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pH biosensing in the plant apoplast - a focus on root cell elongation

Hortense Moreau, Sabine D. Zimmermann, Isabelle Gaillard and Nadine Paris

BPMP, Univ Montpellier, CNRS, INRAE, Montpellier SupAgro, Montpellier, France

Advances

- Genetically encoded pH sensors in the range of pH 5.5-8 have been designed and used to
monitor pH in living plant cells.

- Precise spatial localization of sensors can be achieved thanks to our increasing knowledge in
the targeting processes of proteins.

- High-definition imaging capabilities to detect fluorescence signals in living tissue are
available.

- Quantification of local absolute pH has been achieved.

Outstanding questions

- How far can we stretch the monitoring of proton exchange dynamics using fluorescent
sensors?

- How specific to pH are these biosensors?

- Are there subdomains in the apoplast with specific pH values?

- How can pH be monitored in the cell wall, especially in relation to the pectin methylation
status?

- How do plants perceive pH changes in the soil?
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The study of pH in cellular physiology is of primary importance to understanding its
involvement in a multitude of biological reactions. As plants are sessile organisms, they must
adapt to local environment factors such as light, temperature, atmospheric CO,, and humidity,
as well as soil characteristics, for which a knowledge of pH is essential. With respect to plant
nutrition, the soil pH affects the solubility, mobility and availability of minerals. While
several microelements like Al, Fe and Mn are more bioavailable and potentially toxic in
acidic soil (<pH 5.5), major nutrients such as P, K, and N become less bioavailable in these
conditions, causing nutrient deficiency (Ginocchio et al., 2009; Soti et al, 2015).
Furthermore, some membrane ion channels and transporters could be regulated by local
external acidic pH (Zeng et al., 2015). Finally, acidic soil represents 30% of the ice-free land

globally and is therefore a major constraint for most cultivated plants.

Understanding how external pH is perceived by roots is essential for plant physiology. Soil
pH is one of the many environmental conditions that affect nutrient availability (Maathuis,
2009). The ability to regulate pH is essential as it participates in the plasma membrane (PM)
proton-motive force generated by the activity of P-type H'-ATPases, which are the driving
force for the uptake of minerals by transporters and channels (Nelson, 1994). Moreover,
growth mechanisms such as cell elongation and expansion triggered by high intracellular
turgor pressure are controlled by pH (Rayle and Cleland, 1970). Although the monitoring of
proton concentrations in living tissue has greatly improved in the past two decades thanks to
fluorescent probes, our ability to accurately measure pH variations in an acidic range below
pH 5 remains challenging.

In this review, we provide an update on fluorescent pH probes available for live imaging, and
we report on various technical limitations induced by acidic pH. The most adapted sensors to

acidic pH are discussed in the context of pH perception in the apoplast in relation to cell
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elongation, with a special focus on primary root growth. Finally, we examine the potential for

genetically encoded fluorescent proteins in future studies.

Apoplastic pH is a master regulator of plant growth processes

In plants, the most acidic pH values reported so far in the endomembrane system correspond
to the lumen of the trans-Golgi network/early endosome (TGN/EE) and the vacuole (Bassil et
al., 2011; Martiniére et al., 2013; Luo et al., 2015; Dragwidge et al., 2019). Depending on the
approach, pH levels have been reported in the apoplast of elongating tissue in the range of
4.5-5.5, as shown recently in the apical meristem of Arabidopsis thaliana (Arabidopsis)
primary root (Barbez et al., 2017). Moreover, pH levels have been predicted to reach values
as acidic as 3.5 in soybean hypocotyls (Yu et al., 2000). Although the mechanisms underlying
the perception of external pH have been elucidated in detail for bacteria, fungi and
mammalian cells, little information is available on whether (and if so, how) external pH is
perceived by plants (Tsai and Schmidt, 2021).

