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Root hair growth from the pH
point of view

Anett Stéger and Michael Palmgren*

Department of Plant and Environmental Sciences, University of Copenhagen, Copenhagen,
Denmark

Root hairs are tubular outgrowths of epidermal cells that increase the root
surface area and thereby make the root more efficient at absorbing water and
nutrients. Their expansion is limited to the root hair apex, where growth is
reported to take place in a pulsating manner. These growth pulses coincide
with oscillations of the apoplastic and cytosolic pH in a similar way as has been
reported for pollen tubes. Likewise, the concentrations of apoplastic reactive
oxygen species (ROS) and cytoplasmic Ca?t oscillate with the same periodicity
as growth. Whereas ROS appear to control cell wall extensibility and opening of
Ca?* channels, the role of protons as a growth signal in root hairs is less clear
and may differ from that in pollen tubes where plasma membrane HT-ATPases
have been shown to sustain growth. In this review, we outline our current
understanding of how pH contributes to root hair development.
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Introduction

Root hairs are single tubular extensions of root cells that enhance water and
nutrient uptake by increasing the root surface area. Furthermore, they facilitate beneficial
microbial interactions. Root hairs develop from a subset of epidermal cells, the
trichoblasts, but not from the hairless atrichoblasts. The fate of root epidermal cells seems
to be determined at an early stage of development as trichoblasts are distinguishable
from atrichoblasts prior to the emergence of the root hair, partially due to their shorter
cell length (Dolan et al., 1994; Masucci et al., 1996). When epidermal cells enter the
maturation zone, root hair-promoting transcription factors are activated and then the
root hair initiation site is determined (Balcerowicz et al., 2015).

Several events during root hair initiation and subsequent growth are already well
characterized. After the determination of the initiation site, the first morphological sign
of root hair development is the appearance of a “bulge” on the outer wall of the trichoblast
(Dolan et al., 1993); (Figure 1A). In Arabidopsis thaliana, it is followed by two phases of
root hair growth: an initial period of slow growth (0.2-0.5 um/min) and subsequent
rapid growth (1-2.5 pm/min) (Dolan et al., 1994). The initial period is likely used for
organizing the elements of the growth machinery to prepare the cell for the second phase:
tip growth. Tip growth is a form of polar growth during which root hairs expand at the
tip (Bibikova and Gilroy, 2003). In growing root hairs, the subapical region contains the
endoplasmic reticulum, mitochondria, and Golgi bodies, while a large central vacuole fills
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the basal region (Miller et al., 2000); (Figure 1B). The extreme
apex is the destination for high levels of secretory vesicles that
carry the building materials for the growing plasma membrane
and cell wall (Sherrier and VandenBosch, 1994; Galway et al.,
1997; Miller et al., 2000). At the end of the tip-growing phase,
Arabidopsis root hairs reach a final length of approximately
I mm and are 10 um in diameter (Grierson and Schiefelbein,
2002).

The mechanism of tip growth is complex and involves the
transport of secretory vesicles toward the tip, dynamic actin and
microtubule cytoskeletal networks, changes in reactive oxygen
species (ROS) and Ca?t gradients, as well as changes in the
activity of cell wall-modifying enzymes and other processes
(Mendrinna and Persson, 2015; Eljebbawi et al., 2020; Mase
and Tsukagoshi, 2021). Furthermore, it has long been known
that a current of protons (HT) enters root hairs at the tip
and leaves at the base (Weisenseel et al., 1979); (Figure 1C),
but its role in root hair development and growth is uncertain
(Cardenas, 2009; Schoenaers et al., 2017; Siao et al., 2020).
In this review, we summarize what is known about the role
of protons and pH changes in the emergence and growth
of root hairs, and we highlight aspects that merit further
investigation. As tip growth is not unique to root hairs,
such knowledge could be useful for understanding how other
tip-growing structures develop, such as pollen tubes, fungal
hyphae, fucoid algal cells, moss protonemata, and nerve fibers
in animals.

pH changes during bulging: An
effect or a cause?

