traits
related to maize tolerance to N, P, and K deficiency [14–16].

To improve and select maize genotypes that are resilient to low N, P, and K availability,
there is the need to understand the physiological and molecular mechanisms for the traits
associated with this phenomenon. This review provides a spotlight on maize morphology,
physiology, genetics and molecular mechanisms for tolerance to low N, P, and K stress in maize.

2. Maize Morphology and Physiology for Tolerance to Low Nitrogen (N), Phosphorus
(P), Potassium (K)
2.1. Maize Shoot Morphology and Physiology for Tolerance to Low Nitrogen (N)

Under low N conditions, maize plants induce N translocation mainly from the older to
the younger leaves and sometimes from vegetative to generative organs. This phenomenon
of N retranslocation may result in chlorosis in older leaves [17].

Maize which is a C4 plant can increase the amount of CO2 at the site where Rubisco
activity occurs, consequently investing much less N to produce Rubisco protein, which
renders the crop very efficient for carbon assimilation [18,19]. This phenomenon could be
one of the possible reasons why the crop is able to generate some yield in situations where
the optimal N availability for crop growth and development is not met [20]. Moreover,
maize plants have an adaptation mechanism under field conditions to ensure a homeostatic
N concentration in the leaves, which contributes to a reduced leaf expansion during the
seedling stage of growth. However, at the anthesis and grain filling stages, the plant is able
to retranslocate N in the vegetative organs into the ears [17].

It has been established that an N-efficient cultivar has the potential to produce a higher
yield under low N conditions compared to cultivars which are less efficient in N use [17].
Fluorescence measurements associated with photosystems have been found to be intact
under low N conditions; however, a low photosynthetic rate has been reported under low
N maize growing conditions [21].

It is important to mention that most of the N amassed in the leaf is associated with
Rubisco content which, in return, contributes to the photosynthetic activity by plant meso-
phyll tissues. In wheat, for instance, studies have shown that almost 75% of N in leaves is
used for photosynthetic processes which is controlled by the Rubisco enzyme [1].

In N-deficient conditions, a decrease in the quantum photosystem II could possibly be
a mechanism in maize plants to downregulate the photosynthetic electron transport to bring
the production of ATP and NADPH into equilibrium with a decreased CO2 assimilation
ability for N-deficient maize plants [21]. Their study further suggested that the mechanism
adopted was facilitated by a reduction in the absorption of light energy associated with a
decrease in chlorophyll content.

In some cereals such as barley, maize, and wheat, the flag leaf senescence has a direct
influence on the grain N content. The delay in leaf senescence is found to be associated with
a high yield since it ensures prolonged photosynthesis and continuous grain filling [22,23].
Despite the positive outcome of delayed senescence of the flag leaf on yield performance in
maize and other cereals, Masclaux-Daubresse et al. [24] have demonstrated that a delayed leaf
senescence has the potential to decrease grain protein content due to N remobilization efficiency.
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2.2. Morphological and Physiological Mechanisms Employed by the Maize Shoot System during
Phosphorus (P) Deficiency

In agricultural cropping systems, P is considered the second most limiting nutrient
after N for crop growth and development, which has a huge impact on global food secu-
rity [6]. In essence, the maize plant has some forms of adaptation mechanisms including
morphological and physiological means to thrive under low P conditions. In P-deficient
conditions, the maize plant shows purple colorations, especially around the leaf edges
and tips, increased fine root growth, with reduced growth and yield performance. Yao
et al. [25] observed that leaf area and aboveground shoot weight decline significantly under
P-deficient conditions for low P-tolerant maize plants. Conversely, this growth perfor-
mance was different for the root growth of the crop. This could possibly mean that in
P-deficient conditions, photo assimilates are partitioned more to the root zone of the plant.
Nonetheless, Rodriguez et al. [26] have revealed that the supply of carbohydrate to growing
tissues of P-deficient plants does not limit growth. Similar morphological effects have been
observed with white clover (Trifolium repens L.), where leaf area per plant was smaller under
P-deprived conditions, resulting further in a reduction in whole-plant photosynthesis [27].