Plant cells are surrounded by a cell wall that provides protection and rigidity, but which also
acts as an obstacle to cell elongation. Therefore, cell wall extensibility is required to
accommodate cell expansion driven by turgor pressure. Early plant physiology research
looked at how the cell wall could loosen itself in order to allow cell elongation, resulting in
the “acid growth” theory (Rayle and Cleland, 1970). Since the 1970s, a stunning amount of
data has been obtained, primarily in epicotyls or hypocotyls, resulting in the emergence of cell
elongation models in which the plant hormone auxin plays a central role. Much progress has
been made in our understanding of the molecular mechanisms of auxin signal transduction as
well as the basic machinery involved in its directional distribution (Du et al., 2020). One of
the central responses of auxin is the activation of the PM H'-ATPase upon phosphorylation of

its penultimate Thr, resulting in an efflux of protons (Takahashi et al., 2012). This
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acidification modifies the activity of cell wall enzymes including expansins, xyloglucan
endotransglycosylases/hydrolases, and pectin methylesterases that in turn affect cell wall
extensibility. Increased proton secretion leads to the hyperpolarization of the PM that ensures
solute and consequently water uptake, both of which are required to maintain turgor pressure

for cell elongation (Arsufti and Braybrook, 2018; Du et al., 2020).

The acid growth theory in the specific context of the primary roots

In comparison to the hypocotyl, where pH dynamics after gravi-stimulation have been clearly
reported using genetically encoded pH indicators (Fendrych et al., 2016), the primary root tip
model is far more complex (Figure 1A). This structure is composed of the root cap with its
protective cuticle (Berhin et al., 2019); the meristem, separated from the elongation zone by a
transition zone whose position and maintenance determine the final root size; and the
elongation and maturation zones, where most of the ion uptake from the soil takes place,
through the root hairs. In Arabidopsis, the meristem sets its final size 5 days after germination,
when a dynamic equilibrium is established between cell division and cell differentiation
(Pacifici et al., 2015). At the organ scale, proton flux is a complex phenomenon with two
proton-efflux zones at the level of the root cap and the elongation zone, while in the meristem
and the transition zone, protons are taken up by the root (Collings et al., 1992; Staal et al.,
2011). Even more complex, dynamic recordings of pH have demonstrated that growth is a
discontinuous process associated with pulses of acidification, as clearly shown at the organ
level in roots (Monshausen et al., 2011) as well as the cellular level in root hairs (Monshausen
et al., 2007). The acid growth theory is more controversial regarding the root tissue, and it is
important to differentiate root growth from cell elongation. Recent studies on distal
meristematic root cells indicate that high concentrations of auxin induce a transient

alkalinization of the apoplast followed by acidification, but only after several hours (Barbez et
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Figure 1: Schematic representation of a primary root apex with the different
published fluorescent sensors for the apoplast.

A. The different zones of the root, from the apex to the maturation zone.

B. A detailed transverse section of the maturation zone with the plasma
membrane-anchored pHluorin, PM-Apo. This sensor is detected down to the stele
in living root, and reveals an acidic pH gradient in the apoplast that extends from
the surface to the stele. PM-Apo reports pH close to the plasma membrane and is
insensitive to short-term changes in membrane polarization (Martiniére et al.,
2018). Epi: epidermis; Cor: cortex; End: endodermis; St: stele.

C. A detailed longitudinal section of the epidermis in the transition zone, with pH
biosensors in various subdomains of the apoplast, including the “unstirred layer”
and the cell wall. PM-Apo, PM-Apo(bis) and PM-Apo(ter) are PM-anchored
sensors; pHluorin is fused to a transmembrane domain and a linker of variable
length. SYP122-pHusion is a chimera of the PM SNARE SYP122 and pHusion
(Kesten et al., 2019). CBD: cellulose-binding domain (Fasano et al., 2001).
At5g11420-FP is an uncharacterized cell wall protein with unknown fine
localization (indicated as ‘") that is fused to fluorescent proteins (FP) (Stoddard
and Rolland, 2019). Apo-pHluorin is a freely diffusing form of pHluorin.

104 al, 2017). In contrast, cell elongation is altered when the endogenous auxin response is
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impaired by genetic approaches. These data confirm a complex role of auxin in root growth,
most likely in relation to its local concentration.

