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Simple Summary: Excessive use of nitrogen fertilizers in agriculture has caused serious
environmental problems, including water pollution and greenhouse gas emissions. Improv-
ing nitrogen use efficiency in crops is essential for sustainable agricultural development.
This review discusses how a balanced mixture of nitrate (NO3

−) and ammonium (NH4
+)

nitrogen can significantly enhance plant growth and nitrogen use efficiency. Using maize
as a primary model, this review shows that such a supply improves root development,
enhances nitrogen uptake and assimilation, boosts photosynthesis and carbon use, and
promotes the synthesis of key growth hormones. These physiological improvements result
in higher crop yields compared to using only nitrate or ammonium fertilizers. Understand-
ing these processes will help scientists and farmers develop better fertilizer management
strategies. These practices can optimize nitrogen use, improve crop productivity, and
reduce environmental impacts. Consequently, adopting mixed nitrogen fertilizers can
support agricultural sustainability, enhance food security, and protect ecosystems.

Abstract: Nitrogen fertilizers play a critical role in enhancing crop yields; however, ex-
cessive application has resulted in significant environmental challenges, including water
contamination and increased greenhouse gas emissions. Therefore, improving nitrogen
use efficiency is essential for sustainable agriculture. This review based on a systematic
search of Web of Science and CNKI for peer-reviewed studies on maize nitrogen efficiency
published between 1945 and 2024 (excluding conference abstracts), this review presents
the first multiscale synthesis demonstrating how balanced nitrate–ammonium nutrition
coordinates N–C metabolism and phytohormone signaling to boost nitrogen use efficiency
and stimulate maize growth, with supporting evidence from other crops. By integrating
results from hydroponic and field experiments, the review evaluates the influence of mixed
nitrogen sources on nitrogen uptake, root morphology, photosynthesis, carbon metabolism,
and hormone signaling. Findings indicate that optimal NO3

−:NH4+ ratios improve nitro-
gen absorption through enhanced root development and activation of specific nitrogen
transporters. Additionally, mixed nitrogen nutrition increases photosynthetic efficiency,
promotes carbon assimilation, reduces energy expenditure, and stimulates auxin-mediated
growth. This review shows that balanced nitrate–ammonium co-application synergistically
enhances crop nitrogen-use efficiency and yield, provides a theoretical basis for high-
efficiency nitrogen-fertilizer development, and helps alleviate environmental pressures,
advance sustainable agriculture, and secure food and ecosystem safety. Its efficacy, how-
ever, is modulated by soil type, climate, and genotypic variation, necessitating systematic
validation and application optimization in future research.
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1. Introduction
Nitrogen (N) is vital for plant growth and development. Over the past 50 years, China’s

grain production has quadrupled, with N fertilizer playing a key role in this increase [1].
However, excessive N fertilizer use has led to various environmental issues, including
nitrate leaching, water eutrophication, acid rain, increased greenhouse gas emissions, and
soil pH reduction. Early studies indicate that China’s nitrogen use efficiency is only 30–40%,
with much of the nitrogen being fixed in the soil and eventually leaching into deep soil
or volatilizing into the atmosphere [2]. Improving N fertilizer efficiency in high-yield,
intensive agricultural systems are critical for both resource optimization and environmental
sustainability. Researchers typically focus on two strategies to enhance crop N efficiency:
developing nitrogen-efficient varieties and improving fertilization methods. N efficiency is
categorized into nitrogen uptake efficiency (NUpE) and nitrogen use efficiency (NUtE) [3].
During the vegetative phase, N efficiency is primarily reflected in changes to crop growth,
involving processes such as nitrogen uptake, assimilation, and carbon-nitrogen metabolism.
In the reproductive phase, N efficiency is more closely linked to yield and grain protein
content, involving not only the aforementioned physiological processes but also nitrogen
transport and utilization [4]. Understanding the relationship between nitrogen supply-
induced physiological changes and the underlying mechanisms is crucial for improving
crop nitrogen efficiency.

