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supply, and inhibited by overdose supply of N (Fig. 1).12,13 Until 
recently less is known about the underlying physiological mechansms. 
It is well documented that cytokinin is a root-to-shoot signal commu-
nicating N availability in addition to nitrate itself.14 Exogenous 
cytokinin application suppresses the elongation of primary roots.15 
Recent work in Arabidopsis overexpressing cytokinin synthase (IPT) 
demonstrate that long-term CK overproduction inhibited primary 
root elongation by reducing quantitative parameters of primary 
root meristem.16 By comparing two maize inbred lines whose root 
elongation had a differential response to low N stress, it was found 
that the change of cytokinin content in roots was closely related 
to low-N induced root elongation.13 In the N–sensitive genotype 
478, cytokinin (Zeatin + Zeatin riboside) content was significantly 
lower at low N condition. While in N-insensitive genotype Wu312, 
cytokinin content was hardly affected at various N supplies. Higher 
N supply shortened the distance from root apex to the first visible 
lateral roots, a phenomenen similar to that caused by exogenous 
cytokinins. Furthermore, exogenous cytokinin 6-benzylaminopurine 
(6-BA) completely reversed the stimulatory effect of low nitrate on 
root elongation. All the data suggests that the inhibitory effect of 
high concentration of nitrate on root elongation is, at least in part, 
mediated by increased cytokinin level in roots. 

Auxin regulates many cellular responses crucial for plant develop-
ment. Auxin plays a key role in establishing and elaborating patterns 
in root meristems.17,18 Root elongation of Arabidopsis is enhanced 
by exogenous auxin at low concentrations, but is inhibited at high 
concentrations.19 In an earlier report, a high external nitrate supply 
(8 mM) did cause a 70% decrease in the auxin concentration of 
the root in soybean.20 In maize, inhibition of root growth by high 
nitrate was found closely related to the reduction of IAA levels in 
roots and exogenous NAA and IAA restored primary root growth in 
high nitrate concentrations.21 Interesting, it was found that auxin 
concentrations in phloem exudates were reduced by a greater nitrate 
supply, suggesting that shoot-to-root auxin transport may be inhib-
ited by high N supply. Considering the antagonism between auxin 
and cytokinin.22 it was possible that, by increasing the cytokinin level 
and decreasing the auxin level, high nitrate supply may have nega-
tive influences on root apex activity so that root apical dominance 
is weakened and, therefore, root elongation is suppressed and lateral 
roots grow closer to the root apex.

Nitric oxide (NO) is emerging as an important messenger mole-
cule associated with many biochemical and physiological processes 

Response of root system architecture to nutrient availability 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. Low soil N stimulates root elongation in maize. 
Recent evidence suggests that plant hormones auxin and cytokinin, 
as well as NO signaling pathway, are involved in the regulation of 
root elongation by low nitrogen nutrition.

Nitrogen acquisition is determined by N demand for plant 
growth. At low N stress, N demand for maximum plant growth rate 
is not matched by plant N uptake. To acquire adequate N, plants 
may increase root length density to explore a larger soil volume and/
or increase N uptake activity. High root density is also an important 
root trait for competition with soil microorganisms.1 Since nitrate is 
a highly mobile, non-adsorbing ion, theoretic analysis predicts that 
its uptake is not limited by transport through soil, and a small root 
system is sufficient for nitrate acquisition.2-4 In field conditions, 
however, genotypes that are efficient in N acquisition generally had a 
larger root system and higher root length density.5,6 Under conditions 
of insufficient N supply, N mass flow to roots may not be adequate 
to meet the N demand for plant growth. Even in N-sufficient soils, 
various soil constraints (low water content, etc) may reduce the N 
mass flow rate. In these cases, large root size and high density will 
be very important for the utilization of the spatially distributed N, 
especially newly mineralized N, and the competition for organic N 
with soil microorganisms.7,8

The development of lateral roots in Arabidopsis in response to 
nitrate supply has been widely studied.9 Less attention has been paid 
to primary root growth in response to N, possibly because root elong-
tion is insensitive to increased N supply in Arabidopsis.10,11 In maize, 
however, root elongation was sigificantly promoted by suboptimal N 
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it was demonstrated in Arabidopsis that auxin transport from the 
root apex via the lateral root cap is required for ethylene-mediated 
inhibition of root growth.28 Therefore, a complex multiple sigan-
lling pathways may be involved in N-mediated root elongation 
(Fig.2). Further study is required to understand how these pathways 
interact with each other to reduce root elongation in response to high 
nitrate supply. 
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in plants. The involvement of NO in IAA-induced adventitious root 
development has also been reported.23 Given that nitrate is a substrate 
for NR-catalysed NO production, and root development and growth 
are closely related to NO, it is expected that NO may play a role in 
nitrate-dependent root growth. Surprisingly, endogenous levels of 
NO in the root apices of maize seedlings grown in high nitrate solu-
tion 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.24 These data suggest that the arrest of root elongation by high 
levels of external nitrate concentrations may result from an altera-
tion 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 NO synthase (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. Besides, it 
was well documented ethylene has a negative effect on root elonga-
tion of various plants.25-27 Exogenous supply of cytokinin increase 
ethylene production (Stenlid 1982; Bertell et al., 1990). Recently, 

Figure 1. Root elongation is inhibited at high nitrate supply. 

Figure 2. A simplified model explaining nitogen-mediated root elongation 
in maize.
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