Bulging at the trichoblast has long been known to correlate
with pH changes at both the apoplast (acidification) and
cytoplasm (alkalinization) (Bibikova et al., 1998; Fasano et al.,
2001); (Figure 1A). A drop in pH (from ~5 to 4.5) occurs
at the root hair initiation site of the cell wall. This localized
cell wall acidification is not present before bulging and lasts
just until the root hair reaches the tip-growing stage (Bibikova
et al., 1998). When the cell wall is acidified, the cytoplasm
is alkalinized, suggesting that the pH changes are due to the
cellular export of protons (Bibikova et al., 1998). Inhibiting the
extracellular pH drop with strong buffers prevents root hair
initiation, but as the cell wall returns to acidic pH, bulging
restarts. These observations have been interpreted as evidence
that the pH change is the cause and not the result of cell wall
bulge initiation. However, cell wall acidification alone is not
sufficient to cause bulging, as lowering the pH of the entire
trichoblast to 4.5 does not lead to the emergence of bulges or
general cell wall swelling (Bibikova et al., 1998), which does
not exclude the possibility that localized pH changes might
cause bulging.
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A cytosolic pH gradient and
oscillating pH

Cytosolic pH can be measured with genetically encoded
biosensors (Walia et al., 2018) that are less prone to artifacts
associated with trapped or injected fluoroprobic dyes (Graber
et al, 1986). In growing root hairs expressing a pH-sensitive
ratiometric variant of Aequorea victoria green fluorescent
protein (GFP-H148D; Elsliger et al., 1999), the cytosolic pH at
the tip was measured and shown to oscillate between pH 7.4
and 7.6 (Monshausen et al., 2007); (Figure 1C). In this work,
cytosolic pH at the base of root hairs was not reported. A
subsequent study employed a pH-sensitive GFP from Ptilosarcus
gurneyi (Pt-GFP; Schulte et al., 2006) and found tip cytosolic
pH to be more alkaline than that at the base of root hairs
(Bai et al., 2014); (Figure 1B). This observation is surprising
considering that protons enter at the tip and leave the cytosol
at the base (Weisenseel et al,, 1979) and is different from
the pH profile observed in pollen tubes, another tip-growing
system. In lily (Lilium longiflorum) pollen tubes, cytosolic
pH at the extreme apex was measured using an injected
ratiometric pH sensitive dye (2/,7/ -bis-(2-carboxyethyl)-5-(and-
6)-carboxyfluorescein (BCECF)-dextran) and was found to be
more acidic than a constitutive cytosolic alkaline band in the
subapical region (Feijo et al., 1999); (Figure 2A). In this system,
proton influx was revealed at the extreme apex, while efflux was
reported in the region of the alkaline band (Feijo et al., 1999);
(Figure 2A). Ratiometric pHluorin is another pH-sensitive GFP
variant (Haseloff et al., 1997; Miesenbock et al., 1998) that has
been used to image cytosolic pH in Arabidopsis pollen tubes
(Hoffmann et al., 2020). This study found the cytosolic pH at
the tip to be more acidic than that in the base of the pollen
tube but failed to detect a subapical alkaline band (Hoffmann
et al, 2020); (Figure 2B). Higher resolution cytosolic pH
measurements in root hairs may resolve whether cytosolic pH at
the extreme apex of root hairs is indeed acidic compared to the
basal parts.

Growth analysis suggests that a consistent oscillatory root
hair growth is associated with the pH oscillations at the
tip with approximately two pulses per minute (Monshausen
et al, 2007; Wu et al., 2007); (Figures 1C,D). These pH
oscillations occur with the same periodicity as growth but out
of phase. Cross-correlation analysis revealed that a decrease in
extracellular pH precedes rhythmic root hair growth, whereas
the maximal increase in extracellular pH lags behind growth by
approximately 7 seconds (Monshausen et al., 2007); (Figure 1D).
These pH oscillations are observed exclusively at the apical
5 to 10 um of the root hair tip, not along the shanks and
base, and no such changes were reported for non-growing root
hairs (Monshausen et al., 2007). At the root hair apex, each
extracellular alkalinization event is accompanied by transient
cytosolic acidification likely due to a flux of protons from the cell
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FIGURE 1

