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Root hairs cells are highly polarized cellular structures resulting 
from tip growth of specific root epidermal cells. Root-hair 
morphogenesis involves many aspects regulating tip growth such 
as exocitosis, ion flux, calcium homeostasis, reactive oxygen 
species (ROS), and cytoskeleton. These cells are excellent models 
for studying polar growth and can be challenged with many 
extracellular factors affecting the pattern of growth named Nod 
factors, elicitors, hormones, etc. The general scenery is that the 
well described tip-high intracellular Ca2+ gradient plays a central 
role in regulating tip growth. On the other hand, ROS plays a 
key role in various processes, for example hypersensitive response, 
root hair development, hormone action, gravitropism and stress 
responses. However, ROS has recently emerged as a key player 
together with calcium in regulating polar growth, not only in root 
hair cells but also in pollen tubes, filamentous fungi and fucoid 
cells. Furthermore, Ca2+-permeable channel modulation by ROS 
has been demonstrated in Vicia faba guard cells and Arabidopsis 
root hairs. Recently, root hair cells were shown to experiment ROS, 
pH and calcium oscillations coupled to growth oscillation. These 
recent findings allow considering that root hair cells present a 
similar pattern of growth as described for pollen tubes.

Polar Growth Depends on Ionic and Molecular Gradients 
Located at the Tip

Root hairs are highly polarized cellular structures resulting from 
the growth of specific root epidermal cells. These tubular root cells 
extend by tip growth and play an important role in sensing extracel-
lular biotic and abiotic conditions, including nutritional status.1 
Root hairs are easy to grow and visualize under laboratory conditions 
and can be challenged with many extracellular factors that affect the 
pattern of growth, including Nod factors, elicitors and hormones. 
The morphogenesis of these cells involves the interaction of many 

processes, including vesicle exocytosis, calcium homeostasis, localized 
production of reactive oxygen species (ROS), and modification of the 
cytoskeleton.2-5 A tip-focused free cytosolic Ca2+ gradient ([Ca2+]

c) plays a central role in regulating tip growth by facilitating vesicle 
exocytosis.6 In addition, the production and accumulation of ROS is 
known to regulate calcium homeostasis through modulation of Ca2+ 
permeable channels.7

Root hair cells, as well as Fucoid cells, pollen tubes and fungal 
hyphae possess a typical tip growth intracellular organization that 
is highly polarized, with growth limited to the apical dome,8 which 
contains elevated tip-focused calcium ion levels. Since this pattern of 
growth strictly requires exocytosis in the apical region, calcium ions 
and the actin cytoskeleton have been proposed as key players in the 
fine regulation of this process.9,10 Root hairs and pollen tubes display 
the well-described reverse fountain-like streaming,11 which relies on 
actin cytoskeleton remodeling. This pattern involves upward cyto-
plasmic streaming from the periphery of the root hair tube to the 
subapical region, and downward cytoplasmic streaming through the 
center of the root hair tube. Vesicles are delivered to the subapex, 
where the streaming reverses direction.

The organization of actin microfilaments in root hairs has been 
visualized by microinjecting fluorescent phalloidin, a fungal toxin 
that binds to filamentous actin, or by expression of actin binding 
domains fused to GFP.12-14 In root hairs, long actin bundles have 
been observed to run more or less longitudinally through the root 
hair tube, and the nucleus seems to be surrounded with microfila-
ments.12 However, close to the tip, the long actin bundles flare out 
into a network of fine bundles.12,15 It has long been established that 
actin polymerization can generate forces that contribute to outgrowth 
of the plasma membrane and intracellular movements, such as those 
observed during Listeria infection or endosome trafficking.16-19 
G-actin foci have been reported in the tip region of root hairs and 
pollen tubes,17,20 implying that actin polymerization at the tip could 
play an important role in supporting polar growth. The increased tip 
concentration of G-actin could fuel the continuous polymerization 
required for polarized growth in this zone and could result from actin 
remodeling by calcium and pH-sensitive actin-binding proteins, such 
as ADF, gelsolin, villin and others.
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Other Tip-Growing Cells also Require ROS Production to 
Sustain Polarized Growth

