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Abstract 

Response of root system architecture to nutrient availability in soils is an essential way for plants 

to adapt to soil environments. Nitrogen can affect root development either as a result of changes in 

the external concentration, or through changes in the internal nutrient status of the plant. On one 

hand, low soil N stimulate root elongation. On the other hand, localized nitrate stimulate lateral 

root elongation. Nevertheless, less is known about the physiological mechanisms. Based mainly 

on our work, the physiological mechanism underlined the response of maize roots to uniform or 

localized N supplies were reviewed. It was suggested that plant hormones auxin and cytokinin are 

involved in the regulation of nitrogen nutrition on maize root growth.  

 

Media summary 

Regulation of root system to increase nitrogen uptake efficiency in crops 
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Introduction  

Response of root system architecture to nutrient availability in soils is an essential way for plants 

to adapt to soil environments. Nitrogen can affect root development either as a result of changes in 

the external concentration, or through changes in the internal nutrient status of the plant. A 

thorough understanding of the physiological mechanism involved is helpful for enhancing 

nitrogen use efficiency in maize by genetic improvement of key root traits.  

 

Maize root growth in response to nitrogen supplies 

In soil conditions, low N stress significantly reduce maize root length, root surface area, root mass 

and root branching (Maizlish et al., 1980). Also, it was found that nitrogen
 
fertilization decreased 

milligrams per meter of root and root
 
radius (Anderson, 1987), indicating that N increase thinner 

(lateral) root growth. Nevertheless, overdose of N fertilization has a negative effect on root length 

and root surface area (Costa et al., 2002). These data suggest that there exists an optimal N regime 

for maximum root growth.  

In solution or sand culture system, it was found that root biomass, root length, and lateral root 

length reached to the maximum when nitrate supply was around 0.5 mM (Wang et al., 2004; Guo 

et al., 2005a; Tian et al., 2006). With increasing nitrate supply, root elongation tends to be 

inhibited (Tian et al., 2005, Chun et al., 2005). Lateral root density in maize was seldom affected 

when N in solution varies from 0.01 to 10 mM. Further increase of N supply decrease lateral root 

density significantly (Guo et al., 2005a).  

Plants tend to grow more roots at surface soil layer where nutrient content is higher. Root 



length and weight increased and root weight/length ratio
 
decreased in either interrow or row 

positions when fertilizer
 
was placed there. Placing fertilizer in an interrow

 
increased root length 

from 2.57 to 5.20 km m
–3
 (Kaspar et al., 1991). The tendency of lateral root growth toward 

nutrient-rich patch has been well documented in cereals including maize (Drew, 1975). It is 

believed to be an advantage for plants to acquire sufficient nitrate through extending their 

occupation of soil space (Hodge et al., 1999). 

 

Physiological mechanism for root elongation as regulated by N nutrition 

It is well documented that cytokinin is a root-to-shoot signal communicating N availability in 

addition to nitrate itself (Takei et al., 2002). Exogenous cytokinin application suppresses the 

elongation of primary roots (Stenlid, 1982). Under high nitrate supply, the root elongation zone in 

maize became swollen and the site of lateral root elongation was close towards the root tip. Both 

of the phenomena are typical of root growth induced by exogenous cytokinin treatments. (Tian et 

al., 2005). Correspondingly, zeatin and zeatin nucleotide (Z + ZR) concentrations were increased 

at higher nitrate supply in nitrate-sensitive geneotype (478), whereas they were constant in 

nitrate-insensitive genotype (Wu312). Furthermore, exogenous cytokinin 6-benzylaminopurine 

(6-BA) completely reversed the stimulatory effect of low nitrate on root elongation. Therefore, it 

is supposed that the inhibitory effect of high concentration of nitrate on root elongation is, at least 

in part, mediated by increased cytokinin level in roots. High nitrate supply may have negative 

influences on root apex activity by affecting cytokinin metabolism so that root apical dominance is 

weakened and, therefore, root elongation is suppressed and lateral roots grow closer to the root 

apex.  

The phytohormone auxin regulates many cellular responses crucial for plant development. 

The shoot-to-root phloem transport and unloading of auxin from the phloem and its redistribution 

in roots are essential for root cell division and elongation and, thus, for regulating root growth. 

