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Abstract

Calcium ion (Ca?*) and protons (H*) are both regarded as second messengers, participating in plant
growth and stress mechanisms. However, H* signals in plant physiology are less well investigated
compared to Ca?* signals. If interconnections between these two second messengers exist remains
to be uncovered because appropriate imaging tools to monitor Ca?* and H* simultaneously in the
same cell as well as accurate bioinformatics analysis remain to be developed. To overcome this
problem and unravel the role and possible interconnection of Ca?* and H* in plants, a new
biosensor named CapHensor was developed and optimized to visualize intracellular Ca?* and H*
changes simultaneously and ratiometrically in the same cell. The CapHensor consisted of an
optimized green fluorescent pH sensor (PRpHIluorin) and an established red fluorescent Ca?*
sensor (R-GECOL) that were combined in one construct via a P2A sequence. A P2A self-cleavage
site between the two sensors allowed to express equal amounts but spatially separated sensors,
which enabled artifact-free and ratiometric imaging of cellular Ca?* and pH side-by-side. The
function of the CapHensor was verified in pollen tubes, since they possess standing Ca?* and pH
gradients. We found better imaging quality and the signal-to-noise ratio to be enhanced in live-cell
imaging when two R-GECO1 proteins were fused in tandem within the CapHensor construct. To
guarantee exclusive subcellular localization and avoid mixed signals from different compartments,
Nuclear Export Sequence (NES) and Nuclear Localization Sequence (NLS) were used to target
PRpHIuorin and R-GECOL1 to distinct compartments. After optimization and verification its
function, CapHensor was successfully expressed in different cell types to investigate the role of
Ca?" and H* signals to control polar growth of pollen tube, stomatal movement or leaf defense

signaling.

Results obtained in the past indicated both Ca?* gradients and pH gradients in pollen tubes play
roles in polar growth. However, the role and temporal relationship between the growth process
and changes in Ca?* and pH have not been conclusively resolved. Using CapHensor, | found
cytosolic acidification at the tip could promote and alkalization to suppress growth velocity in N.
tabacum pollen tubes, indicating that cytosolic H* concentrations ([H*]cyt) play an important role
in regulation pollen tubes growth despite the accompanied changes in cytosolic Ca?*
concentrations ([Ca®*Jeyt). Moreover, growth correlated much better with the tip [H*]eyt regime

than with the course of the tip [Ca?*]c,: regime. However, surprisingly, tip-focused [Ca?*]cyt and



[H]eyt oscillations both lagged behind growth oscillations approximately 33 s and 18 s,
respectively, asking for a re-evaluation of the role that tip [Ca®*]c,: may play in pollen tube growth.
Live-cell CapHensor imaging combined with electrophysiology uncovered that oscillatory
membrane depolarization correlated better with tip [H*]e oscillations than with tip [Ca®* eyt
oscillations, indicative for a prominent role of [H*]cy: to also control electrogenic membrane
transport. Using CapHensor, reading out cellular movement at the same time enabled to provide a
precise temporal and spatial resolution of ion signaling events, pointing out a prominent role of
[H*]eyt in pollen tube tip growth.

For leaf cells, a special CapHensor construct design had to be developed, containing additional
NES localization sequences to avoid overlapping of fluorescense signals from the nucleus and the
cytosol. Once this was achieved, the role of Ca?* and pH changes in guard cells, another typical
single-cell system was investigated. Cytosolic pH changes have been described in stomatal
movement, but the physiological role of pH and the interaction with changing Ca?* signals were
still unexplored. Combining CapHensor with the here developed technique to monitor stomatal
movement in parallel, the role of Ca** and H* in stomatal movement was studied in detail and
novel aspects were identified. The phytohormone ABA and the bacterial elicitor flagellin (flg22)
are typical abiotic and biotic stresses, respectively, to trigger stomatal closure. What kind of Ca?*
and H* signals by ABA and flg22 are set-off in guard cells and what their temporal relationship
and role for stomatal movement is were unknown. Similar [Ca?*]cy: increases were observed upon
ABA and flg22 triggered stomatal closure, but [H"]eyr dynamics differed fundamentally. ABA
triggered pronounced cytosolic alkalization preceded the [Ca2*]cy responses significantly by 57 s
while stomata started to close ca. 205 s after phytohormone application. With flg22, stomatal
closure was accompanied only with a mild cytosolic alkalization but the [Ca®*]cy response was
much more pronounced compared to the ABA effects. Where the cytosolic alkalization originates
from was unclear but the vacuole was speculated to contribute in the past. In this thesis, vacuolar
pH changes were visualized by the dye BCECF over time, basically displaying exactly the opposite
course of the concentration shift in the vacuole than observed in the cytosol. This is indicative for
the vacuolar pH dynamics to be coupled strongly to the cytosolic pH changes. In stomatal closure
signalling, reactive oxygen species (ROS) were proposed to play a major role, however, only very
high concentration of H.O> (> 200 uM), which resulted in the loss of membrane integrity, induced

stomatal closure. Unexpectedly, physiological concentrations of ROS led to cytosolic acidification



which was associated with stomatal opening, but not stomatal closure. To study the role of [H*]cyt
to steer stomatal movement in detail, extracellular and intracellular pH variations were evoked in
N. tabacum guard cells and their behaviour was followed. The results demonstrated cytosolic
acidification stimulated stomatal opening while cytosolic alkalization triggered stomatal closure
accompanied by [Ca?*]cy: elevations. This demonstrated pH regulation to be an important aspect
in stomatal movement and to feed-back on the Ca?*-dynamics. It was remarkable that cytosolic
alkalization but not [Ca®"]cy increase seemed to play a crucial role in stomatal closure, because
more pronounced cytosolic alkalization, evoked stronger stomatal closure despite similar [Ca®*]cyt
increases. Increases in [Ca®*]eyt, which are discussed as an early stomatal closure signal in the past,
could not trigger stomatal closure alone in my experiments, even when extremely strong [Ca2*]cyt
signals were triggered. Regarding the interaction between the two second messengers, [Ca?*]eyt
and [H']cyt were negatively correlated most of the times, which was different from pollen tubes
showing positive correlation of [Ca®*Jeyt and [H*]eyt regimes. [Ca®*]ey elevations were always
associated with a cytosolic alkalization and this relationship could be blocked by the presence of
vanadate, a plasma membrane H™-pump blocker, indicating plasma membrane H*-ATPases to
contribute to the negative correlation of [Ca?*]et and [H*]eyr. To compare with guard cells,
cytosolic and nuclear versions of CapHensor were expressed in N. benthamiana mesophyll cells,
a multicellular system | investigated. Mesophyll cell responses to the same stimuli as tested in
guard cells demonstrated that ABA and H20> did not induce any [Ca**]ey: and [H*]ey: changes while
flg22 induced an increase in [Ca?*]cyt and [H*]eyt, which is different from the response in guard
cells. I could thus unequivocally demonstrate that guard cells and mesophyll cells do respond
differently with [Ca?*]cyt and [H*]cyt changes to the same stimuli, a concept that has been proposed

before, but never demonstrated in such detail for plants.

Spontaneous Ca?* oscillations have been observed for a long time in guard cells, but the function
or cause is still poorly understood. Two populations of oscillatory guard cells were identified
according to their [Ca?*]cyt and [H*]cy: phase relationship in my study. In approximately half of the
oscillatory cells, [H*]cyt oscillations preceded [Ca®']cyt oscillations whereas [Ca?*]et Was the
leading signal in the other half of the guard cells population. Strikingly, natural [H*]cy: oscillations
were dampened by ABA but not by flg22. This effect could be well explained by dampening of
vacuolar H* oscillations in the presence of ABA, but not through flg22. Vacuolar pH contributes
to spontaneous [H*]cy: oscillations and ABA but not flg22 can block the interdependence of natural



[Ca?]eyt and [H']eyt signals. To study the role of [Ca?*]cy: oscillations in stomatal movement,
solutions containing high and low KCI concentrations were applied aiming to trigger [Ca?*]eyt
oscillations. The triggering of [Ca?*]cy: oscillations by this method was established two decades
ago leading to the dogma that [Ca*]ey: increases are the crucial signal for stomatal closure.
However, | found stomatal movement by this method was mainly due to osmotic effects rather
than [Ca®']ey: increases. Fortunately, through this methodology, | found a strong correlation
between cytosolic pH and the transport of potassium across the plasma membrane and vacuole
existed. The plasma membrane H*-ATPases and H*-coupled K™ transporters were identified as the
cause of [H*]cyt changes, both very important aspects in stomata physiology that were not
visualized experimentally before. Na* transport is also important for stomatal regulation and leaves
generally since salt can be transported from the root to the shoot. Unlike well-described Ca?*-
dependent mechanisms in roots, how leaves process salt stress is not at all understood. | applied
salt on protoplasts from leaves, mesophyll cells and guard cells and combined live-cell imaging
with Vi, recordings to understand the transport and signaling for leaf cells to cope with salt stress.
In both, mesophyll and guard cells, NaCl did not trigger Ca?*-signals as described for roots but
rather triggered Ca?* peaks when washing salt out. However, membrane depolarization and
pronounced alkalinization were very reliably triggered by NaCl, which could presumably act as a
signal for detoxification of high salt concentrations. In line with this, | found the vacuolar cation/H*
antiporter NHX1 to play a role in sodium transport, [H"]et homeostasis and the control of
membrane potential. Overexpression of AtNHX1 enabled to diminish [H*]cy: changes and resulted
in a smaller depolarization responses druing NaCl stress. My results thus demonstrated in contrast
to roots, leaf cells do not use Ca?*-dependent signalling cascades to deal with salt stress. | could

show Na* and K* induced [H*]cyt and Vm responses and CI- transport to only have a minor impact.

Summing all my results up briefly, I uncovered pH signals to play important roles to control pollen
tube growth, stomatal movement and leaf detoxification upon salt. My results strongly suggested
pH changes might be a more important signal than previously thought to steer diverse processes
in plants. Using CapHensor in combination with electrophysiology and bioinformatics tools, 1
discovered distinct interconnections between [Ca®*]cyt and [H*]cyt in different cell types and distinct
[Ca?*]eyt and [H*]cyt signals are initiated through diverse stimuli and environmental cues. The
CapHensor will be very useful in the future to further investigate the coordinated role of Ca?* and
pH changes in controlling plant physiology.



Zusammenfassung

Kalziumionen (Ca®") und Protonen (H*) werden beide als Botenstoffe angesehen, die am
Pflanzenwachstum und an Mechanismen zur Stressbewdltigung beteiligt sind. In der
Pflanzenphysiologie sind H+-Signale jedoch im Vergleich zu Ca?*-Signalen weniger gut
untersucht. Die Frage, ob zwischen diesen beiden Botenstoffen Zusammenhange bestehen, muss
noch geklért werden, da geeignete bildgebende Verfahren zur gleichzeitigen Aufzeichnung von
Ca?" und H* Signalen sowie eine genaue bioinformatische Analyse noch entwickelt werden
mussen. Um dieses Problem zu (berwinden und die Rolle und mdglichen Zusammenhang von
Ca2*" und H* Signalen in Pflanzen zu entschliisseln, wurde ein neuer Biosensor namens CapHensor
entwickelt und optimiert, um intrazelluldre Ca?*- und H*-Veranderungen gleichzeitig und
ratiometrisch zu untersuchen. Der CapHensor bestand aus einem optimierten grin
fluoreszierenden pH-Sensor (PRpHIuorin) und einem etablierten rot fluoreszierenden Ca?*-Sensor
(R-GECO1), die uber eine P2A-Sequenz in einem Konstrukt kombiniert wurden. Eine sogenannte
P2A-,self-cleavage site” zwischen den beiden Sensoren ermoglichte die Expression gleicher
Mengen, aber rdumlich getrennter Sensoren, was eine artefaktfreie und ratiometrische Darstellung
von zelluldarem Ca?* und pH nebeneinander erméglichte. Die Funktion des CapHensors wurde in
Pollenschlauchen verifiziert, da diese einen standigen Ca?*- und pH-Gradienten aufweisen. Wir
stellten fest, dass die Qualitat der Bildaufnahmen und das Signal-Rausch-Verhéltnis bei der
Bildgebung in lebenden Zellen verbessert wurden, wenn zwei R-GECO1-Proteine innerhalb des
CapHensor-Konstrukts translational fusioniert wurden. Um eine ausschliel3liche zytosolische
Lokalisierung zu gewéhrleisten und gemischte Signale aus verschiedenen Kompartimenten zu
vermeiden, wurden sogenannte ,,Nuclear Export Sequence* (NES) und die ,,Nuclear Localization
Sequence* (NLS) verwendet, um PRpHIluorin und R-GECOL1 in unterschiedlichen Kompartimente
zu lokalisieren. Nach der Optimierung und Uberpriifung seiner Funktionsweise wurde CapHensor
erfolgreich in verschiedenen Zelltypen exprimiert, um die Rolle von Ca?*- und H*-Signalen bei
der Kontrolle des polaren Wachstums von Pollenschlduchen, die Stomabewegung oder

Abwehrmechanismen der Blatter zu untersuchen.

Die in der Vergangenheit erzielten Ergebnisse deuten darauf hin, dass sowohl der Ca®*-Gradient
als auch der pH-Gradient in Pollenschlduchen eine Rolle beim polaren Wachstum spielen, wobel

dem Ca?*-Gradient zum Teil die Hauptrolle zugesprochen wird. Die Rolle und die zeitliche



Beziehung zwischen dem Wachstumsprozess und den Verinderungen von Ca?* und pH sind
jedoch noch nicht abschlieBend geklart. Mit Hilfe von CapHensor fand ich heraus, dass eine
zytosolische Ansduerung an der Spitze die Wachstumsgeschwindigkeit in N. tabacum-
Pollenschlduchen fordern und eine Alkalisierung die Wachstumsgeschwindigkeit unterdricken
kann, was darauf hindeutet, dass die zytosolische H*-Konzentration ([H*]cyt) trotz der damit
einhergehenden Veranderungen der zytosolischen Ca?*-Konzentration ([Ca?*]ey) eine wichtige
Rolle bei der Regulierung des Wachstums von Pollenschlduchen spielt. AuRerdem korrelierte das
Wachstum viel besser mit dem [H*]ey-Verlauf an der Spitze als mit dem Verlauf des [Ca?*]eyt-
Signals. Uberraschenderweise hinkten jedoch sowohl die [Ca?*]e- als auch die [H']ey
Oszillationen an der Spitze den Wachstumsoszillationen um etwa 33 s bzw. 18 s hinterher, so dass
die Rolle von [Ca?*]¢yt an der Spitze fiir das Wachstum des Pollenschlauchs neu bewertet werden
muss. Die CapHensor-Bildgebung an lebenden Zellen in Kombination mit Elektrophysiologie
ergab, dass die oszillierende Membrandepolarisation besser mit den [H*]cy-Oszillationen an der
Spitze korrelierte als mit den [Ca?*]c,i-Oszillationen, was darauf hindeutet, dass [H*]y: auch eine
wichtige Rolle bei der Kontrolle des elektrogenen Membrantransports spielt. Mit Hilfe des
CapHensors und dem gleichzeitigen Auslesen der Zellbewegungen konnte eine prézise zeitliche
und rdaumliche Auflésung der Ereignisse erzielt werden, was auf eine herausragende Rolle von

[H*]eyt beim Wachstum der Pollenschlauchspitze hinweist.

Fir den Einsatz des CapHensors in Blattzellen musste ein spezielles CapHensor-Konstrukt
entwickelt werden, das zusatzliche NES-Lokalisierungssequenzen enthielt, um eine Uberlappung
der Fluoreszenzsignale aus dem Zellkern und dem Zytosol zu vermeiden. Nachdem dies erreicht
war, wurde die Rolle von Ca?*- und pH-Anderungen in SchlieRzellen, einem gut beschriebenen
Einzelzellsystem, untersucht. Verdnderungen des zytosolischen pH-Werts wurden bei der
Bewegung von Stomata in friheren Studien beschrieben, aber die physiologische Rolle dieser
Veranderungen und die Interaktion mit sich verandernden Ca?*-Signalen waren noch unerforscht.
Der Einsatz von CapHensor zusammen mit der von mir entwickelten Technik zur parallelen
Erfassung der Stomatabewegung hat unser Verstandnis der Rolle von Ca?" und H* bei der
Stomatabewegung erheblich verbessert. Das Phytohormon ABA und der bakterielle Elicitor
Flagellin (flg22) sind typische abiotische bzw. biotische Stressfaktoren, die das SchlielRen der
Stomata auslésen. Welche Art von Ca?*- und H*-Signalen in den SchlieBzellen durch ABA und

flg22 ausgeldst werden und in welchem zeitlichen Zusammenhang sie stehen und welche Rolle sie
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fir die Bewegung der Stomata spielen, war bisher unbekannt. Bei der durch ABA und flg22
ausgeldsten SchlieBung der Stomata wurde ein Anstieg von [Ca?*]y: beobachtet, aber die Dynamik
von [H*]et unterschied sich grundlegend und zeigte eine andere Dynamik. ABA I6ste eine
ausgepragte zytosolische Alkalisierung aus, die der [Ca?*]cy-Antwort um 57 s deutlich vorausging,
wéhrend die Spaltéffnungen erst ca. 205 s danach anfingen zu schliessen. Bei Flg22 ging das
Schliel3en der Spaltoffnungen nur mit einer leichten zytosolischen Alkalisierung einher, aber die
Ca?*-Reaktion war im Vergleich zur ABA-Reaktion viel ausgepragter. Woher die zytosolische
Alkalisierung stammt, war unklar, aber in der Vergangenheit wurde spekuliert, dass die VVakuole
dazu beitragt. In dieser Arbeit wurden vakuolare pH-Anderungen mit Hilfe des Farbstoffs BCECF
uber die Zeit verfolgt, wobei die Konzentrationsverschiebung in der Vakuole im Grunde
genommen genau den umgekehrten Verlauf aufwies als im Zytosol beobachtet. Dies deutet darauf
hin, dass die Dynamik des vakuolaren pH-Wertes stark an die Anderungen des zytosolischen pH-
Wertes gekoppelt ist. Aus der Literatur ist bekannt, dass reaktive Sauerstoffspezies (ROS) bei der
Signalgebung flr das SchlieRen der Stomata eine wichtige Rolle spielen. Als ich jedoch definierte
H2>02-Mengen auf die Zellen applizierte, fiihrten nur unphysiologosch hohe H2O2-Konzentrationen
(> 200 pM), die zu einem Verlust der Membranintegritat fihrten, zum SchlieBen der Stomata.
Unerwarteterweise fuhrten physiologische Konzentrationen von ROS zu einer Ansdauerung des
Zytosols, die mit der Offnung der Stomata, aber nicht mit der SchlieBung der Stomata in
Verbindung gebracht wurde. Um die Rolle von [H*]cy: bei der Steuerung der stomatéren Bewegung
im Detail zu untersuchen, wurden extrazellulare und intrazellulare pH-Anderungen in N. tabacum-
SchlieRzellen hervorgerufen um deren Verhalten bei pH-Anderungen zu untersuchen. Die
Ergebnisse zeigten, dass eine zytosolische Ansauerung die Offnung der Stomata stimuliert,
wéhrend eine zytosolische Alkalisierung die SchlieBung der Stomata auslost, begleitet von einem
Anstieg von [Ca?*]cyt. Dies beweist, dass die pH-Regulierung ein wichtiger Aspekt der stomatéren
Bewegung darstellt und auf die Ca?*-Dynamik einwirkt. Bemerkenswert war, dass die zytosolische
Alkalisierung und nicht der Ca?*-Anstieg eine entscheidende Rolle bei der SchlieBung der Stomata
zu spielen schien, da eine stirkere zytosolische Alkalisierung trotz eines ahnlichen [Ca?]eyt -
Anstiegs eine starkere SchlieRung der Stomata hervorrief. Erhdhungen von [Ca?*]ey, die in der
Vergangenheit als frihes Stomataschliefungssignal diskutiert wurden, konnten in meinen
Experimenten den StomataschluR nicht allein ausldsen, selbst wenn extrem starke Ca?*-Signale

ausgeldst wurden. Was die Interaktion zwischen den beiden Botenstoffen anbelangt, so waren
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[Ca?]eyt und [H*]eyt meist negativ miteinander korreliert, was sich von den Pollenschlauchen
unterschied, die eine positive Korrelation zwischen [Ca®*']ey: und [H']ey: aufwiesen. Ca?'-
Erhohungen waren immer mit einer Alkalisierung des Zytosols verbunden, und diese Beziehung
konnte durch die Anwesenheit von Vanadat, ein H*-Pumpen Blocker blockiert werden, was darauf
hindeutet, dass die H*-ATPasen der Plasmamembran zu der negativen Korrelation von [Ca® eyt
und [H*]ey beitragen. Im Vergleich zu den CapHensor-Reaktionen bei SchlieBzellen wurden
zytosolische und Zellkern-lokalisierende Versionen von CapHensor in Mesophyllzellen von N.
benthamiana, einem von uns untersuchten multizellulédren System, exprimiert. Die Reaktionen der
Mesophyllzellen auf die gleichen Stimuli wie bei den Schlie3zellen zeigten, dass ABA und H20>
keine Veranderungen von [Ca®ey und [H*]eyt hervorrufen, wahrend flg22 einen Anstieg von
[Ca?]eyt und [H*]eye bewirkt, der sich von der Reaktion in SchlieBzellen unterscheidet. Damit
konnte ich eindeutig nachweisen, dass SchlieB- und Mesophylizellen in Bezug auf [Ca?*]ey- und
[H*]ei-Anderungen sehr unterschiedlich auf dieselben Stimuli reagieren, ein Konzept, das zwar

schon friher vorgeschlagen, aber noch nie so detailliert fir Pflanzen nachgewiesen wurde.