A study has shown that under P-deficient conditions, some maize landraces generally
have low protein content, however, with an increase in proline content [25]. Various studies
have demonstrated that under certain stress conditions such as drought, soil salinity,
nutrient deficiency such as P deficiency, plants trigger the production of proline serving as
an adaptor molecule in order to inure to the effect of the stress [28–30].

Wen et al. [7] made a remarkable observation in maize where an increased shoot P
concentration resulted in a decreased root morphological response, which subsequently
contributed to an improvement in root exudation. Their research findings further explained
that maize plants may trigger large root morphological plasticity partly due to varying P
supply in the soils, which may have a direct influence on shoot P amount which, in turn,
impact on the various morphological responses by the crop.

In an attempt to ascertain the influence of various P concentrations applied on growth
of maize, Plenet et al. [31] observed no influence of P deficiency on the final number of
leaves developed despite the effect of a reduced leaf elongation rate found with maize
crops growing under P-deficient conditions. Significantly longer cells characterized maize
leaves for all positions under low P conditions except at the end of the growth zone when
compared to maize plant with adequate P [32]. However, their study further indicated that
cell division at the shorter zone of the epidermal layer coupled with lower cell production
rates along the length of most leaves was the regulatory mechanism that led to the reduction
in cell production and subsequently leaf elongation rates in P-deficient maize plants. In
contrast to these findings, Plenet et al. [31] pointed out in their study that it is unclear by
which mechanism P deficiency affects leaf growth in maize.

2.3. Morphological and Physiological Mechanisms of Maize Growth under Low Potassium (K) Conditions

Plants in diverse ways have elicited both morphological and physiological responses
to K deficiency. Thornburg et al. [33] reported the effect of K+ deficiency on the growth and
development of wheat seedlings. In fact, their research demonstrated the influence of K+
deficiency on microRNAs (miRNAs) alteration. Based on the outcome of this significant
finding, they envisage that manipulating miRNAs and their targets could be a bastion
to enhance fertilizer efficiency and subsequently increase biomass production and crop
yield. Maize plants subjected to K deficiency were able to mobilize higher concentrations
of Ca, Mg, and Na ions into the plant tissue than maize plants growing under optimal K
conditions [11]. Interestingly, Jordan-Meille and Pellerin [11] further revealed that, despite
a higher concentration of Ca, Mg, and Na uptake by K-deprived maize plants, this did
not completely compensate for the reduced molarity due to the lower K content. Field
experiments revealed no differences between physiological maturity of maize subjected to
foliar K spray and that of the control [34].
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Luxurious growth in maize has been attributed to an increase in N and P uptake, which
is because of the application of K, and further delaying the physiological maturity [35].
Various morphological responses among various varieties of maize to K amount has been
reported with some varieties showing a tolerance to low K [36]. Essentially, there have been
findings where the application of K has contributed to the alleviation of drought suscepti-
bility among various maize hybrids [37]. It is imperative to state that the morphological
and physiological functions of maize in response to K deficiency are more centred on the
root system [7,38], rather than the aboveground plant tissues. This is obvious since the root
anchors the plant in any growth substrate and serves as the primary point of K uptake.

2.4. Root Morphology and Physiology for Tolerance to Low Nitrogen (N), Phosphorus (P),
Potassium (K)

Roots play a vital role in resources such as mineral and water mobilization for plant
physiological and morphological development from seedling development to harvest in
both stress and optimal growing seasons and conditions. These functions of the root are
accomplished through traits such as root architecture (vertical, horizontal, and cluster),
root length (long or short), root hairs (fine and dense), and root exudates, which are
influenced by crop species, genetic make-up of the plant, soil nutrients and properties, and
environmental stress [39,40]. This section focuses on the role of maize root morphology
and physiology on N, P, and K uptake with a focus on their properties and how the maize
root traits could maximize their accessibility and utilization, especially under stress (low N,
P, and K levels).

N is the number one nutrient required by maize but it is a very mobile mineral and
easily leached into deeper soil profiles depending on the N-form. Nitrate forms of N are
leached easily due to the negative charge, especially in sandy soils, while ammonium forms
tend to leach less due to the positive charge. Maize varieties with a rapid root growth
capability have the potential to reduce nutrients leaching from applied N at planting.
Also, a deeper rooting structure (Figure 1c) would maximize and benefit from the leached
nitrate from previous crop and season residues more than maize with more lateral roots
(Figure 1d), which would depend mostly on the in-season N applications. To enhance
N use efficiencies, breeding should target development of early rooting with both lateral
and deep root systems that would help the plants to effectively take up N and increase its
sustainable use.