Plant roots must constantly adjust their growth and development to the local constraints of a
changing soil environment. Peptide hormones play numerous physiological roles during root
development (Hsiao and Yamada, 2021), and one emerging model of apoplastic pH regulation
involves two hormone peptides that have antagonistic actions on H*-ATPase activity. The
acidifying plant peptide PSY1 contains sulfated tyrosine 1 and interacts with the receptor
kinase PSY1R to trigger phosphorylation of the auto-inhibitory loop of H*-ATPase (Amano et
al., 2007; Fuglsang et al., 2014), while the rapid alkalinization factor RALF binds the
Catharanthus roseus RLK1-LIKE cell receptor kinase FERONIA, indirectly leading to
inhibition of H'-ATPase (Pearce et al., 2001). Interestingly, while directly activating the H'-
ATPases and promoting cell elongation, PSY1 also induces the transcription of RALFs. This
in turn triggers a response cascade involving an obligatory increase in cytosolic calcium,
resulting in the inactivation of H-ATPase and consequently apoplast alkalinization and
inhibition of cell elongation (Gjetting et al., 2020). This negative feedback mechanism could
act as a switch to control cell elongation, but it remains to be determined how and where
RALF affects the PSY1 response. The availability of genetically encoded biosensors sensitive
to acidic pH would clearly benefit this field of research, as well as help to understand the
physiological significance of the rapid responses to auxins that were observed in plants but

are too fast (i.e. less than two minutes) to be transcriptional in nature (Dubey et al., 2021).

Apoplastic pH regulation in roots upon biotic interaction

Regarding the interaction with microorganisms, little is known about cell wall-related sensing

and the downstream mechanisms involved in growth and defense responses, although several
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reports have shown apoplast pH to be involved in these responses. For example, in
Arabidopsis, the Pseudomonas syringae type III effector protein AvrB induces stomatal
opening through RPMI-interacting protein 4, a negative regulator of plant immunity, by
inducing the PM H'-ATPases AHA1 and AHA2 (Liu et al., 2009). The activation of AHA1
and AHA?2 results in a hyperpolarization of the PM that initiates activation of the voltage-
dependent channels, including inward rectifying K" channels. This entry of positive charges
into the cell leads to water flux into the vacuole, resulting in guard cell turgidity and the
consequent opening of the ostioles.

The chitin of the fungus Serendipita (Piriformospora) indica has also been described to
induce alkalinization in the leaf apoplast (Felle et al., 2009). Recent work has highlighted that
alkalinization of the apoplast is not the rule in terms of pathogen response, since rapid
apoplastic acidification has been observed in Arabidopsis roots in response to the
fungus Fusarium oxysporum (Kesten et al., 2019). In this example, fungal hyphae first attach
to the root surface before penetrating between cells and growing toward the xylem, where the
fungus can proliferate throughout the plant. In the xylem, this fungus secretes proteins named
Secreted In Xylem, which serve to evade plant defense responses. Using a genetically
encoded fluorescent sensor exposed within the root apoplast, the authors could follow the
changes in apoplastic pH in real-time, finding that the Arabidopsis root epidermis responds
with a strong acidification of the apoplast after 5 min of contact. The infection facilitation

mechanism, which was attributed to an unknown secreted molecule that counteracts the

alkalinization effect of chitin present in the elicitor mix, is mediated by phosphorylation-

based proton pump activation. This acidification in turn triggers a reduction in cellulose
synthesis that surprisingly leads to root growth reduction (Kesten et al., 2019).
The more global impact of acidic pH in the soil is also illustrated by transcriptomic studies on

Arabidopsis roots (Lager et al., 2010). Indeed, 881 genes were differentially expressed after 8
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h of exposure to acidic pH media (pH 4.5-6.5). These pH-regulated genes cluster with
transcriptional responses to defense-related hormones (e.g. salicylic acid, auxins and
jasmonate) involved in the cell wall machinery and in calcium signaling. In contrast, no
synergy of treatments was found on pH-induced genes compared to the effect of IAA (idole-
3-acetic acid) or flagellin, supporting the hypothesis that pH acts as a signal for gene
expression regulation. Altogether, pH plays an essential role in the tight interaction between
plants and soil and beneficial microorganisms (Msimbira and Smith, 2020), underlying the

importance of precisely monitoring pH within plant tissues and apoplastic environments.