Nitrate (NO3
−) and ammonium (NH4

+) are the primary inorganic nitrogen sources
absorbed by plants, collectively accounting for over 70% of the total anions and cations
taken up [5], though plants can also absorb organic nitrogen, e.g., urea. Recent studies have
revealed that, compared to the sole supply of moderate NO3

− or NH4
+, a balanced ratio of

NO3
− and NH4

+ enhances plant growth (Table 1). This beneficial effect, however, results
from the interaction between NO3

− and NH4
+, rather than the independent contribution

of each. Research suggests that this interaction is linked to the source-sink dynamics in
plants, and may also depend on factors such as plant species, genotype, growth stage,
soil pH adaptability, and carbohydrate storage [6]. At present, several mechanisms have
been proposed to explain why a mixed NO3

− and NH4
+ supply promotes plant growth:

(1) maintaining rhizosphere pH and enhancing root nitrogen uptake [7–12]; (2) reducing
energy consumption, improving photosynthetic efficiency, and enhancing carbon synthe-
sis [13–15]; (3) improving carbon use efficiency [16]; and (4) regulating hormone synthesis
to influence leaf expansion and tillering [14,16]. This study explores the physiological mech-
anisms by which mixed NO3

− and NH4
+ supply enhances plant growth, with maize as the

primary subject, to provide theoretical insights into improving nitrogen efficiency and de-
veloping new fertilizer formulations. Unless stated otherwise, the nitrogen concentrations
reviewed in this study are at medium supply levels.

Table 1. Optimum ammonium and nitrate ratios for growth of different plant species.

Species Methods of
Cultivation

Nitrogen Supply
Concentration

Optimal
Ammonium-
Nitrate Ratio

Medium pH Reference

Maize
Hydroponics 1 mmol L−1 1:3 5.8 [16]
Hydroponics 1 mmol L−1 1:3 5.8 [11]
Hydroponics 1 mmol L−1 1:3 5.8 [12]
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Table 1. Cont.

Species Methods of
Cultivation

Nitrogen Supply
Concentration

Optimal
Ammonium-
Nitrate Ratio

Medium pH Reference

Maize

Hydroponics 1 mmol L−1 1:3 5.8 [17]
Hydroponics 7.14 mmol L−1 3:1 5.3 ± 0.5 [18]

Field 240 kg hm−2 1:3–1:1 -- [19]
Field 180 kg hm−2 1:3 -- [20]

Hydroponics 3 mmol L−1 1:4 4.8–5.5 [21]
Hydroponics 11 mmol L−1 0:11–2:9 -- [22]

Wheat
Hydroponics 0.2 mmol L−1 1:5 5.6 ± 0.2 [7]
Hydroponics 7.14 mmol L−1 1:3–1:1 6.0 ± 0.5 [23]

Field -- 2:1 -- [6]

Barly Hydroponics 7.14 mmol L−1 1:3–1:1 6.0 [24]

Rice

Hydroponics 2.86 mmol L−1 1:1 6.0 [25]
Hydroponics 2.86 mmol L−1 1:1 5.50 ± 0.05 [26]
Hydroponics 2.86 mmol L−1 1:1 6.0 [27]
Hydroponics 2.86 mmol L−1 1:1 6.0 [28]

Soybean
Hydroponics 3 mmol L−1 0:1–1:4 6.4 [29]
Hydroponics 2.4 mmol L−1 1:3 5.8 [30]
Hydroponics 11 mmol L−1 1:10 -- [22]

Phaseolus vulgaris pot 16 mmol L−1 1:3 -- [31]

Sorghum Hydroponics 14.3 mmol L−1 1:4 -- [32]

Tobacco

Field 105 kg hm−2 1:1 6.21 [33]
Hydroponics 10 mmol L−1 0:1–3:7 5.8 ± 0.1 [34]
Hydroponics 2 mmol L−1 1:1 6.8–7.2 [35]
Hydroponics 20 mmol L−1 1:1 6.9–7.1 [36]

Strawberry
Hydroponics 14.2 mmol L−1 1:1 6.5–6.8 [37]
Hydroponics 7 mmol L−1 3:11 6.0 [38]
Hydroponics 14.2 mmol L−1 1:3 6.5 [13]

Potato
Hydroponics 6.4 mmol L−1 1:1 5.5–6.5 [39]
Hydroponics 41 mmol L−1 1:3 -- [40]

