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Abstract Nitric oxide (NO) is a bioactive molecule that
functions in numerous physiological processes in plants,
most of them involving cross-talk with traditional phy-
tohormones. Auxin is the main hormone that regulates
root system architecture. In this communication we re-
port that NO promotes lateral root (LR) development,
an auxin-dependent process. Application of the NO
donor sodium nitroprusside (SNP) to tomato (Lycop-
ersicon esculentum Mill.) seedlings induced LR emer-
gence and elongation in a dose-dependent manner, while
primary root (PR) growth was diminished. The effect is
specific for NO since the NO scavenger 2-(4-carboxy-
phenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide
(CPTIO) blocked the action of SNP. Depletion of
endogenous NO with CPTIO resulted in the complete
abolition of LR emergence and a 40% increase in PR
length, confirming a physiological role for NO in the
regulation of root system growth and development.
Detection of endogenous NO by the specific probe 4,5-
diaminofluorescein diacetate (DAF-2 DA) revealed that
the NO signal was specifically located in LR primordia
during all stages of their development. In another set of
experiments, SNP was able to promote LR development
in auxin-depleted seedlings treated with the auxin
transport inhibitor N-1-naphthylphthalamic acid
(NPA). Moreover, it was found that LR formation in-
duced by the synthetic auxin 1-naphthylacetic acid
(NAA) was prevented by CPTIO in a dose-dependent
manner. All together, these results suggest a novel role
for NO in the regulation of LR development, probably
operating in the auxin signaling transduction pathway.
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Abbreviations CPTIO 2-(4-Carboxyphenyl)-4,4,5,
5-tetramethylimidazoline-1-oxyl-3-oxide Æ DAF-2 DA
4,5-Diaminofluorescein diacetate Æ LR Lateral root Æ

NAA 1-Naphthylacetic acid Æ NO Nitric oxide Æ NPA N-
1-Naphthylphthalamic acid Æ PR Primary root Æ SNP
Sodium nitroprusside

Introduction

Root systems perform the essential tasks of providing
water, nutrients and physical support to plants. The
length of the primary root (PR) and the density of
lateral roots (LRs) determine the architecture of the
root system, and this, in turn, plays a major role in
determining whether a plant will succeed in a particular
environment (Malamy and Benfey 1997). The number
of LRs is not predetermined in plant development;
therefore, each plant integrates information from its
environment into the ‘‘decisions’’ it makes about root
formation (Malamy and Ryan 2001). Nutrients are one
of the major environmental signals that affect LR
development. In soils or media with patchy nutrient
distribution, LRs preferentially proliferate in the
nutrient-rich zone (Robinson 1994; Zhang and Forde
1999). LR development is also under hormonal control.
Many lines of experimental evidence strongly support a
role for auxin during this process. Application of
exogenous auxin results in increased initiation of LRs
(Blakely et al. 1988) and several auxin-resistant mu-
tants of Arabidopsis thaliana have a reduced number of
LRs (Casimiro et al. 2003). Moreover, roots deprived
of endogenous auxin by growing them in the presence
of the auxin transport inhibitor N-1-naphthylphtha-
lamic acid (NPA) failed to initiate LR primordia
(Casimiro et al. 2001).

LRs originate in the root pericycle, in which indi-
vidual quiescent cells are stimulated to dedifferentiate
and proliferate to form the LR primordium. Cells in
the LR primordium differentiate and elongate, causing

N. Correa-Aragunde Æ M. Graziano Æ L. Lamattina (&)
Instituto de Investigaciones Biológicas, Facultad de Ciencias
Exactas y Naturales, Universidad Nacional de Mar del Plata,
CC 1245, 7600 Mar del Plata, Argentina
E-mail: lolama@mdp.edu.ar
Fax: +54-223-4753150

Planta (2004) 218: 900–905
DOI 10.1007/s00425-003-1172-7



the LR to emerge through the PR epidermis (Dubrovsky
et al. 2001). LR primordium development can be divided
into two phases: an early phase which lasts until the LR
primordia are three to five cell layers in size, and a later
phase where the primordium develops a functional
meristem and emerges from the main root. This dis-
tinction is based upon the results obtained from in vitro-
cultured roots (Laskowski et al. 1995), which indicated
that LR primordia acquire the capacity to synthesize
their own auxin during the later phase. However, the
signals and mechanisms triggered by auxin that initiate
and direct this organogenesis have only recently been
considered from a molecular standpoint (Bhalerao et al.
2002; Himanen et al. 2002; Xie et al. 2002).