P is the second most important mineral for plant growth and development; however,
its availability is mostly limited to the topsoil and in a pH range of 6 to 7 with less mobility
in the soil. The implication is that maize plants with more lateral and dense rooting
systems (Figure 1a,b) and exudates would optimize P access and uptake by growing into
P spots with its lateral roots and fine root hairs compared to deep roots and less root
hairs (Figure 1c) with less exudates [7]. According to Neumann and Martinoia [41], dense
and cluster roots help in P availability to plants by increasing the exploration surface area,
intense root exudations, and microbial attractions. Both the ammonium form of N and plant
growth promoting microbial inoculations were shown to induce fine root growth, organic
acids release that could help reduce rhizosphere pH, and nutrient uptake in maize [42–47].
Breeding programs could help increase P uptake and use efficiencies in maize if focused
on traits such as good lateral and fine roots hairs. It must be noted that breeding for only
lateral roots could negatively affect yield in drought locations and lodging in areas with
heavy winds, hence, deep rooting traits should be added.

K is also more abundant in the soil than N and P, especially in the topsoil and as in P
and both lateral and deep rooting traits of maize would help access it more efficiently. Root
exudates from the plants are signals used by maize plants to recruit beneficial soil microbes
that support mineral availability, especially sparingly soluble P in alkaline soils [41,42,46],
disease and other stress factor defense mechanisms. Maize plants with high mucilage and
other low molecular compounds as a trait enhance their adaptability to low mineral soils
and support their tolerance to other stress factors [7,40].
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Figure 1. Maize roots with different morphological and physiological architecture; (a) maize roots
with good root hair, vertical and horizontal architecture; (b) maize roots with good vertical and
horizontal root architecture; (c) maize roots with good vertical root architecture; (d) maize roots with
good horizontal root architecture (image prepared by Dr. Isaac K. Mpanga).

To enhance nutrient uptake under low nutrients availability stress conditions in the
soil, breeding programs should target maize with good rooting architecture (Figure 1a) that
would maximize both deep and topsoil layers available nutrients and other resources, such
as water.

3. Genetics and Genomic Components of Maize for Tolerance to Low Soil Nitrogen
(N), Phosphorus (P), and Potassium (K)

Various traits relating to tolerance to low N, P, and K in maize have been studied
over the past years at the genetic and genomic levels (Table 1). Classical and molecular
genetics show that the inheritance of tolerance to low N, P, and K in maize can be additive
or non-additive (dominance, and epistasis interaction). Some traits (e.g., grain yield and
plant height) associated with N, P, and K stress tolerance may be influenced by genotype-
environment interaction [48,49]. By classical genetic analyses such as general combining
ability (GCA) and specific combining ability (SCA), both additive and non-additive genetic
control for maize grain yield and other agronomic traits under both low N and optimum
N conditions were reported [48,50,51]. Similarly, Liu et al. [52] found additive and non-
additive genetic effects for traits associated with tolerance to low P. In previous studies,
heritability of traits analyzed for tolerance to low soil nutrient (stress) ranged from 0.12 to
0.95, depending on the trait and type of soil nutrient (Table 1). This suggests that there are
genetic components for tolerance to N, P, and K deficiency that can be harnessed through
selection. Wang et al. [53] found high correlation among traits analyzed for tolerance to
low P at the seedling stage of maize.
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Table 1. Genetic and genomic parameters for traits associated with maize tolerance to suboptimal soil nitrogen, phosphorus and potassium conditions.