Ein Phanomen, das seit langem in Schlief3zellen beobachtet wird, dessen Funktion oder Ursache
aber noch nicht verstanden ist, sind regelmiaBige Ca?*-Oszillationen, die spontan auftreten.
Interessanterweise wurden zwei Populationen von oszillierenden SchlieRzellen anhand ihrer
[Ca?]ey- und [H*]ey-Phasenbeziehung identifiziert. Bei etwa der Halfte der oszillierenden Zellen
gingen die [H*]ey-Oszillationen den [Ca?*]¢,-Oszillationen voraus, wahrend in der anderen Halfte
der SchlieBzellenpopulation [Ca?*]e,: das vorangehende Signal war. Auffallend ist, dass die
natlirlichen [H*]cyi-Oszillationen durch ABA gedampft wurden, nicht aber durch flg22. Dieser
Effekt lasst sich gut durch die Dampfung der vakuolaren H*-Oszillationen in Gegenwart von ABA
erklaren, aber nicht durch flg22, das ich mit BCECF sichtbar gemacht habe. Es zeigte sich, dass
sowohl der vakuolare pH-Wert zu spontanen [H*]ei-Oszillationen beitragt als auch, dass ABA,
nicht aber flg22, den Zusammenhang der natiirlichen [Ca?*Jeyi- und [H*]ey-Signale blockieren kann.
Um die Rolle der [Ca®"]e-Oszillationen bei der Bewegung der Stomata zu untersuchen, wurden
Lésungen mit hohen und niedrigen KCI-Konzentrationen verwendet, um [Ca?*]¢y-Oszillationen
auszuldsen. Das Auslésen von Ca?*-Oszillationen nach dieser Methode wurde in Studien vor zwei
Jahrzehnten etabliert, und die Ergebniss daraus haben zu dem Dogma gefiihrt, dass der Anstieg
von [Ca*]e: das entscheidende Signal fiir die SchlieRung von Stomata ist. Ich habe jedoch
herausgefunden, dass die Bewegung der Stomata mit dieser Methode hauptséchlich auf osmotische
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Effekte und nicht auf die Auswirkungen der [Ca?*]e-Erhéhungen zuriickzufiihnren waren.
Glucklicherweise fand ich mit dieser Methode heraus, dass es eine starke Korrelation zwischen
dem zytosolischen pH-Wert und dem Kaliumtransport uber die Plasmamembran und die Vakuole
gibt. Die H™-ATPasen der Plasmamembran und die H'-gekoppelten K*-Transporter wurden als
Ursache fir die pH-Anderungen identifiziert, beides sehr wichtige Aspekte in der
Stomaphysiologie, die zuvor nicht experimentell sichtbar gemacht werden konnten. Der Transport
von Natriumionen (Na*) ist fur die Regulierung der Stomata und der Adaption von Bléattern bei
Salzstress wichtig, da Salz von der Wurzel zum Spross transportiert werden kann. Im Gegensatz
zu den gut beschriebenen Ca?*-abhangigen Na*-Transportmechanismen in den Wurzeln ist
Uberhaupt nicht bekannt, wie Blatter Salzstress verarbeiten. Ich habe Salz auf Protoplasten von
Blattern, Mesophyllzellen und Schiel3zellen appliziert und ,Live-Cell-Imaging” mit
Aufzeichnungen der Membranspannung kombiniert, um den Transport und die
Signalreizweiterleitung bei Salzstress in Bléttern zu verstehen. Sowohl in Mesophyll- als auch in
SchlieRzellen 16ste NaCl keine Ca?*-Signale aus, wie sie fiir Wurzeln beschrieben wurden, sondern
flihrte beim Auswaschen von Salz zu [Ca?*]¢y-Transienten. Eine Membrandepolarisation und eine
ausgepragte Alkalisierung wurden jedoch sehr zuverlassig durch NaCl ausgel6st, was vermutlich
als Signal fur die Entgiftung von hohen Salzkonzentrationen dienen kénnte. Im Einklang damit
konnte ich zeigen, dass der vakuoldre Kationen/H™-Antiporter NHX1 eine Rolle beim
Natriumtransport, der zytosolischen pH-Homd@ostase und der Kontrolle des Membranpotenzials
spielt. Die Uberexpression von AtNHX1 ermdglichte es, [H*]ey-Verdnderungen zu vermindern
und fiihrte zu einer geringeren Depolarisationsreaktion unter NaCl-Stress. Meine Ergebnisse
zeigen somit, dass Blattzellen im Gegensatz zu Wurzeln keine Ca?*-abhingigen Signalkaskaden
nutzen, um mit Salzstress umzugehen, und ich konnte zeigen, dass Na* und K* die [H"]¢yt- und

Membranspannungs-Reaktionen auslst und der Cl-Transport nur einen geringen Einfluss hat.

Zusammenfassend habe ich festgestellt, dass pH-Signale eine wichtige Rolle bei der Kontrolle des
Wachstums von Pollenschlduchen spielen, sowie bei der Bewegung der Stomata und der
Entgiftung der Blatter durch Salz beteiligt sind. Meine Ergebnisse deuten stark darauf hin, dass
pH-Anderungen ein wichtigeres Signal fiir die Steuerung verschiedener Prozesse in Pflanzen sein
konnten als bisher angenommen. Durch den Einsatz des CapHensors in Kombination mit
elektrophysiologischen und bioinformatischen Methoden konnte ich feststellen, dass in
verschiedenen Zelltypen unterschiedliche Zusammenhange zwischen [Ca?*]cy: und [H*]cyt bestehen
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und dass unterschiedliche [Ca**Jey- und [H*]ey-Signale durch verschiedene Stimuli und
Umweltreize ausgelost werden. Der CapHensor wird in Zukunft sehr natzlich sein, um die
koordinierte Rolle von Ca?*- und pH-Anderungen bei der Steuerung der Pflanzenphysiologie

weiter zu untersuchen.



1 Introduction

1.1 Stresses in plants

Plants as sessile organisms live in constantly dynamic environments facing abiotic stresses such
as drought, salinity and biotic stresses like pathogen attack. These major environmental stresses
result in economic loss because of reduction in yield and food security. Improving plants resistance
to stress is a major goal to promote agricultural productivity and environmental sustainability.
Hence, how plants sense different stresses and initiate processes to adapt to the environment are
fundamentally important questions, but many scientific questions remain unresolved. Answering

those would help to identify signaling mechanisms for targeted breeding programs in the future.

1.1.1 Drought stress

With global warming, water consumption for agriculture is estimated to rise continuously, already
over 70 % of the fresh water worldwide is used in agriculture nowadays 1. Under drought stress,
increasing ion concentrations triggers osmotic effects in plants. Therefore, plants need to re-
establish the osmotic equilibrium to survive under drought stress. Ca?*-permeable channels have
been proposed to be activated by mechanical forces under osmotic stress, which contributes to
transient cytosolic Ca®* ([Ca?*]qyt) increases 2. Several proteins responsible for sensing osmotic
stress have been identified recently. For instance, OSCA1 which localizes at the plasma membrane
was identified as a putative hyper-osmotic sensor responsible for [Ca?*]cy: increases during osmotic
stress 4. Besides osmotic effects, abscisic acid (ABA), a phytohormone associated with drought
stress, has been extensively reported to steer plant responses to low water availability >,
1.1.2  Salt stress

Salinity is one of the most severe global problems limiting crop production and land usage . Over
6 % of the world’s land area ® and more than 20 % of the irrigated lands are affected by salinity *°.
A better understanding of the mechanisms how plants adapt to high-salinity stress could help

researchers develop appropriate approaches to enhance crops performance.

High salinity is commonly mimicked by applying high salt (NaCl) concentrations resulting in three
adaptive processes including cellular osmotic stress, ionic stress and secondary stresses to
accomplish salt detoxification in plants 2. Osmotic stress functions as the primary signal and

triggers compatible osmolyte synthesis to maintain stability of cellular structures and protein



functions %112, The osmolytes which are accumulated under salt or osmotic stress include sugars
like sucrose and mannitol, charged metabolites including proline and ions such as K* and Na* %2,
High concentration of Na* and CI- are both regarded as toxic ions for plants °. The classic Salt
Overly Sensitive (SOS) pathway, described to counteract salt stress was demonstrated to involve
Ca?*-signaling. High cytosolic Na* loads are thought to trigger [Ca®*]¢y: increases which activate
Salt Overly Sensitive 1 (SOS1) a plasma membrane Na*/H* exchanger to export Na* out of the

cytosol or to sequester Na* into the vacuole through Na*/H* antiporters at the tonoplast %4,

1.1.3 Pathogen stress
Plants have conserved microbial molecules-detecting receptors to perceive potentially harmful
microbes in terms of conserved microbe or pathogen-associated molecular patterns (MAMPS or
PAMPs). Perception of the elicitors consequently initiates a sequence of defense responses to
trigger innate immunity *>¢. Knowledge about the mechanisms of plants dealing with various
pathogen elicitors will provide the possibility to develop strategies to cope with pathology

problems of plants in the context of agriculture.

Summary

Even though plants handle with the complex environmental conditions via integrated or
overlapping signaling pathways, they ultimately need to balance plant growth and establishment
of defense and detoxification. Some of these response pathways share common features such as
Ca?* oscillations, pH effects and/or ROS homeostasis, which function as ‘second messenger’ in
many abiotic and biotic stresses 7. However, species and cell types dependent differences in
defense strategies and/or in the sources of signals exist to regulate the developmental processes
1819 some of them, however, received less attention in the past. In plants, typical single-cell
systems such as pollen tubes and guard cells are used to investigate the signaling pathways with
distinct features because physiological parameters like cell motion can be quantified particularly
well. However, plants react to stresses on the multicellular level, and it is essential to understand
how plants cope with multi-changing information by coordinating second messenger systems on
organ level. It is thus important to investigate common, but also different signaling pathways on
the single-cell level for instance in pollen tubes and guard cells and compare them with
multicellular systems like mesophyll cells to understand the mechanisms of information processing

in plants in general. The role of ion signaling has already been discovered through work on single



cell systems, but how exactly Ca?* and pH signaling control plant responses in these cells or at the

organ level is still poorly understood, especially how both signals are interconnected.

1.2 Generation of [Ca%**]cyt and [H*]cy: signals

1.2.1 Generation of [Ca®*]cyt signals
Ca?* functions as a universal second messenger in many stress responses such as osmotic stress,
drought, salt and pathogen infections. [Ca®"]cy: is maintained approximately at 100-200 nM while
Ca2" in intracellular organelles and the appoplast is in the millimolar range 2%%%, It is known that
transient Ca®" increases may be elicited by various stimuli and these are sensed by Ca?*-binding
proteins including Ca?*-dependent protein kinases (CDPKs or CPKs), calmodulins (CaMs), CaM-
like proteins (CaMLs or CMLs), and the CBL (calcineurin B-like proteins)/CIPK (CBL-interacting
protein kinases) system 2227 to either directly (CPKs) or indirectly (CBL/CIPK, CAM) relayed the
information encoded by the Ca?* signal. [Ca®*]eyt dynamics with different frequency, duration or
amplitude are thought to encode distinct physiological outputs, which are known as “Ca?*
signatures” 2832, The ability of specific cell types or tissues to relay direct Ca?* signals into defined
responses primarily depends on the cellular localization, concentration and Ca2* binding affinity
of signaling components, which can sense and convert Ca®* signatures into specific outputs 3.
[Ca?*]cyt homeostasis is regulated by Ca?* influxes via Ca?*-permeable channels as well as Ca®*

effluxes through Ca?*-ATPases and Ca?*/H* transporters 343

1.2.1.1 Influx of Ca?*

Many Ca?*-permeable channels or transporters exist in different cellular membranes in order to
regulate [Ca®"]cyt homeostasis 342 (Fig. 1) based on their expression profiles. According to the
activation mechanisms, Ca?* permeable channels can be divided into voltage-dependent, ligand-
gated and stretch-activated Ca?* channels %345, These different activation mechanisms are
thought to shape Ca®* fluxes to generate different Ca?" signatures to regulate physiological
activities in plants 31254446 (Fig. 1). Hyperpolarization-activated Ca?*-permeable channels in the
plasma membrane were identified to regulate intracellular Ca?* concentration 34’48 such as
sustained Ca?* influx upon ABA administration *84°. Cyclic nucleotide-gated channels (CNGCs)
and glutamate receptor-like channels (GLRs) are typical ligand-gated cation channels that received

considerable attention as important regulators of Ca?* fluxes. CNGC18 was implicated to regulate



apical growth of pollen tubes by maintaining tip-focused [Ca?*]eyt gradient *°. CNGC4, CNGC11
and CNGC12 have been identified to function in response to pathogens °°? while GLR1.1 in
Arabidopsis regulated ABA biosynthesis 3. Stretch-activated Ca?* channels are related to pressure

or mechanical changes. Mechanical sensing channels were identified in guard cells to be permeable
to Ca2+ 4,45,54-56

1.2.1.2 Efflux of Ca?

To avoid toxic effects of high [Ca?*]¢y and to maintain standing [Ca?*]¢y: gradients in pollen tubes,
[Ca?*]cyt needs to be maintained at low concentration via Ca?* efflux ®’. The coordinated regulation
of the cellular extrusion systems is still not fully understood. P-type Ca?*-ATPases and Ca®*/H*
antiporters are two main systems identified so far to extrude Ca?* from the cytosol 4% (Fig. 1).

Ca?*-H* Antiporters

In Arabidopsis, 6 putative Ca®**/H* antiporters (CAXs) were proposed to regulate Ca?* but also
other cation homeostasis *°42°8%0 Ca?*/H* antiporters were reported to have high-affinity low
capacity of Ca?" efflux to establish [Ca®"]eyt levels in the nanomolar range ** (Fig. 1). However,
members of CAXs express in different tissues and function differently upon stresses >, For
instance, the cax3 mutant was more sensitive to salt and low pH whereas no phenotype was
observed in the caxl mutant *®. This might result from differential expression of CAX1 and
CAX3 because the former mainly expresses in leaves while the latter prominently expresses in

roots °,

Ca?*-ATPases

Ca?*-ATPases are the major Ca®" efflux way to regulate [Ca®*]c,t homeostasis by pumping Ca?*
out of the cytosol to the apoplast and/or organelles >"6* (Fig. 1). In contrast to Ca?*/H* antiporters,
Ca?*-ATPases display low-affinity but high capacity of Ca?* efflux *. Arabidopsis P-type Ca®*-
ATPases were classified as PIIA Ca?*-ATPases and PIIB Ca?*-ATPases %6182 PJIA Ca?*-
ATPases include 4 genes in Arabidopsis and locate at the endoplasmic reticulum (ER) and
endosomes named ECA1-4, but their contribution to [Ca?*]c,: homeostasis is largely unknown.
PIIB type Ca?* pumps are also named autoinhibited Ca?* ATPases (ACAs) (Fig. 1) with variable
localizations °” such as the ER (ACA2) %3, vacuolar membrane (ACA4 and ACA11) ®, plasma
membrane (ACA7-10, 12 ,13) %7 just to name a few. When calmodulin binds to the regulatory

domain of ACAs, the autoinhibitory domain is relieved to subsequently activate the pump .



1.2.2 Generation of [H*]cyt Signals

Although Ca?* as a second messenger is widely accepted, [H*]cyt as a second messenger is still
controversially discussed . In plants, the cytosol is around pH 7-8 while the appoplast and the
vacuole are acid about pH 5-5.5 %%t The mobility of H* within the cell is high, for Ca?* it is much
lower and thus the role of H* in plants upon stresses is probably different from Ca?* 872, [H*]ey,
in other words cytosolic pH is manipulated by various processes including H* transport across
membranes, cytosolic buffering and H* consumption or release through metabolisms %7273 (Fig.
1). [H*]eyt homeostasis was important in plant physiology such as apical growth 477, However,
the demonstration of [H*]cy: to function as a second messenger in plants and which molecular
components participate in [H*]cyt homeostasis remain to be uncovered. Potential mechanisms such
as H* efflux via H*-ATPases and H*-PPases %" or H* influx through proton transporters 48082
await to be ascertained (Fig. 1).

1.2.2.1 Efflux of H*

The H*-ATPases as well as H"-PPases at the vacuolar membrane are characterized to build up and
maintain the apoplastic, cytosolic and vacuolar pH by ATP-driven H* pumping 878798 Pplasma
membrane H™-ATPases are electrogenic ion pumps that extrude H* from the cytosol thereby
hyperpolarizing the plasma membrane 84 Given the electrochemical gradients of H*, plasma
membrane H*-ATPases are regarded as important regulators for plant growth, and have recently
been characterized in pollen tubes 61878 Although the structure of these pumps has been
revealed and genetic evidence has been provided /"%, the redundancy of plasma membrane H*-
ATPases makes it difficult to clearly identify their specific functions since 12 autoinhibited H*-
ATPases (AHAs) were found in Arabidopsis *°. The single loss-of-function mutant of the major
AHAs ahal or aha2 grew normally whereas the double knockout mutant was lethal %92, As most
chemical inhibitors are not specific for plasma membrane H*-ATPases, the physiological roles of
plasma membrane H-ATPases remain to be uncovered. AHA expression levels depend on cell
types, for example AHAGB-9 specifically express in pollen tube while AHAL, 2, 5 highly express
in guard cells 78393,

1.2.2.2 Influx of H*

Except H* efflux out of the cytosol via H*-ATPases or H*-PPases, various transporters such as
cation/H" antiporters (CAXs, NHXs or CHXs), H*/CI- symporters and other H*-coupled

transporters were identified to use the pH gradient across the plasma membrane and the vacuolar
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membrane while changing H* homeostasis 4% (Fig. 1). Because the H*-pumps constantly pump
H* out of the cytosol, H™-coupled transporters result in either a temporary charge imbalance
leading to a transient membrane potential change or do compensate intracellular pH gradients until
the new equilibrium is obtained. For example, SOS1, a Na*/H" antiporter in the plasma membrane
and NHX1 in the vacuolar membrane play a critical role by exporting Na* out of the cytosol by
using the H*-motive force %!, Ca?*/H* antiporters (CAXs) and K*/H* antiporters (CHXs) were
identified or speculated to regulate [H*]c,t homeostasis 3>4261.% Some genetic evidence as well as
modeling approaches have been provided to show the existence of cation/H™ antiporters in plants
35429798 put cation/H* transporters function to regulate cytosolic pH is rarely discussed (Fig. 1).
How H* co-transporters are coordinated along with the H*-ATPases to regulate physiological

processes while maintaining pH homeostasis awaits to be characterized in the future.
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Figure 1. Main components for [Ca?*]eyt and [H*]eyt homeostasis in plant cells.

A scheme of [Ca*]c and [H*]ey: homeostasis through channels, transporters and pumps at the plasma
membrane and the vacuolar membrane is described. Ca?* influx can be achieved by Ca?" permeable
channels (red) while Ca?* effluxes via Ca**-ATPases (ACAs, yelow) and/or Ca?*/H* antiporters (CAXs,
purple) at the plasma membrane and the vacuolar membrane. [H*].,« homeostasis is regulated by H*-
ATPases and H*-PPases constantly pumping H* out of the cytosol and maintain the H* motive force at the
membrane. The reverse effect is mediated by H*-coupled transporters (CHXs/NHXs/CAXs, H*/CI
symporters, dark blue and purple) that co-transport H* into the cytosol. Contributions by other organelles
to [Ca?*]eyt and [H*]eyt homeostasis are not shown in this scheme.



1.3 Biosensors for Ca?* and H* visualization

To monitor cellular [Ca**]cyt and [H*]ey:, fluorescent dyes with high brightness can be used,
however chemical indicators were shown to have toxic side-effects %1%, To overcome these
limitations, genetically encoded fluorescent indicators or luminescent biosensors were developed
and optimized to visualize Ca?* and H* in living cells 102193 Genetically encoded probes widely
used nowadays have the advantage of less toxic effects and stable expression levels and to be
targeted to specific cellular locations. However, due to different sensitivities and brightness of
biosensors one needs to choose appropriate biosensors according to the requirement of the

scientific project.

