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Reactive Oxygen Species and Root Hairs in Arabidopsis Root Response to
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Plant root sensing and adaptation to changes in the
nutrient status of soils is vital for long-term productivity
and growth. Reactive oxygen species (ROS) have been
shown to play a role in root response to potassium depriva-
tion. To determine the role of ROS in plant response to
nitrogen and phosphorus deficiency, studies were con-
ducted using wild-type Arabidopsis and several root hair
mutants. The expression of several nutrient-responsive
genes was determined by Northern blot, and ROS were
quantified and localized in roots. The monitored genes var-
ied in intensity and timing of expression depending on
which nutrient was deficient. In response to nutrient depri-
vation, ROS concentrations increased in specific regions of
the Arabidopsis root. Changes in ROS localization in
Arabidopsis and in a set of root hair mutants suggest that
the root hair cells are important for response to nitrogen
and potassium. In contrast, the response to phosphorus
deprivation occurs in the cortex where an increase in ROS
was measured. Based on these results, we put forward the
hypothesis that root hair cells in Arabidopsis contain a
sensing system for nitrogen and potassium deprivation.
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Abbreviations: DCFDA, dichlorodihydrofluorescein diacetate;
ROS, reactive oxygen species.

Introduction

Mineral nutrients that are taken up by plant roots are
essential for plant growth and crop production. The macronu-
trients nitrogen, phosphorus and potassium are frequently
added to soils where crops are being grown, because they con-
tain either deficient or suboptimal levels of these nutrients
(Marschner 1995). The lack of certain macronutrients is a key
limiting factor of crop yields on agricultural soils throughout
the world (Sanchez 2002).

Physiological and biochemical approaches have been used
to determine the specific roles nitrogen, potassium and phos-
phorus play in plant growth and crop yield. Nitrogen, potas-
sium and phosphorus are all essential macronutrients. Nitrogen

must be added in most crop production systems, except those
in which leguminous plants are grown (Epstein and Bloom
2005). Potassium is the most abundant cellular cation and must
also be added to certain soils. Potassium plays important roles
in plant growth and development, and in plant cellular homeo-
stasis by contributing to charge balance, osmotic adjustment
and enzyme catalysis (Marschner 1995, Maathuis and Sanders
1996). Phosphorus is not only a constituent of key cellular mol-
ecules such as ATP, phospholipids and nucleic acids, but also
plays a pivotal role in energy conservation and metabolic regu-
lation (Marschner 1995, Raghothama 1995).

Plant response to nitrogen, phosphorus and potassium lim-
itations differs (de Groot et al. 2003a, de Groot et al. 2003b,
Epstein and Bloom 2005); this may be due to the different
functions of these nutrients in plants. Nitrogen limitation is
associated with decreased enzyme activities that are required
for energy metabolism such as photosynthesis and respiration
(Marschner 1995, de Groot et al. 2003b). CO, fixation
decreases due to direct effects on nitrogen-rich photosynthetic
structures such as chlorophyll, light-harvesting complex and
Rubisco (Evans and Poorter 2001). Potassium deficiency is
also of agricultural importance (Marschner 1995) and leads to
growth arrest through the lack of osmoticum (Epstein and
Bloom 2005), and to impaired sugar and nitrogen balance
through inhibition of protein synthesis and long-distance trans-
port (Marschner 1995, Epstein and Bloom 2005). Phosphorus
availability has a direct impact on plant function and productiv-
ity (Hell and Hillebrand 2001, Epstein and Bloom 2005). Limi-
tation of phosphate leads to both molecular and developmental
adaptations (Raghothama 1995, Schachtman et al. 1998,
Lopez-Bucio et al. 2002). In addition, the associations of some
plant species with symbiotic mycorrhizal fungi are stimulated
by phosphorus deficiency as well as increased RNase and acid
phosphatases activity.