Soil Nutrient Traits Heritability Type of
Inheritance Population

Number
of

Environments
Method No. of QTLs/SNPs Authors

Nitrogen (N)

Grain yield, days to silking and
anthesis, anthesis-silking interval,

plant and ear height, stay green, and
other agronomic traits

- Additive,
non-additive 100 tropical hybrids 2 years Classical (GCA, SCA) - Amegbor et al. [48]

Grain yield, days to silking and
anthesis, anthesis-silking interval,

plant height, protein content
0.12–0.92 Polygenic a 400 tropical elite lines 10 locations Per se; testcross

analyses - Das et al. [49]

Grain yield, days to silking and
anthesis, anthesis-silking interval,

plant and ear height, and other
agronomic traits

- Additive and
non-additive 45 tropical lines 6 environments Classical (GCA, SCA) - Sunday et al. [50]

N use efficiency traits (grain yield,
flowering time, plant height, etc.) 0.33–0.95 Polygenic a 411 testcrosses

(tropical) 13 sites Genomics (GWAS,
GP) 45 SNPs Ertiro et al. [15]

12 N-use traits (e.g., yield, harvest
index, N use efficiency, etc.) 0.11–0.77 Additive,

non-additive

89 ex-plant variety
protection

germplasm & two
public lines (B73 and

Mo17)

11 environments
(location-year)

Classical (GCA, SCA)
& genomics (GP) - Mastrodomenico et al.

[51]

Phosphorus (P)

Root system architecture-related
traits (e.g., root number and length,

root biomass, etc.); PUE-related traits
(e.g., grain yield, total P uptake, etc.)

- Additive,
non-additive

6 inbred lines and
their 15 F1 progenies 1 year Classical (GCA, SCA) - Liu et al. [52]

13 traits at seedling stage (e.g., total
root length, total root surface area,
total root volume, total number of
root tips, root forks, root diameter,

longest root length, root dry weight,
shoot dry weight, etc.)

0.59–0.90 Polygenic a

356 inbred lines
(non-stiff stalk, stiff
stalk, tropical/sub-

tropical)

2 years Genomics (GWAS) 20–580, depending
on trait Wang et al. [53]

P-use efficiency traits (yield per plant,
shoot dry weight per plant, P content

and concentrations in seeds and
shoot, P utilization efficiency, etc.)

0.47–0.77 Polygenic a
359 lines (non-stiff

stalk, stiff stalk,
tropical/subtropical)

1 year Genomics (GWAS,
GP) 49 (in low-P) Li et al. [14]

Five biomass- and
development-related traits; six

yield-related traits,

0.33–0.87, depending
on the trait Polygenic a

885 temperate,
tropical/subtropical

(475 for GWAS)
2 years Genomics (GWAS,

GP)
67 in 2014, 97 in 2015,
19 in combined years Xu et al. [54]

Potassium (K)
number of leaves, symptom of K

deficiency, tap and lateral root length,
K-content

- - 2 inbreds 1 (hydroponic) Classical (line
evaluation) - Minjian et al. [55]

Root morphological traits e.g., root
length, volume, surface area,
diameter; Lipid peroxidation,

Superoxide dismutase and
endogenous hormones

- - 2 inbreds 1 year Classical (line
evaluation) - Zhao et al. [56]

a Inferred from genomic (QTL) or genetic results. No., number; GWAS, genome-wide association studies; GP, genomic prediction; QTL, quantitative-trait loci; GCA, general combining
ability; SCA, specific combining ability; SNP, single-nucleotide polymorphism.
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Tolerance of maize to suboptimal N, P, and K stress is highly polygenic, controlled by
several loci (Table 1). By genomic analysis such as linkage or quantitative trait loci (QTL)
mapping and genome-wide association studies (GWAS), a multitude of QTLs or SNPs
have been identified to decipher the mechanisms of tolerance to low N, K, and P (Table 1).
Because of the quantitative nature of inheritance of tolerance to the low soil nutrient-related
traits, genomic prediction (GP), which involves predicting phenotypes of untested but
genotyped lines, based on a model trained on genotyped and phenotyped materials, is
applied to exploit additive genes to improve maize for resilience to low N, P, and K. For
example, Ertiro et al. [15] used GP to estimate breeding values for maize traits relating
to low-N stress tolerance and found prediction accuracies ranging from 0.24 to 0.67. Xu
et al. [54] also used five genomic selection models to predict accuracy of selecting maize
lines for low-P stress tolerance in maize natural populations from temperate, tropical and
subtropical regions.

