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opment that occurs at concentrations 210 
Hanma Zhang and Brian G. Forde* mM is due to an effect on lateral root 

elongation rather than on initiation. As 
The development of plant root systems is sensitive to the availability and distribution of has been found for other species (4), pri- 
nutrients within the soil. For example, lateral roots proliferate preferentially within nitrate mary root elongation was insensitive to 
(NO3-)-rich soil patches. A NO3--inducible Arabidopsis gene (ANRl), was identified that [NO3-] (Fig. 2B), demonstrating that the 
encodes a member of the MADS box family of transcription factors. Transgenic plants inhibition of lateral root growth by [NO3-] 
in whichANR1 was repressed had an altered sensitivity to NO, and no longer responded r 10 mM is not part of a general inhibitory 
to NO3--rich zones by lateral root proliferation, indicating that ANRl is a key determinant effect on plant growth. 
of developmental plasticity in Arabidopsis roots. The sensitivity of lateral root elongation 

to [NO3-] was altered in the ANR1 -repressed 
lines (Fig. 2B). At 10 pM KN03, lateral root 
growth in the antisense lines did not differ 

T h e  structure of a root system is deter- detect ANR1 mFWA in stems or leaves of from that in the control lines. However, 
mined by an interplay between the intrinsic mature plants (Fig. lB), suggesting that concentrations of 100 pM or 1 mM, which 
developmental program and external biotic ANRI, like AGL17 (8), is expressed prefer- had no effect on the control lines, signifi- 
and abiotic stimuli (1). One important role entially or specifically in roots. We investi- cantly inhibited lateral root growth in A1 
of such plasticity is to enable the plant to gated whether ANR1 is induced as part of a and A13, the most strongly down-regulated 
forage for mineral nutrients (2), which are general response to nutrient starvation and lines (Fig. 2B). S10, a line carrying the 
usually distributed unevenly within the soil. resupply (Fig. 1C) and found that expression ANR1 sense construct (1 2), had the lowest 
Nitrate is the major source of the mineral N of the gene was maintained in NO3--grown amounts of ANR1 mFWA (Fig. 2A), proba- 
for many higher plant species, and its supply roots regardless of changes in the supply of bly because of cosuppression (16), and this 
often limits plant growth and crop yields. either K+ or inorganic q-. line had a phenotype similar to A1 and A13 
Plants respond to its presence in a variety of To investigate the function of ANR1 , we (10). Two lines with intermediate amounts 
ways that enhance their ability to absorb generated transgenic Arabidopsis lines in of ANRl mRNA (A1 1 and A15) showed an 
and metabolize it (3). Most dramatic of which expression of ANR1 was down-regu- intermediate sensitivity to NO3- inhibition 
these is the stimulation of lateral root de- lated to various degrees by antisense or (Fig. 2B). As in the control lines, primary 
velopment that occurs specifically within cosuppression effects (1 2) (Fig. 2A). The root growth in the ANR1 -repressed lines was 
Norenriched patches of soil (4). response of the transgenic root systems to unaffected by NO3-] (Fig. 2B), showing that 

In the course of screening Arabidopsis either ubiquitous or locally concentrated the consequences of down-regulating ANRl 
roots for NO3--inducible genes we identi- supplies of NO3- was then analyzed. are specific to lateral roots. 
fied a cDNA clone, pANR1, that has ho- First we examined the effect on root To investigate further the phenotype of 
mology to the MADS (MCMI, AGA- growth of a range of external NO3- concen- the ANR1 -repressed lines, we tested the ef- 
MOUS, DEFICIENS, and serum response trations (Fig. 2B) (1 3). Previous studies fect of locally concentrated supplies of NO3- 
factor) box family of transcription factors have demonstrated that lateral root devel- on root development (Fig. 3) (17). In the 
(5). Products of MADS box genes, found in opment is sensitive to changes in the NO3- control lines (C24 and 43-3), lateral root 
a variety of eukar-yotes, share a conserved supply (4, 14). In the parental line (C24) growth in the NO3--enriched segment was 
motif within the DNA binding domain (6). and a control transgenic line (43-3), in- stimulated two- to threefold compared with 
In plants, most of the MADS box genes so creasing the concentration of NO3- KC1-treated controls, whereas growth of the 
far identified (more than 24 in Arabidopsis ([NO3-]) from 10 pM to 1 mM had no lateral roots in the top (low [NO3-]) segment 
alone) are expressed in flowers; many of significant effect on the growth of lateral was slightly (30%) inhibited (Fig. 3B). The 
these affect floral organ identity (7). The roots, whereas at 10 mM and particularly localized NO3- treatment had no significant 
ANR1 gene belongs to the same subfamily at 50 mM their development was inhibited effect on the number of lateral roots in C24 
(6) as two MADS box genes of unknown (Fig. 2B). When we compared the num- (18), and more detailed analysis has shown 
function: AGL17, an Arabidopsis root-spe- bers of emerged and unemerged laterals in that the increased proliferation of lateral 
cific gene (55% amino acid identity) (8), 
and DEFH125, an Antirrhinum pollen-spe- 
cific gene (59% amino acid identity) (9). A B C 
Hybridization of pANRl to Southern blots Time Time K+ P 