Plant roots adapt in different ways to changing soil condi-
tions (Hell and Hillebrand 2001, Lopez-Bucio et al. 2003), but
most of the molecular mechanisms or regulatory genes involved
in the nutrient deprivation responses of plants remain to be
identified. Some molecular information about plant responses
suggests that there may be common signal transduction path-
ways for nutrient deficiencies (Wang et al. 2002). Recently,
microarray analyses and mutant screening studies have revealed
some features of the molecular response to nutrient depriva-
tion (Hammond et al. 2003, Wintz et al. 2003, Armengaud et
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Fig. 1 Arabidopsis root H,O, production after 6 h nutrient depriva-
tion. Experiments were performed three times for Arabidopsis, and
one representative set of results is shown. C are plants grown with full
nutrient solution, —K are plants that were deprived of potassium, -N
are plants that were deprived of nitrogen, and —P are plants that were
deprived of phosphorus. The data were analyzed by analysis of vari-
ance (ANOVA) and means between each nutrient-deprived treatment
and control were significantly different (P < 0.01). Error bars repre-
sent the SE.

al. 2004, Franco-Zorrilla et al. 2004). In addition, several tran-
scription factors of the Myb family (Rubio et al. 2001, Miyake
et al. 2003, Todd et al. 2004) and membrane transport proteins
are known to be up-regulated by nutrient deprivation (Lejay et
al. 1999, Raghothama 2000, Ahn et al. 2004).

Reactive oxygen species (ROS) play important roles in
many signal transduction pathways (Beers et al. 2001, Orozco-
Cardenas et al. 2001, Mou et al. 2003, Apel and Hirt 2004,
Laloi et al. 2004) and are known to regulate signal trans-
duction pathways by modulating ion channel activity (Pei et al.
2000, Mustilli et al. 2002, Neill et al. 2002). Little is known
about the role of ROS in plant roots; however, in the
Arabidopsis root hair-defective mutant 2 (rhd2), one NADPH
oxidase (AtrbohC) is inactive and has been shown to control
development of root hairs by regulating tip growth through the
activation of Ca*" channels (Foreman et al. 2003). In maize
roots, wall loosening, which is essential for cell extension, can
be induced by OH generated from O,  and H,O, by a per-
oxidase-mediated reaction (Liszkay et al. 2004). H,O, produc-
tion in Arabidopsis roots has also been shown to act as a signal
under potassium-deficient conditions where it plays a role in
triggering gene expression, but not the induction of a high
affinity component of potassium uptake (Shin and Schachtman
2004).

In this study, we show that ROS in roots increase and their
localization differs according to the specific nutrient of which
roots are deprived. ROS also play a role in regulating gene
expression in response to the deficiency of several macronutri-
ents including potassium (Shin and Schachtman 2004), nitro-
gen and phosphorus. This study also shows that certain genes
were induced more specifically upon the deprivation of a sin-
gle nutrient.
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Results

H,0, production increases in potassium-, nitrogen- and phos-
phorus-deprived roots

We have shown that H,O, production increases after
potassium starvation in roots and leaves of Arabidopsis and
corn (Shin and Schachtman 2004). To determine whether H,O,
production also increases in roots under nitrogen and phospho-
rus deprivation, we measured the level of H,0, production
after depriving plants of nitrogen and phosphorus. Upon depri-
vation of nutrients, H,O, concentrations in roots increased.
H,O, concentrations in nitrogen-deprived roots were higher
after 6 h as compared with roots subjected to potassium and
phosphorus starvation (Fig. 1).

Gene expression after nutrient deprivation

The increase in ROS in roots after starvation for nitrogen,
phosphorus and potassium suggests that there may be common
elements between these signaling pathways. Several genes
whose expression is regulated by potassium deprivation were
identified in a previous study (Shin and Schachtman 2004).
Northern blot analysis was performed on these genes to deter-
mine the changes in gene expression after potassium, nitrogen
and phosphorus deprivation. The expression of genes that have
been shown to be up-regulated by nitrogen (Gansel et al. 2001)
and phosphorus (Karthikeyan et al. 2002) was also analyzed to
establish whether nitrogen and phosphorus deprivation was
achieved in the treatments. The expression of AtNrt2.1 was
most strongly up-regulated by nitrogen deprivation, whereas
AtPT2 was most strongly up-regulated by phosphate depriva-
tion in wild-type Arabidopsis (Fig. 2). A slightly different pat-
tern of regulation was found in the roots of rhd2 plants where
these two genes were most highly expressed under the phos-
phate-deprived conditions even though the treatments were
identical to wild-type plants (Fig. 3).