Schematic representation of a growing root hair. (A) The pH changes during bulge formation in Arabidopsis. The pH values are based on data in

Bibikova et al. (1998). Colors indicate a localized pH increase (blue) and decrease (red) at the site of initiation in trichoblasts. (B) Schematic

representation of the cytosolic pH gradient and the organelles within a growing root hair. The figure is adapted from Datta et al. (2011). A more
(Continued)
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FIGURE 1

on the hypothesis from Lovy-Wheeler et al. (2006).

alkaline cytosolic pH at the root hair tip compared to the base reflects measurements by Bai et al. (2014). (C) Graphical illustration of proton
fluxes and oscillatory pH changes at the tip during root hair growth. Light purple arrows indicate net proton fluxes. The pH values are based on
the analysis of Monshausen et al. (2007). (D) Growth rate, intracellular Ca?*, extracellular pH, and ROS oscillations on a time scale. The figure is
adapted from Cardenas (2009). Time values are from Monshausen et al. (2007) and Monshausen et al. (2008). The dashed curve represents the
expected cytosolic pH oscillations. (E) Graphical illustration of how the cell wall pH could influence cell wall cross-linking. The figure is adapted
from Schoenaers et al. (2017). (F) Overview of how cytoplasmic pH changes might influence actin polymerization and depolymerization based

FIGURE 2

indicate undetermined pH values.

Schematic representation of growing pollen tubes from the pH point of view. (A) The cytosolic pH gradient and pH oscillations in growing Lilium
longiflorum pollen tubes. Values for the pH gradient and the cytosolic pH oscillation in the alkaline band are based on measurements in Feijo

et al. (1999). Question marks indicate undetermined pH values or unknown distribution of plasma membrane H* -ATPases. Color codes
represent the cytosolic pH gradient, where red indicates slightly more acidic pH and blue more alkaline pH compared to the rest of the
cytoplasm. (B) The cytosolic pH gradient and pH oscillations in growing Arabidopsis pollen tubes. Values for the pH gradient and the cytosolic
pH oscillation are based on Hoffmann et al. (2020). Red indicates a more acidic pH, while blue indicates a more alkaline pH. Question marks
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wall toward the cytosol (Monshausen et al., 2007). As a result,
the apoplastic pH shifts from approximately 5.4 to 5.8 and the
cytosolic pH from 7.6 to 7.4; the difference in amplitude is likely
due to the different buffering capacity of the apoplast and cytosol
(Oja et al,, 1999); (Figure 1C). There appears to be a limit to
the tolerance to such pH changes, as growing root hairs tend to
burst at the tip when the pH of the growth medium is artificially
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lowered to 4.5, while root hair growth is rapidly inhibited when
the medium pH is increased to pH 8 (Monshausen et al., 2007).

These oscillatory pH changes may be required for control
of actin dynamics in the growing root hair. In root hairs,
long actin bundles run longitudinally along the root hair and
branch out close to the tip (Cardenas et al., 1998), and root
hair growth is associated with constant polymerization of actin
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(Vazquez et al., 2014). Dynamic actin reorganization involves
the assembly and disassembly of actin filaments that are likely
regulated by pH-sensitive actin-binding proteins (Vazquez et al.,
2014); (Figure 1F). In pollen tubes, alkalinization of cytosolic pH
promotes actin-depolymerizing factor (ADF) protein activity so
it becomes more efficient in actin depolymerization at the minus
end and supports growth at the plus end (Chen et al., 2002; Lovy-
Wheeler et al., 2006). It remains to be determined whether an
oscillatory cytosolic pH controls actin dynamics in root hairs.