Nitric oxide (NO) is a free radical involved in
numerous and diverse cellular pathways in mammals
(Torreilles 2001). In recent years, there has been much
research about the presence of NO and its physiologi-
cal roles in the plant kingdom. Thus, evidence has been
obtained for the involvement of NO in growth and
developmental processes, as well as in defense re-
sponses (for reviews, see: Durner and Klessig 1999;
Wojtaszek 2000; Beligni and Lamattina 2001; Lamat-
tina et al. 2003). Recently, Pagnussat et al. (2002)
demonstrated that NO is required for the molecular
events involved in auxin-induced adventitious root
development in Cucumis sativus. NO donors induced
adventitious root initiation in cucumber explants and
an accumulation of endogenous NO was detected in
explants after IAA treatment (Pagnussat et al. 2002).
Since the involvement of NO in an auxin-signaling
pathway opens a wide field of research for every known
auxin effect, in this report we have evaluated the
participation of NO in the auxin-induced pathway that
directs LR development.

Materials and methods

Plant material and growth conditions

Tomato (Lycopersicon esculentum Mill. cv Ace 55) seeds were
surface-sterilized in 5% sodium hypochlorite for 10 min, rinsed
extensively and imbibed in water for 3 days. Seedlings with radicles
2–3 mm long were transferred to Petri dishes (60 mm diameter)
containing filter paper soaked with 4 ml of the various treatments.
Seedlings were grown in a chamber at 25±1�C and a 14 h:10 h
(L:D) photoperiod. After 5 days of treatment, the number of LRs
per seedling and the length of the PR were quantified. LR number
only included those roots that were >1 mm in length.

Detection of endogenous NO

NO was monitored by incubating roots from 3-day-old seedlings
with 15 lM of the fluorescent probe 4,5-diaminofluorescein diac-
etate (DAF-2 DA) in 20 mM Hepes–NaOH (pH 7.5). Thereafter,
the roots were washed three times for 15 min with fresh buffer and
examined by epi-fluorescence (excitation 490 nm; emission 525 nm)
and bright-field microscopy in an Eclipse E 200 microscope (Ni-
kon, Tokyo). For the experiment in Fig. 3, cortical cell layers were
sloughed off leaving only the pericycle surrounding the vascular
cylinder.

Chemicals

Sodium nitroprusside (SNP) and 1-naphthylacetic acid (NAA)
were from Sigma (St. Louis, MO, USA), N-1-naphthylphthalamic
acid (NPA) from Chemical Services (West Chester, PA, USA),
2-(4-carboxyphenyl)-4, 4, 5, 5-tetramethylimidazoline-1-oxyl-3-
oxide (CPTIO) from Molecular Probes (Eugene, OR, USA) and
DAF-2 DA from Calbiochem (San Diego, CA, USA).

Results

The NO donor SNP increased LR number and de-
creased PR growth in a dose-dependent manner in to-
mato seedlings. Figure 1a shows the number of emerged
LRs after 5 days of treatment. Application of the per-
meable auxin NAA resulted in a similar response to that
obtained with SNP (Fig. 1b). The promotion of LR
development was maximal at 200 lM SNP and at
500 nM NAA. Concentrations between 50–200 lM
SNP had previously been demonstrated to be functional
in a number of biological systems (Beligni and Lamat-
tina 2000; Garcı́a-Mata and Lamattina 2002). Previous
observations indicated that millimolar amounts of SNP
in aqueous solution release nanomolar amounts of NO
at 25�C (Ferrer and Ros Barcelo 1999; Beligni 2001).
Anatomical studies demonstrated that: (i) at the highest
SNP concentration tested (500 lM) many primordia
failed to emerge (not shown), consequently diminishing
the number of LRs (Fig. 1a); and (ii) LR primordia
displayed similar morphology in control, NAA- and
SNP-treated seedlings for all stages of development (not
shown). SNP treatment also stimulated the elongation of
LRs in a dose-dependent manner. Average LR lengths
were (mean ± SE): 5.5±0.6 mm in H2O, 6.7±1.1 mm
in 50 lM SNP, 7.2±1.0 mm in 100 lM SNP,
5.0±0.3 mm in 200 lM SNP and 4.9±0.4 mm in
300 lM SNP. We also observed that PR length de-
creases proportionally with increasing NAA and SNP
concentrations (Fig. 1c,d). When the whole root system
was analyzed, total root length (the sum of lengths of the
PR and LRs) was unmodified until 200 lM SNP
(Fig. 1e), indicating that higher branching and elonga-
tion of LRs compensated for a shorter PR in SNP-
treated seedlings.