Organization of primary root apoplast and the emerging role of pectin methylation in

cell elongation

The apoplast is the space outside of the PM where water, ions and nutrients can freely diffuse.
Structurally, the apoplast includes the cell wall, the intercellular space and the xylem-lumen
space. Among the major ions, the level of protons in the apoplast is strictly maintained to
energize numerous membrane transport processes and, in turn, to allow long-distance
transport of nutrients within the plant. Depending on the plant species and tissue explored, pH
values have been reported in the range of 3.5-8.3 in the apoplast (Yu et al., 2000). In growing
cells, the primary wall is composed of strong, stable, and inextensible cellulose microfibrils
embedded in a matrix of polysaccharides, the pectins and hemicelluloses (Figure 1C). The
current “biomechanical hotspot” model proposes that cellulose fibrils are connected together
by a xyloglucan-cellulose amalgam with limited enzymatic accessibility (Cosgrove, 2016). In
addition, a major role has recently been proposed for pectins, whose degree of
methylesterification could control the chemistry and rheology of the cell wall (Wolf and
Hofte, 2014; Haas et al., 2020). Since the activity of pectin methylesterases is controlled by

pH, they are proposed to participate in a pH regulation loop (Majda and Robert, 2018; Hocq
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et al.,, 2021); additionally, they could be required for acid growth by local, spatial and
temporal fine-tuning of the pectin methylesterification status (Hocq et al., 2017). The
necessity of local and transient acidification of the cell wall is also supported by the fact that
some enzymes with a major role in the acid growth response have an acidic pH optimum.
This is the case for expansin, a key enzyme in cell wall remodeling, which has a maximal

activity at pH ~4 (Cosgrove, 1998).

Available fluorescent probes in the acidic pH range

Initially, pH measurements in Arabidopsis or maize roots were performed with H'
microelectrodes developed in the 1970s (Miller and Gow, 1989; Peters and Felle, 1999; Staal
et al., 2011). Although H' microelectrodes are capable of monitoring proton fluxes, they are
difficult to manipulate and suffer from low spatial resolution. In contrast, fluorescent sensor
measurements can be used to investigate the steady state amounts of free protons in a given
position. The use of fluorescent molecules to monitor pH in living tissues has dramatically
expanded in the past 5 years, due in part to technical advances in microscopy that have much
greater sampling capabilities. Fluorescent biosensors can be organic compounds or proteins
targeted specifically to the chosen subcellular location thanks to trafficking signals, i.e.
peptidic motifs/domains that are sufficient to address a protein to a given subcellular
localization. Here, we will present a selection of the most appropriate fluorescent molecules
for monitoring pH in the acidic range, describe their advantages and limitations, and finally
discuss strategies regarding how to expand the panoply of biosensors for pH.

Fluorescence is a process by which a molecule that is excited by high-energy light (i.e. a short
wavelength) emits photons at a lower energy (i.e. a longer wavelength). An electron excited
by an external source such as a laser moves from a ground state to an excited electronic
singlet state (S17). After a lag time of several picoseconds to nanoseconds (i.e. the lifetime),

the excited electrons regain their fundamental equilibrium state (SO) and release their stored
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Figure 2: Schematic excitation spectra
associated with the various types of pH
biosensors used in plants.

Hypothetical spectra are presented to
illustrate the effect of pH on the protonated
and deprotonated forms of a fluorochrome
compared to the spectra at pKa (solid line),
based on the assumption that fluorescence
intensity increases for pH values above the
pKa (dashed line) and decreases for pH
lower than the pKa (dotted line). The
anionic deprotonated state [R+H'] is
progressively converted to a protonated
state [R-H] as pH decreases. Excitation
wavelengths, Ex, Exl and Ex2, are
indicated for each spectra as ideal
wavelengths for either providing pH
information (A) or generating a ratiometric
pH titration curve (B to D) with Ex2
corresponding to the wavelength with
higher pH sensitivity to pH compared to
Ex1. Titration curves are obtained by
plotting the fluorescence ratio Ex2/Ex1 as
a function of applied pH that, in these
examples, will increase with pH increase.
(A) Mono-excitation mono-emission type
of spectra as for fluorescein. (B and C)
Dual-excitation mono-emission spectra as
for BCECF and Oregon Green, with Ex1 at
the isosbestic point (B) or pHluorin, with
two peaks with opposite sensitivity to pH
(C). (D) Mix or fusion of two biosensors
with  mono-excitation  mono-emission
spectra, but with high (green) or low
(orange) sensitivity to pH, as for pHusion.