Role of pH change in cell wall
loosening

The root hair cell wall has different characteristics at the apex
and in the non-expanding parts: it is thin at the growing tips
and turns into a thicker, stronger, multi-layered cell wall in the
shanks of root hairs (Galway, 2006). The root hair cell wall is
composed mainly of (xylo)glucans, pectins, and O-glycoproteins
(Galway et al,, 2011; Velasquez et al., 2011; Pea et al., 2012).
Lack of any of these polymers inhibits tip growth, suggesting that
they operate together to control polarized growth (Bernhardt
and Tierney, 2000; Favery et al., 2001; Pang et al., 2010; Ringli,
2010; Park et al.,, 2011; Velasquez et al., 2011; Zabotina et al.,
2012; Wang et al., 2014). In response to oscillating pH changes
in the tip, cell wall-loosening enzymes with different pH optima
could in principle contribute to oscillating growth by alternating
between loosening and rigidifying the cell wall (Schoenaers et al.,
2017); (Figure 1E).

Possible cell wall-loosening enzymes in root hairs could
be expansins. These proteins mediate acid-induced expansion
by disrupting the bonds between cellulose and hemicellulose
residues. Expansins are most active at acidic pH; for example,
alpha and beta expansins (EXPs) have a pH optimum of around
4.5 (McQueen-Mason et al, 1992). EXP7 and EXP18 were
detected in the cell walls of trichoblasts but not atrichoblasts,
pointing to their role in root hair development (Cho and
Cosgrove, 2002). Expansins were also shown to localize at the
bulge site of maize (Zea mays) roots (Baluska et al., 2000). Their
important role in root hair initiation is also supported by the
finding that in barley (Hordeum vulgare), a root hairless mutant
(rhll.a) is defective in expression of the HYEXPBI gene, which
encodes a B-expansin (Kwasniewski and Szarejko, 2006).

While the acidic pH shift activates expansins, it may actually
inhibit other cell wall proteins, e.g., pectate lyases. Pectate lyases
cleave glycosidic linkages with an alkaline pH optimum of ~7.5
to 8 (Ouattara et al, 2010). These enzymes are expressed in
pollen tubes, and it was suggested that they are required for
pectin degradation during tip growth (Wing et al, 1990). A
pectate lyase, ROOT HAIR-SPECIFIC 14 (RHS14), was shown to
be expressed in Arabidopsis root hairs, suggesting that pectate
lyases might also be involved in regulating cell wall loosening in
these tubular structures (Su-Kyung et al., 2009).

Frontiersin Plant Science

05

10.3389/fpls.2022.949672

Xyloglucan endotransglycosylases (XETs) are also expressed
in root hairs. A highly localized up-regulation of their activity
was reported exclusively at the root hair initiation site before any
visible bulge formation (Vissenberg et al., 2001), which points
to an important role of XETs during the initial phase. However,
XET activity was uniform along the length of the growing root
hair suggesting that it does not have a key role in guiding polar
growth in this system. Known XETs have a pH optimum of
approximately 5 to 6.5 (Han et al., 2016). However, such a pH
range is higher than the reported pH 4.5 of the cell wall during
bulging (Bibikova et al., 1998). Vissenberg et al. (2001) showed
that this lower pH of 4.5 does not substantially affect XET
activity in initiating root hairs, while no activity is detected at the
initiation site if the pH is increased to 7. Therefore, it seems that
XET activity is also pH dependent and that an acidophilic XET
isoform accumulates at the root hair initiation site (Vissenberg
et al,, 2001). Accordingly, transient pH changes at the cell wall
could affect cell wall dynamics.

A putative role of plasma membrane
H*-ATPases in root hair growth

Work on pollen tubes has shown that autoinhibited plasma
membrane H-ATPases (AHAs; AHA6, AHAS, and AHA9)
sustain pollen tube growth, as a triple mutant deficient in these
ATPases shows severe growth defects (Hoffmann et al., 2020).
In pollen tubes, reverse fountain cytoplasmic streaming has
been described where protons are exported at the shanks and
imported at the pollen tube tip. This movement of protons likely
is made possible by the presence of these plasma membrane H* -
ATPases in the shanks and their absence from the tip (Hoffmann
et al., 2020); (Figure 2B).