Tomato

Hydroponics 5 mmol L−1 1:3 6.2 [41]
Hydroponics 3.83 mmol L−1 3:1 6.0 ± 0.2 [42]
Hydroponics 12.5 mmol L−1 1:4 6.0 [43]
Hydroponics 8 mmol L−1 1:3 5.5–6.5 [44]
Hydroponics 14 mmol L−1 2:12 5.5–6.0 [45]

Cabbage
Hydroponics 5 mmol L−1 15:85 6.5–7.0 [46]
Hydroponics 11 mmol L−1 1:10 -- [22]
Hydroponics -- 1:3 -- [47]

Cucumber Hydroponics 12.5 mmol L−1 11:3 -- [48]

Spinach Hydroponics 12 mmol L−1 0:1–1:3 6.5 [49]
Hydroponics 8 mmol L−1 1:1 5.5–6.0 [50]

Grape Hydroponics 7.14 mmol L−1 3:7 6.5 [51]
Field Nitrogen 10 g plant−1 1:1 -- [52]

Sesame Hydroponics 8 mmol L−1 1:9 5.85 [10]

Onion Hydroponics -- 1:3 -- [53]
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2. Mixed NO3
− and NH4

+ Improve Plant Nitrogen Efficiency by
Enhancing Nitrogen Absorption

Root architecture plays a crucial role in nutrient and water absorption, serving as a
key factor for high crop yield and efficient nutrient uptake [54–58]. The enhancement of
nitrogen (N) uptake efficiency in roots typically occurs through two main mechanisms:
(1) increasing the instantaneous nitrogen uptake rate per unit root surface area [59], and
(2) maximizing the contact area between the root and the soil, referred to as a “powerful
root system” [4,58,59]. These two characteristics are both complementary and essential for
improving nitrogen uptake. Therefore, it is critical to explore the relationship between nitro-
gen uptake rates and root morphological changes under mixed nitrogen supply conditions.

2.1. NO3
− and NH4

+ Uptake Under Mixed NO3
− and NH4

+ Supply

With the continued study of plant nitrate (NRTs/NPFs) and ammonium (AMTs) trans-
porters, the mechanisms underlying nitrate and ammonium absorption have been further
elucidated. For instance, maize root transporters responsible for nitrate and ammonium
uptake include low-affinity nitrate transporters, for instance, ZmNRT1.1A-ZmNRT1.1D,
ZmNRT1.2, and ZmNRT1.3, high-affinity nitrate transporters like ZmNRT2.1 and Zm-
NRT2.2, and high-affinity ammonium transporters including ZmAMT1.1A, ZmAMT1.1B,
ZmAMT1.3, and ZmAMT3.1 [60–62]. While most plants typically exhibit higher ammonium
absorption rates than nitrate [6], excessive NH4

+ uptake can lead to ammonia toxicity,
causing rhizosphere acidification. This not only inhibits NH4

+ absorption but also increases
its outflow rate, resulting in greater energy expenditure on futile cycles. Compared to the
sole supply of either nitrate or ammonium, an optimal ratio of both can further enhance
nitrogen absorption in plants, as observed in species, including rice [63], maize [11,16],
strawberry [13], tomato [64], wheat [65], and pepper [66], playing a crucial role in improving
nitrogen use efficiency.

When plants simultaneously absorb nitrate and ammonium, an interaction between
the two occurs, with ammonium supply often inhibiting nitrate uptake in roots, as observed
in species, for instance, barley, rice, rapeseed, and Populus euphratica [67–71]. Earlier studies
have suggested that ammonium-induced inhibition of nitrate uptake may be related to the
downregulation of nitrate transporter gene expression, such as NRT2.1, in the roots [70,72].
This regulation may depend on the concentration of nitrogen or nitrogen metabolites, such
as free ammonium and amino acids (glutamine, asparagine), in the roots [16,73,74]. Recent
studies indicate that supplying maize with a 75/25 nitrate-to-ammonium ratio reduces
nitrate uptake by only 10% relative to sole nitrate nutrition, yet yields significantly higher
uptake rates than other mixed ratios (e.g., 25/75 or 50/50). This optimized proportion
therefore confers a relative promotion of nitrate absorption under mixed nitrogen supply.
Further investigation suggested that this promotion is associated with the upregulation of
low-affinity nitrate transporter genes such as ZmNRT1.1A-ZmNRT1.1C, ZmNRT1.2, and
ZmNRT1.3, while high-affinity transporters like ZmNRT2.1 and ZmNRT2.2 are not major
contributors to this effect [12]. Concurrently, in some species, nitrate has been shown to
enhance ammonium uptake, as in rice [63], poplar [71], rapeseed [69], and wheat [75]. It
has been speculated that this promotion of ammonium absorption by nitrate is linked to the
regulation of AMT1.1 protein dephosphorylation [76], potassium channel activation [77],
or aquaporin activation [78,79]. Recent studies in maize further revealed that, compared
to sole ammonium supply, ammonium absorption rate increased under mixed nitrogen
supply, likely due to the upregulation of ZmAMT1.1A expression [12].
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2.2. Root Morphology Under Mixed NO3
− and NH4