The expression of several peroxidases was induced after
deprivation of any of the three macronutrients tested (Fig. 2);
however, the timing and intensity of changes in peroxidase
gene expression varied (Fig. 2). Some of the genes tested, such
as AP2, AtHak5 and an unknown gene, were most strongly
induced by potassium deprivation. The expression of one gene,
AtMyb77 was specifically down-regulated by potassium depri-
vation, not nitrogen or phosphorus deprivation. Two NADPH
oxidases were induced upon nutrient deprivation. While one
oxidase, AtrbohC, was induced by deprivation of all three
nutrients, it was expressed most abundantly and earlier under
potassium deprivation (Fig. 2). The other NADPH oxidase,
AtrbohA, was mainly induced under phosphorus deprivation
(Fig. 2), but was also induced 2 h after potassium deprivation
(not shown). These results demonstrate, that certain genes are
induced by deprivation of all three macronutrients tested, but
some genes are more specifically induced in response to the
deprivation of a single nutrient.
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Fig. 2 Changes in gene expression upon nutrient deprivation in
Arabidopsis Col-0 roots. Northern blot of RNA extracted from
Arabidopsis Col-0 roots: grown under nutrient-sufficient conditions
(C); potassium-deficient conditions (-K); nitrogen-deficient condi-
tions (-N); and phosphorus-deficient conditions (-P); 6 h after nutri-
ent deprivation (6 h); and 30 h after nutrient deprivation (30 h). The
rRNA bands in ethidium bromide-stained gels are shown as loading
controls.

H,0, modulates gene expression under nutrient deprivation

Previously we used a mutant in a specific NADPH oxi-
dase to demonstrate that H,O, modulates gene expression after
potassium deprivation (Shin and Schachtman 2004). In this
study, we used the same rhd2 mutant to test how H,O, pro-
duced by NADPH oxidase (4trbohC At5g51060) alters gene
expression in response to nitrogen and phosphorus depriva-
tion. We found that increased H,O, was correlated with
changes in gene expression in response to nitrogen and phos-
phorus deprivation (Fig. 3).

In rhd2 plants deprived of nutrients, we found that the
expression of two peroxidases (At3g03670 and At3g49960),
WRKY9, a potassium ion transporter Hak5, an unknown gene,
and a NADPH oxidase, AfrbohC, was not up-regulated in
response to nutrient deprivation (Fig. 3). The expression of
Myb77 in rhd2 plants was also no longer altered after nutrient
starvation (Fig. 3). These results were different from the
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Fig. 3 Changes in gene expression upon nutrient deprivation in the
Arabidopsis rhd2 mutant. Northern blot of RNA extracted from
Arabidopsis rhd2 roots: grown under nutrient-sufficient conditions
(C); potassium-deficient conditions (-K); nitrogen-deficient condi-
tions (-N); and phosphorus-deficient conditions (-P); 6 h after nutri-
ent deprivation (6 h); and 30 h after nutrient deprivation (30 h). The
rRNA bands in ethidium bromide-stained gels are shown as loading
controls.

response of wild-type plants (Fig. 2, 3). However, the up-regu-
lation of an AP2 transcription factor at 6 h after deprivation in
rhd2 was similar to wild-type roots (Fig. 3). Interestingly, the
expression of the peroxidase At4g08770 and the NADPH oxi-
dase AtrbohA was different in rhd2 compared with the wild type.