1.3.1 Ca?" biosensors
The sensitivity and signal-to-noise ratio are important factors to consider when applying
genetically encoded indicators. A variety of fluorescent Ca?* sensors have been developed and
optimized in recent years %1% Two main designs for genetically encoded Ca?* sensors have been
proven useful. One is based on two fluorescent proteins (FP) performing Forster Resonance
Energy Transfer (FRET). The other strategy is based on a single FP that is fused to a Ca?*-binding

protein structure called CaM/M13 100105

The Ca?* sensors based on a single FP include the series of GCaMPs %197 and GECO sensors 2.
In these Ca?*-biosensors, fusion of sensory modules to a circularly permutated FPs provided
significantly enhanced brightness and fluorescence change when binding with Calmodulin (CaM)
and M13 100195 Single FP Ca?* sensors were developed to display higher signal-to-noise ratio and
higher sensitivity compared with FRET-based Ca?* sensors. For instance, R-GECO1 is more
sensitive to detect [Ca®*]¢y: changes compared with NES-YC3.6 1%, Originally for the use in deep
tissue experiments, red variants of the Ca?* sensors were developed to also combine with sensors

or actuators in a lower wavelength spectrum enabling multicolor approaches 01109110,

1.3.2 H* biosensors
Since all proteins basically harbor amino acids that are able to bind H*, pH homeostasis is
important for protein stability and enzyme activity. H* is the substrate for secondary active
transport processes and many physiological processes such as growth were reported to be
controlled by [H*]c,t homeostasis 7383, suggesting pH dynamics as a key signaling element in

physiology. Chemical pH indicators, such as 2,7-bis-(2-carboxyethyl)-5-(and-6)-



carboxyfluorescein (BCECF) 112 or genetically encoded fluorescent biosensors for [H*]cy
detection were employed to monitor cellular pH dynamics 9100103113114 A" nH_sensitive GFP
variant, named ‘ratiometric pHluorin’ was used to quantify the absolute pH values and exhibited
a reversible excitation ratio facing either pH 5.5 or 7.5 3, Ratiometric pHIuorin can be used as a
dual-excitation (395 nm and 475 nm) and one-emission (508 nm) wavelength probe with pKa of

6.9 103113 desirable for monitoring changes in cellular pH.

Although many optimized biosensors for both [Ca?*]c, and [H*]cyt have been developed and a
whole palette of fluorescent proteins with different colors are available, probes for simultaneously
measuring [Ca?"]eyt and [H*]cyt are rarely reported. In recent years, though, the interest in pH
changes together with [Ca?*]eyt changes has emerged and studies using either Ca?* or pH sensors
115116 were performed, the interconnection between [Ca?*]eyt and [H*]cyt remains to be addressed

in physiological processes.

1.4 The role of [Ca?*]eyt and [H*]cyt in pollen tubes

In plants, pollen grains germinate and grow in a polarized manner to form pollen tubes. Pollen
tubes elongate rapidly within the pistil, trying to reach the ovules to release their sperm cells to

accomplish plant sexual reproduction.

Pollen tubes growth occurs in the apex of the tube in a pronounced oscillatory pattern, where
growth speed is alternating between a rapid and a slow phase "8 (Fig. 2, blue color). Tip-
focused [Ca®*]eyt and [H*]cyt gradients were extensively described in pollen tubes and were
assumed to be crucial for the growth process 7119 (Fig. 2). Oscillatory parameters such as
frequency or period, duration and amplitude were analyzed to some extent, but conclusive results
on causal relationships between growth, [Ca?*]cy: and [H*]eyt could not be drawn 2°, Researches in
the past focused on the regulatory mechanisms in the apex during polar growth, however pollen
tubes are structurally divided into regions called apex, apical flank, subapical region and the shank
(50-100 pm far from the tip) 82! (Fig. 2). Particularly, changes in [Ca?*]cy: have been extensively
studied in the context of pollen tube growth 9122123 at the extreme apex and sometimes even
considered to be the main regulator 24, However, an acidic cytosol in the tip seems to play
fundamental roles in pollen tubes growth as well 77123 Other ions such as K* and CI" are also



involved in pollen tubes polar growth 7 and affected by membrane potential and tip-focused
[Ca?*]cyt and [H*]cyt gradients 123125,

1.4.1 The role of [Ca?*]eyt in pollen tubes
Elongating pollen tubes show a steep tip-focused [Ca®*]cy: gradients between the tip and the shank
(Fig. 2) with a tip-directed Ca?* influx and efflux at the shank *"12® (Fig. 2, red color). Pollen tube
growth is diminished when the [Ca?*]cy: gradient is inhibited or altered indicating [Ca?*]cy: to play
a key role in polar growth 12"1%_Tgq investigate the role of [Ca?*]cy: in steering pollen tube growth
and orientation, dyes and fluorescent proteins were used to monitor [Ca?*]¢y 12%126129.131.132
[Ca?*]cyt at the apex oscillated in the range of 750-3000 nM, which was in phase with oscillations
of growth rate 17131132 byt delayed by 10-15 s, which was attributed to the limitation of the
technique used to detect Ca®* changes (extracellular vibrating ion selective microelectrodes
techniques) 117131 Later time-lapse imaging using genetically encoded biosensors still exhibited
peaks of growth oscillations preceding that of the tip [Ca?"]¢yt by 1-4 s 134135, Furthermore, pollen
tubes growth was characterized to lag behind exocytosis of vesicles by 5-10 s 6137, Based on
these results, a polar growth mechanism driven by Ca?*-dependent exocytosis seemed to be
unlikely *8139 Another mismatch of the hypothesis that Ca* is the main regulator for exocytosis-
driven tip growth is that [Ca?*]cy: oscillations with high amplitude start to occur when pollen tube
growth ceases 149142, This asks for re-evaluation of the role of [Ca?*]cyt in pollen tube growth and
asks to answer what physiological meaning distinct [Ca?*]cy: oscillations really have. Ca?* influx
by Ca?* permeable channels *>*3% (Fig. 2) like CNGCs and GLRs was reported to be responsible
for generating Ca?* gradients in pollen tubes, being important for tip growth 143144 For example,
the cngc18 mutant exhibited a pollen tube bursting phenotype whereas overexpression of CNGC18
inhibited pollen tube growth in vitro %1% Besides, some mechanosensitive Ca?*-permeable
channels were assumed to highly express in Arabidopsis pollen tubes and to be involved in tip-
focused [Ca?*]eyt gradients 37°6119145 byt up until now few data based on genetic evidence is
reported so far. Thus, [Ca?*]cy oscillations lagging behind growth oscillations were proposed to
originate from stretch-activated Ca?* channels in the pollen tubes tip . Moreover, the
autoinhibited Ca?*-ATPases (ACAs) are reported to regulate [Ca®]et homeostasis *>*3. For
instance, ACA9 contributed to generate Ca?* gradients by exporting Ca?* at the shank ° (Fig. 2,

red lines). Still, the physiological function of many other members from the ACAs family has not



been addressed in detail. High spatial and temporal resolution of [Ca?*]eyt dynamics would help to

understand the role of Ca?* in pollen tubes growth.

1.4.2 The role of [H*]cytin pollen tubes
H* has been proposed to play an important role in pollen tubes growth as well 8777, Pollen tubes
exhibit an acidic cytosol at the tip. The alkalized region behind the tip (Fig. 2) in pollen tubes of
lily species might regulate actin organization "®17123 [H*]¢« gradients were established by
membrane-localized H*-ATPases, which regulate H* efflux at the shank 1 (Fig. 2). pH gradients
were observed when applying low concentrations of the pH indicator dye, BCECF-dextran “® only
in growing pollen tubes. Extracellular H* flux profiles displayed a current loop localized in the
apical domain fitting the [H*]cy: distribution "® (Fig. 2, green color). Based on this finding, it was

claimed that H* currents might play a primary role in pollen tube polar growth >76:119,

Previous studies reported that growth is influenced when changing extracellular pH from 5.5 to
4.5 or 6.5 accompanied with abolished [Ca?*]cyt oscillations in Lilium longiflorum pollen tubes 4.
The slightly acidic cell wall matches with the acid growth theory, facilitating cell expansion
through loosening of the cell wall and arranging cytoskeleton organization 47, Linked through
extracellular pH changes, oscillations of cell wall thickness, membrane trafficking and
cytoskeleton organization were supposed to contribute to oscillatory growth as well 118:123.148-150
However, the exact role of [H*]y: oscillations and their association with growth still remain to be

demonstrated.

1.4.3 Membrane potential in pollen tubes
Pollen tubes growth relies on osmotically driven cell expansion at the tip, a result of coordinated
ion transporter across the plasma membrane 23, Ca?*, H* and voltage-regulation of membrane
transport suggest tip-focused [Ca®*]cyt and [H*]ceyt gradients to be an important regulator of turgor
driven cell elongation ®3!'7, Membrane potential can be regulated by anion fluxes, which are
important for pollen tubes growth via anion channels. For example, two groups of Ca?*-dependent
anion channels (Rapid- and Slow- type) were found to positively regulate pollen tubes growth
125,130 and light-gated anion channels ACR1 activation can trigger anion efflux to depolarize the
cell and inhibit pollen tubes growth 1, In addition to anions, K* homeostasis is also important for
pollen tubes growth especially based on findings that outward K* channels SKOR and inward K*
channels SPIK (Fig. 2) were regulated by [Ca?*]eyt and [H*]eyt %26, However, it should be
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mentioned that the polarity of pollen tubes was lost in the protoplasts system thus tip-focused
[Ca?*]eyt and [H'eyt gradients were lost when measuring ion currents by patch-clamp and the

results from these studies should be seen critically.

Then previous studies using intracellular electrodes could record electric signals in intact pollen
tubes preserving cell polarity °1%8 but these were never correlated to intracellular changes in ion
concentrations. Time-resolved changes in membrane potential together with ion imaging could
uncover the link between ion signaling, membrane transport and growth but this technique has not

yet been applied in pollen tubes to study their interconnection.

1.4.4 Integrating ion dynamics and ion signaling with growth in pollen tubes
Although [Ca?*]cyt and [H*]cy: were identified to oscillate in phase with growth with slight delays,
Cl- seems to be the only ion to oscillate exactly in antiphase 117123150 (Fig. 2, purple lines). Given
that observed tip-focused [Ca?*]cy: oscillations lag behind the growth and exist in non-growing
pollen tubes 1%, Ca?* might not be a prerequisite for the growth mechanism. However, growth
speed is associated with high tip Ca?* concentrations while moderate or slow growth speed is
associated with reduced [Ca®']ey gradients 210, A similar correlation can be found for [H*]cyt
gradients. Pollen tubes usually show an acid tip whereas dissipation of this gradient diminishes
growth "®. Recent genetic and imaging results indicated [H*]cy: gradients between the tip and the

shank were important for pollen tubes growth 777161,

Fluorescent biosensors are powerful probes to correlate pollen tubes growth speed with tip-focused
[Ca?]eyt and [H*]cyt gradients. The link between [Ca?*]eyt, [H]cyt and growth oscillations from the
same pollen tube has never been simultaneously recorded to perform correlation analysis to
precisely quantify their interrelation. Quantitative methods to analyze parameters of oscillations

in pollen tubes growth were developed only recently 75159160162
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Figure 2. lon homeostasis and growth oscillations in pollen tubes.

Ca®** (red) and H* (green) enter the cell at the tip through Ca?* permeable channels such as
CNGCs/GLRs/OSCAs and yet unknown H* channels, respectively. Ca?* and H* efflux occurs at the shank
via Ca?*-ATPases (ACAs) and H*-ATPases, respectively. The growth oscillations are shown by the blue
trace, while Ca?*, H* and CI- oscillations are shown in red, green and purple colors, respectively. Some ions
transporters integrated in membrane potential changes such as K* and anion (CI- and NOg3’) channels are
exemplified via SPIK (shaker pollen inward K* channel) and SLAH3 (slow anion channel 3), respectively,
which are reported to function in pollen tube growth regulation.

1.5 The physiological role of [Ca?"]e,tand [H*]ey: in guard cells

Stomata are pores surrounded by a pair of guard cells mostly localized in epidermal layers of leaves.
Variations in guard cells turgor pressure can cause changes of the pore size %1%’ Stomatal
aperture is fine-tuned through different stimuli to control water loss and gas exchange. Elements
that control stomatal movement via osmotic changes include ion channels, transporters, pumps

and alterations in metabolisms (Fig. 3).

1.5.1 [Ca?*]eyt oscillations in guard cells
Ca?* is the best characterized second messenger to regulate stomatal movement. [Ca?*]cy
oscillations in guard cells may occur after specific stimuli to close stomata, but often already occur
spontaneously in the ground-state.

1.5.1.1 Imposed [Ca?*]eyt oscillations
Stimuli triggered [Ca®"]qy: oscillations have been extensively investigated to study the role of Ca?*
in guard cells responses to ABA, pathogen, hydrogen peroxide (H202) and high external Ca?*
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6:36.168-170 (Fijg. 3). It revealed that [Ca®"]ey Signals with different frequency, duration, amplitude
and transient numbers are triggered by different stimuli 19313171172 ' A defined range of [Ca®*]cyt
transients encodes for stomatal closure %172, Furthermore, 1-10 mM external Ca?* triggered

stomatal closure whereas low external Ca®* was recognized to open stomata 68173,

1.5.1.2 Spontaneous [Ca?*]eyt oscillations

Spontaneously occurring repetitive [Ca?*]yt oscillations have been observed by live-cell imaging
34174175 (Fig. 3), but these cells are usually discarded from any analysis since it is difficult to
discriminate the stimuli-induced [Ca?*]cy: response from the spontaneous [Ca®*]ey Oscillations.
However, some groups observed 45 % guard cells exhibited spontaneous [Ca®*]cy: oscillations,
which were distinct from some specific stimuli induced [Ca?*]cyt oscillations 317, In comparison
to [Ca®]ey: Oscillations induced by ABA, it may also inhibit spontaneous [Ca?*]c: oscillations 17
The physiological role of spontaneous [Ca?*]cy: oscillations observed in guard cells or other cell

types is still completely unknown.

1.5.2 The role of [Ca?*]eyt and [H*]eyt in ABA induced stomatal movement
Due to increasing global climate changes and water usage, ABA is the most widely studied
hormone concerning stomatal movement. ABA synthesis is triggered under drought and salt stress
29176 ABA is perceived intracellularly by receptors of the PYR/PYL/RCAR family to trigger the
ABA signaling pathway 7782 (Fig. 3). Transient [Ca?]¢y increases were considered for a long
time to be essential in stomatal closure regulated by ABA, especially because genetic evidence for
the involvement of CPKs and Ca?*-dependent anion channels activation were described 168:183-185
(Fig. 3). However, ABA evoked [Ca®"]cy: elevations were only observed in 30-70 % of guard cells
in Arabidopsis thaliana, Commelina communis or Nicotiana tabacum. Stomatal closure may also
occur without any [Ca?*]cy rise >11218-18 Considering the timing of ABA induced stomatal
closure and the occurrence of [Ca?]ey increases, many times they do not match >168.1891%0 Thege
observations also imply Ca?*-independent mechanisms to be present in the regulation of stomatal
movement and the underlining membrane transport processes >188189191192 (Eiq 3) Therefore,
which regulatory mechanism underlies the Ca?*-independent stomatal movements still remains to

be resolved.
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1.5.2.1 Ca?* dependent guard cell signaling mechanisms

A Ca?*-dependent signaling pathway has been proposed in ABA induced stomatal movement (Fig.
3). After ABA binding, the receptors binds with clade A protein phosphatases type 2C (PP2Cs) to
form a complex 1791% to inhibit PP2Cs activity such as ABA-insensitive 1 (ABI1) or ABA-
insensitive 2 (ABI2) 17819419 (Fig, 3). The abil-1 and abi2-1 mutant exhibited diminished [Ca®*Jcyt
rise, ROS production and S-type anion currents and loss of sensitivity to ABA, suggesting a
[Ca?*]eyt rise to be important in ABA signaling 1741%-198_ ABI1 interacts with and functions as a
negative regulator of sucrose non-fermenting 1 related protein kinase 2 (SnRK2s) such as open
stomatal (OST1/SnRK2.6) %1% (Fig. 3). Besides OST1, other SnRKs especially SnRK2.2,
SnRK2.3 can interact with PP2Cs as well. The triple snrk2.2/snrk2.3/snrk2.6 mutant was
insensitive to ABA 200201 The cellular events often described to occur in guard cells under ABA
treatment include [Ca®*]cy: elevations, cytosolic alkalization, production of ROS and nitric oxide
along with a series of phosphorylation and dephosphorylation events to steer cation and anion
channel activation 2%, For example, NADPH oxidase respiratory burst homolog (Rbohs) at the
plasma membrane such as RbohD and RbohF can be phosphorylated by SnRK2s to produce ROS,
a second messenger mediating a variety of stress pathways 48112163.164.188.203-212 (Fjg 3) ROS
activates hyperpolarization-activated Ca?*-permeable channels in Arabidopsis guard cells *® (Fig.
3). Based on Ca?* encoding and decoding proteins, CPKs are considered as one of main regulators
and are identified to activate anion channels, the initial step in stomatal closure 2324 (Fig. 3). The
quadruple cpk5/6/11/23 mutant exhibited deactivated S-type anion channel activity and was
defective to ABA induced stomatal closure 1. The slacl mutant showed impaired stomatal
closure upon ABA and largely reduced S-type anion channel currents 2'°. S-type anion channels
are activated by ABA to depolarize the membrane potential followed by inhibited inward-
rectifying K™ channels and activated voltage-dependent K* outward rectifying channel GORK to
export K* out of the cell which increases the water potential in the cell to close stomata 6:45:213:214.216-
219 (Fig. 3).

1.5.2.2 Ca?* independent guard cell signaling mechanisms

Although a Ca?*-independent mechanism in ABA induced stomatal closure is accepted to exist,
its importance and exact mechanism have been much less studied (Fig. 3). In Arabidopsis, OST1,
a Ca?'-independent protein kinase is activated to trigger numerous downstream responses

195,198,199,220-224 g\ ch as activation of R- and S- type anion channels while the ost1 mutant displayed
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opened stomata phenotype 2?4, Thus Ca?*-dependent and independent mechanisms seemed to
connect at OST1 in the ABA signaling cascade >191:2% (Fig. 3).

Cytosolic alkalization by 0.3 to 0.4 pH units is one typical feature in ABA induced stomatal closure
68173 ‘Intracellular and extracellular pH changes were discussed to play a crucial role in Ca®*-
independent mechanism since cytosolic alkalization seemed to be essential in stomatal closure
induced by ABA 12226 (Fig. 3). The cytosolic alkalization was observed to facilitate outward-
rectifying K* channels, which were activated during ABA induced stomatal closure 227228,
Surprisingly, not only the cytosol, but also the apoplast is alkalized in response to ABA 22°2%_ This
indicates both sides of the plasma membrane alkalize, which cannot be established by H* transport
across the plasma membrane only. The regulation of apoplastic pH is still controversially discussed
230,231 and proposed to be caused by binding of H* to organic anions 22°, which are released from
guard cells during stomatal closure. The pH gradient of most plant cells is generated by plasma
membrane H*-ATPases which also generate the negative membrane potential 2*2. To study the role
of plasma membrane H™-ATPases in stomatal movement, chemicals such as vanadate and
fusicoccin were used to inhibit or activate plasma membrane H*-ATPases activity 23323
respectively, to regulate stomatal movement 2723, Furthermore, three out of 12 members of the
H*-ATPases called AHAs (AHA1, AHA2 and AHAD5) highly express in Arabidopsis guard cells
239 The single ost2-2D mutant carries a single point mutation in AHAL to have constitutively
activated H*-ATPases resulting in stomata insensitivity to ABA 2%°. Except proton gradients
between the cytosol and the apoplast established by plasma membrane H™-ATPases, pH gradients
between the cytosol and the tonoplast are established by V-type ATPases and H'-pumping
pyrophosphatases (H*-PPases) at the vacuolar membrane (Fig. 1). The double vha-a2/vha-a3
mutant lacking V-type ATPase activity displayed more alkalized vacuoles and delayed stomatal
closure in response to ABA 239241 H*-PPases were activated in the vacuolar membrane of guard
cells 2% to participate in generating the proton motive force and the electrochemical gradient over
the tonoplast "%, ABA induced stomatal closure and vacuolar acidification were delayed in the
avpl mutant (vacuolar proton pyrophosphatasel) 243. Thus, the cytosolic alkalization initially
induced by ABA in guard cells might result from vacuolar acidification 9112:244.245,

Whether and how cytosolic pH signals control stomatal movement in a Ca?*-independent pathway
remains to be shown. How [Ca®"Jeyt and [H*]ey interact to regulate stomatal movement is also

unknown, but studies on [Ca?*]¢yt and [H*]eyt interconnections could provide conclusive ideas how
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the Ca?*-dependent and independent mechanisms are integrated in ABA signaling pathway to

control guard cells motion.