Recent work by Potocky et al., (2007)34 showed that pollen 
tube cells require the activity of NADPH oxidase to sustain pollen 
tube growth. Since NADPH oxidase generates extracellular ROS 
by transferring electrons from cytosolic NADPH across the plasma 
membrane to reduce molecular oxygen, with the consequent produc-
tion of the superoxide, the authors used nitroblue tetrazolium (NBT) 
in the medium as an indicator of extracellular superoxide. Using 
this approach, they found that the apical region of the pollen tube 
displays clear accumulation of ROS.34 Both DPI, an inhibitor of 
NADPH oxidase, and TMPP, a ROS scavenger, inhibited pollen 
tube growth, suggesting an essential role for ROS in supporting 
growth.34 Furthermore, the polarization of Fucus serratus zygotes, a 
well-described model system in which photopolarization have been 
studied, the polarization involves the generation of a Ca2+ gradient. 
Since these cells also form well-defined ROS gradients in the tip 
region, and this depends on the presence of a Ca2+ gradient,35,36 the 
authors suggest that ROS in the tip region stimulate the generation 
of a calcium gradient.

In Aspergillus nidulans, a hyphal fungus in which apical domi-
nance results in the growing hyphal tip, localized apical accumulation 
of ROS has been also established.37 Thus, a correlation between 
localized production of ROS and reinforcement of apical dominance 
has been suggested in these tip-growing cells. Furthermore, evidence 
suggests that NADPH oxidases (Nox) or related flavoproteins are 
responsible for this ROS-generating mechanism, which determines a 
polarity axis at hyphal tips.37

Finally, ROS levels in tip-growing cells could somehow be modu-
lated by ROS changes in other subcellular locations. For instance, 
ROS accumulation can be observed in endomembranes and mito-
chondria.38,39 Mitochondria have been given special attention since 
they exhibit high levels of ROS production, and failure to control 
mitochondrial ROS levels can induce programmed cell death.40,41 It 
is also intriguing that isolated nuclei from BY-2 cells are capable of 
producing ROS in a calcium-dependent manner when treated with 
cryptogein, a proteinaceous elicitor derived from the pathogenic 
fungus Phytophthora cryptogea.39 This result indicates that the plant 
nucleus can participate in ROS signaling as demonstrated in animal 
cells, and this could significantly affect gene expression.42

New Findings in Polarized Growth: Ca2+, pH and ROS Act in 
Concert to Sustain Growth Oscillations

Pollen tubes are known to experience oscillatory growth, which 
is characterized by episodes of fast growth followed by periods of 
slower growth.43 In order to achieve this pattern, the factors involved 
in pollen tube growth function in concert to maintain the periodic 
oscillations. For example, cytoplasmic Ca2+ levels follow a pattern 
of oscillation during which the highest concentration follows the 
highest peak in growth.43 Many other factors are also found to oscil-
late in this manner, including protons, pH and NADPH.44,45 In 
addition, the activity of proteins such as ADF (actin depolymerizing 
factor) undergo cycles of activation that are likely related to actin 
polymerization.21,46

These oscillatory components were unknown until the recent report 
by Monschausen et al., (2008)48 that described oscillatory growth in 

Calcium Gradient, Proton Flux and ROS Production Regulates 
Polar Growth in Root Hair Cells

Root hair cells, like other tip-growing cells such as pollen tubes, 
fucoid cells and hyphae, represent a classic example of polarized cell 
growth. This is clearly characterized by a substantial accumulation of 
cytoplasm in the tip region, which suggests that the growth precur-
sors accumulate in the tip; in fact, most of the factors involved in cell 
growth have been found to be localized to this region.

The tip-focused cytosolic Ca2+ gradient in growing root hairs has 
been widely considered as a master regulatory mechanism control-
ling polar growth, similar to other tip-growing cells, and failure to 
maintain this gradient results in growth inhibition.6 The [Ca2+]

c has been shown to modulate many processes involved in the 
regulation of exocytosis, as well as to finely tune calcium-regulated 
proteins that have profound effects on the organization of the actin 
 cytoskeleton.9,21-23

While calcium is thought to result in stiffening of the cell wall, 
protons are believed to cause softening, promoting cell wall plasticity 
and extensibility.24 Thus, a relationship between Ca2+ and pH can 
be established. Arabidopsis root hair cell walls have been shown to 
acidify after the root hair initiation site has been determined, but not 
before. Interestingly, this extracellular acidification is accompanied 
by a corresponding cytoplasmic alkalinization.25 This suggests that 
the initiation and elongation of root hairs represent two different 
stages of growth that might require different factors.25 These pH 
measurements have been made using pH sensitive dye, such as 
Oregon Green fused to a cellulose binding domain to measure the 
pH of the cell wall compartment.25,26 The use of pH-sensitive GFP 
constructs targeted to the cell wall should allow for pH measure-
ments in compartments that are inaccessible to chemically-generated 
fluorescent probes.27 Recently, a pH sensitive GFP derived from the 
orange seapen (Ptilosarcus gurneye) was demonstrated to be a reliable 
indicator of cellular pH when expressed in bacteria and plants.28 This 
new in vivo pH probe offers several advantages over previous probes 
used for this purpose, including a better dynamic range and superior 
stability under neutral and acidic pH conditions, making it suitable 
for apoplastic and cytoplasmic measurements.