+ Supply

A well-structured root system is one of the key factors ensuring high crop yield and
efficient nutrient utilization [59,80]. To optimize nutrient uptake efficiency, roots must
adapt through their inherent plasticity in response to the spatiotemporal variability of soil
nutrient availability.

Recent studies have introduced the concept of the “ideal root system architecture for
maize” tailored to intensive agricultural systems, highlighting the significance of root size,
lateral root length, and density [59,81]. As a key element of root architecture, primary root
length serves as an indicator of root size and depth [57,82]. Longer primary roots improve
the efficient uptake of water and nutrients from the soil and reduce nitrate leaching to
deeper layers, thereby minimizing nitrogen loss and mitigating the environmental issues
associated with eutrophication. Early studies in Arabidopsis demonstrated that increased
ammonium supply typically inhibits primary root elongation, while moderate nitrate levels
promote it. Both effects are mediated through the regulation of cell division and elongation,
with the accumulation and distribution of auxin in the root tip playing a critical role in
nitrate and ammonium-mediated signal transduction [83]. Recent reviews have provided
detailed insights into the mechanisms by which nitrate and ammonium regulate primary
root elongation [84–86]. A similar phenomenon has been observed in maize [17]. Under
moderate nitrogen supply, ammonium inhibits primary root elongation compared to sole
nitrate, with mixed nitrogen supply yielding intermediate effects. Thus, in both Arabidopsis
and maize, the elongation of primary roots under mixed nitrate and ammonium supply is
likely influenced by the independent effects of both nitrate and ammonium.

Lateral roots, as another key component of root architecture, play a crucial role in
increasing the contact area between the plant root system and the soil, thereby enhancing
water and nutrient uptake. From a carbon utilization perspective, changes in lateral root
length and density are relatively economical and efficient, promoting optimal carbon
use in the root system [57,59,81,87]. Early studies found that localized nitrate supply
promoted lateral root elongation in maize [34], while both nitrate deficiency (<1 mM) and
excess (>10 mM) in uniform solutions inhibited lateral root growth [88,89]. In Arabidopsis,
increased ammonium supply typically inhibited lateral root elongation, while localized
ammonium application stimulated lateral root branching along the primary root [90,91].
From early studies on ammonium and nitrate mediated lateral root development, it is
clear that auxin plays a central regulatory role, a topic that has been thoroughly discussed
in recent reviews [86]. Recent research in maize has shown that, compared to moderate
nitrate supply, mixed nitrogen supply significantly increased lateral root density, with no
significant difference compared to sole ammonium supply. This effect may be associated
with higher auxin concentrations in the meristematic zone under mixed nitrogen supply,
suggesting that this root morphology is more influenced by ammonium. Additionally, a
more intriguing finding in maize showed that, compared to moderate nitrate or ammonium
supply, mixed nitrogen supply consistently increased the average lateral root length per
axis [17]. This result indicates an interaction effect between nitrate and ammonium, which
enhances lateral root elongation.