1.5.3 The role of [Ca?*]cyt and [H*]eyt in flg22 induced stomatal movement
Stomata not only function to control transpiration, but are important gates for pathogen entry 246:247,
Pathogens can be sensed by guard cells autonomously and stomatal closure is induced after
perception of elicitors like PAMPs such as flagellin (flg22) 16:248249,
Flagellin is one of the best investigated PAMPs in Arabidopsis. Flagellin is perceived by plants
through pattern recognition receptors (PRRs) named Flagellin sensitive 2 (FLS2) at the plasma
membrane 2°%2°2 (Fig. 3). The fls2 mutant showed impaired stomatal closure in response to flg22
246251253 '\which indicated FLS2 is essential in flg22 triggered stomatal closure. FLS2 binds flg22
to form a complex with another receptor like kinase called BRI1-associated kinase 1 (BAK1) 2>
which does not bind flg22 directly 2% (Fig. 3). It was hypothesised that BAK1 might regulate the
interplay between FLS2 and OST1, since BAK1 is supposed to be a positive regulator of OST1 25
(Fig. 3). FIg22 induced [Ca?*]cy increases, apoplastic alkalization, K* efflux, ROS generation and
activation of MPKs 16:249253.257-261 (Fijq 3) [Ca2*]ey: increases by CNGCs are considered as one of
the initial and essential signals in pathogen induced immunity 170.259261
In Arabidopsis, H202 production is detected upon flg22 treatment and NADPH oxidases, RbohD
and RbohF contribute to this ROS generation 202209249 (Fig. 3). AtRbohD can be phosphorylated
and activated by CPKs under flg22 treatment 2622 Jinking ROS and Ca?* signaling. ROS
production upon flg22 is reduced in the double cpk5/cpk6 mutant 264285 suggesting that CPKs are
necessary for PAMP induced ROS production. However, AtRbohD was proposed to interact with
FLS2 and was phosphorylated by Botrytis-induced kinase 1 (BIK1) in a Ca**-independent manner
167,266.218 ' Therefore, Ca?*-dependent (CPKs) and Ca?*-independent (BIK1) control of AtRbohD
are both associated with ROS production in response to flg22 267269 (Fig. 3). Genetic
reprogramming after pathogen invasion depends on activation of mitogen-activated protein kinase
(MAPKS) and CPKs (CPK4/5/6/11) 26427021 'ROS production and [Ca?*]ey increases regulated
outward K* currents in PAMPs 250258259272 'g] AC1 was also proposed to be activated to close
stomata in response to PAMPs 281, This activation was regulated by OST1. However, how OST1
connects with FLS2 is still unknown. Stomatal closure of the double slacl/slah3 mutant was
impaired in response to flg22 whereas the closure phenotype was not or only partially impaired in
the single slah3 or slacl mutant, respectively 2.
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Plasma membrane H*-ATPases were also involved in flg22 induced stomatal closure 2327, In
Arabidopsis, AHA1 and AHA2 were inhibited by phosphorylation in the autoinhibitory C-terminal
domain during flg22 induced stomatal closure 8273, Stomatal closure in the ost2 mutant was
impaired under flg22 treatment 27®. Moreover, inhibition or activation of plasma membrane H*-

ATPases activity can regulate cellular membrane potential 25927,

1.5.4 Stomatal opening

Stomatal opening is necessary to maintain the transpiration stream and guarantee gas exchange. A
[Ca?*]eyt increase was also observed in stomatal opening 122’7, How the same second messenger
controls opening and closing of stomata, two opposite physiological processes, is still unclear.
During stomatal opening, plasma membrane H*-ATPases were identified to pump H* out of the
cytosol to hyperpolarize the membrane potential and drive K* into the cell to open stomata >278,
Genetic evidence supports two H*-ATPases functioning in Arabidopsis stomata control 24, The
Arabidopsis ost2 mutants exhibited a stomatal opening phenotype *° while inhibition of the H*-
ATPase isoform (PMA4) identified in tobacco guard cells showed impaired stomata opening 27°.
In Arabidopsis, inwardly rectifying K* channels such as KAT1 and KAT2 participated in K* influx
during stomatal opening, activated by external acidification 289282, Uptake of K* was balanced by
uptake of inorganic anions such as CI- and NOs, and malate orginating from starch 283284,
Accordingly, decreases in water potential and passive water influx subsequently result in turgor
increase and stomatal opening. GORK is the only outwardly rectifying K™ channels in guard cells
identified so far and activated by membrane depolarization which is induced by many stress signals
such as drought and salt 2728, Surprisingly, the full loss-of-function GORK mutant (gork1) lacked
the charcteristic of slow-activating outward currents but stomatal closure upon ABA is only
partially impaired, indicating other K*-efflux mechanisms to exist 2%. Indeed, the triple
kup6/kup8/gork mutant displayed impaired stomatal closure in response to ABA 287, Besides,
several signals also influenced GORK channel activity such as external K* 27 and pH 2'” and Ca?*
28 In addition to K* transported by channels, cation/H* antiporters (NHXs) and cation/H*
exchangers (CHXs) participated in K*-transport %28%-292 (Fig. 1). For instance, NHX1 and NHX2
highly express in Arabidopsis guard cells 2%, The double nhx1/nhx2 mutant showed impaired

stomatal opening and closure, and a more acidic vacuole compared to wild-type 29929,
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1.5.5 Distinct and common signaling mechanisms in guard cells by ABA and flg22

How Ca?* as the second messenger is supposed to trigger the contrary stomatal reactions (closing
and opening) remains to be explained. The distinct pH responses may imply that pH changes could
be an essential regulator in stoma physiology, however, data on the physiological role of pH
changes is rare. How [Ca?"]y signals or different signatures are sensed and relayed to regulate
distinct downstream components is still not well characterized. Whether [H*]cy: changes function
to control ABA, salt and flg22 in addition to [Ca®*]cy: requires further studies. Second messengers
like ROS were already reported to be involved in PAMP and ABA induced stomatal closure
6167,203,209.294 \while [Ca?*]cy: and ROS were known to influence plasma membrane H*-ATPases
activity in guard cells °. The PAMP and ABA signaling pathway in guard cells seemed to branch
into different downstream mechanisms at OST1 28 the Ca®*-independent kinase. What the shared
or independent spatio-temporal dynamics of second messenger Ca®*, ROS and pH signals are to
make the physiological decision in stomatal movement remains to be shown (Fig. 3).

Precise time-resolved analysis of [Ca®*]cy: and [H*]ey: in the process of rapid stomatal movement
was rarely considered in the past. Even though stomatal closure responses are commonly observed
within 5-15 min in response to various stresses such as ABA 87 and bacteria 2°1, apertures are
mostly recorded 0.5-2 h after stimuli application. A detailed description of [Ca?"]eyt and [H*]cyt
dynamics during stomatal movement still awaits to be performed, but would shed light on the

temporal relationship between these two second messengers and their role for stomatal movement.
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Figure 3. ABA and flg22 pathway to close stomata.

The scheme represents the sequence of events proposed in ABA and flg22 induced stomatal closure. ABA
perception terminates the inhibition of PP2Cs activity by the ABA-receptors. Inhibition of PP2Cs activity
may activate SnRKs such as OST1, the Ca?*-independent kinase. In the Ca?*-dependent pathway in the
presence of ABA, RbohD/F can be activated by OST1 to generate ROS. ROS production activates Ca?*
channels to increase cytosolic Ca?* ([Ca?*]e,) Which can be sensed by CPKs to further activate anion
channels and K* channels which result in stomatal closure. Ca?*-independent pathway in ABA triggered
stomatal closure is shown but its components are not known. Plasma membrane H*-ATPases are inhibited
by ABA. Therefore, pH is regarded as the possible candidate to function in the Ca?*-independent pathway
in ABA induced stomatal closure. Except ABA, flg22 can be recognized by Flagellin sensitive 2 (FLS2)
receptor and then associated with BRI1-associated kinase 1 (BAK1) to interact with OST1 and trigger
similar downstream events compared with ABA including ROS generation, [Ca%]c,: increases and anion
and K* channels activation or deactivation. However, another kinase Botrytis-induced kinase 1 (BIK1) is
proposed to be directly phosphorylate by RbohD regardless of OST1 in a Ca**-independent manner to
produce ROS in the presence of flg22. FIg22 invasion depends on activation of MAPKSs such as MPK9/12
and CPKs to regulate anion and K* channels. Therefore, how pH functions in stomatal closure and whether
pH functions in a Ca2*-independent manner in ABA and/or flg22 mechanism are both unknown. In addition,
whether spontaneous [H*]et and/or [Ca?*]c,: oscillations participate in stomtal movement in ABA and flg22
mechanisms is unknown. Hence, how [Ca?*]¢y, [H*]eyt and genes such as OST1 function as distinct or
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overlapping signals in ABA and flg22 induced stomatal closure remains to be addressed as well. More
details are described in the text.

1.6 The role of Ca?" and pH changes in leaf physiology

1.6.1 How do leaves cope with salt and drought stress — is there a difference to
roots?
Osmotic effects are identified as very early signals under drought and salt stress ° that result in cell
shrinkage for example in root tips and young leaves. When plants suffer from drought, ABA
synthesis occurs and the phytohormone can be transported from the roots to the shoots 176:29:2% or
its synthesis occurs in guard cells autonomously 2°’. ABA concentration in Arabidopsis guard cells
increases in drought stress and thus stomata close in soil salinity 28, The K* uptake was impaired
under drought stress to cause K* deficiency since ABA induced depolarization 94291295299 K+
homeostasis was typically de-regulated in response to drought stress and apoplastic H" transiently
reduced after ABA application 107:229.234300.301 ‘However, whether leaves have similar mechanisms

upon drought stress compared with roots remains to be investigated.

Salt stress is extensively investigated in roots and Na* and CI" ions can translocate from the root
to the shoot via the xylem to trigger reactions in leaves including stomatal closure. Salt
detoxification mechanisms were uncovered to mainly depend on the SOS pathway in roots 1:302:303
(Fig. 4). This pathway encompasses several elements to maintain ionic homeostasis by
sequestration of Na* from the cytosol to the apoplast and the vacuole 23%, In roots, Na* enters the
cell through non-selective cation channels (NSCCs) and/or Na* transporters such as HKTs and
thus induces transient [Ca2*]cy: increases 11:3%5-308 (Fig. 4). The increased [Ca?*]ceyt can be sensed by
SOS3 (CBL4) that binds to SOS2 (CIPK24) to mediate SOS1 (Na*/H* antiporter) activation at the
plasma membrane to extrude Na* out of the cytosol 23%°-31 (Fig. 4). The SOS1 antiport activity led
to an increase of [H"]eyt, which was compensated by activated plasma membrane H*-ATPases
activity upon salt and/or osmotic stresses 312314 Plasma membrane H*-ATPases activity is
stimulated to establish steeper proton gradients to promote SOS1 function 3°. The importance of
plasma membrane H*-ATPases in this context is reflected by a consitutively active H-ATPase
mutant called ost2-2D and an AHA overexpressing mutant that displayed a salt tolerant phenotype
316317 Similar to plasma membrane H*-ATPases, vacuolar membrane H*-ATPases and/or vacuolar

membrane H*-PPases are also activated by SOS2, in order to generate steeper proton gradients
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across the vacuolar membrane that drive vacuolar NHXs activity 31318319 (Fig. 4). Overexpression
of AtAVP1 in the tonoplast exhibited elevated salt and drought resistance by enhanced cations
uptake such as Na* and/or K* 318320321 ‘Tq reduce Na* accumulation in the cytosol, some NHXs,
putative Na*/H™ exchangers located at the tonoplast transport Na* from the cytosol to the vacuole
% (Fig. 4). In addition, CBL10 interacts with SOS2 to form the complex CBL10/CIPK24 to
sequestrate Na* into the vacuole by NHXs at the vacuolar membrane 3!9322-324 (Fig. 4). However,
it is under debate if NHXs contribute to the salt detoxification via detoxifying Na* or by increasing
vacuolar osmolality %32°, Different from salt tolerance in roots, an alternative SOS-pathway was
reported to transport Na* out of the cell including two different CIPK/CBL modules in shoots,
SCABPS8/CBL10 and CIPK8/CBL10 322326 They found SOS3-like calcium binding protein 8
(SCABPS) overexpression only partially rescued salt-sensitive phenotype in single sos3 mutant 323
while CIPK8 regulation of SOS1 was independent on SOS3 in shoots under salt stress 32, This
suggests different tissues could deal with salt stress by distinct salt mechanisms. Under non-
stressed conditions, K* regulates turgor pressure in guard cells, but how Na* influences stomatal
movement is still obscure. Early experiments showed stomata can use Na™ as primary ions to
maintain the turgor pressure 3*’. However, K* homeostasis is interrupted by NaCl resulting in
lowering the K*/Na' ratio which has negative effects on plant growth 32332 Na* can be

sequestered into vacuoles and thus K™ is released to maintain cytosolic K*/Na™* ratio.

Except the toxic effects of cations during salinity, CI- was considered as toxic ions as well in some
species 220333334 (Fig. 4). Cl-accumulation in roots leads to increased ABA concentrations, reduced
stomatal conductance and transient alkalization in the apoplast of leaves 82°4230, Salt tolerance
mechanisms are mainly investigated in roots but the transport and signaling machineries
characterized from root experiments are believed to take place in leaves without in-depth studies.
However, how leaf tissues respond to salt stress and if cations or chloride trigger toxic effects in
leaves are unclear. It is also not clear if Ca?* and H* signals in leaves take place upon salinity.

Moreover, salt triggered mechanisms to regulate stomatal movement also remain to be shown.
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Figure 4. Salt mechanisms in roots.

A scheme of salt mechanisms in roots is displayed. Na* enters the cells via non-selective cation channels
(NSCCs, grey) and Na* transporters such as HKTs/HAKS5 (light blue) or others to activate Ca?*-permeable
channels (red) to induce [Ca?*].,: elevations. The increased [Ca?*].,: can be sensed by SOS3 and combined
with SOS2 to form the complex to activate SOS1 (dark blue) at the plasma membrane to export Na* out of
the cytosol and activate NHXs (dark blue) at the vacuolar membrane to sequester Na* into the vacuole. CI
also can be transported into the cell via H*/CI- (purple) symporters under salt stress. Except H*-coupled
transporters, [H"]er homeostasis is also regulated by plasma membrane H*-ATPases and vacuolar
membrane H*-ATPases and H*-PPases. V-type H*-ATPases activity also can be activated by SOS2.

1.6.2 Pathogen infection triggers leaf ion signaling
Similar to ABA in guard cells, pathogen effectors like flg22 also induce membrane depolarization
and extracellular alkalization 25927533 1n mesophyll cells, pathogen induced [Ca?*]qyt increases
trigger anion channels activation to cause the membrane depolarization. However, this response
seems to be independent of ROS 4>25%3% | g3+ a calcium channel blocker can abolish flg22
induced membrane potential depolarization 2>° still suggesting a Ca?*-dependent mechanism to be
set off. It is proposed that CPK3, 5, 6 and 11 are required for ROS production in leaves in response
to flg22 261.262264 However, flg22 triggered depolarization in mesophyll cells of the quadruple
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cpk3/5/6/11 mutant was not influenced and stomatal closure was not impaired either by ABA or
flg22 in this quadruple mutant 2%, If cytosolic pH changes are associated with responses to flg22
in a similar fashion than in the ABA induced stomatal closure is not known. How Ca** and H*
participate in the flg22 pathway in mesophyll cells remains to be investigated and compared to

guard cells.

In general, ion signalings via Ca?* and H* occurred under different stress conditions in guard cells
await to be compared with multicellular systems like mesophyll cells to clarify the function of
these second messengers there. Studies with mesophyll tissues would also provide the possibilities

to study cell-to-cell signal transmission and long distance signaling.

1.7 Interaction of Ca?" and H* in plants: does it take place?

As mentioned above, the signature of [Ca®*]cyt signals upon different stimuli may differ between
cells and tissues due to cell-type specific expression of Ca?* channels and specific responses to
distinct stimuli. Possible correlations between Ca?* and H* are emerging recently. It was reported
Ca?* changes are not influenced by changes in cytosolic pH from 7.8 to 7.2 in Vicia faba guard
cells whereas Ca?* channel activity relies on cytosolic pH lower than 7.0 3%7. Many hints suggest
possible links between Ca?* and H* homeostasis based on Ca?* and pH dependent regulation of
ion channels and transporters 67217333 A general link between Ca?* and pH dynamics was

revealed recently in plants 115116339,

In polar growing cells such as pollen tubes, tip-focused [Ca?*]cy: and [H*]cyt gradients are required
for apical growth. A temporal sequence of Ca?*, H*, CI- and growth changes in growing pollen
tubes was proposed ! (Fig. 2), mainly based on extracellular ion fluxes, which were later
discussed to be strongly influenced by buffer capacities of Ca?" and H* of the cell wall 3. A
detailed quantitative characterization with a good spatial resolution of these second messengers

with growth awaits to be performed to clearly propose causal relationships between them.

In guard cells, [Ca®"]¢y: elevation and cytosolic alkalization occur in ABA induced stomatal closure
68112173 put quantitative analysis on the sequence of events has not been performed yet. Blocking
[Ca?*]eyt elevation or cytosolic alkalization both interrupted stomatal closure triggered by ABA or
other stimuli 12173, [Ca?*]yt increases and alterations in plasma membrane H*-ATPases in guard

cells and mesophyll cells during stress signals occurred side-by-side. However only [Ca®*]cyt
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changes and extracellular pH changes were reported upon flg22 treatment in mesophyll cells so
far 16259274275 1n |eaves, [Ca?*]c,t and ROS waves were proposed to co-incide during long distance
defense signaling 341342 and plasma membrane H*-ATPases also contributed to wounding induced
traveling of membrane potential waves in leaves 343344,

Because of the nearly parallel appearance of Ca?*, pH and ROS signals with voltage changes
during stress signals in guard cells and mesophyll cells, these signals might be related 34344345,
For example, Ca?* and ROS waves were associated with systemic electric signals involving Ca?*-
permeable channels such as GLRs 341:3%3%_ A direct link between Ca?* and H* are cation/H*
transporters, which were supposed to contribute to intracellular Ca?* and H* homeostasis 40478
(Fig. 1). In whole seedlings, a link between pH and Ca?* was revealed, where an extracellular
acidification mediated [Ca®*]cy: elevation 3*’. More evidence for such a link between Ca?* and H*
was provided by biochemical means, showing high external Ca?* to inhibit plasma membrane H*-
ATPases activity **8. Recently, GLRs were activated by extracellular alkalization causing Ca?*
influx 3. Therefore, whether different [Ca?*]ey: and [H*]cyt interrelations exist in defined cell types
remains to be identified. Even though not many reports document a pH contribution on electric
signals, pH effects have been proven to feed-back on electric signals through plasma membrane
H*-ATPases 3433 Of special note is that electric waves were found to precede Ca®* waves,
suggesting possible roles of other second messenger to accompany or trigger the voltage waves
39 In pollen tubes (Fig. 2) 1213015215415 or guard cells 4213214216219 (Fjq 3) anion channels
and potassium channels can be regulated by Ca?* and/or H* and thus to trigger membrane potential
changes. Hence, how Ca?* and H* regulate plant physiology together with electric signals upon

different stimuli remains largely unknown.
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2 Aims of the study

Given that the role of pH changes in plant physiology is poorly understood and conflicting results
have been described for the role of Ca?*, I aimed to understand the specific and interconnected role
of Ca?* and H* in plant physiology. In the past it was difficult to analyze the interconnection of
these two signals accurately since biosensors for monitoring Ca?* and pH were optimized recently.
Furthermore, up until now, biosensors for Ca?* and H* were only applied in separate experiments
in plants. Reading out both signals in parallel in the same cell would be extremely valuable. Hence,
| aimed to develop a genetically encoded biosensor called CapHensor by combining a Ca?* sensor
(R-GECO1) and a pH sensor (PRpHIuorin) into one multicistronic vector enabling to monitor Ca2*
and H* simultaneously in the same cell. | wanted to verify the functioning of CapHensor in
different plant model cell systems including pollen tubes, guard cells and mesophyll cells to study

the interconnected role of ion signaling in these cell types.

In pollen tubes, the existence of standing [Ca?*]cyt and [H*]ey: gradients is well known and their
association with oscillatory growth has been recognized for quite some time. However, whether
[Ca?]eyt Or/and [H™]eyt Oscillations contribute to oscillatory growth pattern and how they are
interconnected have not yet been conclusively resolved. Due to the standing [Ca?*]eyt and [H eyt
gradients, | aimed to make use of the pollen tube system to test and optimize the CapHensor design.
After setting up the design of the sensor and a newly developed imaging technique to resolve Ca?*
and pH dynamics spatially and temporally, my first task was to investigate what the
interconnection between [Ca?]eyt, [H*]eyt and growth oscillations in pollen tubes is and then ask
whether [Ca?*]ey: and [H*]eyt 0scillations are essential for growth. 1 also wanted to clarify the long-
standing question whether there is a causal relationship between [Ca?*Jeyt and [H*]eyt ON the one
hand and between [Ca?*]cyt or [H*]eyt and growth on the other. My objective was to use quantitative
methods and algorithms for this purpose that could be applied to growing cells in order to perform
quantitative biology. The relationship between cell growth and the membrane potential as an
integrating factor of membrane transport should also be investigated and quantified via a

combination of CapHensor live-imaging and electrophysiology.

Guard cells are another well-studied cells with respect to Ca?* signaling. However, some
conflicting models and results question whether Ca?* functions as the main second messenger

responsible for controlling stomatal aperture. To address the question of Ca?*-dependent and Ca?*-
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independent mechanisms to control guard cell motion, the responses of different stimuli to control
stomatal movement were investigated. Quantitative readouts of stomatal aperture with
simultaneous determination of [Ca?*]cyt and [H*]cyt response-times should be compared to elucidate
the contribution and role of these two signals for stomatal movement. For this purpose, | also aimed
to apply a technique for inducing [Ca®"]ey oscillations to investigate whether defined [Ca?*]cy
signals can trigger stomatal closure and what role of [H*]cy: changes might play in this context. In
addition to the imposed [Ca?*]cy: oscillations, spontaneous [Ca?*]cyt oscillations exist in guard cells
as well, but their physiological role is unknown. Therefore, | asked whether there are interactions
between spontaneous [Ca?*]eyr and [H*]ey: signatures in guard cells and whether these natural
oscillations have an impact on guard cell physiology. Furthermore, the role and influence on
[Ca?]eyt and [H*]cyt dynamics of K*, the ion that is significantly involved in the osmotically driven
turgor pressure changes, should be investigated. In a final step, live-cell CapHensor imaging
should be supplemented with a pH imaging techniques to measure vacuolar pH, combined with a
pharmacological approach to identify the transport mechanisms involved in H*-coupled K* and

[Ca?]eyt homeostasis.