The first experiments pointing toward the involvement
of plasma membrane H*-ATPases in root hair growth were
performed with pharmacological inhibitors. Cyanide indirectly
inhibits plasma membrane H*-ATPases by depleting cytosolic
ATP (Lew and Spanswick, 1984), while vanadate competes
with phosphate at the catalytic site of P-type ATPases, leading
to direct inhibition of these pumps (Cantley et al, 1977;
Sze, 1984). Both compounds inhibit root hair initiation and
root hair growth (Bibikova et al., 1998). Even though these
compounds are not specific for plasma membrane Ht - ATPases,
the results suggest that root hair growth is ATP dependent
and is possibly carried out by P-type ATPases, a large family
of primary active pumps to which plasma membrane H™-
ATPases belong.

Of the 11 AHAs present in the Arabidopsis genome, AHA]I,
AHA2, AHA4, AHA5, AHA7, AHA9, and AHAIO are expressed
in root hairs (Moriau et al.,, 1999; Palmgren, 2001; Santi and
Schmidt, 2009; Mtodzinska et al., 2014). The presence of almost
all AHA isoforms in Arabidopsis root hairs suggests a high level
of redundancy. Functional redundancy of plasma membrane
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HT-ATPases has been reported previously in pollen tubes
where single aha6, aha8, and aha9 mutants show very mild
phenotypes, whereas a triple aha6 aha8 aha9 mutant is strongly
compromised in growth (Hoffmann et al., 2020).

Strong enrichment of AHA7 transcripts was reported in
Arabidopsis root hairs that was two orders of magnitude higher
in root hairs compared to other root cells (Lan et al., 2013).
Furthermore, in the hairless Arabidopsis mutant rhd2, AHA7
was 3.6-fold less abundant than in the wild type (Jones et al,
2006). Analysis of loss of function aha7 mutants in Arabidopsis
showed that the pump is important during special conditions
as the number of root hairs decreased under Fe (Santi and
Schmidt, 2009) and phosphate (Yuan et al., 2017) deficiency.
This would suggest that in Arabidopsis, AHA7 is involved in
the root hair initiation process under limiting conditions (Santi
and Schmidt, 2009). However, no significant changes in root
hair length and density could be observed in aha7 mutant lines
grown under control conditions. This suggests that at least under
normal conditions AHA7 serves a redundant function with
other plasma membrane HT-ATPases (FHoffmann et al., 2019).
AHA7 is unique among AHAs in that it is equipped with a
pH-sensitive loop exposed to the apoplastic side of the plasma
membrane, which inactivates the pump when the extracellular
pH dips below pH 6.0 through protonation of an acidic group
in the loop. Thus, proton export by AHA7 may be inhibited
when the apoplast is acidified to a certain extent and reactivated
as the apoplastic pH increases again. This could imply a
mechanism for generating pH oscillations during tip growth
(Hoffmann et al., 2019).

AHA2, a predominant plasma membrane HT-ATPase in
roots (Harper et al, 1990; Fuglsang et al., 2007), is also
expressed in Arabidopsis root hairs (Mlodzinska et al., 2014).
Loss of AHA2 does not alter root hair density under control
conditions but leads to increased root hair length, just like
the lack of both AHA2 and AHA7 (Hoffmann et al, 2019).
This phenotype is not likely to be due to overcompensation
from other AHAs, as application of the P-type ATPase inhibitor
vanadate at low concentrations (25 WM), which is sufficient to
inhibit AHAs (O’Neill and Spanswick, 1984; Regenberg et al.,
1995), also increases root hair length (Lin et al., 2015). As a
decreased proton motive force would be expected to reduce
nutrient uptake, stimulation of root hair growth in response
to reduced plasma membrane HT-ATPase activity could be
a developmental response to nutrient starvation. Previous
observations support this hypothesis as they show that low
availability of nutrients leads to longer root hairs (Bates and
Lynch, 1996; Schmidt et al., 2000; Lopez-Bucio et al.,, 2003;
Miiller and Schmidt, 2004).