204  energy as emitted photons. The difference between the maxima excitation and the emission

205  energy (wavelength) is known as the Stokes shift. This phenomenon can be affected by the
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physicochemical parameters of the environment (Abbyad et al., 2007). In the case of
fluorescent probes used for pH measurements, the fluorochrome contains aromatic cycles
with several T bonds that participate in the fluorescence emission. When the pH increases, the
neutral protonated state is progressively converted to an anionic deprotonated form, and in the
case of pH-dependent fluorochromes, the absorption properties of these two forms differ
between each other in the range of visible light. These optical properties are exploited with
imaging techniques to study the local pH that is limited to the range of pH around the pKa of
the fluorophore, i.e. the pH value at which half of the molecules are in a protonated state
(Figure 2A).

The preeminent dye in this ratiometric mode is fluorescein and its numerous derivatives.
Fluorescein was discovered and synthesized by Adolf Von Baeyer at the end of the nineteenth
century (Heimann and Wolf, 2007). It presents good absorptivity, fluorescence quantum yield
and solubility, and its intricate fluorescent properties are highly sensitive to pH (pKa=6.4). An
impermeant version of fluorescein coupled to dextran was used to measure external pH in
close vicinity of Arabidopsis roots, revealing pH values in the range of pH 5.2-6.2
(Monshausen et al., 2009; Monshausen et al., 2011). A derivate, fluorescein isothiocyanate
(FITC) coupled with dextran, was successfully used to measure apoplastic pH in Vicia faba
leaves (pH 5.2) and roots (pH 4.8) (Miihling and Sattelmacher, 1995; Miihling et al., 1998).
Unfortunately, FITC alone does not penetrate tissues well, and requires pressure to be
infiltrated or loaded through a long-term transpiration flux into leaves, which causes cell
stress and modification of the basal pH value (Yu et al., 2000). Furthermore, fluorescein has
known photobleaching issues, and part of its fluorescence is lost below pH 7, making it
unusable for acidic pH measurements.

Another fluorescent probe derived from fluorescein is 2',7'-bis-(2-carboxyethyl)-5-(and-6)-

carboxyfluorescein (BCECF). This probe has a pKa around 7 and a pH-dependent emission

11
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spectrum with a “shoulder” (Figure 2B) that allows a ratiometric pH measurement
independent of the molecule’s concentration (Table 1). In its membrane-permeable form,
BCECF-acetoxymethyl ester (BCECF-AM) enters and accumulates within the vacuole, where
it is used to measure luminal pH in the range of 5.7 to 5.9 in Arabidopsis root tips or in
mature roots (Krebs et al., 2010; Martiniére et al., 2013a). Oregon Green (OG) dye is another
bimodal excitation-single emission probe. This fluorinated analog of fluorescein has a highly
useful range of pH measurement in the acidic range (pH 2.5-5.5). In its cell impermeant form,
OG 488 has been used to study apoplastic pH in living tissue (Table 1).

Finally, the bimodal excitation mono-emission probe 8-hydroxypyrene-1,3,6-trisulfonic acid
(HPTS) is a ratiometric fluorescent probe (Figure 2B) capable of functioning in weakly acidic
environments (Table 1). HPTS has a pKa of 7.3, and its membrane impermeant properties

make it useful for monitoring pH in the root apoplast when correlating auxin signaling with

cell elongation and in response to gravitropism (Barbez et al., 2017).

Tool pH range | Organism/localization | Physiological processes Ref.
Arabidopsis Apoplastic transient acidification (Bibikova et al.,

NERF and root/apoplast at root hair hair initiation 1998)

3::; erleriixture 3-6 L.angustifolius root Response to high pH and to (Yuetal.,
elongation different sources of nitrogen 2001)
zone/apoplast supply.

Arabidopsis root and Native luminal vacuolar pH (Krebs et al.,
tobacco maintained by V-ATPase activity. | 2010)
BCECE-AM 3:3-8:5 epidermis/vacuole Luminal pH gradient and protein (Martiniere et
trafficking to vacuole. al., 2013a)
Arabidopsis root Auxin concentration—dependent (Barbez et al.,
transition and role in apoplastic pH regulation 2017)

HPTS 575 maturation con‘qollin‘g cell expansion and

zone/apoplast gravitropic response.
Apoplastic pH estimation in (Martiniére et
maturation zone. al., 2018)
Cellulose Arabidopsis Rapid apoplastic pH acidification (Fasano et al.,
binding domain root/cellulosic cell wall | in root cap in response to 2001)
2.5-5.5 N

(CBD)-Oregon gravitropism.