In contrast to the two single cell systems, guard cells and pollen tubes, mesophyll cells should be
employed as a multicellular system to investigate the control of stress responses by Ca?* and pH
signaling in leaves. Therefore, | compared Ca®* and H* dynamics in the cytosol and in the nuclei
of mesophyll cells with the same stimuli (ABA, flg22, H>O, and salt) as in guard cells to
understand how different cell types within the leaf integrate abiotic and biotic stress information.
Are there possible differences in the responses between these cell types was an important question
to be solved. Within the framework of this thesis, the role of Ca?* and H* and membrane potential
signaling in leaves upon salt stress should be investigated and compared to the responses in roots.
The question should be answered as to which of the two ions in salt stress, Na* or CI', triggers the

initiation to start the detoxification transport mechanisms in leaves.

In conclusion, the purpose of this thesis was to develop a technique to monitor signaling networks
of chemical (Ca?* and pH) and electrical signals for stress processing and to demonstrate the
physiological relevance of such signals in specific stress situations in different plant cell types

using quantitative biology methods.
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3 Materials and methods

3.1 Molecular biology and cloning
3.1.1 Cloning the different CapHensor constructs

Cloning was performed by the USER cloning technique **°. To target both the PRpHIuorin and the
R-GECOL1 in the CapHensor into the cytosol or nucleus, nuclear export sequences (NESs) or
nuclear localization sequences (NLSs) were used, respectively. The constructs with different
promoters for localizing CapHensor in the cytosol contained a NES sequence at the N- and C-
terminus of PRpHIluorin as well as a NES sequence at the N-terminus of the R-GECO1 tandem
(pCambia3300 LeLAT52 NES PRpHIuorin P2A NES 2xR-GECO1; pCambia3300 35S NES
PRpHIluorin NES P2A NES 2xR-GECO1; pCambial300 35S NES PRpHIuorin NES P2A NES
2XR-GECO1 (Hygromycin); pSAT UBQ10 NES PRpHIuorin NES P2A NES 2xR-GECO1) (Fig.
5). The NES sequences at the N- or C-terminus of PRpHIuorin originated from heat stable inhibitor
(PK1) 31352 gnd Xenopus MAPKK 23, respectively. The amino acid sequence of the short linker
between two R-GECO1s was GLNLSGG. The coding sequence of PRpHIluorin and R-GECO1
was separated by the sequence of a ‘self-cleaving peptide’ called P2A *** which enables to express
two proteins simultaneously but spatially separated in the same cell. Within the t-DNA region, the
pCambia3300 vectors contained the BASTA resistance gene while the pCambial300 vector
contained the gene for hygromycin resistance. Constructs for nucleus CapHensor localization
(pCambia3300 35S NLS NLS PRpHIuorin P2A R-GECO1 NLS-linker R-GECO1; pCambia3300
35S long NLS PRpHIuorin P2A R-GECO1 NLS-linker R-GECO1; pCambia3300 LeLAT52 NLS
NLS PRpHIuorin P2A R-GECO1 NLS-linker R-GECOL1; pCambia3300 LeLAT52 long NLS
PRpHIuorin P2A R-GECO1 NLS-linker R-GECO1; pSAT UBQ10 NLS NLS PRpHIuorin P2A
R-GECO1 NLS-linker R-GECO1; pSAT UBQ10 long NLS PRpHluorin P2A R-GECO1 NLS-
linker R-GECO1) (Fig. 5) contained two nuclear localization sequences (NLSs) or a long NLS
sequence at the N-terminus of PRpHIluorin and a NLS-linker between two R-GECO1s which were
from the simian virus 40 (SV40) T-antigen 3%, The pSAT vector with the UBQ10 promoter was
used to transform Arabidopsis protoplasts. The pCambia vectors fused with LeLAT52 promoter
3% and RBC-terminator or 35S promoter or 35S terminator were used for pollen tubes or ubiquitous

expression, respectively.
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Figure 5. Schemes of CapHensor constructs.

CapHensor versions with different promoters and subcellular localization are elucidated. pLeLAT52, p35S
and pUBQ10 are promoters specifically driving expressing in pollen tubes or ubiquitous expressing in
plants, respectively. NES is a sequence to target PRpHIluorin and R-GECOL1 into the cytosol while NLS
and long NLS are sequences to express two fluorescent proteins into the nucleus. PRpHIluorin and R-
GECOL is a ratiometric pH sensor and a red fluorescence Ca?* sensor, respectively. P2A is a self-cleavage
sequence to combine PRpHIuorin and R-GECOL1 into one construct to simultaneously express in one cell,
but spatially separated. Linker and NLS_linker are short sequences to connect two R-GECO1 molecules
together. RBCierm and 35S:erm are terminators. (H: the construct contains hygromycin resistance gene; others
contain BASTA resistance gene).
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Primers used to generate the NES and NLS sequences and to clone all CapHensor constructs are
listed in Table 1.

Table 1. Primers used to clone CapHensor localized in the cytosol and the nuclei

Cloning Primers Sequences

CapHensor NLS
NLSNLS PR User pHluorin GGCTTAAUATGCCAAAAAAGAAGAGAAAGGTAGAAGACCCCAT

fwd GCCAAAGAAGAAGCGTAAGGTAAGT

Long NLS PR pHIuorin User GGCTTAAUATGCCAAAAAAGAAGAGAAAGGTAGAAGACCCCAG

fwd TAAAGGAGAAGAACTTTTCACTGGAG T

P2A pHIuorin User rev AGCCTGCTUCAGCAGGCTGAAGTTAGTAGCTCCGCTTCCTTTGTA

P TAGTTCATCCATGCCATG

AAGCAGGCUGGAGACGTGGAGGAGAACCCTGGACCTATGGTCGA

P2A half R-GECO1 fwd CTCTTCACGTCGTAAG

NLS-linker R-GECOL1 rev ﬁg_CrZTTTCTCUTCTTTTTTGGAGGCTTCGCTGTCATCATTTGTACAA

) AGAGAAAGGUAGAAGACCCCGGGGATCCACCGGTCGCCACCGTC
NLS-linker R-GECO1 fwd GACTCTTCACGTCGTAAGTGG
RGECO1 User rev GGTTTAAUCTACTTCGCTGTCATCATTTGTACAAA

28



CapHensor NES

pHIuorin half NES User rev

AGCTTCTTCUGCAAGGCCACCGCTTTGTATAGTTCATCCATGCCA
TGT

NES USER fwd

GGCTTAAUATGCTGCAGAACGAGCTTGC

P2A half NES User fwd

AGAAGAAGCUGGAGGAGCTAGAGCTTGGAAGCGGAGCTACTAA
CTTCAGC

RGECO1 RGECO1 User rev

ACTGAGGTTUAATCCCTTCGCTGTCATCATTTGTACAAAC

RGECO1 RGECO1 User fwd

AAACCTCAGUGGTGGAATGGTCGACTCTTCACGTCGT

RGECO1 User rev

GGTTTAAUCTACTTCGCTGTCATCATTTGTACAAA

Half NES pHluorin fwd

ACAAGACUGGAGGAGTCGACTCGAGTGCGGCCGCCACCATGAGT
AAAGGAGAAGAACTTTTCACTG

LeLAT half NES rev

AGTCTTGUTAATATCAAGTCCAGCCAACTTAAGAGCAAGCTCGTT
CTGCAGCATTTTTTTTTTGGTGTGTGTACTTTTTTTT

UBQ10 half NES rev

AGTCTTGUTAATATCAAGTCCAGCCAACTTAAGAGCAAGCTCGTT
CTGCAGCATGATCCCGCACTCGAGCTGT

P2A half NES rev

AGTCTTGUTAATATCAAGTCCAGCCAACTTAAGAGCAAGCTCGTT
CTGCAGCATAGGTCCAGGGTTCTCCTCCAC

Half NES R-GECO1 fwd

ACAAGACUGGAGGAGTCGACTCGAGTGCGGCCGCCACCATGGTC
GACTCTTCACGTCGTAA

Sequencing primers

UBQ10 seq fwd TGTCGAATAATTACTCTTCG
pHIluorin CT seq fwd CGAAAGATCCCAACGAAAAG
R-GECO1 NLS-linker seq fwd | TGACAGCGAAGCCTCCAAAAA
R-GECO1 NLS-linker seqrev | GAGTCGACGGTGGCGACC

pHIluorin User rev

GGTTTAAUTTATTTGTATAGTTCATCCATGCCATG

35S Terminator rev

GGTTTAAUGTCACTGGATTTTGGTTTTAGGAATTAG

RGECO1 RGECOL1 seq rev

TTCCACCACTGAGGTTTAATCCC

RGECO1 RGECO1 seq fwd

GGGATTAAACCTCAGTGGTGGAA

LeL AT52 seq fwd CAAGACACACACAAAGAGAAGGAG
R-GECO1 mid seq rev CCCTCGATCTCGAACTCG TG
RBC seq rev GTGCGCAATGAAACTGATGC

3.1.2 Cloning NHX1

Arabidopsis gene of NHX1 was cloned into the pCambia3300 vector with 35S promoter and

terminator using the USER cloning technique. Primers are listed in Table 2.

Table 2. Primers used to clone Arabidopsis NHX1

Cloning Primers

Sequences

AtNHX1 USER fwd

ATGTTGGATTCTCTAGTGTCGAAACT

AtNHX1 USER rev

TCAAGCCTTACTAAGATCAGGAGG

AtNHX1 USER 0S rev

AGCCTTACTAAGATCAGGAGGGTTTCTCTC

Sequencing primers

Sequences

AINHX1 USER fwd

ATGTTGGATTCTCTAGTGTCGAAACT

AtNHX1 USER rev

TCAAGCCTTACTAAGATCAGGAGG

RBC seq rev

GTGCGCAATGAAACTGATGC
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3.1.3 Molecular cloning process

3.1.3.1 PCR system

PCR reaction process is shown in Table 3.

Table 3. PCR reaction

Components Volume Temperature Time

Template -1lpug 98 °C 2 min

dNTP 1l 98 °C 30s 30-35
5 x Buffer 5l 55-58 °C 30s cyeles
Phusion enzyme 0.5-1 pl 72 °C 30-50 s

Primes (F+R) 1+1pul 72 °C 3 min

PCR water to 50 pl 10 °C hold

The PCR products from PCR cyclers (Eppendorf) were used for the agarose gel electrophoresis.
After obtaining the target sequence, the right band was cut out, purified and used for cloning. The
concentration of the products was measured by a spectrophotometer (NanoDrop, Wilmington,
USA). The USER-cloning step is shown in Table 4.

Table 4. USER reaction system
Volume

PCR product 4 pul

Terminated vector 1.5 ul

USER enzyme 1 ul

TE buffer To 10 pl

The USER reaction was processed at 37 °C for 30 min and then put at room temperature for 30

min.

3.1.3.2 Plasmids transformation into E.coli

Plsamids were transformed to chemically competent E.coli cells (MRF) strain by heat shock. Add
10 pl products into competent E.coli. Gently mix and put it on ice for 30 min, followed by 42 °C
for 90 s, 3-5 min on ice. And then add 200 pl Super Optimal broth with Catabolite repression
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(SOC) medium, put on a shaker with 300 rpm at 37 °C for 30-45 min and plate on Lysogeny-Broth
(LB) mdium with Agar plates containing relative antibiotics (either Ampicillin or Kanamycin) and

spread evenly. Then put the plates at 37 °C overnight.

3.1.4 Plasmid extraction and transformation into Agrobacterium tumefaciens

3.1.4.1 Plasmid extraction

Step 1. The transformed E.coli were cultivated overnight in LB medium. 1.5 ml cultivated E.coli
were collected by centrifuging for 45 s with a speed of 14100 rcf.

Step 2. Decant the supernatant and vortex until E.coli were resuspended.

Step 3. Firstly add 300 pl P1 (see Table 5) and shake (not vortex), then add 300 pl P2 (see Table
5). Gently mix and wait for 2-3 min.

Step 4. Add 300 pl sodium acetate (NaAc) (pH 5.2) and gently mix. Then centrifuge for 4 min,
14100 rcf.

Step 5. Transfer the supernatant to new 1.5 ml Eppis. Add 600 ul Isopropanol, mix and centrifuge
for 4 min, 14100 rcf.

Step 6. Pour away the supernatant. Add 500 pl 70 % ethanol (EtOH) and centrifuge for 2 min,
14100 rcf.

Step 7. Pour away the supernatent. Put the Eppis at 37 °C for 20-30 min, with the lids open to get
rid off EtOH completely.

Step 8. The isolated plasmid was diluted in deionized water or Tris-EDTA (TE) buffer. The DNA
concentration and quality was measured by a spectrophotometer and stored at -20 °C.

Larger amount of plasmid DNA from E.coli was isolated using QIAGEN Plasmid Midi Kit
(QIAGEN, Hilden, Germany). Midi extracted plasmids were used for pollen bombardment and
transient transformation of protoplasts while mini extracted plasmids were used for cloning
experiments.

Table 5. Composition of solutions (add water to 50 ml)

P1 (50 ml) P2 (50 ml)

0.303 g Tris 1 ml 10 M NaOH
0.186 g EDTA 2.5 ml 20 % SDS
3 ml RNAse (only when using)
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3.1.4.2 Plasmid transformation into Agrobacterium tumefaciens

Extracted plasmid DNA was transformed into Agrobacterium tumefaciens strain GV3101 through
electroporation using an electroporator machine (Electroporator 2510, Eppendorf, Hamburg,
Germany) with 2 mm cuvettes under 2500 V. Then the Agrobacterium tumefaciens strain GV3101

containing the CapHensor constructs were stored in 50 % glycerin at -80 °C.

3.2 Plant growth condition and transformation

3.2.1 Nicotiana tabacum

3.2.1.1 Growth condition

Nicotiana tabacum seeds were sterilized with 6 % sodium hypochlorite (NaClO) for 3-5 min,
washed with sterilized water 4-5 times and sown on Murashige and Skoog (MS) medium shown
in Table 6 without antibiotics and hormones in 750 ml volume vessels. They were cultivated in
the chamber with condition of 26 °C : 22 °C, 14 h light : 10 h dark, light intensity around
300 umol-m2-s* for 4-6 weeks.

3.2.1.2 Stable transformation of plants

CapHensors were stably transformed into Nicotiana tabacum cultivar (SR1) by following protocol.

Step 1. Agrobacterium harboring a pCambia CapHensor vector stored at -80 °C, re-growth was
performed on Yeast Extract Beef (YEB) medium agar plates containing 100 mg/L Kanamycin +

50 mg/L Gentamicin + 50 mg/L Rifampicin for 2 days at 28 °C.

Step 2. A single colony was picked and transferred to YEB liquid medium containing the same
antibiotics and incubated at 28 °C, 200 rpm overnight. Prior to the leaf inoculation process,

Agrobacterium were cultivated with 150 UM Acetosyringone for 2 hours.

Step 3. In the clean bench, Agrobacterium were spinned down, the medium decanted, bacteria
were washed 3-5 times with sterile water and then re-suspended in sterilized MS liquid medium
containing 3 % sucrose as shown in Table 6. The ODegoo Values were adjusted to 0.1 with sterilized
MS liquid medium (Table 6).

Step 4. The N. tabacum leaves were cut into pieces of about 1 cm x 1 cm after removing veins as
much as possible. Pieces of leaves were immersed for 15-20 min into Agrobacterium MS liquid

medium and shook occasionally. Then the leaves were put on sterilized filter papers to remove
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remaining Agrobacterium medium before putting on MS-plates with co-cultivated medium (Table

6) for 2 days, in darkness.

Step 5. After 2 days in darkness, leaves were transferred to MS agar plates with selective medium

containing BASTA (Table 6) as well as hormones to induce calli formation, kept at normal growth

conditions in the light. Every 7-10 days, leaves and generated calli were transferred to new medium

plates. The generated shoots that appeared after 3-4 weeks were transferred into root medium (see

Table 6). Plants with roots were transferred on soil under growth condition 14 h : 10 h, light : dark
at 26 °C : 22 °C in the greenhouse with around 60 % humidity.

Table 6. Composition of media for N. tabacum transformation (The medium pH was
adjusted with KOH to 5.8)

For 500 ml MS MS liquid | Co-cultivated | Selection medium | Root medium
medium | medium medium

MS 2.45¢g 2.45¢g 2.45¢g 2.45¢g 2.45¢g

Sucrose I5¢g I5¢g I5¢g I5¢g I5¢g

Gelzan 4g / 4g 4¢ 4¢g

Myo-inositol / / / 500 pl (100 mg/L) | 500 ul

(100 mg/ml ) (100 mg/L)

BAP (10 mg/ml) |/ / / 50 ul (1 mg/L) /

NAA (4 mg/ml) |/ / / 12.5ul (0.1 mg/L) |/

BASTA / / / 250 ul 250 ul

(40 mg/ml) (0.02 mg/L) (0.02 mg/L)

Thiamine / / / 500 pl (1 mg/L) 500 pl

(1 mg/ml) (1 mg/L)

Ticarcillin / / / 2.5ml (0.5 mg/L) |2.5ml

(100 mg/ml) (0.5 mg/L)

3.2.2 Nicotiana benthamiana

3.2.2.1 Growth condition

Nicotiana benthamiana wild type plants and plants stably expressing the Ca®* reporter GCaMP3

with 35S promoter % were grown on soil in a greenhouse with the same condition as N. tabacum.
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Thanks to Simon Gilroy and Masatsugu Toyota for providing GCaMP3 transgenic N. benthamiana

plants.

3.2.2.2 Transient expression

The Agrobacterium harboring CapHensor constructs stored at -80 °C were re-activated in YEB
liquid medium containing 100 mg/L Kanamycin + 50 mg/L Gentamicin + 50 mg/L Rifampicin
and grown overnight, and 2 hours before infiltration 150 uM Acetosyringone was added. Before
infiltration the Agrobacterium were washed and re-suspended with Agromix 32! (see Table 7) to
have a final ODgoo of 0.5.

Leaves of 5-6 week-old plants were infiltrated with Agrobacterium containing CapHensor
constructs harboring the 35S promoter or co-infiltrated with AtNHX1. The leaves were infiltrated
with Agromix containing Agrobacterium with a 1 ml syringe. The infiltrated plants were cultivated
in the green house for 3 days. Prior to the experiments, the expression level of leaves was checked
under a fluorescent stereo-microscope (Leica DFC500, Leica, Switzerland AG) to confirm good

expression.

Table 7. Composition of Agromix for leaves infiltration

Components Stock concentration | Final concentration
MgCl, 1M 0.01 M
MES pH 5.6 (KOH) 05M 0.01 M
Acetosyringone 10 mM 150 uM

3.2.3 Arabidopsis thaliana
3.2.3.1 Growth condition
Arabidopsis thaliana seeds were sown on soil under 14 h : 10 h, light : dark regime at 22 °C :

16 °C, respectively.

3.2.3.2 Stable transformation (floral-dipping method)

Arabidopsis thaliana plants were transformed by the floral-dipping method as described *%’. The
cultivation procedure of Agrobacterium tumefaciens strain GVV3101 was the same as that for N.
benthamiana infiltration containing constructs (pCambia3300 35S NES PRpHIuorin NES P2A
NES 2xR-GECO1; pCambial300 35S NES PRpHIluorin NES P2A NES 2xR-GECO1
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(Hygromycin); pCambia3300 35S NLS NLS PRpHIuorin P2A R-GECO1 NLS-linker R-GECO1).
After centrifuging and washing 3-times with water, Agrobacterium were re-suspended in dipping
solution containing 5 % sucrose, 1.5 pl Silwet in 10 ml H20 with ODesgo = 0.5. The plants were
immersed in the dipping solution around 30 s and covered by plastic bags under dark conditions

around 24-36 h and transformation procedure was repeated 1-2 times every 7-10 days.

3.3 Transgenic plants screening

3.3.1 Nicotiana tabacum
Anthers of transgenic N. tabacum plants expressing constructs harboring the LeLAT52 promoter
were collected from flowering tobacco plants and were stored at -20 °C. Pollen grains were
germinated in pollen germination solution (Table 8) and screened with an inverted fluorescent
microscope (Zeiss AxioObserver, Carl Zeiss AG) according to the expression level and

localization.

Leaves of transformed N. tabacum plants expressing constructs driving expression with the 35S
promoter were screened using a confocal laser scanning microscope (Leica TCS SP5 II). Plants
with good fluorescence were kept for generating seeds. The next generation were screened by
putting transgenic Nicotiana tabacum seeds on MS medium containing 25 mg/L BASTA. 7-10
days plants were transferred on soil and cultivated in the green house with condition 14 h : 10 h,
light : dark at 26 °C : 22 °C with around 60 % humidity. These plants were further screened for
good fluorescence with the confocal laser scanning microscope. 5-6 week-old plants were used for

all described experiments.