3. Mixed NO3
− and NH4

+ Improve N Availability by Regulating N
Assimilation Rate

Nitrogen assimilation is a critical process by which plants convert inorganic nitrogen
into organic forms, directly influencing plant growth and development [12]. Compared to
sole nitrate supply, mixed nitrogen supply significantly enhanced nitrate reductase (NR)
activity in maize roots, with no notable effect on NR activity in the shoots. In contrast,
NR activity in both roots and shoots was markedly suppressed under sole ammonium
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supply [12,17]. This phenomenon may be explained by earlier studies, which suggest that
mixed nitrogen supply reduces nitrate reductase protein (NRP) levels while enhancing
nitrate reductase activity (NRA) compared to sole nitrate supply [92]. However, both NRP
and NRA are inhibited under sole ammonium supply. In the maize growth experiments,
although the exogenous application of the NR inhibitor Na2WO4 suppressed above-ground
growth under both mixed nitrogen and sole nitrate supply conditions, the above-ground
biomass was significantly higher under mixed nitrogen supply compared to sole nitrate
supply. This suggests that, despite the inhibition of NR activity, mixed nitrogen supply
can still promote maize growth to some extent. This could be due to enhanced nitrogen
absorption and utilization efficiency under mixed nitrogen conditions, or the activation of
compensatory mechanisms that contribute to improved growth performance [12,17].

Recent studies have shown that changes in glutamine synthetase (GS) activity within
plants are crucial for mediating plant growth under mixed nitrogen supply conditions.
Research in maize has shown that, compared to sole nitrate supply, mixed nitrogen sup-
ply significantly increases GS enzyme activity in both above-ground tissues and roots.
Although enzyme activity may be lower than that under sole ammonium treatment, it
promotes nitrogen assimilation rates and amino acid synthesis [12,17]. The balance between
free ammonium and amino acid concentrations mediated by GS under mixed nitrogen
supply is a key factor driving plant growth. For instance, in maize, under a 1 mM nitrogen
supply, mixed nitrogen supply maintained or slightly increased ammonium concentration
in the above-ground tissues compared to sole nitrate supply, while sole ammonium sup-
ply increased ammonium concentration in the above-ground tissues by 2–3 times. Root
ammonium concentration slightly increased under mixed nitrogen supply, whereas sole
ammonium supply significantly elevated it [12,16,17]. Additionally, compared to sole ni-
trate supply, mixed nitrogen supply left Gln concentration unchanged in the above-ground
tissues, while Asn increased by 4.02 times. In the roots, Glutamine (Gln) and Asparagine
(Asn) concentrations increased by 1.77 and 4.09 times, respectively. Under sole ammonium
supply, Gln concentration in the above-ground tissues increased by 1.64 times, Asn by
18.64 times, and root Gln and Asn by 3.34 and 32.29 times, respectively [16]. Preliminary
evidence suggests that, compared to sole nitrate supply, mixed nitrogen supply enhances
above-ground biomass and leaf area, with GS playing a pivotal regulatory role. Ammonium
assimilation under mixed nitrogen supply reduces energy consumption while increasing
GS activity in the roots, promoting the conversion of ammonium to Gln and improving
nitrogen assimilation efficiency. This process also prevents the excessive accumulation of en-
dogenous ammonium, as seen with sole ammonium supply, which can inhibit growth and
leaf expansion, or the buildup of Gln and Asn, which reduces energy utilization efficiency.

4. Mixed Supply of NO3
− and NH4

+ Enhances Carbon Availability by
Promoting Carbon Synthesis and Metabolism
4.1. Photosynthetic Rate

The form of nitrogen supplied to plants can influence their carbon source activity (pho-
tosynthetic efficiency), which may contribute to growth differences [16,46]. The primary
factor underlying these differences is energy utilization. Assimilating 1 mole of nitrate
requires 8 moles of electrons and 16 moles of ATP, in contrast to ammonium assimila-
tion, with the majority of these equivalents derived from photosynthesis, particularly ATP
produced via photophosphorylation [93]. Research indicates that the reductant required
for nitrate reduction in leaves is 2.5 times the assimilate needed for CO2 fixation into
carbohydrates [94]. Consequently, nitrate assimilation can impact photosynthetic rates,
especially under specific conditions including low light intensity, high-density planting,
inadequate or excessive CO2, and during periods of active reproductive growth [11,46]. For
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example, under low light, nitrate treatment alone reduces photosynthetic rates in species
like Chinese cabbage, wheat, and tomatoes, whereas mixed nitrogen supply maintains
higher photosynthetic efficiency [46,95–97]. In high-density maize planting, both mixed
nitrogen and ammonium alone significantly increase photosynthetic rates compared to
nitrate alone, with no significant difference between the latter two [16].