ROS localization in potassium-, nitrogen- and phosphorus-defi-
cient roots

In addition to the quantification of H,0O, using Amplex
Red, we also conducted localization studies using a membrane-
permeable fluorescent probe that mainly detects the ROS spe-
cies HO", ROO", ONOO™ and only to a small extent H,O,.
Dichlorodihydrofluorescein diacetate (DCFDA) provided a
qualitative estimate of ROS product formation and information
on localization. In order to determine whether ROS produced
after nitrogen or phosphorus deprivation are found in the same
regions of roots as after potassium deprivation, a ROS-sensi-
tive dye was loaded into root cells and the ROS localization in
roots was investigated using a dissecting microscope. Under
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Fig. 4 Localization of ROS in Arabidopsis roots during nutrient-defi-
cient conditions. Red fluorescence overlays of brightfield root images
are shown for nutrient-sufficient (A and B) and -deficient (C, D, E, F,
G and H) roots after incubation with 50 M CM-H,DCFDA.
Arabidopsis wild type Col-0 (A, C, E, and G); Arabidopsis wild type
WS (B, D, F and H); potassium-starved plants (C and D); nitrogen-
starved plants (E and F); and phosphorus-starved plants (G and H).
Fluorescence indicates the presence of ROS. The scale bar is 2.5 mm.
Ten roots for each treatment showed similar results.

conditions of nutrient sufficiency, only small amounts of ROS
could be visualized in roots of two Arabidopsis ecotypes (Fig.
4A, B). After deprivation of nitrogen, phosphorus and potas-
sium, there was an increase in ROS dye reaction product as
compared with plants grown under nutrient-sufficient condi-
tions (Fig. 4). In all experiments, very little background fluo-
rescence was observed from untreated root tissue. ROS
increased within 30 h of potassium (Fig. 4C, D) and nitrogen
deprivation (Fig. 4E, F) in a discrete region of the root, just
behind the elongation zone. ROS localization in phosphorus-
deficient roots was different from that observed with potas-
sium or nitrogen deficiency (Fig. 4G, H); it was patchier and
had a striped appearance.

Deprivation of mineral nutrients in the rhd2 mutant
showed that H,0, produced by RHD2 (4trbohC) plays a role in
controlling the expression of specific genes. To determine the
role of the rhd2 NADPH oxidase and roots hairs in the genera-
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Fig. 5 Localization of ROS in Arabidopsis roots during nutrient dep-
rivation. Red fluorescence overlays of brightfield root images are
shown for potassium-deficient roots (A, B and C), nitrogen-deficient
roots (D, E and F) and phosphorus-deficient roots (G, H and 1) after
incubation in 50 uM CM-H,DCFDA. rhd2 mutant (A, D and G); rhd6
mutant (B, E and H); and #4/ mutant (C, F and ). Fluorescence indi-
cates the presence of ROS. The scale bar is 2.5 mm. Ten roots for each
treatment showed similar results.

tion of ROS, we tested the response of several root hair
mutants. One mutant, 7hd2, had shorter and fewer root hairs
due to a mutation in an NADPH oxidase (Foreman et al. 2003).
A second mutant, rhd6, was free of root hairs a region near the
root tip under the conditions used (Masucci and Schiefelbein
1994). The third mutant, 41, also had shorter and fewer root
hairs due to a mutation in a potassium transporter (Rigas et al.
2001).

