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Abstract

Changes in root architecture are an important adaptive strategy used by plants in response to limited nutrient availability to increase 
the odds of acquiring them. The quiescent center (QC) plays an important role by altering the meristem activity causing differentiation 
and therefore, inducing a determinate growth program. The arabidopsis mutant pdr23 presents primary short root in the presence 
of nitrate and is inefficient in the use of nucleic acids as a source of phosphorus. In this study the effect of the pdr23 mutation on 
the QC maintenance under low phosphorus (P) and/or nitrogen is evaluated.  QC identity is maintained in wild-type in the absence of 
nitrate and/or phosphate if nucleic acids can be used as an alternative source of these nutrients, but not in pdr23. The mutant is not 
able to use nucleic acids efficiently for substitute Pi, determinate growth is observed, similar to wild-type in the total absence of P. In 
the absence of N pdr23 loses the expression of QC identity marker earlier than wild-type, indicating that not only the response to P 
is altered, but also to N. The data suggest that the mutation affects a gene involved either in the crosstalk between these nutrients or 
in a pathway shared by both nutrients limitation response. Moreover loss of QC identity is also observed in wild-type in the absence 
of N at longer limitation. Less drastic symptoms are observed in lateral roots of both genotypes. 
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Resumo

Alteração na arquitetura da raiz é uma estratégia adaptativa importante, usada pelas plantas, em resposta à disponibilidade limitada 
de nutrientes para aumentar as chances de adquirí-los. O centro quiescente (CQ) participa na mudança da atividade meristemática, 
causando diferenciação e induzindo um programa determinado de crescimento.  O mutante de arabidopsis pdr23 apresenta raiz 
primária curta na presença de nitrato e é ineficiente no uso de ácidos nucléicos como fonte de fósforo. Neste estudo, o efeito da 
mutação de pdr23 sobre a manutenção do CQ sob baixo fósforo e/ou nitrogênio é avaliado. Na ausência de nitrato e/ou fósforo, se 
ácidos nucléicos são usados como fonte alternativa destes nutrientes, a identidade do CQ é mantida na planta silvestre, mas não 

Braz. J. Plant Physiol., 23(3): 219-229, 2011



220	C . T. Costa et al.

em pdr23. O mutante não é capaz de usar eficientemente os ácidos nucléicos como substituto de fosfato, crescimento determinado 
é observado, similar à planta silvestre na ausência de P. Na ausência de N, pdr23 perde a expressão do marcador de identidade do 
CQ antes que a planta silvestre, indicando que as respostas a P e a N estão alteradas. Os dados sugerem que a mutação em pdr23 
afete um gene envolvido na interação destes nutrientes ou em uma rota usada na resposta à limitação de ambos. Além disso, perda 
da identidade do CQ é também observada na planta silvestre na ausência de N em longos períodos. Sintomas menos dramáticos 
são observados nas raízes laterais de ambos os genótipos.

Palavras-chave: deficiência nutricional, desenvolvimento radicular, estresse, QC25::iudA, programa de crescimento radicular 
determinado

INTRODUCTION

Nutrients are essential for plant growth and development 
and must be constantly obtained from the soil (Arnon and 
Stout, 1939); however, the nutrient supply in the soil is not 
homogeneous. The supply variability is due to several factors 
like soil characteristics, fertilizer application, environmental 
conditions, microbiology activity and crop system. The 
temporal and spatial variations in the nutrient availability 
are environmental cues used by the roots to modulate its 
development. This modulation is an important adaptive 
strategy causing changes in the root architecture to increase 
nutrient uptake (Gojon et al., 2009). Several processes affect 
the root system architecture: (a) cell division and elongation 
rates, which establish the extension of the roots; (b) lateral root 
formation, which increases the volume of exploited soil; and 
(c) root hair formation, which increases the total root surface. 
Besides its importance, little is known about the regulation of 
the processes related to root architecture changes in response 
to nutrient limitations.