Root elongation of Arabidopsis is enhanced by exogenous auxin at low concentrations, but is 

inhibited at high concentrations (Evans et al., 1994). Auxin concentrations in roots apex and 

phloem exudates of maize were reduced by a greater nitrate supply and demonstrated that this 

change in auxin levels was well correlated with the change of shoot and root nitrate accumulation, 

and root growth as well. Exogenous auxin recovered high nitrate-induced root elongation 

inhibition but had no effect on primary root growth at low concentrations of nitrate (Tian et al., 

2008). These findings suggest that a reduction of the endogenous auxin levels in roots due to 

accumulation of nitrogen compounds in tissues may be involved in high nitrate-induced inhibition 

of root elongation.  

Nitric oxide (NO) is emerging as an important messenger molecule associated with many 

biochemical and physiological processes in plants. Endogenous levels of NO in the root apices of 

maize seedlings grown in high nitrate solution were much lower than those in apices grown in low 

nitrate. The nitrate-induced inhibition of root elongation in maize was markedly reversed by 

treatments of the roots with a NO donor (SNP) and IAA (Zhao et al., 2007). These data suggest 

that the arrest of root elongation by high levels of external nitrate concentrations may result from 

an alteration of endogenous NO levels in root apical cells. NR mediated NO production is unlikely 

to be involved in the nitrate-dependent NO production and root elongation because NR activity is 

lower at low N supply. A NOS inhibitor reduced root elongation in maize plants grown in the 

low-nitrate medium, suggest that NOS activity may be inhibited in plants grown in high-nitrate 



solution, thus leading to a reduction of the endogenous NO levels.  

    Taken together, high nitrogen supply increases cytokinin level, but decreases auxin and NO 

levels in roots of maize. It remains unclear how they interact with each other to reduce root 

elongation at high nitrate supply. 

 

Physiological mechanism for Root response to localized N supply 

Earlier studies on cereals suggest that local nitrate supply enhances nitrate uptake and reduction. 

The sink for carbon which is created, in turn, leads to an increase of C translocation, as well as 

auxin, into the nitrate-rich root (Sattelmacher and Thomas, 1989). Later research indicates that 

nitrate itself acts as a signal for inducing lateral root development and a MADs-box family 

transcription factor ANR1 involves in local NO3
- 
induced lateral root development of Arabidopsist 

(Zhang and Forde, 1998). It is unclear if auxin signalling pathway is involved in this process. By 

using a 3-segment agar culture system, the role of auxin in the above situation was investigated by 

exogenous application of 2,3,5-triiodobenzoic acid (TIBA). When TIBA, the auxin transport 

inhibitor, was supplied in the upper, or middle segments where local NO3
-
 was added, to stop 

shoot-to-root auxin transport, the stimulatory effect of local NO3
-
 was completely eliminated. 

When TIBA was supplied at the lower segment to stop basipetal auxin transport from root tip to 

lateral root meristem, the stimulatory effect of local NO3
-
 supply was not affected. It was 

concluded that the stimulation effect of local nitrate on lateral root growth depends on auxin 

transport from shoot to root (Guo et al., 2005b).  

To understand the molecular mechanism for local nitrate induced LR growth in maize (Zea 

mays L.), we analyzed the gene expression profiling in maize root in early response (1 hour) to 

local nitrate stimulation by using Maize Oligonucleotide Array (http://www.maizearray.org) and a 

split-root system. Selected differentially expressed genes were further confirmed by 

semi-quantitative RT-PCR. The results showed that reception and/or transduction of local NO3
-
 

signal involve some important protein kinases and protein phosphatases and transcription factors. 

Increasing expression of genes encoding auxin response factor 7b, ethylene receptor, and 

cytokinin oxidase suggests strong interaction among hormonal pathways and local NO3
-
 signaling 

pathways. Genes involving NO3
-
 uptake and assimilation, sugar transport and utilization were 

enhanced in the N-fed root. Furthermore, local NO3
-
 induces rapid expression of genes related to 

cell division and expansion. These data suggest that regulation of lateral root development by 

local nitrate stimulation involved multiple signalling pathways. 
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