Green
ViciafabaL. Apoplastic alkalinization is (Geilfus et al.,
leaf/apoplast involved in stomatal closure in 2015)

Oregon Green-

dextran 2.5-5.5 . ' response to salt stress. o
Arabidopsis root (Martiniere et
maturation Apoplastic pH measurement. al., 2018)

12
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| | zone/apoplast | |

Table 1: Examples of fluorescent probes that have been used to monitor pH in plant acidic
environments.

Alternatively, a mix of two cell membrane-impermeant dyes with different pKa values (and
therefore different sensitivities to pH) can be used to monitor pH in a dual excitation/double
emission mode (Figure 2D). This is the case for NERF-CI fluorescent rhodol dye (pKa 3.8)
and Texas Red Dextran (pKa 7.8), which were used to monitor local pH oscillations in root
hair apoplasts associated with development (Bibikova et al., 1998), as well as in elongation of

L. angustifolius root epidermal cells in response to alkaline pH (Yu et al., 2001).

Genetically encoded pH biosensors compatible with acidic pH

The array of available genetically encoded fluorescence sensors has dramatically increased in
the past 5 years, opening up many possibilities for in vivo pH studies. Since its first use as a
gene reporter (Chalfie et al., 1994) and the removal of a cryptic intron by Jim Haselhoff, the
Aequorea victoria green fluorescent protein (GFP) and its derivatives have been widely used
in plants. After translation and proper folding of the GFP, the fluorophore is self-generated by
cyclization and oxidation of residues 65 through 67 (Ser-Tyr-Gly), forming a hydroxyphenyl
ring (Wachter, 2007). Wild type GFP has a bimodal excitation profile (Figure 2C), with
optima at 395 nm and 475 nm corresponding to the protonated and deprotonated forms,
respectively. This feature was exploited to develop efficient ratiometric pH-sensitive versions,
including the sensor pHluorin (Miesenbock et al., 1998). The pHluorin sensor and its
ratiometric equivalent At-pHluorin (ratioGFP) are sensitive to pH in the range of 5.5-8 (Gao
et al., 2004; Schulte et al., 2006), and have been used to monitor steady-state pH in various
cellular subcompartments of the cell, resulting in several breakthroughs in plant physiology

(Table 2, green).

pH Organism/localizati
range on

Tool

Physiological processes Ref.
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271
272
273
274
275
276
277
278
279
280
281
282
283
284

285

Arabidopsis and Regulation of luminal pH in (Martiniére
tobacco relation to vacuolar protein et al.,
epidermis/lumen of transport. 2013a)
secretory organelles
pHluorin 5.5-8
Arabidopsis root (Martiniere
maturation Transmembrane pH gradient and etal.,
zone/apoplast ion uptake. Radial apoplastic pH 2018)
gradient.
. . Apoplastic pH alkalinization in root
ratioGFP 5.6-7.8 AT differentiating cells in response to (Cao e el
root/apoplast 2004)
salt stress.
.. Arabidopsis Proton dynamics upon ABA | (Waadt et
facly i e root/cytosol treatment. al., 2020)
Arabidopsis root pH alkalinization in response to (Gjetting et
elongation auxin in root. al., 2012)
. zone/apoplast
ApopHusion | 4.5-7 Hypocotyl/apoplast pH acidification is mediated by the | (Fendrych
tIR1/AFB-Aux/IAA auxin et al.,
perception. 2016)
SYP61- Arabidopsis Role of V-ATPase in pH' ' (Luo et al.,
Sl 4.5-7 hypocotyl/TGN/EE homeostasis in TGN/EE in relation | 2015)
to secretion and recycling.
SYFP122- Arabidgpsis root pH acidiﬁcation involved in the (s
. 4.5-7.5 elongation regulation of growth/defense
pHusion . . al., 2019)
zone/apoplast balance in response to biotic stress.

Table 2: Examples of available genetically encoded fluorescent proteins for actual or potential
use in taking pH measurements in the acidic range. Green: single molecule with ratiometric
pH properties. Purple: tandem-based pH sensor.

Although red versions of pH-sensitive fluorescent proteins have been reported (Tantama et
al., 2011; Li and Tsien, 2012; Shen et al., 2014), their sensitivity is limited to pH 6.
Furthermore, to our knowledge, only A-17, a derivative of pHuji, has been tested in the plant
cytoplasm (Waadt et al., 2020) (Table 2, green).