One important component in determining root 
architecture during nutrient limitation is the meristem activity. 
A failure in root meristem maintenance can be caused by the 
loss of stem cell division potential, a more rapid differentiation 
of stem cell daughters or the lack of quiescent center (QC) 
activity. The QC cells are located in the root tip, they are a 
small number of mitotically inactive and histologically distinct 
cells from their neighbor cells (Doerner, 1998). QC is a 
reservoir of cells to allow the regeneration and maintenance 
of the root meristem. In Arabidopsis, the QC is formed by 4-7 
cells, surrounded by stem cells (Nawy et al., 2005). Some 
transcription factors play an important role in the maintenance 
of the QC, such as SCARECROW (SCR) and SHORTROOT 
(SHR) (Sabatini et al., 2003; Cui et al., 2007). PLETHORA 
AP2-domain transcription factors are important regulators of 

root stem cell activity, they are induced by auxins and are also 
involved in QC maintenance, acting in parallel to SCR and SHR 
(Aida et al., 2004).

Among the nutrients, nitrogen (N) and phosphorus (P) 
are the most limiting in natural conditions. Nitrogen (N) is 
one of the most abundant elements in the Earth; however, 
its availability in the soil is limited. Nitrate, the most common 
form of N in soils is very soluble and easily leached as 
well as denitrified (Graham and Vance, 2000). Nitrogen is 
required for the main processes in the plant cell, being part 
of several molecules such as amino acids, nucleic acids and 
chlorophylls (Amtmann and Blatt, 2009). Phosphorus (P) is 
the second most limiting nutrient for plant development and 
crop yield. The assimilated form of P, orthophosphate (Pi), has 
low mobility and reacts with several cations, such as Ca+2, 
Mg+2 and Al+3, forming precipitates, limiting its availability 
(Fang et al., 2009). Phosphorus is a component of several 
biomolecules. Examples are the sugar-P, intermediates 
of photosynthesis and respiration, phospholipids from 
membranes and nucleotides from nucleic acids as well as 
from the energy compounds ATP and GTP (Amtmann and 
Blatt, 2009). The addition of Pi to proteins affects their activity, 
therefore, P is an important player on protein regulation and 
signal transduction.

The root architectural remodeling in response to 
P and N limitation are quite different in magnoliopsidas. 
Phosphorus limitation produces a shallow and branched root 
system, increasing the volume of exploited soil. A severe 
reduction in the primary root length is observed. Nitrogen 
limitation has low impact on primary root growth but four 
root morphological adaptations have been characterized in 
response to N : (i) the stimulatory effect of high N patches on 
lateral root initiation and elongation; (ii) the inhibitory effect 
of high internal N on the initiation of lateral root meristems; 
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(iii) the suppression of lateral root initiation by high C:N ratio; 
and (iv) inhibition of primary root growth by high external 
L-glutamate levels. Despite the diverse final responses, 
there are emerging evidences for crosstalk between nutrient 
signaling pathways.

Mutants of Arabidopsis thaliana have been used aiming 
to identify components of the nutrient starvation signaling 
pathway. Chen et al. (2000) identified several mutant lines 
unable to use nucleic acids as the only source of P. Later 
studies with mutants derived from this type of screening 
identified interaction with other nutrients. One of these 
mutants, pdr23 (phosphate deficiency response 23), shows 
also a strong reduction in primary root length when growth 
in the presence of nitrate in comparison with the wild-type, 
regardless the P supply. It suggests an interaction between 
P and N signaling. We hypothesized that the QC could act 
as a sensor of environmental cues for remodeling the root 
architecture; therefore the reduction in root length caused by 
organic P and by N in pdr23 might be related to alterations in 
the QC maintenance. To test this hypothesis we analyzed the 
expression of the QC identity marker QC25::uidA.