Table 8. Pollen tube germination medium

Components Stock concentration Final concentration
H3BO4 400 mM 1.6 mM
CaCl..2H20 500 mM 0.2 mM

MES 500 mM 1 mM

HCI 1M 9.6/19.6 mM
D-Sucrose / 420 mosmol
Adjust pH to 5.8 with Tris
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3.3.2 Arabidopsis thaliana
Arabidopsis thaliana leaves were screened by the procedure described in 3.3.1. Arabidopsis seeds
were sown on ¥ MS medium containing BASTA or Hygromycin antibiotics. 10-14 day-old plants
were transferred on soil and cultivated in a growth chamber (Binder KBWF 720 E5.2, Tuttlingen,
Germany) with condition 14 h : 10 h, light : dark at 22 °C : 16 °C with around 60 % humidity. 6-
7 week-old plants were used for experiments.

3.4 Preparation of plant tissues

3.4.1 Nicotiana tabacum pollen tube transformation and cultivation

3.4.1.1 Pollen biolistic transformation

Constructs were transiently transformed in pollen via biolistic bombardment.
Step 1. Prepare tungston particles

50 mg tungston (Bio-Rad; 1 um diameter) was weighed and put in 1.5 ml reaction tubes (Eppis).
500 pl 100 % EtOH was added and then vortexed for 5 min to sterilize tungston particles. The
EtOH was poured away after centrifugation for 20 min to remove EtOH to let the tungston dry

completely. Tungston concentration was adjusted to 50 pg/ul with deionized water.
Step 2. Precipitate DNA to tungston particles

Plasmid DNA (with a total amount of about 8-10 pg) was added into 50 pl tungston (50 pg/ul)

and mixed rigorously.

50 ul 2.5 M CaClz was put on the side of the Eppi firstly. Then 20 pl spermidine (0.1 M in water)
was added and vortex immediately for 3-5 min.

100 pl pre-cooled 100 % EtOH (-20 °C) was quickly added 3 times.

The reaction Eppis were gently mixed and stored at -20 °C for 30 min to precipitate DNA to
particles.

Then the reaction Eppis were gently mixed and shortly centrifuged for 2-3 seconds to be able to

decant EtOH completely. Particles were mixed with 50 ul water.
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Step 3. Bombardment of tungston particles into pollen grains

Either fresh or stored Nicotiana tabacum pollen were diluted in pollen tubes germination medium
(shown in Table 8). Diluted pollen grains were spread in a thin layer on the surface of Agarose
plates containing 2 % low-melt Agarose and dried for several minutes. The self-made machine for
bioloistic delivery was used to shoot Tungston particles into pollen grains on the agar plates. The
details about the machine and the procedure were described previously %,

3.4.1.2 Pollen tubes cultivation and solutions used
Step 1. Pollen tube germination medium with 2 % low-melt Agarose was heated to 90 °C, 650
rpm for 15 min, mixed several times in between and cooled to 39 °C.

Step 2. Put 0.01 % Poly-L-Lysin on cleaned growth chambers for 7 min, then dry the chamber and
pre-heat it on a heating plate at 39 °C for 5 min.

Step 3. Either frozen or bomarded pollen grains were diluted in pollen tube germination medium.
Put 200 pl diluted pollen grains in the chambers, add 230 pl of the low-melt Agarose, and mix
with the pipette rigorously the entire medium.

Step 4. Incubate on the heater at 39 °C for 5 min to let the pollen grains sink down on the cover
glass, and then remove 130 pl solution from the rim of the chamber. After that, the chamber was
gently transferred to room temperature for 15 min to solidify the agarose. When the Agarose

solidified, 800 ul germination medium was added on top of the solidified agarose in the chamber.

Step 5. The pollen grains were incubated and germinated at 22 °C for 3-5 hours in darkness until

use.

3.4.2 Preparing and handling of Nicotiana benthamiana protoplasts
3.4.2.1 Protoplast preparation
Step 1. Enzyme solution and other solutions were prepared (see Table 9) and usually stored at -
20 °C for long time use. The enzyme solution was poured into a petri dish. The infiltrated N.
benthamiana leaves were processed by removing the epidermis of the abaxial side with sand paper.
The leaves excluding the veins were cut into pieces and put into the enzyme solution for 1.5-2 h

while shaking with low speed.
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Step 2. When the mesophyll tissues of the leaves were well digested, enzyme solution was poured
through a 100 um mesh into a 50 ml tube and washed with wash solution B1 (see Table 9) gently

twice.

Step 3. Centrifuge the 50 ml tube with 18 g without acceleration at 4 °C for 7 min and then

carefully remove the supernatant.

Step 4. Add solution C along the tube to 30 ml to dilute the protoplasts and evenly separate them

into two 50 ml tubes.

Step 5. Carefully add 5 ml solution D1 using pipetting tips with cut tips into each 50 ml tube and

then add 5 ml solution B2 very gently in the same way.

Step 6. Centrifuge 50 ml tubes under 300 g without acceleration and deacceleration at 4 °C for 5
min. The protoplasts in the middle layer were carefully taken out using cut pipette tips and

transferred them into a new 50 ml tube.

Step 7. Carefully add solution B1 with cut pipette tips to 20 ml and gently mix by swirling the
tube by hand. Centrifuge the 50 ml tube for 7 min at 4 °C, 18 g without acceleration.

Step 8. Remove the supernatant and add appropriate amounts of solution B1 to dilute the clean
protoplasts.
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Table 9. Solutions for protoplast extraction and purification

A Enzyme | B1 Standard | B2 Wash | C D1

solution scrubbing solution | solution
BSA 1% / / / /
Pectolyase 0 / / /
v23 0.05 % /
Cellulase / / /

0,

R-10 0.5% /
Mazerozy 0 / / /
m R-10 0.5% /
CaCl; 1mM 1mM 1mM 1 mM 1mM
MES 10 mM / 5mM 5mM 5 mM
Sucrose / / / 500 mM 400 mM
D-Sorbitol | 500 mM 500 mM 500 mM / 100 mM
pH 5.6 with Tris | / 6.0 with KOH

3.4.2.2 Perfusion solutions

Solution B1 was used as control solution. 50 mM NaCl, 50 mM KCI or 50 mM HCI were added
into the perfusion solution containing 1 mM CacCl» and the osmolality was adjusted to 500 mosmol,
the same applies for B1 with D-sorbitol.

3.4.3 Leave discs for Nicotiana benthamiana mesophyll cell observation

3.4.3.1 Preparation

Infiltrated leaves were screened under a fluorescent microscope. Good expressing leaves were
selected and the abaxial epidermis of leaf discs (cut into approximately 1 cm x 1 cm) was gently
removed by twizzers while the adaxial side was rapidly glued to the cover slip mounted in custom
made chambers with Medical Adhesive B (Ulrich Swiss, St Gallen, Switzerland). The leaves
bathed in standard leaf solution (1 mM CacClz, 1 mM KCI and 10 mM MES) adjusted to pH 5.8
with bis-tris propane (BTP) and recovered overnight at room temperature in darkness.
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3.4.3.2 Solutions

N. benthamiana leaves were perfused with a standard solution for leaves. Either acetic acid (HAc;
Applichem, Darmstadt, Germany), ABA (diluted in 100 % ethanol; SigmaAldrich, St Louis, MO,
USA), flg22 (diluted in water; Genscript, Piscataway, NJ, USA), hydrogen peroxide (H20,
Sigma-Aldrich), NaCl (diluted in water) were added to the respective concentrations as indicated
in the legends to figures. In mesophyll cells under 50 mM NaCl experiments, control solution (75
mM MES, 1 mM CacCl, adjusted pH = 5.8 with Tris) was used in experiments to balance
osmolality. All experiments were performed under permanent perfusion with speed around 700 pl

mint,

3.4.4 Nicotiana tabacum and Arabidopsis thaliana epidermal strips
3.4.4.1 Preparation
The epidermal strips were peeled from leaves of 5-6 week-old tobacco plants or 6-7 week-old
Arabidopsis plants and glued with Medical Adhesive B to cover slips with adaxial side down.
Epidermal strips from N. tabacum leaves recovered in standard leaf solution containing 1 mM
CaCl2 while epidermal strips from Arabidopsis thaliana leaves recovered in Arabidopsis standard
solution (50 puM CaCly, 1 mM KCI, 10 mM MES with pH = 5.8 adjusted by BTP) for 3-6 h under

a white light lamp (ca. 20-25 umol m s%) at room temperature before experiments.

For monitoring vacuolar pH, N. tabacum epidermal strips were firstly incubated with a vacuolar
pH indicator 2,7-bis-(2-carboxyethyl)5-(and-6)-carboxyfluorescein (BCECF) acetoxymethyl ester
(AM) (15 uM) (Invitrogen, diluted in DMSO) for 2 h before starting the experiments and then
washed BCECF dye out with leaves standard solution and recovered for another 2-4 h. After the
BCECF dye entered into the vacuole, following experiments were performed.

3.4.4.2 Solutions

Guard cells were perfused with a solution (0.1/1 mM KCI, 0.01/1 mM CaClz, 10 mM MES, pH
5.8 adjusted with BTP) very often used to incubate N. tabacum or Arabidopsis thaliana leaves as
it mimicks the apoplast conditions for specific experiments. The effectors used including ABA,
flg22, H20>, butyric acid (BTA; SigmaAldrich), sodium vanadate (NazVVOs), NaCl, KCI, mannitol
(diluted in water, SigmaAldrich) were added into control solutions, respectively, and pH of the
solutions were corrected with BTP if required. For guard cells experiments upon 50 mM NacCl
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treatment, control solution (75 mM MES, 1 mM CaCl,, adjusted pH = 5.8 with Tris) was used to

balance osmolality. The perfusion procedure was the same as that in leaves.

3.5 Confocal imaging

Subcellular localization of CapHensor in plants, screening and expression level verification of
transgenic lines and CapHensor imaging in N. tabacum roots were performed on a Leica TCS SP5
Il confocal laser scanning microscope equipped with a HCX IRAPO 25x/0.95 objective. The
excitation laser line for PRpHIuorin and R-GECO1 was 476 nm and 561 nm, respectively, while
emission fluorescence was captured at 530 £ 30 nm and 617 + 26 nm, respectively. The
autofluorescence derived from chlorophyll was captured at 680 + 37 nm. The details were

described previously 3%,

3.6 Live-cell imaging

Live-cell fluorescence imaging of pollen tubes, guard cells and leaves expressing CapHensor were
performed on an inverted Zeiss microscope AxioObserver (Carl Zeiss). The details were described
previously 3°. The imaging hardware and settings were controlled by VisiView software (Visitron
Systems). The microscope was equipped with the VisiChrome High-Speed Polychromator System
(Visitron Systems) for fluorophore excitation and an EMCCD camera (Photometrics) to capture
fluorescence with a 512 X 512 pixel chip. Based on the different size of cells, 20x, 40x and 60x
objectives (Carl Zeiss) were used for N. benthamiana mesophyll cells, N. tabacum guard cells &
pollen tubes and Arabidopsis thaliana guard cells, respectively. To record PRpHIuorin and R-
GECOL1 fluorescence simultaneously, a dual-band dichroic mirror (ET, Chroma 59001bs) was
used and combined with a high-speed filter wheel (Ludl Electronic Products Ltd.) equipped with
bandpass filters (AF Analysentechnik, Chroma Technology Corporation) for PRpHIluorin (ET 525
+ 25 nm) and R-GECO (ET 605 + 26 nm) (Semrock Inc.), respectively. For BCECF imaging on
N. tabacum guard cells, the excitation spectra were 440 nm and 500 nm while a YFP (ET 535 +
15 nm) bandpass filter was used to capture the fluorescence. For plants expressing GCaMP3, a
YFP (ET 535 £ 15 nm) bandpass filter was used to capture the fluorescence under 10x objective.
The ratiometric PRpHIluorin was excited at 400 nm and 470 nm for H* ratio calculation while R-
GECO1 was excited at 540 nm. To identify the isosbestic point, 400, 405, 410, 415, 420, 425, 435
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nm were used to excite PRpHIluorin. The live-cell imaging protocol for CapHensor imaging
contained the illumination of R-GECO1 at 540 nm and PRpHIluorin at 400, 415 and 470 nm. A
brightfield image was generated with a white LED illumination using the (ET 525 £ 25 nm) filter
in the filterwheel. In case of pollen tube recording, the time intervals for each series of exposure
were 2 s and 3 s, when combined with or without electrical recordings, respectively. The time
intervals in live-cell imaging of guard cells and leaves were 5 s and 3 s, respectively. Image
processing was performed on personal computer with FIJI/IMAGEJ v.1.50. For guard cells, a
custom-made Fiji macro (Table 10) was used to detect and quantify the aperture area, indicative
for stomatal movement. Data were further processed and plotted by specific R-scripts (see below)
and IGOR PRO 5.02 software (Wavemetrics Inc., Portland, OR, USA).

Table 10. Macros for aperture area detection

"o

run("Duplicate...”, "duplicate™);

run("Set Scale...", "distance=250 known=100 pixel=1 unit=um global");
setAutoThreshold("Default dark™);

/lrun("Threshold...");

setOption("BlackBackground"”, false);

run("Convert to Mask", "method=Default background=Dark calculate");

//setTool("wand");
/frun("Wand Tool...", "tolerance=2 mode=Legacy");

{ frames=nSlices;

for(i=0; i<frames; i++){
currentslice=i+1;
setSlice(currentslice);
run("Set  Scale...", "distance=2.5 known=1 pixel=1

unit=pm");

run("Select None™);
//setTool("wand");
doWand(xx, xx, 2, "Legacy");
roiManager("Add");
run("Measure");
run("'Select None");
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3.7 Membrane potential recordings

3.7.1 Voltage recordings in pollen tubes

Glass-microelectrodes (Hilgenberg, 1 mm outer diameter and 0.58 mm inner diameter) were pulled
on a horizontal laser puller (P2000; Sutter Instruments), which was described in detail before 38,
Then, the electrode was filled with 300 mM KCI and connected with a silver wire to the pre-
amplifier of a TEC-05X amplifier (npi electronic, Tamm, Germany). The ground electrode was
filled with 300 mM KCI and 2 % low-melt agarose at the tip as the reference. The current clamp
protocols were performed by WINEDR software (University of Strathclyde, Glasgow, UK). The
electrode positions were controlled by a micromanipulator (Sensapex SMX, Finland).

N. tabacum pollen grains were germinated and grown for 3-4 h under dark conditions prior to
electrode impalement. The microelectrode was put along the growing pollen tubes and then the
live-cell imaging and free running membrane potential recordings were started at the same time.
Several minutes later, the microelectrode was gently impaled into the pollen tube at either the

shank. The resistance of electrodes used was usually between 60-120 MQ.

3.7.2 Voltage recordings in mesophyll cells
The same microelectrodes as described in 3.7.1 were used to record membrane potentials in N.
benthamiana mesophyll cells that recovered overnight in darkness. The electrode was impaled in
the mesophyll until the values were stable and then the live-cell imaging and membrane potential
recording were started simultaneously. All experiments were performed in the presence of a

perfusion system with a speed of 700 pl min.

3.8 Quantitative analysis

3.8.1 ImageJ
FIJI/IMAGEJ was used to extract the fluorescent intensity over time of the image-stacks from
VisiView. In detail, fluorescence intensity of guard cells and mesophyll cells was extracted. The
PRpHIuorin was excited at two wavelengths to image H* change and at a wavelength called the
isosbestic point at which the fluorescence does not change upon pH changes shown in Fig. 6d.

Thus relative H* and Ca?* concentrations were calculated by the fluorescent intensity of
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PRpHluorin at 470 nm and 400 nm which were divided (H" ratio =
PRpHIuorind70nm/PRpHIuorin400nm) and the fluorescent intensity of R-GECO1 divided by the
fluorescence of PRpHIuorin at the isosbestic point which was proven to be at 415 nm excitation
(Ca?* ratio = R-GECO1/PRpHIuorin415nm), respectively. The vacuolar H*-ratio of guard cells
transiently expressing BCECF dye was calculated by fluorescent intensity at 440 nm dividing
fluorescent intensity at 500 nm (H* ratio = Fa4o/Fs00). These ratio calculations were done by the
‘image calculator’ tool in FIJI/IMAGEJ. The aperture of guard cells were detected using the “Wand’
tool in FIJI/IMAGEJ with the fluorescent image at 470 nm wavelength (Table 10). Subsequent
phase analysis, correlation and wavelet transforms were performed with the open source software
R (GNU software project) v.3.6 (see ‘R scripts’). The fluorescence intensity from N. benthamiana

leaves stably expressing GCaMP3 was extracted in FIJI/IMAGEJ.

Ca?*- and H*-ratio analysis of pollen tubes fluorescence was done by the ‘image calculator’ tool
in FIJI/IMAGEJ as described for guard cells and mesophyll cells. Kymographs were generated in
FIOI/IMAGEJ by the ‘multiple kymograph® plugin and quantification of H" ratio
(PRpHIuorin470nm/PRpHIuorin400nm), Ca?* ratio (RGECO1/PRpHIuorin415nm), Ca?* raw (R-
GECOL1) at the tip (1-5 um behind the tip) and at the shank (35-40 um behind the tip) and polar
growth velocity were performed with R-scripts based on the CHUKNORRIS algorithm *6°,

Subsequent coherence analysis on pollen tubes was performed with R v.3.6 (see ‘R scripts’).

3.8.2 Rscripts
The quantification analysis for periodic signals was performed by cross-wavelet and cross-
correlation methodology. | would like to show great gratitude to our collaborator Juan Prada
providing us these R-scripts and explaining to use these R-scripts. In pollen tubes, the interrelation
between Ca?", H*, growth rate and Vm were quantified by R-scripts named
‘experiments_auto_analysis’, ‘phase_analysis’, ‘CrossWaveGraph_pollen’,
‘pollen_voltage script’ and ‘phase analysis_voltage’. For spontaneous oscillations in guard cells,
two R-scripts called ‘Guard excelfile analysis new’ and ‘phase analysis guard’ were used to
analyze the phase relationship between Ca?* and H*. For some signals without periodic oscillations,
only one big transient was observed. Thus, for the time and values of the onset and the peak of

Ca?*, H* and aperture in guard cells and Ca?*, H* and Vm in leaves were both quantified by the
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same R-script ‘leaves analysis’. The onset time point was identified with the package ‘baseline’
39 which indicates the constant increase compared to the baseline in the control solutions. The
wavelet analysis was interpreted with the help of the package WaveletComp 3% to identify the
frequency of different signals and the phase relationships between Ca?* and H*, Ca?* and growth
as well as H* and growth. A running window correlation was performed to verifiy correlations
between two oscillatory signals such as spontaneous oscillations between Ca?* and H*. All analysis

was performed with R version 3.6. All the analysis in this thesis was done in personal computer.

3.9 Statistical analysis

Traces are demonstrated by means + standard errors (SEs). An unpaired t-test and one-way
ANOVA were performed by GRAPHPAD software (GraphPad Software Inc.) and ORIGINPRO
software (OriginLab, Northampton, MA, USA), respectively. Significant differences were
compared with p values (*, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001).
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4 Results
4.1 Design and functional verification of CapHensor

4.1.1 Design scheme of CapHensor
To monitor intracellular Ca?* and H* dynamics and possible interactions of both second
messengers simultaneously in the same cell, | designed a construct combining a pH biosensor and
a Ca?* biosensor, we named CapHensor. | generated constructs with two spectral distinct
genetically encoded indicators: PRpHIluorin, a pH-sensitive ratiometric green fluorescent protein
113 which was optimized for application in plants *! and the red fluorescent Ca?* sensor R-GECO1
with high sensitivity to Ca?* changes 1°%. Since proton gradients between the tip and the shank exist
in pollen tubes, ratiometric detection of relative cytosolic H* concentrations ([H']eyt) was
performed with PRpHIuorin after transient expression in pollen tubes, shown as the pseudocolored
image (Fig. 6a). PRpHIluorin has a bi-phasic excitation spectra with two peaks (400 nm and 470
nm) shifting reciprocally with changes in cellular pH and an isosbestic point which is insensitive
to pH changes (Fig. 6b). Thus the ratiometric H* ratio (rel. H*) was calculated in the way that the
PRpHIuorin fluorescent intensity when excited at 470 nm was divided by the fluorescent intensity
when excited at 400 nm (Fig. 6c). The isosbestic point of PRpHIluorin, the wavelength which
shows pH insensitive characteristics, was used to perform the calculations for detecting Ca?*
ratiometrically (Fig. 6¢). The isosbestic point has been monitored in vitro 13, however, | visualized
the isosbestic point in vivo in living cells under biological conditions to exclude spectral shifts in
different cell types including mesophyll cells, pollen tubes and guard cells (Fig. 6d, S1). To
precisely verify the isosbestic point, seven excitation wavelengths were chosen from 400 nm to
435 nm in mesophyll cells transiently expressing CapHensor, in pollen tubes and guard cells stably
expressing CapHensor. Acetate (HACc), a weak acid, was used here to acidify the cytosol while the
extracellular medium was adjusted to normal medium condition with pH 5.8 to vary cellular pH
while monitoring the fluorescence over time at the different wavelengths close to the isosbestic
point (Fig. 6d, S1). The protonated form of HAc was reported to permeate membranes and release
protons inside to acidify the cytosol %62, The PRpHIluorin intensity at 415 nm showed insensitivity
to pH changes by HAc treatment because there were no fluorescence changes upon cytosolic
acidification while fluorescence at other wavelengths (higher or lower than 415 nm) either
increased or decreased upon cytosolic acidification (Fig. 6d, S1). The characteristics of the

CapHensors’ isosbestic point were extremely important to set up the proper imaging technique to
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allow ratiometric Ca?* detection. Thereby ratiometric Ca?* values (rel. Ca®") were calculated by
dividing the fluorescent intensity of R-GECOL1 at 540 nm by that of PRpHIluorin at the isosbestic
point (PRpHIluorin 415 nm) (Fig. 6¢).