Roots were deprived of potassium, nitrogen or phospho-
rus for 6 and 30 h. The ROS accumulation patterns were very
similar after 6 h of deprivation (data not shown) and 30 h of
deprivation. The ROS accumulation in rhd2, rhd6 and trhi
under nutrient-sufficient conditions was barely detectable (not
shown). When plants were deprived of potassium, ROS accu-
mulated in #h1, but not in rhd2 and rhd6 (Fig. 5A, B, C). In
nitrogen-deficient roots, ROS accumulation was still detecta-
ble in rhd2 and trhl, but barely detectable in rhd6 (Fig. 5D, E,
F). In contrast, in phosphorus-deficient roots of rhd2, rhd6 and
trhl, ROS accumulated in a pattern similar to the wild type
(Fig. 5G, H, ).
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To localize ROS in nutrient-deprived roots more pre-
cisely, optical sections were obtained using a confocal micro-
scope. Roots were deprived of potassium, nitrogen or
phosphorus for 30 h. The ROS accumulation in potassium- and
nitrogen-starved roots was localized more to the epidermis than
to the cortex (Fig. 6A, C, D, F). However, the ROS accumu-
lated more in the cortical tissue than in the epidermis when
roots were deprived of phosphorus (Fig. 6B, E). The patchy/
striped pattern of ROS accumulation in phosphorus-starved
roots in Fig. 4G and H may be the result of the internal locali-
zation of ROS as opposed to the epidermal localization of ROS
found in potassium- and nitrogen-deprived roots.

Discussion

The multiple changes in gene expression that occur upon
the deprivation of individual mineral nutrients have been
reported in several studies (Wang et al. 2002, Hammond et al.
2003, Maathuis et al. 2003, Wasaki et al. 2003, Wintz et al.
2003, Wu et al. 2003, Armengaud et al. 2004, Hirai et al.
2004). Some studies have suggested that there is cross-talk
between signaling pathways for phosphorus/potassium/iron and
nitrogen/phosphorus/potassium deprivation (Wang et al. 2002,
Hammond et al. 2003). This cross-talk is also suggested in
microarray data sets, which show that the deprivation of a sin-
gle nutrient leads to the induction of a range of ion transporters
(Wang et al. 2002, Hammond et al. 2003, Franco-Zorrilla et al.
2004). For example, the expression of genes encoding three
nitrate transporters was strongly induced by potassium starva-
tion (Armengaud et al. 2004). Our results show that while
many of the same genes are induced in response to nitrogen,
potassium and phosphorus deprivation, the timing and inten-
sity of changes in the expression of specific genes varied after
deprivation of different nutrients. Even though the peak of
induction for a few genes in response to potassium deprivation
differed from that found in our previous study (Shin and Sch-
achtman 2004), the inducibility of the genes was confirmed.
Differences in peak induction might have occurred due to vari-
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Fig. 6 Confocal projections of nutrient-
deprived Arabidopsis roots after incuba-
tion in CM-H,DCFDA. Pseudo-color
images of CM-H,DCFDA, which reports
ROS, are shown by green color, and Mito
Tracker, which identified mitochondria
and was used to image cell structure, are
shown by red color for potassium-defi-
cient roots (A and D), phosphorus-defi-
cient roots (B and E), nitrogen-deficient
roots (C and F) and roots grown under
nutrient sufficient-conditions (G). The
bar in (A) applies to (A-C) = 100 um;
and the bar in (D—G) = 20 um EP, epi-
dermal cells; RH, root hair cells; Cx, cor-
tex cells.

ation in the degree of the potassium deprivation between differ-
ent experiments. The induction of the transcription of certain
genes due to nitrogen and phosphorus deprivation was abol-
ished in the rhd2 mutant, as has been shown previously for
potassium deprivation (Shin and Schachtman 2004). The depri-
vation-induced expression of two peroxidases, AtHAKS5 and an
unknown gene, was abolished in the r4d2 mutant, indicating
that H,O, may also be required for the induction of the expres-
sion of certain genes under nitrogen and phosphorus deficiency.
These results suggest that while common elements are shared
between responses to nutrients, there is also a certain degree of
specificity in the responses, which may be based on timing or
intensity of gene expression.