Ammonium-based nutrition enhances the photosynthetic process in plants through
two primary mechanisms, in addition to energy conservation: (1) It modulates leaf stom-
atal conductance, thereby regulating CO2 supply. Ammonium nutrition, compared to
nitrate alone, increases stomatal conductance in white clover and Chinese cabbage, thereby
boosting photosynthetic rates [46,98]. (2) It enhances thylakoid electron transport (light
reaction) by increasing chloroplast volume, mesophyll cell conductivity, photosynthetic
electron transport rate (ETR), and the maximum photochemical quantum yield of PSII
(Fv/Fm) [46,99]. This effect is likely attributed to increased content or activity of photosyn-
thetic electron carrier proteins [26,46]. Additionally, compared to nitrate alone, ammonium
nutrition upregulates the activity of Rubisco, glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), fructose-bisphosphate aldolase (FBA), fructose-1,6-bisphosphatase (FBPase),
and TK kinase, while also enhancing the expression of related genes in Chinese cabbage [46].
Ammonium nutrition similarly increases Rubisco content in the leaves of beetroot and
rice [26,99].

While ammonium-based nutrition can enhance plant photosynthetic efficiency to some
extent, does a higher ammonium supply always result in improved photosynthesis? Studies
indicate that, compared to nitrate alone, ammonium nutrition can increase Ribulose-1,5-
bisphosphate (RubP) regeneration capacity in plants. However, excessive RubP production
can lower intercellular CO2 concentration in leaves, promoting photorespiration [26]. Early
research found that under certain ammonium supply conditions, photorespiration rates
were 20 times higher than with nitrate [100]. The accumulation of ammonium ions in leaves
disrupts photophosphorylation in chloroplasts, inhibiting photosynthesis [101]. Sorghum
studies demonstrated that when ammonium concentration reached 5 mM, stress symptoms
emerged, leading to reduced growth and photosynthesis [102]. In rice, high light intensity
combined with ammonium supply showed a negative interaction, likely due to increased
ammonium transport to the leaves, which impaired specific photosynthetic processes [103].
For instance, compared to nitrate alone, excessively high ammonium supply inhibited net
photosynthetic rate in spinach.

4.2. Carbohydrate Metabolism

Nitrogen assimilation requires carbon skeletons provided by the plant. Ammonium
assimilation occurs at a higher rate than nitrate, promoting the rapid synthesis of amino
acids (Gln and Asn) in plants [104–107]. α-Ketoglutarate (2-OG) serves as a key carbon
skeleton in this process [108]. In Arabidopsis, ammonium nutrition enhances glycolysis and
the tricarboxylic acid (TCA) cycle compared to nitrate, facilitating the synthesis of 2-OG,
malate, and fumarate, which provide carbon skeletons for nitrogen assimilation [106,107].
In addition to 2-OG, oxaloacetate (OAA) is another crucial carbon skeleton in nitrogen
metabolism [108]. OAA is synthesized via two pathways: one through the TCA cycle from
malate, and the other via the PEP-CO2 pathway catalyzed by PEP carboxylase (PEPC), with
the latter dominating nitrogen assimilation [104]. Studies in Arabidopsis and rice have
shown that PEPC deficiency impairs OAA synthesis and ammonium assimilation [109,110],
indicating that PEPC-mediated carbon flow is pivotal for ammonium assimilation, a con-
clusion also supported by research in maize [16]. In maize, PEP plays a central role in
carbon metabolism, directing carbon flow. Under mixed nitrogen supply, PEP content in
maize shoots increases compared to nitrate or ammonium alone. This enhances nitrogen
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assimilation by facilitating OAA synthesis through both PEPC and the TCA cycle. Addi-
tionally, PEP promotes tryptophan (Trp) synthesis via the shikimate pathway, stimulating
auxin production. In contrast, under ammonium-only conditions, PEP content remains un-
changed, and the high synthesis of Gln and Asn diverts significant carbon toward nitrogen
assimilation, reducing both carbon and nitrogen utilization efficiency, and limiting carbon
flow to the shikimate pathway, ultimately lowering auxin concentrations.