Tandems of fluorescent proteins with different pKa, and therefore different pH sensitivities,
are another strategy that can be applied to generate genetically encoded pH sensors. For
instance, the fusion of mRFP1 (pKa=4.5) with eGFP (pKa=6.15), named pHusion, has a pKa
of 5.8 and allows a slightly improved pH sensibility in the acidic range when compared to
pHluorin (Gjetting et al., 2012) (Table 2, purple). The tandem pHusion has already been
successfully targeted to the apoplast in a freely diffusing form, and more recently it was

anchored in the PM to monitor the real-time response to Fusarium oxysporum fungal

infection in roots (Kesten et al., 2019). Despite the ability of pHluorin and pHusion to monitor
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pH in plants, their pH restrictions within the acidic range limit them to physiological events

occurring at a pH no lower than 4.5-5.

Potential and limitation of genetically encoded pH sensors

The apoplast is a complex environment with a cell wall structure, as detailed in the transition
zone of the root in Figure 1C. Depending on the probe, the value of the apoplastic pH will
need to be interpreted in the context of the corresponding subregion from which it comes. One
of the main advantages of genetically encoded pH sensors is the nearly infinite possibility of
their targeting to a given subcellular site. In the case of the apoplast, several engineered
fusions have already been shown to efficiently report pH in roots. To monitor pH in close
proximity to the PM, several previous studies anchored pH sensors using either a
transmembrane domain (PM-Apo) together with a long or extra-long linker (PM-Apo(bis) and
PM-Apo(ter), respectively) for pHluorin (Martini¢re et al., 2018), or they were fused to a
SNARE SYP122 (SYP122-pHusion) (Kesten et al., 2019). Membrane-anchored sensors, as
opposed to their equivalent released in the apoplast (Gjetting et al., 2012; Martinicre et al.,
2018), do not diffuse away from the root. In addition, pH from cell layers below the surface is
accessible. This has been shown with PM-Apo, in which pH can be monitored in each cell
layer up to the central cylinder of the root, providing access to the apoplastic pH radial

gradient in the mature portion of living roots (Figure 1B).

Freely diffusing sensors, such as HPTS, Apo-pHluorin and ApopHusion, have the potential to
label the entire cell wall (Figure 1C). In practice, HPTS poorly penetrates the space between
the root epidermal cells (Martini¢re et al., 2018), whereas ApopHusion diffuses away from
the apoplast (Gjetting et al., 2012). While the features that allow a probe to penetrate the cell
wall are difficult to predict, this ability depends in part on the cell wall pores, whose size (30-

50 A; Carpita et al., 1979) may vary with the degree of pectin methylation (Willats et al.,
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2001). To circumvent the lack of retention in sensors over time, cell wall-targeting can be
used as previously shown with a cellulose-binding domain tagged with Oregon Green (Fasano
et al., 2001); potentially, this could also be accomplished with an uncharacterized cell wall

protein fused to fluorescent proteins (Stoddard and Rolland, 2019).

To convert fluorescence ratios into pH values, a calibration curve must be produced using the
emission ratio obtained after excitation at two wavelengths, in which the dynamic of change
for the excitation profiles sufficiently differs due to pH (see Ex1 and Ex2 in Figure 2B-D).
The pH calibration of genetically encoded fluorescent sensors can be achieved either in Situ or
in vivo (Martiniére et al., 2013b). In situ calibration uses a sensor produced from the bacteria
Escherichia coli that is purified and mixed with different pH buffers. This recombinant
protein can also be used for extensive spectrofluorometry characterization of the sensor under
highly controlled conditions. Indeed, this technique has been used to investigate the
sensitivity of pHluorin to various ionic or redox environments (Martiniére et al., 2013a). This
in situ calibration is a fast method, taking 10 to 15 min from frozen aliquot of purified sensor
to results and can be repeated as many times as needed during the confocal session with the
exact same settings used to observe the plant samples. Unfortunately, in Situ calibration does
not address any of the physicochemical parameters inherent to the sample that could
potentially affect the fluorescence ratio and therefore the pH measurements. This issue can be
addressed by comparing the in situ value with that obtained from in vivo calibration methods.
Essentially, this consists in a direct treatment of the plant sample expressing the sensor with a
sufficient buffering capacity in the presence of a protonophore such as nigericin (Grillo-Hill
et al., 2014) or a weak acid (Kesten et al., 2019), so as to ensure an equilibrium between the
intracellular compartments and the bulk. The time required for equilibration can vary from a
few minutes (Keinath et al., 2015) to an hour (Martiniére et al., 2018) or even longer, and