Intracellular and extracellular ROS play key roles in regulating a 
myriad of cellular responses, including: the hypersensitive response, 
programmed cell death, development, gravitropism, hormonal 
signaling, stomata opening and ion channel regulation.29 Plant 
NADPH oxidases are membrane bound proteins that constitute 
key enzymatic components involved in the generation of superoxide 
radicals.7,30-33 The idea that ROS levels are important for sustaining 
polar growth was clearly supported by the findings of Foreman et al., 
(2003). These studies showed that an Arabidopsis NADPH oxidase 
mutant fail to sustain root hair cell elongation, and mutant root hair 
cells are inhibited at the outward bulging stage. Interestingly, these 
mutants were unable to accumulate ROS at the tip of root hair cells 
and the Ca2+ gradient was absent. However, addition of extracellular 
ROS rescued the phenotype and favored cell elongation.7 Evidence 
for the role of ROS in sustaining polarized growth was strengthened 
by the fact that ROS can activate the opening of calcium channels, 
as demonstrated by patch-clamp studies.7 Finally, the apical localiza-
tion of ROS in the tip region also suggested a potential mechanism 
by which cell wall properties are regulated.
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Recently, root hair cells were shown to display 
a tip-focused ROS distribution based on pseudo-
ratiometric analysis.49,50 This ROS distribution is 
very sensitive to the presence of NADPH oxidase 
inhibitors (DPI), which inhibit the formation of 
this gradient and tip growth, and thus NADPH 
oxidase has been suggested to play a role in gener-
ating the apical ROS gradient. In addition, localized 
ROS accumulation is thought to play a key role in 
signal transduction since the addition of external 
fungal elicitors, ROS, UV radiation and Nodulation 
factors induce specific changes in intracellular ROS 
levels.49 In fact, the induced ROS changes resemble 

Ca2+ changes induced in response to nodulation factors, under-
scoring the proposed connection between ROS and Ca2+.

The previously described results raise questions regarding the 
mechanism of calcium channel regulation in the tip region. For 
instance, ROS was shown to regulate calcium channels,7 and this 
mechanism could generate a positive feedback loop that continu-
ously stimulates apical calcium channels.51 However, the NADPH 
oxidase mutant rhd2 can be rescued by increasing the extracellular 
pH, suggesting an additional mechanism of calcium channel activa-
tion that contributes to the generation of apical calcium gradients 
and ROS production.

Mechanisms Regulating ROS Production in Tip-Growing Cells

While the evidence to date indicates a critical role for apical ROS 
levels in tip growth, two factors must be considered when describing 
their function: first, the role that ROS accumulation might play at 
the extracellular level, where cell wall remodeling could be the main 
target; and second, that intracellular ROS levels could have other, 
indirect effects, for instance in the regulation of Ca2+ channels. It 
seems plausible that there are several mechanisms coupled to ROS 
production. Unlike mammalian NADPH oxidase, plant homologs 
have hydrophilic N-terminal regions containing two EF-hand motifs, 
suggesting that their activation is dependent on Ca2+.52,53 However, 
the importance of NADPH oxidase Ca2+ binding for ROS produc-
tion is still poorly understood. Nevertheless, this association may 
provide fine-tuning of the regulation of ROS-producing enzymes, 
and suggests a close relationship between calcium ions and ROS 
production. Addition of ionomycin, a Ca2+ ionophore, activates 
NADPH oxidase and increases ROS production.54 On the other 
hand, Arabidopsis NADPH oxidase can be directly phosphorylated 
in vivo, and Ca2+ binding and phosphorylation have the ability to 
synergistically activate the ROS-producing enzyme.54,55

Arabidopsis root hair cells. This was the first work to describe growth 
oscillations similar to those found in pollen tubes.47,48 Root hair cells 
grow at a slower rate than pollen tubes, 0.9–3.2 μm/min compared 
to 0.2–0.5 μm/sec. Nevertheless, they both exhibit the same oscilla-
tory pattern during growth. Another significant finding of this work 
is that Ca2+ oscillations lag the maximum peak in growth. These 
results are similar to those described for pollen tubes, not in terms of 
timing, but with regard to the sequence of events.