Sugars are important indicators of carbon (C) levels and utilization efficiency in plants,
as well as signaling molecules [111]. The assimilation, transport, utilization, and storage
of sugars are key indicators of plant source activity and carbon pools [112,113]. Under
high nitrogen supply, higher sugar accumulation in leaves promotes leaf development
and photosynthesis, whereas under low nitrogen conditions, gene expression related to
photosynthetic tissue development may be suppressed [114,115]. Compared to nitrate
alone, ammonium nutrition significantly increases net photosynthetic rates in winter wheat,
maize, and Chinese cabbage, as well as glucose, fructose, and sucrose content in leaves,
particularly under mixed nitrogen supply [16,46,116]. In maize, research shows that, com-
pared to nitrate alone, ammonium nutrition enhances glucose, fructose, and sucrose levels
in both shoots and roots, indicating improved carbon source activity. However, excessive
ammonium supply promotes starch synthesis in plants, leading to a decrease in carbon
utilization efficiency. Furthermore, starch, as a major carbon reserve in plants, is more
readily converted under ammonium nutrition compared to nitrate supply [6]. Excessive
starch accumulation may reduce carbon utilization efficiency and damage chloroplast
function, such as limiting CO2 diffusion or impairing chloroplast integrity [117].

Trehalose-6-phosphate (T6P) plays a pivotal role in regulating plant metabolism, func-
tioning as both a signal and a feedback regulator of sucrose levels by modulating carbon
and nitrogen processes [118,119]. Early studies demonstrated that chemically increasing
T6P levels in plants significantly improved wheat yield by regulating sugar distribution
and utilization [118,120] found that elevated T6P levels stimulate nitrogen assimilation
and promote starch synthesis, potentially enhancing starch production [118,119]. In maize,
research showed that ammonium nutrition, when combined with nitrate, increases root T6P
concentrations, which may act as a signaling molecule to induce Gln and Asn synthesis [16].
Further studies indicated that, compared to nitrate alone, ammonium nutrition alone in-
creased root T6P and starch concentrations by 4.5 and 1.23 times, respectively. Under mixed
nitrogen supply, root T6P increased by 1.87 times, while starch levels remained similar to
those in nitrate-only treatments. These findings suggest that increased ammonium supply
may elevate T6P levels, promoting starch synthesis and directing more sucrose from shoots
to roots, thereby increasing Asn and Gln levels. The balance of these metabolites reflects
the efficiency of carbon and nitrogen utilization in plants. Thus, appropriately increasing
endogenous T6P levels can enhance carbon and nitrogen utilization, whereas excessively
high levels may cause inhibitory effects.

5. Phytohormone Synthesis and Signaling Mediated by Interaction of
NO3

− and NH4
+ Supply

Indole-3-acetic acid (IAA) is a key endogenous hormone in plants, crucial for root
growth and development [121,122]. Nitrogen regulates plant growth indirectly by influ-
encing auxin synthesis, metabolism, and signaling pathways [122]. Auxin controls leaf
development through leaf primordium initiation [123], vascular development [124] and
leaf cell division and expansion [125]. The regulation of auxin synthesis and transport by
varying nitrate concentrations has been documented in species, e.g., turnip cabbage [126],
maize [127], soybean [128], pineapple [129], and Arabidopsis [130]. Studies show that
nitrate, compared to ammonium alone, enhances auxin transport in roots and promotes
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root growth [131]. Nitrate directly regulates lateral root development and auxin synthesis
and transport [132]. In tobacco, ammonium-only conditions result in lower auxin concentra-
tions in the shoots compared to nitrate [26]. Interestingly, mixed nitrogen supply in tomato
may increase auxin concentrations in the shoots compared to nitrate alone, potentially
due to genotype differences [133]. A study on lettuce [134] showed that ammonium-
nitrate nutrition increased IAA content compared to nitrate-only nutrition. In rice, a 75:25
ammonium-nitrate mixture was more favorable for IAA accumulation in roots and lateral
root formation than ammonium alone [135]. Similarly, increasing NO3