Similar conclusions can be derived from the imaging of
ROS in Arabidopsis roots in response to nutrient deprivation.
The primarily epidermal localization of ROS after potassium
and nitrogen deprivation differed from the primarily cortical
localization of ROS after phosphorus deprivation. In our stud-
ies, the imaging of ROS was done after 30 h of deprivation. We
found that ROS accumulation based on visualization of CM-
H,DCFDA was not different at 6 and 30 h after deprivation of
potassium, nitrogen or phosphorus. Moreover, there were no
obvious phenotypic changes after 30 h of nutrient deprivation.
The early responses that appear rapidly after phosphorus depri-
vation have been suggested to be non-specific responses
(Hammond et al. 2003). This conclusion was put forward even
though many of the promoters in early responsive genes con-
tained putative PHO-like cis-regulatory elements, suggesting a
specific link in the response to phosphorus. In contrast to the
concept that early responses are non-specific, our results indi-
cate that there is specificity in localization, timing and inten-
sity of responses even after 30 h of nutrient deprivation.
However, we propose that ROS ultimately are a common ele-
ment in plant signal transduction cascades in response to nutri-
ent deprivation.

Root hairs are important in nutrient uptake in some plant
species. Root hairs in Arabidopsis may be particularly impor-
tant under low nutrient conditions for uptake of phosphate and
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potassium (Bates and Lynch 2000, Ahn et al. 2004) where they
enhance nutrient uptake by increasing the absorptive surface
area of the root and the depletion zone for minerals that move
by diffusion (Jungk 2001). In our studies, we used several root
hair mutants. It is interesting to note that the phenotypes of
these mutants were slightly different from what has been
reported previously. This difference is due to the composition
of the medium that we used for our studies. Phenotypes that are
the same as have been reported previously could be easily visu-
alized on MS-based medium, but some of these phenotypes are
less clearly visualized on the low salt medium used in our stud-
ies. Based on our results with ROS imaging of the rhd2 and
rhd6 mutants (Masucci and Schiefelbein 1994, Foreman et al.
2003), root hairs in Arabidopsis or some component in root
hairs may be important in detecting or sensing changes in soil
potassium and nitrogen conditions. For potassium deprivation,
the AtrbohC NADPH oxidase appears to play a key role in
ROS production (Shin and Schachtman 2004). After nitrogen
deprivation, ROS are still produced in the rhd2 mutant, but are
greatly reduced in the rhd6 mutant, which suggests that some
component other than AtrbohC NADPH is generating ROS in
response to nitrogen deprivation. The changes in ROS produc-
tion are not likely to be due solely to root hair developmental
effects. Both #7411 and rhd2 have root hairs on the medium we
used in these experiments, but we observed differences in ROS
accumulation under nitrogen and potassium deprivation. For
example, increased ROS were visualized in the tiny root hair
mutant (##h1), but not in 7hd2 in the case of potassium depriva-
tion. Under nitrogen deprivation an increase in ROS was visu-
alized in both rhd2 and trh1 roots.

Other NADPH oxidases may also be producing H,0, in
Arabidopsis roots (Kwak et al. 2003) in response to nitrogen
deprivation. Removal of root hairs reduces ROS in response to
nitrogen deficiency and therefore some component in root hairs
may be involved in sensing or responding to nitrogen defi-
ciency. Preliminary reports suggest that RHD6 encodes a tran-
scription factor (Hoffmann et al. 2004), but at this time it is not
known whether this transcription factor or other components in
root hairs are central to the increase in ROS in response to
nitrogen deficiency. From these results, we put forward the
‘working hypothesis’ that root hairs in Arabidopsis and possi-
bly other plant species may be involved in sensing changes in
soil nitrogen and potassium concentrations.

The localization of ROS after phosphorus deprivation dif-
fers from that observed after nitrogen and potassium depriva-
tion. ROS increased in response to phosphorus deprivation in
the root cortex, whereas ROS increased in the epidermis after
nitrogen and potassium deficiency. Therefore, if ROS produc-
tion can be used as a measure of root response to nutrient defi-
ciency, then root hairs are not necessary in Arabidopsis for root
response to phosphorus, since ROS are still produced in the
roots of the root hair-deficient mutant »d6.