MATERIAL AND METHODS

Plant material and growth conditions: Arabidopsis 
thaliana ecotype Columbia (Col), the transgenic line 
QC25::uidA (Sabatini et al., 2003) and F3 seeds from the 
cross between the EMS mutant pdr23 and the transgenic line 
QC25::uidA (homozygous for both characters) were used in 
the experiment. Seeds were surface sterilized with 30% (v/v) 
bleach and 0.01% (v/v) Tween 20 for 8 min. After five washes 
in sterile distilled water, seeds were plated in petri dishes 
containing different media. The seed dormancy was broken 
by applying low temperature (4oC) for 48h. The plates were 
placed vertically, to facilitate the visualization of the roots, 
inside a growth room with a photoperiod of 16 h of light, 8 h 
of darkness, light intensity of 30 µmol.m-2.s-1 and temperature 
of 21ºC (±2ºC).

Media composition: The media was based on Somerville 
and Ogren (1980) and contained 50 μM Fe-EDTA, 5 mM 
KNO3, 2 mM MgSO4, 2 mM Ca(NO3)2, 10 μM NaCl, 2.5 mM 
KH2PO4, 70 μM H3BO3, 14 μM MnSO4, 1 μM ZnSO4, 0.2 μM 
Na2MoO4, 0.01 μM CoCl2, 0.5 μM CuSO4,  100 mg.L-1 myo 
inositol, 0.5 mg.L-1 nicotinic acid, 0.5 mg.L-1 pyridoxine , 0.1 

mg.L-1 thiamine and 2.5 mM MES, pH 5.5. Also 0.5% sucrose 
and 0.8% micropropagation agar-Type I (Caisson Lab., North 
Logan, U.S.A.) were added. The amount of P in the agar was 
analyzed and contributed with less than 10 μM, so it was used 
without further purification. For –P media, KH2PO4 was omitted 
and for –N media, KNO3 was replaced by KCl, and Ca(NO3)2 
by CaSO4. In the +DNA media, 0.6 mg.L-1 DNA purified from 
Torula yeast was added. DNA was purified using the protocol 
described in Chen et al. (2000).

Histochemical analysis: For histochemical analysis of 
GUS activity, the protocol described by Vitha et al. (1995) 
was followed. The seedlings were grown on different media 
(+Pi/+DNA/+N, +Pi/+DNA/-N, +Pi/-DNA/-N; +Pi/-
DNA/+N, -Pi/-DNA/-N, -Pi/+DNA/-N, -Pi/+DNA/+N, and 
-Pi/-DNA/+N) for 7, 9 and 11 days. For each treatment and 
time point, at least 10 plants were analyzed. Representative 
roots were chosen for each treatment and photographed in 
100X and 400X on an optical microscope.

Root Analysis: For root length and lateral root number 
analysis 30 plants were evaluated per treatment. Images 
of the roots were captured with digital camera (Sony 
DSCF707) and imported into the public domain National 
Institutes of Health ImageJ program for quantitative 
analysis of root length and number. In transferring 
experiments, plants were grown vertically for five days 
in +P/-N or +P/+N media and transferred for 7 days 
to media containing different phosphorus and nitrogen 
availability, pictures were taken at transferring and seven 
days after. The data was submitted to variance analysis 
and mean comparison by DMS.

RESULTS

Arabidopsis seedlings, ecotype Columbia, and pdr23 
were grown at the presence or absence of P and N, as well 
as in the presence of an organic source of these nutrients, 
DNA, and the primary root length was measured after 8 
days. The transgenic line QC25::uidA and pdr23, containing 
QC25::uidA, were grown in the same conditions for 7, 9 
and 11 days after germination for QC analysis, and will be 
called here henceforward wild-type Columbia and pdr23 for 
simplicity.  The structure of the apical meristem of primary 
and secondary roots was analyzed, and the expression of QC 
identity marker evaluated.
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Figure 1. Expression of QC25::uidA in pdr23 and wild-type Columbia primary roots grown on media with high N supply and different P availabilities (A, +Pi/+DNA; 
B, +Pi/-DNA; C, -Pi/+DNA; D, -Pi/-DNA) at 7, 9 and 11 days after germination. Bar = 100µm.