of Arabidop~is genomic DNA showed that (hours) 0 0 5 l s  3 5 7 0 nowen n eaves stems ~ o c r s  (hours) -4 =4 

no other members of the MADS box family 
are sufficiently similar to cross-hybridize A N R I ~  A N R I ~  A N R T m  
with it at high stringency (10). P-Tubuhn ** 4 P-Tubul~n @B 0-Tubul~n u - 1 * * - 

Northern (RNA) blots showed that 
ANRl expression, undetectable in &tanred Fig. 1. Developmental and nutritional regulation of ANRl expression. (A) ANRl is rapidly induced by 
roots, is rapidly induced when ~ 0 ~ -  is sup NO3-. Niirogen-starved seedlings were treated with KNO, at time 0. Lanes contain total RNA from roots 

plied ( F ~ ~ .  lA) I 1. We were unable to harvested at intervals after NO3- treatment, and the blot was hybridized with an ANRl cDNA probe ( 1  1). 
A P-tubulin cDNA was hybridized to the same filter as a loading control. (B) ANRl is expressed mainly 
or exclusively in roots. Lanes contain total RNA extracted from the aerial parts of greenhouse-grown 
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mots is due to a twofold increase in the 
average rate of lateral root elongation in the 
treated zone (1 0). 

The localized NO3- treatment was also 
applied to an Ard6dopsi.s mutant (nial nia2) 
that has just 0.5% of wild-type nitrate reduc- 
tase (NR) activity and is therefore ineffec- 
tive at using NO3- as a source of N (19). 
This mutant showed a similar response to 
the localized NO3- treatment as the control 
lines (Fig. 3B). This result argues against 

previous hypotheses that it is the assimila- 
tion of NO3- locally at its site of uptake, and 
the consequent increased flux of photosyn- 
thate to that region of the mot, that leads to 
localized lateral root proliferation (20) and 
supports an earlier suggestion (21 ) that the 
effect is due to the signaling properties of the 
NO3- ion itself. 

When the localized NO3- treatment was 
applied to the three strongly ANR1-re- 
pressed lines, there was no significant effect 

Fig. 2. Sensitivity of lat- A B 
era1 root development ~n SIO C24Al5 A I ~  A13 AI 5 - Primary roots I 
ANR7-repressed llnes to 
lnh~bltlon by NO,- (A) 
Transgenrc Arabrdops~s - 
lines with varlous de- 

Y 
o! Lateral roots 

grees of ANRl repression Lanes conta~n total RNA from 
NO3--induced roots of the parental Ilne (C24), fourANR1 
antisense I~nes (A1 A1 1,  A1 3, and A1 5) and one sense 
llne (S10) Roots were Induced for 3 hours wlth 2 mM 5 2' 
KNO, (1 1) The Northern blot was hybr~d~zed w~th the ;; i 
ANRl and p-tubulln probes as ~n Flg 1 (B) NO3- re- 1 -  

sponse curves for roots of C24 (O), a transgen~c control 
line 43-3(A), A1 (a), A1 1 (mi, A1 3 (A), and A1 5 (V) Seed- 0- 
l~ngs were grown on agar plates contalnlng a range of 001 01 1 10 100 

[NO, ] and the lengths of the prlmary (upper panel) and NO; concentration (mM) 

lateral (lower panel) roots were measured after 14 days 
(73) Each polnt represents the mean of data from four to elght seedl~ngs, those marked with an asterlsk 
dlffered s~gnlflcantly from the 43-3 and C24 controls (P < 0 05 ~n a t test) 

A 

TOP 

M~ddle 
(treated) 

nia 1 nia2 I I 

on lateral root growth in the treated zone 
(shown for A13 and S10 in Fig. 3); the two 
intermediatelv re~ressed lines (A1 1 and 

c C24 S10 
Fig. 3. Insensitivity of lateral root development in 
ANRl -repressed lines to a localized supply of NO3-. (A) 

, . 
A15) did show some response, but one 
which was diminished by about 70% com- 
pared with the response by C24 (1 0). Thus, 
the stimulation of lateral root elongation by 
localized applications of NO3- is dependent 
on expression of the ANRl gene (22). 