ROS contribute to root development and growth by
regulating calcium- and potassium-permeable channels in plant
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root cells, which leads to changes in cellular homeostasis
(Demidchik et al. 2003, Foreman et al. 2003, Kwak et al.
2003). The inhibition of NADPH oxidase or peroxidase activity
suppresses elongation of roots (Liszkay et al. 2004), whereas
NO, which may amplify ROS, promotes changes in root devel-
opment (Correa-Aragunde et al. 2004). These recent findings
show that not only is an increase in ROS related to stress
responses, but that these molecules play an important role in
signaling and can also affect root growth and development.

In the case of phosphorus deprivation, roots alter their
growth pattern to facilitate the exploration of new regions of
the soil to find additional phosphate (Robinson 1994). Root
hairs are usually longer under phosphate-deficient conditions
(Lopez-Bucio et al. 2003) and lateral root growth is enhanced
(Linkohr et al. 2002). In contrast to phosphate, Arabidopsis lat-
eral root density does not change in response to nitrogen supply
between 0.01 and 1 mM (Linkohr et al. 2002) and lateral root
growth after potassium deprivation decreases (Armengaud et
al. 2004, Shin and Schachtman 2004). Lateral roots are derived
from a subset of pericycle cells (Malamy and Benfey 1997)
which are located in proximity to cortical cells. ROS are
important for the development of certain cells in plants includ-
ing lateral roots (Correa-Aragunde et al. 2004, Dolan and
Davies 2004). Therefore, ROS produced in the cortex upon
phosphorus deprivation may act as a signal, and we speculate
that it may also function to promote the initiation and develop-
ment of lateral roots in the nearby pericycle cells.

Arabidopsis roots respond to nutrient deficiencies by
increasing the ROS concentrations in specific regions of the
root. ROS may act as a signal and may also be part of a gen-
eral stress response. Changes in ROS concentrations in wild-
type Arabidopsis and in a set of root hair mutants suggest that
the hair cells are important for response to nitrogen and potas-
sium whereas the cells in the cortex appear to be important in
response to phosphorus. Our findings suggest that the root hair
cells in Arabidopsis may provide a sensing system for nitrogen
and potassium deprivation. The hypothesis that root hair cells
are involved in nutrient sensing has not been formally pro-
posed to our knowledge. In contrast to nitrogen and potassium
deprivation, the ROS produced in response to phosphorus in
the cortex may be involved in signaling, and we speculate that
it may also be involved in the stimulation of lateral root growth
from neighboring pericycle cells.

Materials and Methods

Plant material and growth conditions

Plants were grown in nutrient solutions using a rock wool sys-
tem (Gibeaut et al. 1997) for 6 weeks at 22°C with 8 h daylight at
200 umol m= s7!. Three weeks after germination, plants on rock wool
were transferred to hydroponic tanks containing nutrient medium
[1.25mM KNO;, 2mM Ca(NO;),, 0.75mM MgSO,, 0.5mM
KH,PO,, 50 uM H,BO;, 10 uM MnCl, 2 uM ZnSO,, 1.5 uM CuSO,,
0.075 uM NH,Mo,0,,, 74 pM Fe-EDTA] with aeration. Six-week-old
plants were measured for hydrogen peroxide using Amplex red and



1356

analyzed using Northern blot analysis. For potassium deprivation
experiments, plants were transferred to nutrient solutions containing
0.5 M phosphoric acid, 2 mM Ca(NO,),, 0.75 mM MgSO,, and the
above-mentioned micronutrients. KCI (1.75 mM) was added to the
control plants. Potassium concentrations in nutrient solutions were
monitored with a PerkinEImer Atomic Absorption Spectrometer (Aan-
alyst 300). For nitrogen deprivation experiments, plants were trans-
ferred to solutions containing, 0.5 M phosphoric acid, 2mM CacCl,,
0.75 mM MgSO,, 1.75 mM KCI and the above-mentioned micronutri-
ents. Phosphorus deprivation trials used 2 mM Ca(NO,),, 0.75 mM
MgSO,, 1.75 mM KClI and the above-mentioned micronutrients. Plants
were also grown on plates containing the same nutrient composition
and 2% of sucrose in the same conditions as above at 22°C with 16 h
daylight at 200 umol m= s™!. Five-day-old plants were used for the
ROS localization experiments.