Wild-type plants grown in the presence of P showed the 

expected structure of a normal root apical meristem in the 

three time points evaluated. The quiescent center was clearly 

visible in the differentiated columella stem cells. No difference 

was observed when DNA was added to the medium (Figure 

1A, 1B, Table 2). The mutant pdr23 did not differ from wild-

type at these conditions in relation to the meristem structure 

and QC identity. However, the primary root length of pdr23 

plants is much shorter than those of wild-type (Table 1, 2).

Table 1. Primary root length of Arabidopsis thaliana Columbia (Col) and pdr23 
plants grown for 8 days in presence or absence of nitrogen and phosphate

Media
Primary root length of genotypes (cm)

pdr23 Col

+P/+N 0.93 6.39*

-P/+N 0.49 2.71*

+P/-N 1.96 2.22

-P/-N 1.38 1.99*

* Statistical difference between genotypes (p≤0.05)

Table 2. Primary root length of Arabidopsis thaliana Columbia (Col) and 
pdr23 plants grown for 8 days in the presence of phosphate (2.5mM) and an 
organic phosphorus source (DNA 0.6 mg ml-1)

Media
Primary root length of genotypes (cm)

pdr23 Col
+P/+DNA 0.44b 3.88 a*
+P/-DNA 0.96 a 4.02 a*
-P/+DNA 0.33 b 2.61 b*
-P/-DNA 0.43 b 2.04 c*

* Statistical difference between genotypes. Same letter indicates no statistical 
difference between media by DMS (p≤0.05).

In media containing DNA as the only source of P 
(-Pi/+DNA/+N), in the primary root, no difference was 
observed in the structure of the root apical meristem in wild-
type when compared to those plants grown on +P/+DNA/+N 
(Figure 1C and 1A respectively). Therefore, wild-type plants 
were able to use the DNA to acquire P. The amount of DNA 
added corresponds to 1.8 mM Pi if completely degraded, the 
smaller amount of Pi available may explain the reduction in 
root length observed in wild-type (Table 2) compared to +P. 
However, in pdr23 primary roots, severe modifications in the 
structure of the root apical meristem were already observed 
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7 days after germination (dag) (Figure 1C). The pdr23 roots 
were shorter and showed signals of differentiation in the zone 
near the tip, i.e. the elongation zone disappeared and root hairs 
could be seen near the apical zone at 11 dag. No expression 
of the QC identity marker was observed in this condition in 
pdr23 primary root at any time point. A similar phenotype was 
observed in wild-type plants grown under total absence of P 
(-Pi/-DNA/+N) indicating that pdr23 was not able to efficiently 
acquire P from DNA (Figure 1D). pdr23 plants showed even 
less structured root tips when none P was added. The cells 
seemed more globular and swelled, and the symptoms of 
differentiation were more evident. This data confirms the 
results obtained by Pinto (2005), where pdr23 plants showed 
short root phenotype in the presence of organic P, behaving like 
in total P absence. 

There are evidences that roots can sense the local P 
availability , and P limitation affects the QC maintenance, 
causing reduction in cell division and induction of a determinate 
root developmental program. These modifications may cause 
changes in the hormone homeostasis, which in turn induces 
lateral root formation. In pdr23, this process was observed 
also when organic P was supplied, indicating either a failure 
in breaking organic P, or sensing low Pi levels. It was shown 
previously that the Pi levels in media containing DNA as the 
only source of P are kept very low, in general below 50 µM 
(Chen et al., 2000).

The induction of the determinate root development 
program in pdr23 explains the short root phenotype observed 
when nucleic acids are the only source of P in comparison 
to wild-type. Nevertheless, it does not explain the short root 
observed when P is present.