Another puzzling observation is that in Arabidopsis root
hairs, both AHA7 and AHA?2 were equally distributed between
the shanks and the tip (Fuglsang et al., 2007; Mlodzinska et al.,
2014; Hoftmann et al, 2019); (Figure 1C), in contrast to the
distribution of plasma membrane H*-ATPases in pollen tubes,
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where they are absent from the extreme apex (Certal et al., 2008;
Hoffmann et al., 2020). The presence of the proton extruding
pumps at the apex seems to act against the described inside-
directed proton current at the tip.

It has been suggested that expansion of root hairs and
pollen tubes is driven by turgor pressure (e.g., Mendrinna
and Persson, 2015), and by energizing uptake of KT followed
by water, plasma membrane H¥-ATPase could play a role in
this process. However, in pollen tubes, the turgor pressure
was shown to remain unaltered in the aha6 aha8 aha9 triple
mutant when compared to the wild type despite a much
reduced growth efficiency (Hoffmann et al, 2020). Thus,
maybe other processes drive pollen tube extension, such as
cytoskeleton buildup. This does not rule out the possibility
that in root hairs plasma membrane H*-ATPases contribute
to a buildup of turgor pressure. However, if this is the case,
a reduced plasma membrane HT-ATPase activity would be
expected to lead to reduced tip growth, but the opposite
was observed in the aha2 aha7 double mutant in which the
root hairs are significantly longer compared to the wild type
(Hoffmann et al., 2019).

Control of Ht dynamics by FERONIA
and RALF

Phosphorylation of specific Thr and Ser residues within
the C-terminal regulatory domain of AHAs causes either
activation or inactivation of pump activity (Falhof et al., 2016;
Fuglsang and Palmgren, 2021); (Figure 3A). A number of plant
receptor-like kinases (RLKs) involved in this process have been
identified (Falhof et al., 2016), including FERONIA, a CrRLK1L
subfamily member. FERONIA binds members of a unique
peptide ligand family, RAPID ALKALINIZATION FACTOR
(RALF) (Haruta et al,, 2014). Following binding to the receptor
at the apoplastic side of the plasma membrane, Ca?* influx into
the cytoplasm is initiated, with one of the downstream effects
being inhibition of the plasma membrane H'-ATPase (Haruta
etal., 2014); (Figure 3B) and, as a consequence, alkalinization of
the apoplast.

In Nicotiana attenuata, silencing of the NaRALF transcript
by transformation with an inverted-repeat construct of RALF
results in plants with normal wild-type shoots but longer
roots and trichoblasts that evolve into abnormal root hairs
(Wu et al, 2007). The affected trichoblasts develop bulges
that expand into spherical structures that eventually burst.
The negative effect on growth is strongest at neutral pH (pH
6.8), whereas in a medium strongly buffered at a more acidic
pH (pH 5.5), root hair growth partially resembles that of the
wild type. Furthermore, silencing NaRALF results in slower
extracellular pH oscillations and reduced magnitude. These pH
oscillations are linked to the regulation of cell wall cross-linking,
which is related to the control of tip growth (Wu et al., 2007).
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Taken together, these observations demonstrate that RALF
has an important role in root hair development, and, since
its action is associated with the alteration of proton fluxes,
its effect may be linked to the inactivation of the plasma
membrane HT-ATPase.

A role for RALF signaling in root hair development was
confirmed recently following the isolation of an Arabidopsis
temperature-sensitive FERONIA mutant (fer-ts) (Kim et al,
2021). This mutant grows like the wild type at 20°C, but at
30°C, fer-ts seedlings are resistant to added RALF1 peptide
and do not develop root hairs. The mutant receptor carries
a G41S substitution in a highly conserved glycine residue in
the extracellular domain of the FERONIA receptor protein,
at a position distant from the peptide binding site. Thus, the
deficiency in root hair formation is probably not due to a loss of
RALFI binding as such but rather to impairment of FERONIA
(Kim et al., 2021).