To explain the manner in which down- 
regulation of ANR1 alters the root's respons- 
es to localized and ubiquitous supplies of 
NO3-, we suggest a model in which the 
NO3- supply has two opposing effects on 
lateral root elongation: a localized stimulato- 
ry effect that requires ANRl expression and 
depends on the external [NO3-] at the lateral 
root tip, and a systemic inhibitory effect that 
results from its influence on the N status of 
the shoot, which in turn depends on how 
much NO3- is absorbed by the whole root 
system. The latter effect would not involve 
ANRl and would require some shootde- 
rived signal that suppresses lateral mot elon- 
gation (23). This model can explain how a 
localized NO3- treatment stimulates lateral 
root elongation specifically within the treat- 
ed segment. In this situation, the inhibitory 
effect should be felt by all the lateral roots, 
both outside and inside the NO3--rich zone, 
whereas the stimulaton effect should be 

+'- 4 .  

! : 
1 

sensed only by those lAteral roots 
within the NO3--rich zone. 

The model is also consistent with both 
aspects of the phenotype .of the ANRl- 
repressed lines. The absence of a positive 
response to the localized NO3- treatment 
(Fig. 3) would be due to the impairment of 

Experimental set-up for applying locallzed NO; treat- 
ments to Arabidopsis roots (1 7). The agar plates were 
divided into three segments so that different concen- 
trations of NO3- could be mainta~ned in d~fferent parts 

the signal transduction pathway that nor- 
mally mediates the stimulatory effect of ex- 
ternal NO3-. The increased sensitivity of 
the lateral roots to NO3- inhibition when 
NO3- is ubiquitously supplied (Fig. 2) 
would be the phenotype expected if the 
stimulatory effect of NO3- had been 
blocked, but the inhibitory effect had not. 

What role might ANRl play in convert- 
ing a NO3- stimulus at the lateral root tip 
into an increased rate of elongation? One 
possibility is suggested by analogy with an- 
other MADS box transcription factor, the 
human serum response factor. This protein 
is responsible for the rapid and coordinate 
activation of a set of "immediate-early" 
eenes when auiescent human cell lines re- 

of the plate. At the start of the experiment, seedlings 
Treated were placed on the plate as shown on the left: lateral segment 

I 
~~ - root lengths were measured when the seedlings 

" 
ceive an extracellular mitogenic stimulus 
(24): In a similar way the ANRl gene prod- 
uct might be the transcriptional regulator of 
a set of genes that modulate the rate of 
lateral root elongation. 

1 

I 

many laterals). ~ a c h  bar represents the mean of data from 8 to 12 'seedlings; those marked with an 
asterisk differ significantly (P < 0.05 in a t test) from the control treatment to the same line. (C) Root REFERENCES AND NOTES. 
morphology of seedlings of C24 and S10 that received (+NO:,-) or did not receive (C) a localized NO,- J. Schiefelbein and P. N. Benfey, Plant Cell 3, 
treatment. Representative seedlings from the experiment In (B) were stained with toluidine blue and 1147 (1991); J. Lynch, plant ~ h p ~ .  1 ~ , 7  (1995). 

reached the stage shown on the right. (B) Effect of a 
localized NO,-treatment on lateral root development in 
the control lines (C24 and 43-31, two ANR7-repressed 
lines (A1 3 and S1 0), and a NR-deficient mutant (nial 
nia2). All three agar segments contained 10 pM 

photographed. 2. M. J. Hutchings and H. de Kroon, Adv. Ecd. Res. 25, 

C +NO, C +NO?' NH,NO,, and the middle segment also contained 1 
mM KC1 (designated C) or 1 mM KNO, (+N). Twelve 

days after transfer of the seedlings to the segmented plates (or 13 days for nial nia2 because of its 
slower growth rate) lateral root lengths were measured in the top (open bars) and middle segments 
(closed bars) (1 7 ) .  (The bottom seqment was not included in the analysis because it did not yet contain 
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ply of Kt or PO,,- were performed in the same way 
except that B5-N was subst~tuted by B5 ackng either 
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