When P was kept high, nitrate was not added to the 
media and DNA was present, in the wild-type, as well as in 
pdr23, QC was clearly label at the three time points evaluated 
(Figure 2A). However, when DNA was also removed from the 
media, the determinate root program was induced in wild-type 
plants, although in a slower rate than the one observed in the 
absence of P (Figure 2B). On this media (+Pi/-DNA/-N) at 7 
dag, the expression of the QC identity marker was observed in 
all plants, indicating an active quiescent center, at 9 dag, some 
plants stopped showing GUS activity and at 11 dag the marker 
expression in the primary root had vanished from all wild-type 
plants. The amount of DNA added to the medium can supply 
6.4 mM nitrogen. This indicates that a minimal amount of N 

is required for the QC normal maintenance, i.e., not only the 
lack of P, but also N absence can induce the root to shift to a 
determinate program. A similar response was observed in the 
pdr23 QC, although the QC exhaustion was faster; the QC25 
was already not expressed in the first time point. Therefore, 
the normal pdr23 QC in +P/+DNA/-N suggests that the DNA 
was being degraded at least partially when nitrate was removed 
from the media. It is known that Pi limitation induces secretion 
of enzymes related to organic P degradation, such as acid 
phosphatases, diesterases and nucleases (Duff et al, 1994; 
Bariola et al, 1994), therefore it is possible that enzymes related 
to N scavenge are secreted under severe N limitation. Moreover, 
the faster QC collapse in pdr23 indicates that the recessive 
single mutation present in this mutant not only affects the root 
response to P, but also to N, suggesting N and P crosstalk.

The combination of both stresses was also analyzed. 
When DNA was the only source of N and P, the expression of 
QC25::uidA was observed until 11 dag in wild-type primary 
roots, but less intensely (Figure 2C). No addition of N and P 
sources caused the QC to collapse, and no GUS was visualized 
even at 7 dag (Figure 2D). Interesting, the QC from pdr23 
primary roots could not be visualized regardless the DNA 
presence if P was absent. Considering the fact that pdr23 QC 
was kept unchanged in the +Pi/+DNA/-N media, DNA must 
have been at least partially degraded to release N, hence the 
mutation cannot only be related to lack of ability to induce 
degrading enzymes but possibly to the perception of local low P.

Secondary roots were also evaluated to verify whether 
the symptoms of the determinate program induced by lack of 
P and/or N were present. Similar to the primary root, the QC 
identity marker was visualized at the three time points when 
Pi and inorganic N was supplied in both genotypes (Figure 3A 
and B). Interesting, no difference between the wild-type and 
pdr23 was observed in the QC when DNA was the only source 
of P and N in lateral roots. At primary roots in this condition, 
the identity marker could not be observed in pdr23 (Figure 3C 
and 2C). Furthermore, when no P was added at all, the lateral 
roots of wild-type did not show changes in the QC. In pdr23 
lateral roots, the expression of the QC identity marker changed 
with time. At 7 and 9 dag there was no effect, but at  11 dag 
the GUS could not be observed in about 50% of the secondary 
roots, but it was visualized in all tertiary roots (Figure 3D). This 
indicates an independence of each QC, accordingly the local 
levels of P are considered to induce the determinate program.
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Figure 2. Expression of QC25::uidA in pdr23 and wild-type Columbia primary roots grown on media with N deficiency and different P availabilities (A, +Pi/+DNA; 
B, +Pi/-DNA; C, -Pi/+DNA; D, -Pi/-DNA) at 7, 9 and 11 days after germination.  For Col plants in –Pi/+DNA/-N magnification of 100 and 400x are shown. Bar = 
100µm.

7

9

11

A +Pi / +DNA / +N
pdr 23 pdr 23 pdr 23 pdr 23Col Col Col Col

B C D+Pi / -DNA / +N -Pi / +DNA / +N -Pi / -DNA / +N

Figure 3. Expression of QC25::uidA in pdr23 and wild-type Columbia secondary roots grown on media with high N supply and different P availabilities (A, +Pi/+DNA; 
B, +Pi/-DNA; C, -Pi/+DNA; D, -Pi/-DNA) at 7, 9 and 11 days after germination. At 11 dag in pdr23 plants grown on –Pi/-DNA/+N each picture represents 50% of 
the population evaluated. Bar = 100µm.
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Figure 4. Expression of QC25::uidA in pdr23 and wild-type Columbia secondary roots grown on media with N deficiency and different P availabilities (A, +Pi/+DNA; 
B, +Pi/-DNA; C, -Pi/+DNA; D, -Pi/-DNA) at 7, 9 and 11 days after germination. If the response to the condition varied more than one picture is shown representing 
the population. Bar = 100µm.