To monitor Ca?* and H* in the same cell, pH sensor PRpHIuorin and Ca?* sensor R-GECO1 were
combined into one construct by a self-cleavage P2A sequence ** to possibly obtain equal
expression of both biosensors under LeLAT52 promoter in pollen tubes (Fig. 6e, ). A spatial
separation of the two fluorescent proteins prevent FRET events to occur that would cause the two
fluorophores to influence each other. By using the P2A sequence, the direct fluorescence intensity
changes from each biosensor can be used to calculate the H* ratio and Ca®* ratio according to the
formula provided in Fig. 6¢. The fluorescent intensity of PRpHIluorin could be well visualized
whereas the red fluorescence of R-GECO1 was comparably low (Fig. 6e) because of a relatively
lower quantum yield of red fluorescent protein compared with green fluorescent protein %3, To
overcome the low fluorescence level, CapHensor was optimized by fusing two R-GECO1 open
reading frames (ORFs) (Fig. 6f) in tandem to double the amount of R-GECO1 proteins being
expressed in the cell to improve the intensity of red fluorescence and thus to impove the signal-to-
noise ratio for high quality imaging. Since fluorescent proteins tend to accumulate in the nuclei 4,
the nuclear export sequence (NES) was used to target CapHensor exclusively into the cytosol to
monitor [Ca?*]eyt and [H*]eyt signals avoiding mixed signals from other compartments in pollen
tubes (Fig. 6e, f). Quantitative Ca?* ratio measurements in pollen tubes showed CapHensor with
two R-GECOL1 to result in the double amount of fluorescent intensity compared with one R-
GECOL1 (Fig. 6g). The optimized design of the CapHensor construct (Fig. 6f) was used to stably
transform in Nicotiana tabacum plants driving CapHensor expression under the pollen specific

promoter.
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Figure 6. Design, verification and optimization of CapHensor.

The design and concept of CapHensor constructs in Nicotiana tabacum pollen tubes. (a) False colored
[H*]cy: ratio from pollen tube transiently expressing PRpHIuorin. The color from the red to the blue stands
for higher H* concentrations (tip, low pH) and lower H* concentration (shank, high pH). (b) The excitation
spectra of PRpHIluorin are displayed in the same color as colors marked by circles in (a). The isosbestic
point of excitation spectrum at 415 nm has the property of being insensitive to pH (indicated by the black
arrow), which is verified in (d). (c) Formulas of calculation of Ca?* and H* ratios representing relative Ca®*
and H* concentrations, respectively. (d) Mean fluorescence of PRpHIuorin in N. benthamiana mesophyll
cells (n = 67) at seven different wavelengths under 5 mM acetate (HAc). The PRpHIuorin fluorescence is
unaltered at 415 nm in spite of effective responses excited at other wavelengths. (e and f) The design scheme
of CapHensor containing PRpHIuorin (pH sensor, green emission) and R-GECO1 (Ca*" sensor, red
emission) with single (e) or double (f) R-GECOL in pollen tubes stably expressing the CapHensor version
shown above. The self-cleavage P2A sequence is used to separate the two sensors in the ORF marked by
the scissors. (g) Mean values of Ca?* ratio from the shank of pollen tubes expressing constructs shown in
(e) and (f). t-test was used in g. ***, p < 0.001.
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4.1.2 Verification of CapHensor in Nicotiana tabacum pollen tubes
To further verify PRpHIluorin and R-GECOL1 in the CapHensor approach to function as pH and
Ca?* sensor, respectively, extracellular medium pH was varied and a hypo-shock was applied via
a perfusion system on pollen tubes (Fig. 7a) to evoke changes in cellular [Ca®"]eyt and [H*]ey,
respectively. Dynamics of [H*]ee ratio, [Ca?*]ey ratio and growth rate of pollen tubes were
displayed by false colored kymographs, a graphical representation to visualize the dynamics in
growth, [Ca®*Jeyt and [H*]yt along the pollen tube (Fig. 7a). The treatments were applied from the
time point marked by white arrows and washed out until the next treatment was applied. The
fluorescent intensity of tip [H*]cyt ratio (green line), tip [Ca®"]cy: ratio (red line) and growth rate
(blue line) were extracted from kymographs similar to the representative example in Fig. 7a using
the CHUKNORRIS algorithm, a set of statistical tools ° to quantify signal intensity and growth
rate over time. The average data from 12 cells extracted by the CHUKNORRIS was illustrated in
Fig. 7b. According to the fact that H* influx likely mediated by H*-channel occurs at the pollen
tube tip "® (Fig. 2), external medium with pH 5.0 acidified while pH 6.8 alkalized the cytosol at
the tip (Fig. 7a, b), indicating that PRpHIuorin functions well as a pH sensor in pollen tubes. A
hypo-osmotic shock was reported to induce intracellular Ca?* transients 4 by activating
mechanosensitive Ca?*-permeable channels. Since mechanosensitive Ca2+-permeable channels
such as MSLS8 exist in pollen tubes 37°%1%° This type of stimulus was applied on pollen tubes to
confirm the Ca?* sensor R-GECO1 functioning in CapHensor since tip [Ca?*]cy: increases occured
upon hypoosmotic shock (Fig. 7a, b). R-GECO1 fluorescence was reported to increase upon
elevated pH 111% however this was not observed in my study, since [Ca®']ey increases and
decreases in case of a cytosolic acidification or alkalization, respectively (Fig. 7a, b). Therefore,
[Ca?]eyt and [H*]cyt changes can be manipulated by extracellular stimuli and were used to show

here that the two biosensors in CapHensor do not interfere with each other.

4.2 The role of [Ca**]¢t and [H*]cyt in pollen tube growth

42,1 Tip [H*]eyt correlates better with growth than does tip [Ca?*]cyt
After verifying functioning of the CapHensor to spatially and temporally monitor [Ca®*]cyt and
[H*]ey, the roles of these two signals for pollen tubes growth were studied by applying a series of
extracellular treatments (Fig. 7). Since changes in [H*]cyt had physiological significance during

pollen tube growth ">77:385 but, its exact role is unknown, | quantified and compare the correlation
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of [H*]eyt and growth as well as [Ca?]eyt and growth. For this purpose, CapHensor imaging was
performed side-by-side with growth velocity analysis when extracellular pH was modified to
change cytosolic pH (Fig. 7a, b). In case the medium with pH 5.8 was exchanged to the same
medium with pH 5.0 apical growth was stimulated whereas the growth was arrested upon
extracellular alkalization condition with pH 6.8 (Fig. 7a, b). The ceased growth was restored while
switching back to normal growth medium (Fig. 7a, b). Hypo-osmotic shock resulted in transient
[Ca?]eyt and [H']eyt increases at the tip (Fig. 7a, b). The results from this experiment indicated
[H*]eyt accentuation or dissipation at the tip by extracellular pH alterations were involved in
regulating growth speed (Fig. 7a, b). To reveal if this effect is based on extracellular or intracellular
pH changes, 2 mM HACc was used to acidify the cytosol while the extracellular medium remained
unchanged at pH 5.8 (Fig. 7c). By exclusive cytosolic acidification through 2 mM HACc at the tip,
the growth rate was stimulated as well (Fig. 7c), which suggested cytosolic pH changes to play a
crucial role in apical growth and probably [H*]¢y to have signaling function. Another interesting
phenomenon was that cytosolic acidification was always accompanied by [Ca?*]c,: elevation (Fig.
7a-c). Hence | wanted to study the role of [Ca®*]cy rise in pollen tube growth. Caffeine was
identified to inhibit pollen tubes growth by dissipation of tip [Ca?*]eyt gradients 122131133 Therefore,
3 mM caffeine was applied to pollen tubes for 10 min and then washed out (Fig. 7d and 7e). Pollen
tubes growth was indeed suppressed by 3 mM caffeine, accompanied by tip [Ca?*]cy: reduction but
also fast and strong dissipation of the [H]cyt gradient (Fig. 7d, e, n = 8). Surprisingly, tip [H ]cyt
almost returned to the basic level after washing caffeine out whereas tip [Ca?*]cy: only slightly
recovered (Fig 7d, e, triangle, t = 20-30 min). During re-gain of growth velocity, only the [H ]yt
gradient, but barely the [Ca?"]oyt gradient re-established (Fig. 7d, €). To further investigate and
quantify if either tip [Ca?"cyt Or tip [H*]cyt regulates pollen tubes growth, correlation coefficient
between growth and apical [Ca®]cy: ratio as well as growth and apical [H*]ey: ratio during promoted
growth or regrowth were quantified in selected time windows marked by symbols in Fig. 7a-e (Fig.
7f). The correlation coefficient of 0 symbolizes no correlation while correlation coefficient equals
to 1 symbolizes identical signals. In detail, correlation coefficients between growth and tip [H*]cyt
ratio regimes (green bars) were 0.51 £ 0.03 and 0.30 + 0.07 while the cross-correlation value
between growth and [Ca?*]cy: ratio was 0.33 + 0.03 and -0.01 + 0.06 when the cytosol was acidified
with pH 5.0, respectively (Fig. 7b, square, t = 15-25 min; Fig. 7c, white circle, t = 50-60 min).
When pollen tubes started to re-grow after a growth arrest (Fig. 7b, diamond, t = 55-75 min; Fig.
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7e, triangle, t = 20-30 min), correlations between growth and tip [H*]cy: ratio were 0.36 + 0.05 and
0.41 + 0.03 while the values for growth and [Ca®"]y ratio were 0.05 * 0.05 and 0.27 + 0.04,
respectively. Except HAc treatment (Fig. 7c, black circle, t = 15-25 min) with correlation
coefficient at the level of 0.18 + 0.07 between growth and tip [Ca®**]cyt and 0.27 + 0.06 between
growth and tip [H*]eyt, significantly better correlation values were observed for growth and [H* ]yt
(green bars) than for growth and [Ca?*].y: ratio (red bars) (Fig. 7f). In conclusion, better correlation
between growth and tip [H*]ey: rather than tip [Ca?*]cy: revealed tip [H*]eyt gradients probably are
more important than tip [Ca?*]cy: gradients to promote growth (Fig. 7f), which is consistent with
recent genetic and pharmacological studies revealing the importance of [H']ex gradients in

regulation of pollen tubes growth 366,
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Figure 7. Tip [Ca?*]eyt and [H*]eyt interaction during pollen tube growth.

Live-cell imaging of N. tabacum pollen tubes stably expressing CapHensor to quantify spatio-temporal
[Ca*]eyt, [H*] oyt at the tip with apical growth during different treatments. (a) False colored [H*]qy ratio (top)
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and [Ca?*].: ratio (bottom) kymographs from a representative pollen tube stably expressing CapHensor in
time-lapse imaging with a sequence of external solution exchanges with different pH or low osmolality
(hypo shock) marked by white arrows and washed out by the next treatment. (b) Quantification of mean
[Ca?*]eyt- (red), [H*]ey- (green) ratio at the tip and growth rate (blue) from measurements (n = 12) with the
same experimental design shown in (a). (c) Quantification of mean [Ca? ]y~ (red), [H*]ey- (green) ratio at
the tip and growth rate (blue) from measurements (n = 8) under 2 mM HAc treatment or extracellular acid
medium (pH 5) to acidify the cytosol. (d) False colored [H*]ey ratio (top) and [Ca®]ey ratio (bottom)
kymographs from a representative pollen tube stably expressing CapHensor in time-lapse imaging
perfusion with 3 mM caffeine (marked by white arrows). (e) Quantification of mean tip [Ca®*]¢y- (red),
[H*]ey- (green) ratio and growth rate (blue) from measurements (n = 15) with the same sequence of
treatment as in (d). (f) Quantification of correlation coefficient between growth rate (blue traces) and tip
[Ca?]ey ratio (red traces), growth and tip [H*]c, ratio (green traces) changes in the phase of stimulated
growth or regrowth from measurements in (b, m, 15-25 min; ¢, 55-75 min), (c, ®, 15-25 min; o, 50-60
min) and (e, A, 20-30 min). Error bars = SE. Dots in (f) represent individual experiments and t-test was
used. *, p < 0.05; ** p <0.01; *** p <0.001.

4.2.2 Oscillatory patterns of [Ca?*]cyt, [H*]cyt and growth in pollen tubes
Pollen tubes growth displays an oscillatory mode while [Ca?*]c,: and [H*]eyt Oscillations are also
reported ">117134 'However, how oscillatory growth velocity is associated with [Ca?*]cyt and [H*]cyt
still remains obscure. To verify coherence between [Ca?]eyt, [H']eyt and growth in pollen tubes,
extracellular medium with high CI- concentration was applied, known to often cause oscillatory
behavior 12>130 The fluorescent intensity of tip [H*]et tip [Ca?*]ey: and growth rate of a
representative pollen tube of Fig. 8a were extracted and illustrated (Fig. 8b). Indeed, high
extracellular CI- induced more pronounced tip [Ca?*]eyt-, [H*]cyt- ratio and growth oscillations (Fig.
8a, b). Interestingly, higher frequency of tip [Ca?]eyt and [H*]ey: Oscillations was triggered when
the extracellular medium was switched to pH 6.8 in spite of abrogated growth (Fig. 8a, b). To
compare the properties of oscillations among the three parameters, phase analysis was performed
through wavelet and cross-wavelet analysis on representative sequences (Fig. 8a, b). The dynamics
of oscillatory power and period of [Ca?*]eyt and [H*]cyt ratio were displayed in the wavelet spectra
(Fig. 8¢c). The periods of tip [Ca?"]cy: ratio and tip [H*]cy: ratio oscillations over time in pollen tubes
during growth or non-growth states were quantified, showing the oscillatory frequency in growing
pollen tubes was approximately one-third compared with that when pollen tubes stopped growth
(Fig. 8d). Monitoring [Ca?*]cyt and [H*]eyt in the same cell simultaneously provided the possibility
to compare the interconnection between tip [Ca®*]ey, tip [H]eyt and growth in a highly accurate
way. The cross-correlation of two signals between tip [Ca?*]ey ratio and growth, tip [H*]eyt ratio

and growth, tip [Ca?*]cy ratio and tip [H*]ey ratio was quantified in growing and non-growing
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pollen tubes (Fig. 8e). The results displayed both apical [Ca?*]eyt and [H*]eyt oscillations lagged
behind growth oscillations (Fig. 8e) since [Ca?*]c,: and [H*]¢y: Oscillations both shifted to the right
side of the dotted lines. However, apical [H*]cy oscillations preceded tip [Ca®*]cy: oscillations in
growing pollen tubes while the relationship was reversed in non-growing pollen tubes (Fig. 8e).

Due to the fact that cross-correlation analysis tends to analyze signals with constant oscillatory
parameters and thus lacks any temporal information or dynamics 1, wavelet transformation
analysis was performed and used to quantify not only the correlations but the order and the time
shift between two signals over time we called phase analysis ' (Fig. 8f). The wavelet analysis
uses decomposing the time-series into a window with time frequency to identify the main patterns
of oscillatory variations and displays how these patterns vary over time by providing wavelet
spectra and phase analysis %', Phase shifts of two oscillations are converted into radians (x, -7) in
order to compare better between different experiments and even between species through
normalizing for the period of oscillations !’. The phase analysis can be quantified in terms of
radians with signs and time of phase shifts (n = 10, Fig. 8f) of the experimental data. The phase
shifts from cross-wavelet analysis displayed similar coherence between the growth rate and apical
[Ca?*]eyt ratio or [H']ey ratio (Fig. 8f) compared with cross-correlation analysis (Fig. 8e),
demonstrating the ability of both methods to display the correct phase relationships that tip
[Ca?"]eyt and [H*]eyt both lagged behind growth (Fig. 8e, ). Tip [H*]cyt oscillations lagged behind
growth oscillations by 17.87 + 0.46 s, but preceded tip [Ca?*]yt oscillations by 14.55 + 0.60 s (Fig.
8f), which was different from previous reports in terms of H* oscillations lagging behind Ca?*
oscillations, despite that [Ca2*]c,: was observed also to lag behind growth 127134 When the signals
are put in a temporal context, growth occurs first, followed by tip [H*]eyt oscillations and finally
by tip [Ca?*]cy: oscillations (Fig. 8e, f). In agreement with the cross-correlation analysis (Fig. 8e),
phase relationships between tip [Ca?*]c,t and [H*]ey: oscillations were inverted in non-growing
oscillating pollen tubes, in which tip [Ca?*]cy: oscillations preceded tip [H*]cy: oscillations by 14.36
+ 1.42 s in alkalized media with pH 6.8 (Fig. 8f).
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Figure 8. Phase relations between [Ca?*]eyt, [H*]cyt and growth in oscillating pollen tubes.

Live-cell imaging of oscillating N. tabacum pollen tubes stably expressing CapHensor to quantify spatio-
temporal interactions of [Ca?*]c,: and [H*]ey: With growth. (a) False colored [H*]ey ratio (top) and [Ca?*]ey
ratio (bottom) kymographs from a representative pollen tube in response to extracellular medium containing
20 mM chloride (CI") and followed by both 20 mM CI- and pH 6.8 medium at the time point marked by
white arrows. (b) Quantification of tip [Ca?*]cy- (red), [H*]oyt- (green) ratio and growth rate (blue) from the
experiment in (a). (c) Wavelet spectra of period dynamics (vertical axis) and mean power of tip [Ca?*]cy-
(top) and [H*]cy- (bottom) ratio oscillations over time of a representative pollen tube upon extracellular
medium with high CI- and pH 6.8. The significant phase correlations are displayed by the area (p < 0.05)
borded with white lines shown as the red color. (d) Bar diagram of mean period of [Ca?]ey- and [H* eyt
ratio oscillations in growing (shadow, n = 13) and non-growing (white, n = 8) pollen tubes in high CI
solution with pH 5.8 or pH 6.8 medium. (e, f) Quantification of phase-relations between three parameters
through cross-correlation (e) and cross-wavelet analysis (f) from growing (n = 10) and non-growing (n = 8)
pollen tubes in the same experiments as in (b). Time between the vertically solid and dotted lines represents
the lagging (shift to right side) or leading (shift to left side) signals in (). Phase relationships of [Ca?*]eyt
vs. growth, [H*]ey: vs. growth, [Ca?*]ey: vs. [H']ey: in growing and non-growing pollen tubes are displayed
in radians (black, showing the lagging or leading phase) and then interpreted as shifts in seconds (red) in
(F). It is important to point out the time delay or leading in correlation analysis shown in (e) is in line with
time shifts in the wavelet analysis (f) in despite of the opposite sign. Error bars = SE. t-test was used in (d)
while one-way ANOVA was used in (f). **, p < 0.01; ***, p < 0.001.

When pollen tubes were switched from an extracellular medium from optimal pH 5.8 to pH 6.8,
pollen tubes growth ceased and this was accompanied by pronounced tip [Ca?*]cyt and tip [H* eyt
oscillations (Fig. 9a, b). This abrogated growth and higher frequency oscillations even remained
in media with pH 5.8 demonstrating that this type of oscillatory behavior is not specific to the
extracellular pH of 6.8 (Fig. 9a, b). Interestingly, tip [Ca®]cyt and tip [H*]eyt Oscillations may not
change after shifting extracellular pH changes since the wavelet spectra showed similar period
(Fig. 9c, d) which was quantified in Fig. 8d. In conclusion, this phase relation of tip [Ca® eyt
proceding tip [H*]cy: signals may occur independently of the medium as long as pollen tubes
growth was abrogated (Fig. 9). This phenomenon of tip [Ca?*]qy to lead [H*]cy: regime relationship
might be a general feature of pollen tubes that stopped growth or be the cause for pollen tube
growth arrests, but these two scenarios could not be distinguished within our experiments.
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Figure 9. Tip [Ca?"]cyt oscillations precede [H*]eyt oscillations in non-growing pollen tubes
independent of the extracellular pH as long as growth is arrested.