Northern blot analysis

RNAwiz (Ambion, Austin, TX, USA) was used to extract RNA
from the roots of plants that were deprived of potassium, nitrogen or
phosphorus for 6 and 30 h and those supplied with sufficient nutrients.
For Northern blot analysis, 15 ug of total RNA was separated in a
1.2% agarose gel containing 10% formaldehyde and blotted to the
nylon membrane. The membrane was transferred with 20x SSC (1x
SSC = 0.15 M NaCl, 0.015 M sodium citrate, pH 7.2). The membrane
was dried, UV cross-linked, and used for the hybridization. 32P-
Labeled cDNA probes were prepared using a Megaprime DNA la-
beling kit (Amersham Bioscience, Piscataway, NJ, USA). Membranes
were pre-hybridized at 65°C for 1 h in a solution of 0.25 M sodium
phosphate, pH 7.2, 7% SDS, 1 mM EDTA and 1% bovine serum albu-
min. Heat-denatured probes were mixed with fresh buffer, and hybridi-
zations were carried out at 65°C for 16 h. After hybridization,
membranes were washed at room temperature in a solution of 2x SSC
for 10 min, and then in a solution of 0.2x SSC with 0.1% SDS for
20 min at 65°C. The washed membranes were exposed to a phos-
phorimaging screen (Amersham Bioscience) that was scanned using
the Typhoon 9410 system (Amersham Bioscience). Northern blot
expression analysis was replicated using reverse transcriptase (RT)-—
PCR, and the same patterns of changes were observed using a differ-
ent set of plants.

H,0, measurement and localization

An Amplex Red Hydrogen Peroxide/Peroxidase Assay Kit
(Molecular probes, Eugene, OR, USA) was used to measure H,0, pro-
duction in 6-week-old plants. Root tissue was frozen in N, and then
ground. Then 200 pl of phosphate buffer (20 mM K,HPO,, pH 6.5)
was added to 30 mg of ground frozen tissue. After centrifugation,
50 ul of the supernatant was incubated with 100 uM Amplex Red rea-
gent (10-acethyl-3,7-dihydrophenoxazine) and 0.2 U/ml horseradish
peroxidase at room temperature for 30 min under dark conditions. The
fluorescence was quantified using FLUOStar Optima (excitation at
650 nm and emission at 590 nm) (BMG Labtechnologies, Durham,
NC, USA). The data were analyzed by analysis of variance (ANOVA),
and means were compared using a Student’s #-test. Experiments were
performed three times.

Five-day-old plants were used to localize the generation of ROS
in the root. For experiments with CM-H,DCFDA [5-(and-6)-chlo-
romethyl-2',7'-dichlorodihydrofluorescein  diacetate, acetyl ester;
Molecular Probes], plants were incubated on potassium-, nitrogen- and
phosphorus-deficient or sufficient plates for 30 h. They were then
floated on the medium containing complete nutrient or medium defi-
cient in potassium, nitrogen or phosphorus including 50 uM CM-
H,DCFDA for 30 min. After a brief wash with the medium, the roots
were observed using fluorescence microscopy. Whole root staining

Root response to nutrient deficiencies

was imaged using a Nikon SMZ1500 dissecting microscope (Nikon,
Tokyo, Japan) and 460-500 nm bandpass excitation. Emission of 510—
560 nm bandpass was detected with a Q-Imaging Retiga cooled 12-bit
camera (Burnaby, Canada).

Confocal microscopy

Roots that were stained with CM-H,DCFDA were imaged in a
Zeiss LSM 510 META confocal microscope (Danforth Center Inte-
grated Microscopy Facility) using 488 nm excitation and 500-530 BP
detection (CM-H,DCFDA), and 543 nm excitation and 560 LP detec-
tion (Mitotracker Red). Maximum intensity projections were made of
the confocal stacks using Bitplane Imaris software.
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