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Nitric oxide

An emerging requlator of cell elongation
during primary root growth
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Nitric oxide (NO) is a highly inducible molecule and overaccumulated during stress responses, such as drought, cold and
pathogen infection. Several key developmental processes within a plant life cycle have been reported to be signaled by
this gaseous molecule, and among them seed germination, de-etiolation, gravitropic response or root growth are well-
characterized. The importance of NO as a plant growth and stress regulator is emerging considerably, despite the current
knowledge about its signaling pathway is still limited. Therefore, the identification and characterization at the molecular
level of NO targets is essential to get a deeper insight into this pathway. Here we characterize the effect of NO on root
development in Arabidopsis and found that NO application reduces cell lengths in differentiation zone. Additionally, the
contribution of the gibberellin (GA) signaling pathway to the NO root-related phenotypes, mainly through DELLA

repressors, is also depicted.

In our previous report," we demonstrated that NO causes root
apical meristem defects and growth inhibition while reducing
PIN1-dependent acropetal auxin transport. Here we characterize
the involvement of NO in GA-regulated root growth and describe
the identification of the GA DELLA repressors as molecular
targets of this gaseous molecule.

Nitric Oxide Role during Root Growth
and Development

Root growth is a complex process involving and integrating
various exogenous and endogenous signals. A physiological role
for nitric oxide (NO) in the regulation of root growth has
previously been described. NO is able to diminish primary root
(PR) growth and to promote lateral root (LR) development in
tomato.” Furthermore, demonstrations of NO requirements for
the molecular events involved in auxin-induced adventitious root®
and LR development® have arisen. The inhibition of root growth
by NO has already been used as a phenotype for screen NO-
hypersensitive mutants.” This screening resulted in the isolation of
the NO overproducer mutant nox/ and the identification of
chlorophyll alb binding protein (CAB) underexpressed 1 (CUEI) as
the mutated gene.

It has been previously suggested that NO is interpreted
differentially in a dose-dependent manner: exogenous application
of high levels of NO inhibits plant growth, but however
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application of low levels of NO promotes it.* A detailed analysis
of plant gravitropic response, which involve altered endogenous
NO levels, seems to confirm this hypothesis: low concentration of
NO in the upper side could promote root elongation, whereas the
high concentration of NO in the lower side would suppress
elongation, thus effecting gravitropic bending.” But, however, the
NO-related structural modifications involved in these precise
cellular responses are not well understood yet.

To this end, we got insight into NO function during early plant
growth (i.e., root organogenesis and elongation) using a pheno-
typic, cellular, genetic and molecular analysis in Arabidopsis. In our
previous report,’ we demonstrated that NO inhibits PR growth of
wild-type Arabidopsis seedlings. Cell division and cell elongation
are the main final contributors to this process. While cell division
mainly occurs at the root apical meristem (RAM), cell elongation
takes place at the elongation-differentiation zone (EDZ). Detailed
analysis revealed that the number and size of root meristem cells
are significantly different after the addition of NO donors and
scavengers, and in mutant background with enhanced NO levels
(cuel), supporting a pivotal role of NO in the modulation of RAM
activity. Auxin is a key hormone involved in root organogenesis and
expression pattern of auxin reporter DR5:GUS/GFP is altered in
cuel and after NO application. Additionally, we found differences
in the accumulation of the PINT1 transporter in the presence of NO
donors and in cxel, confirming the involvement of NO in
acropetal (rootward) auxin transport.
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Nitric Oxide, Root Elongation and Cell Sizes

The inhibition of PR growth after NO treatment might be also
related to differences in cell lengths in the differentiation zone. To
test this fact, the specific site of NO action may be important to
exert the different physiological functions during root growth and
development. Defining the precise sites of NO production within
the plant root is a preliminary task to understand NO-dependent
function in different plant organs (revised in ref. 6). Sites of NO
production in plant tissues have been routinely identified by using
the fluorescence indicator 4,5-diaminofluorescein diacetate (DAF-
2DA).>” DAF-2DA is a permeable compound hydrolyzed inside
the cells and able to emit fluorescence when is nitrosylated by
endogenous NO. Labeling of seven-day-old wild-type roots with
DAF-2DA revealed localization of NO production mainly in
epidermis cell files in the maturation zone (Fig. 1A-C).