Analogous results were observed when only N was 
removed (Figure 4). The normal pattern was observed in the 
QC at 7, 9 and 11 dag in both genotypes independently from 
the DNA addition (Figure 4A and B). At all three time points, 
about 50% of pdr23 secondary roots were affected and did not 
show GUS expression if N and P were omitted independently 
of DNA addition (Figure 4C and D). On the other hand, if only 
DNA was added as the source of N and P, no effect was 
observed in the lateral roots of wild type at 7 dag. At 9 dag, the 
older lateral roots yet showed the GUS expression, meanwhile 
the majority of the new lateral roots did not expressed it, and 
at 11 dag, 57% of the secondary roots were also not showing 
GUS activity. It suggests faster QC consumption effect on 
pdr23 than in wild-type. The absence of GUS activity in the 
younger lateral roots in wild-type disagree with the pattern 
observed if only P was removed. It might be possible that the 
pathway conducting to the determinate growth by P limitation 
and N limitation is not exactly the same.

Plants grown first for four days in +P/-DNA/-N condition 
and transferred to different P availability in the presence of N 
differed on the lateral root emission from those grown initially 
in +P/-DNA/+N (Table 3). If transferred to +P/-DNA/+N 
the genotypes did not differ, however the plants initially 

grown in +P/-DNA/-N had about eight times more roots. It 
indicates that the nitrogen deficiency response was carried 
over the next condition. When they were transferred to organic 
phosphorus (-P/+DNA/+N), no difference was observed in 
both genotypes if compared to +P/-DNA/+N if they came 
originally from lack of  N, however wild-type increased the 
number of lateral roots in comparison to pdr23 if they had 
grown in the presence of N. It may indicate that wild-type is 
able to respond faster to P limitation if no N limitation was 
previously imposed. This was even more pronounced when 
plants were transferred to –P/-DNA/+N (Table 3).

Table 3. Number of lateral roots in plants grown in +P/-N or +P/+N media 
for 5 days and transferred for 7 days to media containing different phosphorus 
and nitrogen availability

Initial Medium

Lateral roots of genotypes (no)

+P/-N +P/+N

pdr23 Col pdr23 Col

+P/+N 9.40 a 9.66 a 1.0 c 1.16 c

-P/+DNA/+N 8.00 a 10.41 a 7.55 b 17.67 b*

-P/+N 7.60 a 6.16 b* 10.51 a 21.17 a*

* Statistical difference between genotypes. Same letter indicates no statistical 
difference between media by DMS (p≤0.05).
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DISCUSSION

One known effect of P limitation on root development is 
the inhibition of primary root growth and increased formation 
of lateral roots. This phenotype involves reduction in cell 
length in the root tip , and a progressive reduction in the length 
of cell meristem. The addition of organic P, such as nucleic 
acids, can rescue this phenotype and no significant difference 
is observed in the primary root length compared to high Pi 
supply (Chen et al., 2000).

The root phenotype of pdr23 differs significantly from 
wild-type when nucleic acids are the only source of P; the 
root is very short, more branched, its trichoblasts produce 
root hairs much close to the root tip than wild-type plants. 
Analysis of meristem activity of pdr23 primary root showed 
reduced number of cells undergoing cell division at this 
condition, and it intensified when no P was added, in this 
case after 6 days, the cell division ceased (Strieder, 2009). 
Plant meristems control the development of the organs by 
balancing cell proliferation and differentiation. The QC arrests 
cell differentiation to allow cell division of stem cells. It has 
been suggested that Pi limitation could affect the root growth 
by changing the QC specification and meristem maintenance. 
Therefore, here the QC identity of pdr23 roots was compared 
to the wild-type Columbia at different time points under P and 
/or N limitation.