Promotion of LR development and inhibition of PR
growth by the SNP treatment were NO-specific re-
sponses since the NO scavenger CPTIO abolished the
effect of the NO donor (Fig. 2a,b). To strengthen the
hypothesis that NO is involved in LR development, we
analyzed the physiological role of endogenous NO.
When applied alone, 1 mM CPTIO completely inhibited
LR development (Fig. 2a,c). When anatomical studies
were performed, no LR primordia were detected in roots
of CPTIO-treated seedlings (not shown). This remark-
able result suggests that LR promotion is highly
dependent on NO, with NO probably being required in
the early stages of primordium development. The
inhibitory effect of CPTIO is reversible since LR emer-
gence was triggered in seedlings that were shifted to H2O
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after 5 days of treatment with CPTIO (not shown).
Additionally, CPTIO not only inhibited LR formation,
but also increased PR length by 40% compared with the
control (H2O) treatment (Fig. 2b,c). Figure 2c shows the
effect of exogenous NO application and endogenous NO
depletion on tomato root architecture after 5 days of
treatment.

The early sequence of LR development in tomato is
similar to that of Arabidopsis (Laskowski et al. 1995).
The formation of an LR in tomato begins with
transverse divisions in xylem-radius pericycle cells.
These divisions are followed by radial expansion and
subsequent periclinal division. Daughter cells continue
to divide symmetrically and asymmetrically giving
rise to a primordium. In order to further assess the
role of endogenous NO during primordia formation,
we analyzed the presence of NO in roots of
control seedlings by using the fluorescent probe DAF-
2 DA. Living cells incorporate DAF-2 DA and sub-
sequently, it is hydrolyzed by cytosolic esterases to
release DAF-2, which reacts with NO to produce the

fluorescent triazole derivative DAF-2T (Kojima et al.
1998). When roots were loaded with DAF-2 DA,
specific green fluorescence was clearly associated to
primordia (Fig. 3e,f). Examining the progression of
LR formation during its early stages, it was
detected that NO also accumulates in those pericycle
cells that exhibit transverse divisions and radial
expansion (Fig. 3c,d); the primordium that will give
place to an LR originates from these cells. Green flu-
orescence was not detected in undivided pericycle cells
(Fig. 3a,b). These results strongly support an involve-
ment of NO during the first stages of primordium
development.

In order to study a possible link between NO and
auxins in the regulation of LR development, the
requirement of endogenous auxin for the NO response
was assessed. The inhibitor of polar auxin transport
NPA generates reduced levels of auxin in the root (Reed
et al. 1998). Treatment of tomato seedlings with 1 lM
NPA resulted in an almost complete abolition of LR
emergence (Fig. 4). Application of exogenous NAA re-
stored LR formation in NPA-treated tomato seedlings
(Fig. 4), as was also reported for Arabidopsis (Casimiro
et al. 2001). Hence, NPA-treated roots remain compe-
tent to respond to auxin and initiate LR development.
NO was also able to rescue NPA-treated seedlings from
the inhibition of LR formation (Fig. 4), indicating that
NO can trigger LR development in seedlings containing
suboptimal auxin levels in roots.

Fig. 1a–e Effect of NO and NAA on lateral root (LR) number and
primary root (PR) length. Tomato (Lycopersicon esculentum)
seedlings were treated with different concentrations of the NO
donor SNP (a,c) or the auxin NAA (b,d). The number of LRs per
seedling (a,b) and the length of the PRs (c,d) were analyzed. The
values are means and SE of 5 independent experiments (n=10).
Stars indicate a significant difference with respect to the control
(without SNP or NAA) at P<0.05 (t-test). e The length of the PR
and all LRs (>1 mm) per seedling was measured for different SNP
concentrations and the values were considered as a measure of total
root length. The mean and SE were calculated from three
independent experiments (n=10). Stars indicate a significant
difference with respect to the control (0 lM SNP) at P<0.05
(t-test)

Fig. 2a–c Effect of endogenous NO depletion on LR number and
PR length. a,b LR number (a) and PR length (b) were measured in
tomato seedlings treated with H2O, 200 lM SNP, 200 lM SNP
plus 1 mM CPTIO or 1 mM CPTIO. Means and SE were
calculated from three independent experiments (n=5). Different
letters indicate a significant difference at P<0.05 (Tukey test).
c Representative photographs of 5-day-old seedlings treated with
H2O, SNP or CPTIO at the concentrations indicated above. Bar =
2 cm
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To further assess the cross-talk between NO and
auxin during LR formation, we analyzed the require-
ment for NO in the NAA response. When NO was
scavenged with CPTIO, the NAA-induced LR devel-
opment was prevented in a dose-dependent manner
(Fig. 5a). This result suggests that endogenous NO is
involved in LR formation promoted by NAA. To
analyze NO accumulation during NAA-induced LR
formation we loaded seedlings with the specific NO
probe DAF-2 DA. Our observations revealed that LR
primordia displayed localized green fluorescence inde-
pendently of the treatment (Fig. 5b). Thereby, the
number of primordia correlates with NO-specific fluo-
rescence detected by the probe, and thereafter, with

NO levels within a root. Since exogenous NAA in-
creases the number of LR primordia, NAA-treated
seedlings consequently had higher levels of NO than
control ones. Treatment with 1 lM NAA generates a
large number of primordia, most of them failing to
emerge (Figs. 5b, 1b). Figure 5b also shows that
treatment with NAA plus CPTIO drastically shuts
down primordia number and fluorescence at 72 h of
treatment (Fig. 5b).