In order to elucidate whether high levels of NO could also be
affecting the rate of cell elongation in the EDZ, Arabidopsis
thaliana wild-type seeds (ecotype Columbia-0, Col-0) were
germinated on plates containing NO released by NO donors
S-N-acetyl-DL-penicillamine (SNAP) and sodium nitroprusside
(SNP). After 8 d of root growth, average size of cortical cells in the
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EDZ was measured, where cell differentiation is observed in
the formation of root hairs on specific epidermal cell files.
Remarkably, we found significant differences in cell lengths
between those seedlings treated with SNP (75.36 pm + 17.13)
and SNAP (85,06 pm + 21,56), and those non-treated seedlings
(127 pm + 21.10), seedlings treated with the NO scavenger 2-
(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide
(cPTIO) (137.96 mm + 34.97), or seedlings treated with SNAP
plus cPTIO (116,25 mm + 32,95) (Fig. 1D and E). As shown
in Figure 1D and 1E, NO scavenged by cPTIO partially blocked
the action of the NO specific releasing compound SNAP, clearly
establishing that NO is a major contributing element in the
inhibition of cell elongation in the EDZ. Therefore, our results
show that overaccumulation of NO promotes a reduction of cell
elongation in EDZ, supporting the hypothesis that NO causes PR
growth inhibition by affecting both root apical meristem activity
and cell elongation in the EDZ.

Cells in the basal meristem respond differently from the cells
in the main elongation zone. In many cases the responses of the
two sets of cells to a variety of environmental signals (i.c., gravi-
and thigmostimulation, electrotropic stimulation, water stress
and responses to auxin) are opposite (revised in ref. 8). For
example, gravistimulation inhibits the elonga-
tion of cells in the main elongation zone but
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promotes the elongation of cells along the upper
side of the basal meristem (revised in refs. 9 and
10). Our results confirm that NO application
mimics this biphasic effect associated to the
response of roots to a variety of environmental
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signals. We have compelling evidence that over-
accumulation of NO promotes the elongation
of cells, mainly in the basal meristem, and
therefore decreases the pool of dividing cells,'
| ‘f but however inhibits the elongation of cells in
: the EDZ (Fig. 1).

Cytoskeletal proteins seem to be good
candidates for these NO-related structural
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modifications. Interestingly, a recent study
reported that the actin cytoskeleton acts as a
downstream effector of NO signal transduction
in root cells and that the extent of such
modification is cell-type and developmental
stage-specific.'' Based on that report, cells of
the basal meristem reacted most strongly to the
presence of exogenous NO, suggesting specific
physiological properties of cells along the basal
meristem in relation to NO action.

cortex; e, endodermis; p, pericycle.

Figure 1. High levels of NO inhibit cell elongation in the EDZ. (A-C) Detection of endogenous
NO accumulation in the EDZ using DAF-2DA. Plants were grown for 7 d on agar plates and
then subjected to DAF-2DA incubation. (D and E) Confocal images and cell sizes in cortex
layer of root hair zone. (D) Note that cell elongation in cells of the EDZ is reduced in the
presence of high levels of NO. (E) Average cell size in cortex layer for root hair cortical cells of
wild-type seedlings grown for 8 d on MS agar plates untreated, or wild-type seedlings
supplemented with T mM cPTIO, 100 uM SNP, 1 mM SNAP and 1 mM SNAP plus T mM cPTIO.
Measurements were taken 5 d after the treatment of 3-d-old seedlings. Ep, epidermis; c,

Gibberellins and Nitric Oxide
Involvement in Cell Elongation
Processes

Gibberellins (GAs) are well-characterized posi-
tive regulators of cell elongation in plants."
We hypothesized whether combined addition
of GAs and NO released by NO-donors could
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restore root growth and cell elongation in the EDZ. To this end,
wild-type seeds were germinated on plates during 3 d and treated
with NO released by the NO donor SNP (100 uM) and GA
(100 pM) for 5 d. At that time (i.e., 8-d-old seedlings), PR length
was measured and average size of cortical cells in the EDZ was
also quantified. Our results show that combined addition of GAs
and NO partially restores PR growth (Fig. 2A) and cell elongation
in the EDZ (Fig. 2C) and interestingly, GAs seem to potentiate
the effect of NO depletion after cPTIO treatment (Fig.2A
and C). Clearly, the extension of cells is recovered either after
scavenge of NO, GA application or the combination of both.
With these premises, we reasoned that inhibition of cell
elongation in the EDZ by high levels of NO could be mediated
through the coordinated action of DELLA repressors. With this
purpose, seeds of quadruple della mutant (qdella, impaired in four
out of the five DELLA proteins) and gdella in a GA deficient