Our data indicate that pdr23 roots were not able to use 
the nucleic acids as an effective source of P, and the QC was 
as much affected as in the total absence of P (Figure 1C and 
1D). The root differentiation zone was closer to the root tip in 
pdr23 and the cells became irregular and misshaped. Similar 
phenotype was observed in the mutant ccs52a2, in which 
the gene mutated affects the cell division rate and the QC 
maintenance (Vanstraelen et al., 2009).

pdr23 plants also showed consistently, but less severe, 
reduced primary root length when compared to wild-type in 
other conditions, including the presence of high P. In this case, 
the meristem and QC activity did not differ from wild-type, 
thus the mutant gene affects the root morphology probably 
by more than one mechanism. This shorter root phenotype 
is rescued by the omission of nitrate from the media. At very 
low N, pdr23 root phenotype does not differ from Col. Similar 
behavior was observed in another mutant pdr1 (Delatorre, 
2009). The mutation in pdr23 seems to also affect the QC 

response to nitrogen, the loss of identity is faster at pdr23 than 
at wild-type (Figure 2B). Previously, it had been hypothesized 
that pdr1was incapable of inducing the Pi-rescue system and 
was hypersensitive to N. However, if this was the case for 
pdr23, one would expect delay in QC exhaustion under no N, 
unless the N signaling involves two separate mechanisms, 
one related to QC viability and another to cell elongation.

The DNA presence reduced the effects of N limitation 
on the QC in both genotypes, indicating that it was being 
degraded at least partially. The addition of nucleic acids on 
high Pi media has no effect on wild-type growth, but it reduces 
the pdr23 root length slightly when compared to high Pi. Even 
so, the overall shoot appearance is not affected. No effect on 
QC identity was observed, maybe the nitrogen liberated has 
some effect on root elongation, but it remains to be evaluated.

The evaluation of QC25::uidA under P deficiency 
indicates that the QC of lateral roots is less sensitive than the 
primary roots, but again pdr23 showed the loss of QC identity 
for some secondary roots at the 11 dag. It has been shown 
that modifications in meristem cell division are dependent on 
the local Pi supply and it takes at least 4 days for the new 
lateral root to show the symptoms. Considering that lateral 
roots are not formed at the same time, a gradient is expected. 
It is likely that at longer exposures, a higher number of lateral 
roots would change their QC identity.

The apical meristem is formed by a set of undifferentiated 
cells that allow the continuous growth in the root, the QC is part 
of this complex, and it keeps the identity of the surrounding 
meristem cells (Osmont et al., 2007). The meristem activity 
may be modulated during the post-embryo stage through 
environmental signals (Lopez-Búcio et al., 2002), such as P 
and N. Several lines of evidence suggest that the root meristem 
maintenance and indeterminate growth are strictly dependent 
on the establishment and functionality of the QC. For example, 
constitutive determinate growth is observed in Cactaceae, 
in which the QC is present for a very short-time. The QC 
might act as a sensor for environmental cues that affect the 
meristem, regulating gene expression via a complex signaling 
mechanism that alters the proliferation and differentiation of 
meristem cells. So, the perception of low P by the QC could 
cause the meristem loss, the differentiation would affect the 
hormone homeostasis and induce the proliferation of lateral 
roots, leading to greater soil exploitation. If the secondary root 
is also not able to find resources, it would follow the same 
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path and tertiary roots would be formed. This would give rise 
to the typical P-limited root architecture.