− supply on an
ammonium basis significantly boosted auxin levels in the shoots, phloem, and roots, indi-
cating that ammonium-nitrate nutrition enhances auxin synthesis and its polar transport
to roots [136]. Wang [16] demonstrated that mixed nitrogen supply in maize enhances
Trp-dependent IAA synthesis via the shikimate and tryptophan (Trp) pathways, boosting
the levels of phosphoenolpyruvate (PEP) and Trp, key precursors for IAA production.
Transcriptome analysis further revealed significant upregulation of crucial genes involved
in IAA biosynthesis, including DAHP synthase, indole-3-glycerol phosphate synthase, and
YUCCA monooxygenases, under mixed nitrogen conditions. This resulted in increased
IAA accumulation and activation of the auxin response pathway, ultimately promoting
leaf growth. The findings of this study establish the relationship between nitrogen uptake,
assimilation, carbon synthesis and assimilation, and hormone synthesis in maize (as shown
in Figure 1). This relationship provides a systematic theoretical foundation for a deeper
understanding of the role of mixed nitrogen supply in maize growth and the improvement
of nitrogen use efficiency (Figure 1).
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The data in this figure is sourced from published references [11,12,16,17]. Compared
to sole nitrate or ammonium supply, mixed nitrogen significantly enhances nitrogen uptake
in maize, promoting nitrogen assimilation and metabolism. This metabolic enhancement
not only increases photosynthetic efficiency, thereby boosting carbon source activity and
carbon utilization, but also regulates leaf area through auxin synthesis via the shikimate
pathway, ultimately supporting plant growth. A series of low-affinity nitrate transporters
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(NRTs) likely facilitate nitrate uptake, while ZmAMT1.1a is likely involved in ammonium
absorption. Although sole ammonium supply also promotes nitrogen uptake and assim-
ilation, it leads to excess nitrogen storage, primarily as glutamine (Gln) and asparagine
(Asn), resulting in nitrogen redundancy. Furthermore, under sole ammonium conditions, a
significant portion of carbon is stored as starch, which reduces carbon utilization efficiency
and thus hinders plant growth. Note: Thick arrows represent promoting effects, thin arrows
indicate no promoting effect, and dotted arrows represent positive feedback regulation.

In addition to auxins, other hormones may play a role in regulating plant growth
under mixed nitrogen supply. Walch [137] found that nitrate maintains a physiological
balance of cytokinins in both shoots and roots, facilitating their transfer from roots to
shoots and influencing morphogenesis, whereas ammonium suppresses cytokinin syn-
thesis in the roots. However, recent maize studies report no significant differences in
cytokinin levels or leaf area between ammonium-only and nitrate-only treatments. Under
mixed nitrogen supply, plants exhibit the largest leaf area but the lowest cytokinin concen-
trations [16]. Furthermore, ABA, primarily synthesized in the shoots, induces stomatal
closure, with ammonium supply promoting this process [138]. Conversely, in lettuce, an
optimal ammonium-to-nitrate ratio in the mixed nitrogen supply reduces ABA content in
leaves [134].

6. Conclusions and Prospect
The mixed supply of NO3

− and ammonium NH4
+ enhances crop nitrogen use effi-

ciency by mediating the dynamic interplay among plant nutritional demands, ecological
processes, and anthropogenic inputs [139,140]. This review provides a comprehensive
analysis of the mechanisms underlying mixed nitrogen supply (nitrate-ammonium com-
bination) in maize and other crops, highlighting its profound impact on plant growth,
nitrogen uptake and assimilation, photosynthesis, and carbon metabolism. The mixed
nitrogen supply enhances nitrogen source activity in plants, thereby promoting nitrogen
absorption and assimilation, which subsequently optimizes carbon metabolism and pho-
tosynthetic efficiency. Moreover, it supports the coordinated growth of both shoot and
root systems via auxin synthesis and distribution, significantly improving nitrogen and
carbon utilization efficiency and underscoring the intricate interaction between the plant’s
nitrogen and carbon resource pools. Future research should prioritize the identification
of nitrogen-use efficient genes and molecular breeding strategies to further dissect the
molecular mechanisms governing mixed nitrogen supply in plant metabolism, ultimately
enhancing crop nitrogen efficiency. Building on these foundational insights, practical ap-
plications should be explored, such as the development of advanced nitrogen fertilizers
and the integration of precision agriculture technologies, to drive efficient and sustainable
agricultural practices.
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