background (gdella;gal-3) were germinated on plates containing
NO released by SNP (100 pM) or the NO scavenger cPTIO
(ImM). Our results show that both gdella and qdella;gal—3
mutants are partially resistant to the effect of NO in the PR
growth inhibition (Fig.2B). These data support the hypothesis
that NO inhibits cell elongation in the EDZ by promoting
DELLA activity.

GA application restores the inhibition of root growth caused by
NO mainly through the promotion of root growth by increasing
cell expansion in the elongation zone. In agreement with these
results, it has been previously described that NO is able to repress
hypocotyl growth in dark grown lettuce and Arabidopsis plants.'*
During plant etiolated growth, the so called skotomorphogenesis,
cell elongation of the hypocotyl is the only driving force, providing
an excellent system to the study of this process. Recentdy, NO
capability to reduce hypocotyl elongation during dark growth has
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Figure 2. Action of GAs partially restores the inhibition of cell elongation due to high levels of NO. (A) Addition of GAs to seedlings treated in

the presence (100uM SNP) or absence (1mM cPTIO) of NO. Wild-type seedlings grown for 8 d on MS agar plates untreated (control), or supplemented
with 100 uM SNP, T mM cPTIO, 100 uM GAs, 100 uM SNP plus T mM cPTIO, 100 M SNP plus 100 uM GAs and 100 pM SNP plus 1T mM cPTIO and plus
100 uM GAs. (B) Effect of the impairment of DELLA proteins (gdella mutant) and gdella in a GA deficient background (gdella;ga1-3) (kindly provided

by M.A. Blazquez and S. Prat). Measurements were taken 5 d after the treatment of 3-d-old seedlings. (C) Confocal images of root hair zone from wild-
type seedlings grown for 8 d on MS agar plates supplemented with 100 tM SNP, 100 M SNP plus 1 mM cPTIO, 100 uM SNP plus 100 uM GAs and

100 pM SNP plus T mM cPTIO and plus 100 pM GAs. Note that cell elongation in cells of the EDZ is reduced in the presence of NO.
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been demonstrated in Arabidopsis'> where NO pro-
motes photomorphogenic development acting as a
negative regulator of PHYTOCHROME INTERACT-
ING FACTOR (PIF) genes and as a positive regulator
of DELLA proteins.

Conclusions and Perspectives

According to our previous results' and the presented
data, we suggest that high levels of NO inhibit PR
growth by both affecting root apical meristem activity
and cell elongation in the EDZ. Fu and Harberd,
(2003)'¢ provided evidence about the auxin promotion
of Arabidopsis root growth through the modulation of
GA response. These authors showed that attenuation
of auxin transport or signaling delayed the GA-
induced degradation of the DELLA protein RGA
from root cell nuclei. Consequently, since auxin
transporter PIN1 is decreased after NO addition,’
we hypothesize that inhibition of cell elongation in the
EDZ by high levels of NO could partially involve the
promotion of DELLA activity through PIN1 degrada-
tion (Fig.3). However, to uncover the precise role of

NO in these processes, genetic analysis in Arabidopsis
should be conducted.
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Figure 3. Schematic overview of the physiological role of NO in Arabidopsis primary
root growth. NO affects root apical meristem activity and cell elongation during
primary root growth. High levels of NO diminish cell division (CycB1;1:GUSDB) and
promotes cell elongation in root meristem cells, consistent with an inhibition of auxin
response (DR5:GUS/GFP) and auxin polar transport (by disappearance of PIN1
protein).! Since auxin promotes Arabidopsis root growth through the modulation of
GA response'® and auxin transporter PIN1 is decreased after NO addition,' inhibition
of cell elongation in the EDZ by high levels of NO could partially involve the
promotion of DELLA activity through PIN1 disappearance.
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