Another study showed that oscillations in growth correlate with 
similar changes in extracellular pH and ROS, which allow for modu-
lation of tip growth in Arabidopsis root hairs.47 It is interesting to 
note that the peak in pH and ROS levels follows tip growth. These 
results are significant, since cell wall pH and ROS have been reported 
to affect cell wall expansion. The authors suggest that increases in pH 
and ROS could play pivotal roles in restricting tip growth by locally 
strengthening the cell wall. This hypothesis is supported by the 
finding that an increase in the pH of the medium results in growth 
inhibition of root hair cells, while decreasing the pH results in cell 
bursting as a consequence of uncontrolled growth.47 Cell bursting 
is also observed when an NADPH oxidase inhibitor, such as DPI, 
is added to the medium. Under these conditions, the root hair cells 
probably burst due to reduced ROS production and an inability to 
sustain cell wall remodeling.47

Mutations in the NADPH oxidase of Arabidopsis (rhd2) result 
in an inability of root hair cells to switch from the bulging out stage 
to the tip-growing stage.7 However, when the rdh2 mutant is grown 
in a high-pH environment, the root hair cells are able to elongate, 
suggesting that ROS production by NADPH oxidase is not abso-
lutely necessary for root hair elongation.47 However, these cells do 
not experience growth and ROS oscillations, suggesting that the 
ROS-generating enzyme is required for regulation of the oscillatory 
processes.

Figure 1. Model that depicts the factors involved in polar 
growth. Calcium fluxes at the tip as well as pH and 
ROS changes are associated with polar growth. Right 
inset depicts a model where the generated extracellular 
ROS, pH as well as intracellular [Ca2+]c are coupled to 
growth oscillations. Left inset illustrate a putative model 
for the regulation of ROS and calcium production as well 
as other sites for ROS generation. The data on Growth, 
[Ca2+]c, pH and ROS oscillations were taken from 
Monshausen et al., (2007 and 2008)47,48 and the model 
on ROS, [Ca2+]c and NADPH oxidase was modified from 
Cardenas et al., (2008).49
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Other factors besides calcium are also important for regulating 
ROS levels in plant cells. Small GTPases, such as Rop family 
proteins, play a pivotal role in ROS production in Arabidopsis 
root hair cells.33,56,57 Constitutive expression of Rop delocalizes 
the apical Ca2+ gradient and induces isotropic growth at the tip 
region of Arabidopsis root hair cells.57 Another example of small 
GTPase-dependent regulation has been described in rice, where 
NADPH oxidase can be regulated by the binding of Rac GTPase to 
its N-terminal extension.56 It has been recently shown that cellular 
ATP has the capacity to induce ROS changes in Arabidopsis and 
Medicago root hair cells,58-60 a finding that has also been observed 
in Phaseolus vulgaris root hair cells.49 These results reinforce the idea 
that ATP could be an important signaling molecule, with the ability 
to regulate ROS levels. Finally, hydrogen peroxide homeostasis 
results from the balance between the regulation of enzymes that 
increase ROS levels and the activity of ROS scavengers. In fact, cata-
lases can be finely regulated by calcium and calmodulin,61 suggesting 
that these activators could comprise a regulatory mechanism for ROS 
production and scavenger activity.

The current model for the role of ROS in tip growth is summa-
rized in Figure 1. The role of ROS in supporting plant growth at the 
tip dome and the mechanism involved in the feedback responsible 
for ROS and calcium modulation are also described. We also show 
how recently reported pH and ROS oscillations in the tip region are 
coupled to growth patterns. Finally, we depict the recently reported 
findings describing intracellular ROS changes in the mitochondrial 
and nuclear compartments. While the evidence suggests a primary 
role for ROS in regulating polarized growth, many other aspects 
involved in determining growth polarity remain to be addressed. The 
development of new tools for monitoring superoxide production in 
vivo (that is, the products generated by NADPH oxidase activity) 
using molecular probes remains a future challenge. It is worth 
mentioning that a circularly permuted yellow fluorescent protein 
(cpYFP) that has been widely used as a calcium sensor was recently 
reported as a novel biosensor for O2.-, and has been successfully 
used to measure flashes of superoxide production in mitochondria.62 
This type of probe will allow for a myriad of experiments that will 
facilitate elucidation of the spatial and temporal resolution of ROS 
production not only in root hair cells, but also in many other animal 
and plant cells in which ROS plays a potential role.
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