Root hair phenotypes of the FERONIA and RALF
mutants are likely a result of crosstalk between different
signaling pathways that need not involve plasma membrane
H7T-ATPase at all. For example, the RALF1-FERONIA complex
phosphorylates a translation initiation factor, eIF4E1, which
regulates the synthesis of root hair proteins, e.g., a Rho
GTPase (ROP2) (Zhu et al, 2020) that controls root hair
initiation and tip growth (Jones et al, 2002) and the
transcription factor ROOT HAIR DEFECTIVE 6-LIKE 4 (RSL4)
that controls the expression of hundreds of genes in root
hairs (Yi et al, 2010). However, the effect of the RALF-
FERONIA complex on plasma membrane H*-ATPase and
its possible involvement in root hair growth control requires
further investigation.
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The big picture: How pH changes affect
ROS, Ca?*, and growth oscillations

Like pH, both apoplastic and cytoplasmic ROS and Ca?*
concentrations oscillate during root hair growth and are
considered to sustain root hair tip growth (Monshausen
et al., 2007); (Figure 1D). Mutants of RESPIRATORY BURST
OXIDASE HOMOLOG C (RBOHC)/ROOT HAIR DEFECTIVE
2 (RHD2) have short root hairs and are impaired in tip
growth (Foreman et al., 2003). The encoded RBOHC/RHD2
protein is an NADPH oxidase that localizes to the root hair tip
where it produces superoxide, which is converted to hydrogen
peroxide (H,03) (Foreman et al., 2003; Chapman et al,, 2019).
This results in a tip-focused ROS gradient in the elongating
root hair (Jones et al., 2007). This tip-focused ROS gradient
is hypothesized to regulate the cytoplasmic Ca®t dynamics
that control delivery by exocytosis of cellular material to the
tip and subsequent elongation (Foreman et al, 2003). ROS
act as signaling molecules in small amounts, but they may
cause cellular damage and cell death at higher concentrations
(Czarnocka and Karpinski, 2018). In pollen tubes, flavonols
were shown to prevent ROS from accumulating at damaging
levels during heat stress and thereby promote pollen tube
growth even at elevated temperatures (Muhlemann et al., 2018).
Consistent with flavonols acting as ROS scavengers, disrupting
flavonol synthesis in tomato (Solanum lycopersicum) leads to
higher levels of ROS in root hairs but also increased root
hair formation (Maloney et al, 2014). Root hair-producing
trichoblasts were shown to express ROS-producing enzymes and
accumulate high levels of ROS when compared to atrichoblasts
(Gayomba and Muday, 2020). Thus, the elevated levels of ROS
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might result in increased frequency of trichoblasts (Maloney
etal., 2014).

ROS production in the apoplast seems to correlate with a
cytosolic pH increase (Gonugunta et al., 2009), and an increased
cytosolic Ca?t concentration might promote ROS production
at the root hair tip (Zhang et al, 2017); (Figure 4). ROS
molecules are transported from the apoplast into the cytosol
through the PLASMA MEMBRANE INTRINSIC PROTEIN
(PIP) aquaporin, and this transport is inhibited by high
extracellular Ca?* levels and by low apoplastic pH (Byrt et al.,
2017); (Figure 4). Therefore, these results suggest an association
not only between Ca?* and ROS, but also between pH and ROS.

Oscillating ROS levels have been proposed to contribute to
a change in the active state of AHAs, and in this way ROS
could control apoplastic pH oscillations (Mangano et al., 2018).
However, plasma membrane HT-ATPases are quite insensitive
to ROS due to a conserved and buried cysteine residue in close
proximity to the pivotal aspartate that is phosphorylated in every
catalytic cycle (Welle etal., 2021). In Arabidopsis AHA2, this Cys
residue protects the pump from oxidation by ROS (Welle et al.,
2021). This observation argues against a role for ROS in directly
controlling plasma membrane H'-ATPase activities but does
not exclude the possibility that plasma membrane HT -ATPases
could be part of a mechanism that involves ROS.