must be determined empirically. It must be noted that the physiological impact of pH
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clamping on the original in vivo environment of the sensor remains unknown. Whichever
calibration method is chosen, it is important to keep in mind that it may affect the
measurements. For these reasons, most studies refer to relative changes in pH rather than

absolute pH.

Future perspectives and challenges

The tandem strategy that was successfully used for pHusion could very well be extended to
proteins with low pKa (Table 3). Among the large variety of available fluorescent proteins,
only a few have physical properties (Benc¢ina, 2013) that make them suitable for monitoring

pH in the acidic range (Shinoda et al., 2018).

Tool pKa Orgamsr(r)ll/llocahzatl Tolerance to acidic pH Ref.
. pH4/pH8  fluorescence intensity
Turquoise2 pKa3.1 64%
mNeonGreen | pKa 5.7 pH4/pH8  fluorescence intensity
* 0,
Tobacco epidermal IS)IZ-If/pH8 fluorescence intensity Slt(;)ddard
Gamillus pKa3.4 | cell/cell wall 69% Rolland,
pH4/pH8  fluorescence intensity | 2019)
TagRFP pKa3.8 589
pH4/pHS  fluorescence intensity
mCherry pKa<4.5 48%

Table 3: Example of fluorescent proteins with low pKa that are functional in the plant
endomembrane system that could be used to monitor pH in the acidic range.

To test this possibility, 10 fluorescent proteins with low pKa were chosen and targeted either
to the cytosol or the apoplast, and their in vivo fluorescence properties were examined in
tobacco epidermal cells (Stoddard and Rolland, 2019). In addition to their proper targeting to
the apoplast, half of them responded well to bulk pH in vivo, ranked here from lowest to
highest pKa: Turquoise2, Gamillus, TagRFP, mCherry, and mNeonGreen. In particular,
mTurquoise2 and mCherry show efficient recovery after pH 4 treatments in vivo (Table 3).

As a proof of concept, the tandem pH-lemon, a fusion of mTurquoise2 with the FRET

acceptor EYFP, was utilized in human cells, where it was reported to cover in vitro a pH
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range of 3-7 (Burgstaller et al., 2019). For a deeper understanding of apoplastic variations
with regard to cell elongation, future work will need to target acidic tolerant pH sensors to
cell wall polymers, as was done previously with CBD (Fasano et al., 2001). The chitosan
oligosaccharide (COS) has been used to label mainly demethylated polysaccharide
homogalacturonan (Mravec et al., 2014). A fusion of COS with Oregon Green could
potentially provide a way to investigate local pH variation in pectin, in the cell wall. The
recent design of biosensors allowing the direct visualization of auxin distribution in living
tissues (Herud-Sikimi¢ et al., 2021) illustrates our potentially infinite ability to design sensors
for highly specific purposes. Fluorescence-lifetime imaging microscopy (FLIM) can also be
used to measure pH when a higher temporal resolution is needed, since it only uses a single
excitation wavelength. This method, which is insensitive to laser changes or fluorochrome
concentration, exploits the fact that the fluorescence lifetime of a fluorochrome is affected by
pH (including within the acidic range) (Lin et al., 1999). These features have led to the
successful use of FLIM to monitor pH in living tissue (Lin et al., 2003; Linders et al., 2021).

The PM is now viewed as a heterogenous environment, where the formation of protein
platforms is an essential step in plant responses to the environment (Bayle et al., 2021). In
addition, technical advances in fluorescence microscopy allowing super-resolution live
imaging at the subcellular scale (Shimizu et al., 2021) can be used to demonstrate the extreme
dynamics of membranes. Future challenges will certainly involve integrating these fine
plasticity dimensions in our pH sensor approaches. The ability to target tandem-based sensors
with the appropriate range of pH detection at a given subcellular location will most likely
result in very exciting research aimed at further connecting pH information with key

mechanisms of plant responses to the environment.
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