The changes in root architecture driven by N deficiency 
are different from those from P deficiency. The uniform N 
supply along the root induces lateral root inhibition, and local 
supply associated to N limitation induces localized lateral root 
elongation.  Here we observed loss of QC25::iudA expression 
when N limitation was longer than 9 days in wild-type primary 
roots and much earlier in pdr23 ones, suggesting induction of 
root determinate program. However, it has to be confirmed by 
other QC identity markers, once the true role of these genes 
has not been established yet. It also indicates that pdr23 
mutation affects not only the P-limitation response but also the 
N-limitation response. Remarkably, the primary root length of 
pdr23 in –N media is longer than in +N (Table 1), it suggests 
that in this mutant N may negatively affect elongation. 
Interesting, the lateral roots were not affected by the lack of 
N, at least until 11 dag in both genotypes, and the addition 
of both stresses caused the younger lateral roots to loss QC 
identity first, thus N seems to override this P response.

QC cells produce WOX5, which inhibits the differentiation 
of adjacent meristem cells. This suggests that indeterminate 
growth can only occur if the QC is active. The combined high 
expression of four PLT-related genes, PLT1, PLT2, PLT3 and 
BABYBOOM defines QC cells, a gradient is observed in the 
neighbor cells, until the lowest PLT expression is observed 
within the root meristem in cells starting the differentiation 
program. QC maintenance is also related to the expression 
of some other transcription factors, such as SCARECROW 
(SCR) expressed in endodermal/QC cells (Sabatini et al., 
2003) and SHORTROOT (SHR) expressed in procambial cells 
(Cui et al., 2007). The activity of SCR is required to keep the 
neighbor cells in a non-defined state (Sabatini et al., 2003). 
The complex SCR-SHR goes to the nucleus and induces SCR 
transcription (Cui et al., 2007). It has been suggested that 
under low Pi availability, PDR2, a P5-type ATPase, is required 
for the correct activity of SCR and therefore for cell division 
and meristem maintenance (Ticconi et al., 2009). PDR2 
is located to the ER and it may act by affecting LPR (Cu-
oxidases) movement, activity or the removal of its products 
(Ticconi et al., 2009). Therefore, pdr23 may also be related 
to this pathway.

Loss of QC identity has also been observed if roots 
are incubated in dehydroascorbate , conversely cell division 

was stimulated by ascorbate precursors. There are some 
suggestions that auxin distribution would affect the ROS 
and antioxidant content, imposing an oxidized environment 
keeping the QC. Thus, antioxidants would induce root growth 
arrest and determinate growth. Recently, the genes RCD1 and 
SRO1 from the PARP family were identified as regulators of 
division and differentiation. They were considered necessary 
to maintain QC identity by controlling the redox balance in the 
cell. Reduction in ROS was observed in roots of wheat plants 
growing under low P availability (Delatorre and Espindula, 
unpublished).

Another possibility is that pdr23 affects the hormone 
homeostasis. High auxin levels have been observed in the 
QC  and in the columella cells (Sabatini et al., 1999), and are 
required for distal stem cell differentiation (Ding  and Friml, 
2010). Moreover, the expression of PLT genes and auxin fluxes 
are interdependent. Additionally, it has been demonstrated that 
glutathione is necessary for stabilizing accumulation of the 
auxin efflux carriers, such as PIN1, PIN2 and PIN7, connecting 
the redox to auxin. Genetic analysis shows that auxin acts 
upstream of the major regulators of the stem cell activity. 
ARF10 and ARF16 activities repress the WOX5 transcription 
and restrict it to the quiescent center, where it in turn is 
required for PLETHORA activity. The regulation of meristem 
size seems to be affected by the interaction between auxin and 
cytokinin. It is also known that N induces cytokinin production 
in the roots. Therefore, if the mutated gene affects cytokinin 
signaling, it could cause changes in the meristem and QC 
maintenance. The addition either of cytokinin or auxin was 
not able to rescue the mutant, so possibly there is not defect 
in its production (Strieder, 2009). Effect on other hormones 
cannot be excluded, once reduction in brassinosteroids also 
conducts to loss of QC identity.

The cloning of the mutated gene may clarify its function 
in the regulation of root architecture under nutrient limitation, 
and the type of cross-talk occurring between N and P. The 
mutant pdr23 has a chemical induced (EMS) mutation, so 
chromosome walking is required.
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