However, an essential role of ROS oscillations in tip growth
is challenged by the observation that a simple increase of the
extracellular pH from 5 to 6 partly restored the short root
hair phenotype of the rhd2 mutant, which lacks a NADPH

10.3389/fpls.2022.949672

oxidase responsible for ROS production. How alkalinization
of the growth medium results in a restored phenotype is
unclear. Under these conditions, the mutant showed decreased
ROS accumulation but a normal tip-focused Ca®T gradient
(Monshausen et al., 2007), which was supposed to be modulated
by the localized accumulation of ROS. Thus, ROS may not
be essential for root hair development as such and Ca®*t
channels can be activated in another way than through
ROS accumulation.

As proposed for ROS, Ca®t ions function as secondary
messengers. High Ca?t levels trigger vesicle exocytosis and
thereby the delivery of the building material of the growing
root hair apex (Campanoni and Blatt, 2007). However, a direct
correspondence between CaZ™ oscillations, vesicle secretion,
and growth is not evident as the peak in Ca?t oscillations
follows the peak in growth rate (Monshausen et al, 2008);
(Figure 1D). A concerted effect of HT and Ca?t is like to
impact actin dynamics via Ca?T - and pH-sensitive actin binding
proteins such as actin-depolymerizing factor (ADF), gelsolin,
and villin (Ketelaar, 2013; Qian and Xiang, 2019). During CaZt
oscillations, Ca?T ions could be imported from the apoplast
or released from subcellular components (such as vacuoles and
the endoplasmic reticulum). The negatively charged pectins and
arabinogalactan are capable of binding Ca?* ions in the cell
wall (Tian et al., 2006; Lamport and Vérnai, 2013). Apoplastic
pH changes mediated by plasma membrane HT-ATPases might
regulate the release of Ca>* ions from the cell wall (Virk
and Cleland, 1988; Peaucelle et al., 2012); (Figure4). The
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Graphical illustration of how pH, ROS, and Ca** possibly interact with each other in root hairs. These hypothesized interactions are indicated
with dashed lines. In general, green represents pH, brown ROS, and blue Ca?* -related effects or proteins. Whether there are causative links

between H* and Ca?* fluxes remains to be investigated.
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removal of Ca?>* from the cytoplasm requires active transport,
which may be carried out by autoinhibitory P-type IIB Ca®™ -
ATPases (ACAs) or Ca?t/Ht antiporters (CAXs). Thus, HT
and Ca®T may act together in root hair tip growth. Whether
Ca?t influx precedes Ht influx (Behera et al., 2018) or Ca2t
influx is lagging behind Ht influx (Li et al, 2021) is still a
matter of debate in ion signaling and remains to be tested in
root hairs.

Conclusions and perspectives

The emergence of root hairs and their subsequent growth
coincide with changes in apoplastic and cytosolic pH, which
seem to involve dynamic changes in plasma membrane
HT-ATPase activity. However, there appear to be differences
with another tip-growing system, pollen tubes. In both systems,
proton influx at the apex and efflux at the shank is reported.
However, in root hairs, AHA2 and AHA7 proton pumps appear
to be equally distributed along the root hair plasma membrane,
whereas in pollen tubes a polar distribution of plasma membrane
HT-ATPases explains mechanistically how the proton circuit
can occur. We still do not understand why the cytosolic pH
gradient from tip to base in root hairs and pollen tubes is
apparently oriented in different directions. Moreover, it remains
to be investigated what role RALF and FERONIA play in
regulating plasma membrane H'-ATPase activity during root
hair development. Furthermore, the puzzling positive effect on
root hair growth exhibited by the aha2 aha7 double knockout
mutant compared to the negative effect of the aha6 aha8 aha9
triple knockout on pollen tube growth suggests the possibility
of an at least partially different mechanism for growth. The
pH changes involved in root hair growth are likely a result
of the crosstalk of several signaling pathways. As it stands, a
broader understanding of the effect of pH on root hair growth
and the role of plasma membrane HT-ATPases is required
to develop potential general models for tip growth in diverse
biological systems.
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