4. Genes, Proteins, and Metabolites Associated with Maize Response to Low Nitrogen
(N), Phosphorus (P), and Potassium (K)

Genes, proteins, and metabolites that regulate the response of maize to low soil
nutrients are elucidated through transcriptional, proteomic, and metabolomic profiling. By
GWAS, candidate genes (CGs) associated with low N, P, and K tolerance can be identified.
Ertiro et al. [15] reported more than 100 CGs for grain yield and other agronomic traits under
low-N and optimal-N conditions in tropical maize. A proteomic analysis of two contrasting
maize hybrids at the 12 leaf stage showed that lignin biosynthesis, ubiquitin-mediated
proteolysis, and stress defense proteins were important for N-stress (low) tolerance [57].
Gene ZmTGA was found to respond to low-N stress [57]. Singh et al. [16] reported key
genes involved in maize adaptation to N stress using comparative transcriptome analysis
of root and shoot tissues. In a tolerant genotype, key genes such as high-affinity nitrate
transporter 2.2 and 2.5 (involved in N uptake); glutamine synthetase and asparagine
synthetase (involved in N assimilation and metabolism); SOD and POX (involved in
redox homeostasis); MYB36 and AP2-EREBP (involved in transcription factors) were
highly expressed. Most of the deferentially expressed genes reported were placed into
metabolic pathways, biosynthesis of secondary metabolites, signal transduction, amino
acid metabolism, N-assimilation and metabolism, and starch metabolism [16].

For low P tolerance in maize, over 200 CGs have been reported in previous GWAS
studies [14,53,54]. These CGs reported for low P tolerance were involved in major pathways
such as transcriptional regulation, reactive oxygen scavenging, hormone regulation, and
remodelling of cell walls [14,53,54]. In a comparative transcriptomic profiling, about 300 and
600 genes were upregulated in maize leaves and roots, respectively, while 147 and 297 genes
were downregulated in the leaves and roots, respectively, under low P conditions [58]. Re-
cently, Xiong et al. [59] analyzed the transcriptional and metabolic responses of maize shoots
to long-term low-K stress. About 1000 genes were differentially expressed in two maize
genotypes under low-K and sufficient-K conditions. For DH605 genotype, 676 and 246 genes
were upregulated and downregulated, respectively, while 922 and 184 genes were upregu-
lated and downregulated, respectively, in Z58 genotype (see [59] for list of genes). Many of
the stress-induced genes were involved in transport, primary and secondary metabolism,
regulation, and other processes, which play roles in K acquisition and homeostasis. Under
low K, metabolic profiles revealed a high accumulation of amino acids, phenolic acids, organic
acids, and alkaloids in shoots. They also found increased levels of sugars and sugar alcohols
in the shoot. Accumulation of putrescine and putrescine derivatives play a role in maize shoot
growth under low-K conditions [59]. Integrative omics analyses are vital in understanding
the regulatory mechanisms of tolerance to low soil nutrients in maize at the molecular level.
Future studies can explore this approach.
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5. Conclusions and the Way Forward

Modifications in root and shoot architecture as well as physiological and agronomic
traits help to decipher the maize response to suboptimal N, P, and K conditions. Traits related
to tolerance to low levels of the three soil macronutrients in maize are highly quantitative,
mainly controlled by additive genes, though non-additive genes may be important in some
instances [48,50,51]. The focus should be on how to accumulate the additive genetic effects in
maize populations. The dominance genetic effects can be exploited in hybrid maize breeding.
Genetic control analysis for tolerance to low-K conditions should be investigated in future
studies, though K is not as limiting as N, and P in the soil. A meta-QTL analysis and validation
of the numerous loci reported in literature for tolerance to low N, P, and K levels will be
worthwhile. The training set size and composition are critical to successful implementation of
genomic selection to improve maize for low N, P, and K stress. Multi-environment analysis
is necessary in selecting stable maize genotypes for tolerance to soil conditions having low
amounts of N, P, and K, because of the importance of genotype-environment interaction. This
review provides insights into maize adaptation strategies such as root architecture and genetic
mechanisms under N, P, and K limited conditions. This can guide breeding and dissemination
of maize cultivars for low N, P, and K inputs for sustainable food production against food
insecurity, especially in developing countries.
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