Discussion

The plasticity to modulate the root architecture is one
way to overcome the inability of plants to move towards
water or nutrients stores. In this report, we present
evidence on NO participation in two processes that de-
fine the root architecture: LR development and PR
growth. In tomato, NO can modify the root system
structure without altering the root area by increasing
branching and, thus, horizontal exploration of soil.
Many nutrients can also affect the morphology of the
root system. It was reported that NO3

) treatment stim-
ulates LR development (Granato and Rapper 1989;
Zhang and Forde 1999). However, since enzymatic and
non-enzymatic reduction of NO3

) can lead to the pro-
duction of NO in roots (Stöhr and Ullrich 2002), one
interesting question is whether or not NO could be the
signal that announces the presence of NO3

) in soil and
mediates its effect on LR formation.

The formation of LR primordia from pericycle cells
through asymmetric divisions represents a general
proliferative pattern (Dubrovsky et al. 2001; Casimiro
et al. 2003). In Arabidopsis, primordia development
begins with two pericycle cells undergoing almost
simultaneous polarized transverse divisions. Daughter
cells divide symmetrically and asymmetrically, creating
groups with approximately 10 short cells that are
similar in length, giving rise to the primordium (Ca-
simiro et al. 2003). In this work we have shown that in
tomato, an intense production of NO accompanied
primordia development from its very first stages.
Moreover, depletion of endogenous NO resulted in a
complete absence of LR primordia. These results
indicate that NO production plays an essential role
during the formation of LR primordia and emergence
of LRs from the parent root.

The involvement of NO in plant hormone responses
has been well reported. NO mediates cytokinin-induced
betalaine accumulation (Scherer and Holk 2000) and
ABA-induced stomatal closure (Garcı́a-Mata and La-
mattina 2002; Neill et al. 2002). Furthermore, Pagnussat
et al. (2002) provided the first evidence about NO and
auxin cross-talk during adventitious root formation in
cucumber. We are now reporting new evidence of NO
participation in another auxin response. Our results
show that: (i) NO is able to promote LR initiation in
roots treated with the auxin transport inhibitor NPA,
and (ii) the NAA promotion of LR development can be

Fig. 3a–f NO accumulation during the development of LR
primordia. Tomato seedlings were grown in water for 3 days.
Roots were loaded with DAF-2 DA and observed by bright-field
(a,c,e) and epi-fluorescence (b,d,f) microscopy. The outer cell layers
of roots were sloughed off. a,b Longitudinal section in which LR
primordia are not apparent. c,d Section showing radial expansion
and transverse divisions (arrowheads) in pericycle cells. e,f Section
showing an LR primordium with several cell layers. per Pericycle,
xyl xylem. Bars = 0.1 mm

Fig. 4 NO restores LR formation in NPA-treated tomato seed-
lings. LR number was measured in seedlings treated as indicated.
Concentrations used were 1 lM NPA, 100 nM NAA and 200 lM
SNP. Data are means and SE obtained from three independent
experiments (n=10). Different letters indicate a significant differ-
ence at P<0.05 (Tukey test)
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prevented by scavenging NO. Thus, this evidence
supports the possibility that auxin and NO might be on
a linear signaling pathway in the process of LR forma-
tion in tomato.

Genetic and physiological evidence suggest that auxin
is required at several stages to facilitate LR formation.
Young LR primordia are unable to continue to divide
and emerge when they are excised from the parent root,
probably due to the blockage on auxin supply. However,
LR primordia became an autonomous meristem in ad-
vanced stages, indicating that they contain the cell types
that act as an auxin source to trigger the outgrowth of
LRs (Laskowski et al. 1995). The requirement for auxin
during the early and late stages of LR primordium
development can be correlated with the accumulation of
NO detected by the probe DAF-2 DA (Figs. 3, 5b),
supporting the idea that NO is involved in the auxin
signaling pathway.

More than one hypothesis could be postulated to
explain through which target molecules NO exerts its
action to promote LR development. For example, it can
be hypothesized that (i) NO produces an antioxidant
environment (Beligni and Lamattina 2002), which might
protect auxins from oxidation, and/or (ii) NO regulates
cell-cycle genes or enzyme activities involved in auxin
signal transduction. The ongoing analysis of the NO
involvement in the regulation of cyclins, cyclin-depen-
dent kinases and auxin-induced genes during LR
development will surely contribute to our understanding
of the molecular mechanisms that regulates root mor-
phogenesis. Overall, the data presented here indicate
that NO is a major participant that must be included
in the intricate succession of events that conclude in
LR emergence and modulation of the root system
architecture.
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