Live-cell imaging of a representative pollen tube stably expressing CapHensor upon extracellular medium
with different pH aiming to change tip [H*]cy: gradients. (a) False colored kymographs of tip [H*]cy (top)
and [Ca?*]cy: (bottom) dynamics when a pollen tube is challenged by different treatments shown by white
arrows. (b) Tip [Ca?*]eyt- (red) and [H*]eye- (green) ratio and growth rate (blue) over time are extracted from
(a). (c, d) Wavelet spectra of period dynamics (vertical axis) and mean power of tip [Ca?']e ratio (c) and
[H*]cy: ratio (d) oscillations over time from (a). The significant phase correlations are displayed by the area
(p < 0.05) borded with white lines shown as the red color.
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42,3 Tip [H*]eyt correlates better than tip [Ca?*]cyt with membrane potential changes
Since [Ca?*]eyrand [H*]ey: gradients between the tip and the shank were important for pollen tubes
growth ™76 To ask whether these two signals have interactions between the tip and the shank, |
quantified both [Ca?*]cytand [H*]cyt signals from Fig. 8a at the tip (1-5 pm behind the tip) and the
shank (35-40 um behind the tip) (Fig. 10a, b). Interestingly, [Ca?*]cy: oscillations between the tip
(red line) and the shank (purple line) were almost in antiphase (with absolute phase shift in radians
values bigger than half 7) (Fig. 10a, b). The time shift of [Ca®*]c,: oscillations between the tip and
the shank was 126.48 + 7.96 s and 30.96 + 1.86 s in growing and non-growing pollen tubes,
respectively (Fig. 10a, b). In contrast, [H*]cyt oscillations between the tip and the shank were in-
phase (with absolute phase shift in radians values smaller than half «) regardless of pollen tubes
growing or not with the time shift 5.56 £ 0.57 s in growing pollen tubes and 6.00 £ 0.17 s in non-
growing pollen tubes (Fig. 10a, b). Differences of phase shifts between [Ca®"]¢y at the tip and the
shank were significantly distinct from that between [H*]cy: at the tip and the shank (Fig. 10b),
indicating different roles of [Ca®"]c,: and [H*]eyt changes between the tip and the shank.

Given that apical [Ca?*]cyt and [H™]eyt Oscillations both lagged behind growth oscillations (Fig. 8e,
f), it implies that other signals might also play a role in controlling pollen tube growth. The
transport of ions across the plasma membrane was consequently associated with variations in the
membrane potential °"1172% The membrane potential was regarded as a good candidate to control
oscillatory pollen tubes growth ">117.157.38% | made use of sharp glass microelectrodes, combined
with live-cell imaging of [Ca?]eyt, [H*]cyt and growth to correlate the four parameters (Fig. 10c).
The kymographs of a representative pollen tube were aligned with time-lapse tip [Ca?*]ey- (Upper
side) and tip [H*]cy- (lower side) ratio signals (Fig. 10d). Unfortunately, tobacco pollen tubes
growth was interrupted when the microelectrodes were impaled at the shank (Fig. 10c, d).
Therefore the fluorescent intensity of [Ca®*]cy: ratio (dark red trace) and [H*]cy: ratio (dark green
trace) at the tip was extracted and plotted side-by-side with membrane potential recordings at the
shank (Vm, black trace) of non-growing pollen tubes (Fig. 10e). Although pollen tube growth was
abolished after impalement, which limited studies on regulators in growth, the relationship
between oscillations of tip [Ca®'Jey ratio, tip [H*]ey ratio and Vm after the impalement was
quantified by cross-wavelet analysis and displayed in phase shifts (Fig. 10f) and correlation
coefficient (Fig. 10g). Apical [Ca*"]c,t and [H*]eyt oscillations were associated with transient

depolarizations (Fig. 10e) and both were in phase (Fig. 10f). Tip [Ca?"]¢y oscillations preceded tip
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[H*]eyt oscillations and shank Vm depolarization transients by 18.76 + 2.34 sec and 25.29 + 2.66
sec, respectively (Fig. 10f). Correlations between two signals of [Ca?*]cyt, [H']cyt and Vim were
performed with a running window correlation approach. Based on the fact that higher correlation
coefficient represents better synchronization of the signals, Vm correlated much better with tip
[H*]eyt having a correlation coefficient value of 0.62 + 0.04 while quantification of the correlation
coefficient between Vi and tip [Ca®*]cy: displayed a value of 0.13 + 0.09 (n = 6) (Fig. 10g). Tip
[Ca?*]eyt and tip [H*]cyt correlated at the level of 0.46 + 0.04 (n = 6) (Fig. 10g). These correlations
indicated a tight coupling between Vi and tip [H*]cyt and much less correlation between Vm and
tip [Ca?*]cyt. This result strongly indicates that tip [H*]cy: Was mainly responsible for the control of

electrogenic ion transport under these experimental conditions.

58



P o)
QO
N

=

2 2+, N
tip [Ca” Jeyr g [H ]y ratio

2+,

Vi (mV) tip [Ca™ ], ratic—

Y e §
—
-

on
©»
[

-0 - O
Ny
L1 1

e
w
1

o
(=]
L

&

phase shift (radians)

T

30

40
time (min)

T

50

60

o~
-

e
N

~~
12

[0
=
8
v ®
T =
= %nlz-
B w
b, @
' O
g2 B
Q 04
=
2 a4
2“’
°
g0
£
=
[}
3-1r/2'
©
£
[« %

*kk%k

1 growth
HE F120
')
. 17
]
80 o
=
: E
La0 o

4 ol ]

non-growth [ 20 -
5
-0 3
B
20 %
m
T dekek F-40 S

+

ca”’ tip B tip
vs. shank vs. shank

/24

time (min) 20

30

r
N
o

=
(09s) yiys aseyd

T
(=]

59

[= I
ey

e o
N

correlations coefficient 9
=] (=]
< brid

-0.2-

*%k%
k%%

2+ 4 2+
Ca H Ca
VS. VS. Vs.
+

Vp, Vp, H




Figure 10. Phase relations of tip [Ca?*]eyt, [H*]cyt and Vm in pollen tubes impalement.

Live-cell imaging of N. tabacum pollen tubes stably expressing CapHensor to quantify spatio-temporal
interrelation of [Ca?*]c,: and [H*]ey: at the tip and the shank along membrane potential (Vm) recordings at
the shank via impalement. (a) Dynamics of [Ca?*]cy: and [H*]cy: ratio at the tip (left axis) and shank (right
axis) from the cell in (Fig. 8a, b). (b) Bar diagrams of phase relationships via cross-wavelet analysis between
[Ca*]eyt and [H*]eyt oscillations at the tip (1-5 pm from tip) and shank (35-40 pm from tip) from growing
(upper) and non-growing (lower) pollen tube as exemplified in (Fig. 8a). (c) Brightfield and false colored
[Ca?]eyt- and [H*]eyr- ratio image from a representative pollen tube expressing CapHensor combined with
simultaneous Vr, recording at the shank. Note the electrode in the brightfield image right before impalement.
(d) [Ca?*]ey- (upper) and [H']ey- (lower) ratio kymographs from a representative recording. (e) The
corresponding [Ca?*]cy- (dark red), [H*]ey- (dark green) ratio and Vi (black) from (d). (f) Bar diagram of
the mean phase relations between [Ca?*]cyt-, [H']eyt- ratio and Vi in radians (black, n = 7) and shifts in
seconds (red, n = 7). (g) Mean correlation coefficient of pairs of tip [Ca?"ey-, tip [H']eye- ratio and Vi
signals (n = 7). Error bars = SE. t-test was used in (b) while one-way ANOVA was used in (f, g). **, p <
0.01 or ***, p < 0.001.

4.2.4 Quantitative assessment of the link between [Ca?*]cyt and [H*]eyt in pollen tubes
Overall, [Ca?*]eyt and [H*]cy: at the tip and the shank could be monitored via CapHensor imaging
and quantified via bioinformatics approaches in two different cell states (growing and non-growing
pollen tubes) (Fig. 11). Cross-correlation, phase shift and time shift quantifications after time-
resolved CapHensor imaging are a powerful tool to dissect the interrelation of chemo-electric
signaling when CapHensor imaging is even combined with electrophysiology. Strikingly, growth
preceded tip [H*]cyt regimes and tip [Ca®*]cyt signals even lagged behind the [H*]ey signal (Fig. 11,
upper), indicating other signals to initiate growth. An important phenomenon | uncovered is apical
growth or membrane potential both correlated better with tip [H*]cyt than with [Ca?*]ey (Fig. 10g),
suggesting tip [H*]cy: to harbor a prominent function in pollen tubes growth and regulation of ion
transport. In addition, shank [H*]cy: (yellow line) and tip [H*]cyt oscillations were in phase whereas
shank [Ca?*]cyt (orange line) oscillations were in antiphase with tip [Ca®*]cy: (Fig. 11), which might
relay a [Ca®"]cy: signal with a time-shift to the back of the pollen tube. One of the most obvious
phenomena between growing and nongrowing pollen tubes was that tip [Ca®*]c,: lagged behind tip
[H*]eyt (Fig. 11, upper side) whereas the order of these two signals was opposite when pollen tubes
stopped growing (Fig. 11, lower side) (Fig. 10a, 10b). Although a higher frequency of tip [Ca?*]cyt
and [H"]ey oscillations occurred as long as pollen tube growth stopped (Fig. 11, lower side)
compared with that in growing PTs (Fig. 11, upper side), tip [Ca®*Jeyt and [H*]cyt always oscillate
synchronously. Membrane potential (black lines) was synchronous with tip [Ca?"]eyt and [H*]eyt
oscillations as well (Fig. 11, lower side), and better correlated with tip [H"]eyt (Fig. 10g). The
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properties of oscillations and the order of growth, membrane potential, [Ca?*]cy:and [H*]ey: indicate

a strong coupling of these signals in pollen tubes growth.

Non-growing PTs

Figure 11. Interactions of [Ca?*]cyt and [H*]cyt 0scillations in growing and non-growing pollen
tubes.

The scheme of a growing (top) and non-growing pollen tube (PT) (bottom) is shown. The sequence of
events in growth, [Ca?*]ey: and [H*]eyt is as follows: growth > tip [H*]eyt > tip [Ca?*]ey. Growth oscillations
(blue) precede tip [H*]cyt (green) and tip [Ca?*]cy (red) oscillations (top). The shank [Ca?*]ey: oscillations
(orange) are in anti-phase with tip [Ca?"].,: oscillations while the shank [H*]c oscillations (yellow) and tip
[H*]eyt oscillations (green) are in-phase (top). Tip [Ca®*]e: and [H]ey: Oscillations are in higher frequency
and the sequence between them is reversed in non-growing pollen tubes compared to growing pollen tubes,
meaning tip [Ca®"]y: oscillations precede tip [H*]ey: 0scillations. The shank [Ca?ey: and [H*]ey: oscillations
are in similar higher frequency but with similar phase relation (bottom) compared with growing pollen
tubes. The membrane potential (Vi) (black) during the impalement at the shank is also in oscillatory
patterns, and lags behind tip [Ca®*]eyt and [H*]ey: Oscillations, but correlates better with tip [H*]cyt.

4.3 Distinct roles of [Ca?*]eyt and [H*]eyt in guard cells upon different stimuli

4.3.1 Subcellular localization of optimized CapHensor expressing in leaves
Guard cells are model cells extensively characterized in terms of ion signaling triggered cellular
movement upon biotic and abiotic stresses. Ca®* as a second messenger is thought to encode

information to trigger stomatal movement whereas the role of H* received much less attention in
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the past. To study the role of [Ca?*]eyt and [H*]cyt in guard cells, CapHensor was stably expressed
in the cytosol of Nicotiana tabacum guard cells. Despite replacing the promoter, the CapHensor
version used for pollen tubes exhibited good expression in guard cells (Fig. 12a). However,
PRpHIuorin expressed not only in the cytosol but in the nuclei (Fig. 12a, green) although R-
GECOL1 was exclusively targeted in the cytosol (Fig. 12a, red, upper left side). Therefore, to
prevent an overlapping signal from the nuclei and study [Ca?*]cyt and [H*]cy: signals only in the
cytosol, I had to optimize the construct to eliminate the nucleus distribution. Therefore, | generated
an optimized version of CapHensor with another NES in the C-terminal of PRpHIluorin (Fig. 12b)
and stably expressed optimized CapHensor in tobacco guard cells, displaying PRpHIuorin

fluorescence exclusively in the cytosol, as desired (Fig. 12b).
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Figure 12. Subcellular localization of CapHensor in the cytosol of guard cells.

Confocal images of N. tabacum guard cells stably expressing multicistronic vectors harboring CapHensor
targeting in the cytosol. The scheme of vector design is shown in the upper part. The difference between a
and b is another nuclear excluding sequence (NES) is fused in the C-terminus of PRpHIluorin in (b). The
lower part is subcellular localization image of R-GECOL1 (red), PRpHIluorin (green), and chlorophyll (red)
fluorescent images and brightfield (gray) image. The PRpHIuorin in (a) is not only expressed in the cytosol
but in the nuclei, but exclusively expressed in the cytosol in (b). The R-GECOL1 is successfully only
expressed in the cytosol (a, b). The CapHensor version exclusively located at the cytosol in b is used for

following experiments in guard cells and mesophyll cells.
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It is worth mentioning that all these transgenic tobacco plants did not develop any pleiotropic

effects related to growth retardation, as reported for other genetically encoded biosensors 116:37°,

and no phenotypic differences were observed in comparison to wild type (SR1) plants (Fig. 13).

NLS-NLS PRpHIuorin

L T CapHensor

NES PRpHIluorin  NES PRpHIuorin NES
CapHensor CapHensor

Figure 13. Transgenic N. tabacum plants expressing CapHensor grow normal.

Phenotype of 5 weeks old N. tabacum wild type plants and transgenic plants expressing CapHensor grown
in the green house under the same condition. Six plants of each group are shown with wild type (SR1)
(upper left), CapHensor located at the nuclei (upper right), CapHensor located at the cytosol with
PRpHIluorin harboring N-terminal NES (lower left) or PRpHIuorin harboring N- and C-terminal NES
(lower right).

4.3.2 Unique [Ca?Jeyt and [H*]eyt regimes in different stress pathways to control
guard cell movement
Osmotically driven stomatal movement is very important for the control of water loss during

drought and is vital to prevent microbes from entering leaves. How different stimuli induced
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stomatal closure via second messengers is extremely important for understanding distinct signaling
processes, and thus for breeding plants that can better cope with drought stress or pathogen
invasion. Therefore simultaneous [Ca®*]cyt, [H']eyt and stomatal movement upon different stimuli
were visualized. ABA is best studied phytohormone to induce stomatal closure 211218371373
[Ca?*]cyt and [H*]cyt responses to ABA have been reported but the sequence and role of both second
messengers remained unresolved 112173 The time-lapse images of stomatal movement (upper,
Brightfield, black trace), [H*]cyt (middle, green trace) and [Ca®'ey: (bottom, red trace) were
recorded before (15 min), during (15-45 min) and after removing (45-75 min) 10 uM ABA (Fig.
14a, b). Transient [Ca?*]cy elevation and [H*]cy: reduction (cytosolic alkalization) were observed
in guard cells and stomatal closed (Fig. 14a, b, S2b) by ABA while there was no effects upon an
equivalent amount of EtOH in the control experiment (Fig. S2a). Quantification of the onset and
peak times of the [Ca?*]cy: and [H*]cy: responses after ABA application demonstrated pH responses
to occur earlier than [Ca?*]y increase (Fig. 14c). On average, cytosolic alkalization was the earliest
initiated signal with an onset time of 32.78 + 6.13 s, followed by a [Ca?*].y: increase starting 80 +
15.70 s after ABA application (Fig. 14c). Stomatal closure set in around 205 + 14.36 s after ABA
application and thus followed both ion signaling events (Fig. 14c). The peak of the cytosolic
alkalization response occurred at 190 + 18.63 s and recovered slowly while maximum [Ca?*]cyt
elevation reached the peak at 302.22 + 13.47 s after ABA application (Fig. 14a-c). | can conclude
that the pH response was identified as the initial signal in guard cells upon ABA treatment. To
reveal whether the pH effects in ABA induced stomatal closure exist in other stimuli, [Ca?*]¢yt and
[H*]eyt in stomatal closure triggered by pathogen such as a bacterial elicitor 1 pM flg22 were
investigated (Fig. 14d, S2c). Even though similar but stronger [Ca?*]cy: increases during stomatal
closure were monitored upon flg22, only a very minor cytosolic alkalization was observed (Fig.
14d). The quantitative temporal analysis indicated [Ca®"]cy elevations were the first signal in
response to flg22, followed by a slight cytosolic alkalization and stomatal closure, but the peaks
of [Ca?*]eyt and [H*]ey Occurred at similar time points (Fig. 14e), indicating [Ca?*]cyt and [H*]eyt
might play distinct roles in different stimuli.
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Figure 14. Distinct [Ca?*]eyt and [H*]eyt in guard cells in response to different stimuli.

Time-lapse CapHensor imaging and monitoring stomata aperture in guard cells of N. tabacum epidermal
strips stably expressing CapHensor. (a) Brightfield (top), false colored [H*]ey- (middle) and [Ca?*]cy-
(bottom) ratio images of a representative measurement upon 10 uM ABA application. (b, d) Mean [Ca?*]cy
ratio (red), [H*]cy: ratio (green) and stomatal aperture area (black) over time upon application of (b) 10 uM
ABA (n = 10), (d) 1 uM flg22 (n = 12). Bars above the mean traces indicate the time of treatments. (c, )
The average time of the onset and peak response to 10 uM ABA (b, n = 10) or 1 uM flg22 (d, n = 12) are
displayed in bar diagrams in (c) and (e), respectively. Error bars = SE. t-test and one-way ANOVA were
used in (c) and (e). *, p < 0.05, **, p < 0.01 or ***, p < 0.001.
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4.3.3 Vacuolar acidification under ABA and flg22 treatment in guard cells

The vacuole is the biggest organelle with a pH around 5-5.5 known to play a crucial role in
cytosolic pH regulation in plants 5271243, To study whether the vacuolar H*-transport mechanisms
contribute to cytosolic pH changes induced by ABA and flg22 in guard cells, 1 measured the
dynamics of vacuolar H* changes upon 10 uM ABA and 1 puM flg22 (Fig. 15) using the pH
indicator BCECF-AM, known to accumulate in the vacuole in plants 5321374 Right after the
application of ABA the vacuole acidified and remained acidified in the presence of ABA (Fig. 15a,
b). Differently, the vacuole only acidified transiently upon flg22 treatment (Fig. 15c, d), which fits
a marginal alkalization in the cytosol | recorded earlier upon flg22 treatment (Fig. 14b, d). The
sustained vacuolar acidification upon ABA (Fig. 15a, b) also well matched the observed temporal
dynamics of [H*]cyt regime (Fig. 14 a, b). My results are consistent with previous reports using
mutants of the vacuolar H*-ATPase 9112244245 Eor example, the vacuole of the double V-H*-
ATPases (vha-a2/a3) mutant was less acidic after ABA treatment and stomatal closure was
delayed 2324, The results from CapHensor imaging and BCECF imaging demonstrated the
vacuolar acidification was very likely to contribute to the cytosolic alkalization upon ABA and
flg22 treatment as they had more or less identical dynamics, but opposite directions (compare Fig.
14 and Fig. 15).
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Figure 15. Vacuolar acidification in guard cells upon ABA and flg22 treatment.

(a, ¢) Brightfield images (top) and false-colored fluorescent images (bottom) of N. tabacum wild-type guard
cells (SR1) incubated with 15 pM BCECF for 2 h before starting measurements upon application of 10 uM
ABA (2) or 1 uM flg22 (c). (b, d) Mean vacuolar H* concentration ([H*]vac ratio) (black, Faso/Fso) upon 10
UM ABA (b, n =24) or 1 uM flg22 (d, n = 22). Bars above indicated the time of treatments. Error bars =
SE.

4.3.4 [Ca?*]eyt and [H*]eyt in guard cells upon different H20:2 concentrations
In addition to Ca?* and H*, ROS was proposed as another important messenger participating in
both ABA and flg22 induced stomatal closure 1>2%°_ For example, 0.1-1 mM H,02 was reported

to induce [Ca?']c,: oscillations or elevations accompanied by stomatal closure 48375376 \When |

68



applied 20 uM or 200 uM H202, regarded as physiological concentrations of H20; ?%%, [Ca?*]eyt
was not affected and stomatal aperture was not altered but a pronounced cytosolic acidification
was observed in N. tabacum guard cells (Fig. 16a, b), which is contrary to previous study in Vicia
faba guard cells 3”°. A higher concentration of H,O> at 1 mM triggered steady-increasing [Ca?*]cyt
and [H*]cy: rises and resulted in mild stomatal closure (Fig. 16c). This stomatal movement as
observed here fits recent studies that showed stomata opened upon low concentration of H20-

while stomata closed under high concentration of H,0, 284377,
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Figure 16. Physiological concentrations of H202 in guard cells induce cellular acidification
without a [Ca?*]eyt signal.
Time-lapse CapHensor imaging and monitoring stomata aperture in guard cells of N. tabacum epidermal
strips stably expressing CapHensor. (a-c) Mean [Ca?*]ey: ratio (red), [H*]cy ratio (green) and stomatal
aperture area (black) challenged with (a) 20 pM H20- (n = 10), (b) 200 uM H20; (n = 22) and (c) 1 mM
H,0, (n = 18). Error bars = SE.

To investigate the effects of different concentrations of H2O2 on guard cells and to investigate if

high H>O> concentrations have a negative impact on cells’ integrity, the cytosolic streaming in
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guard cells was monitored by kymographs within the brightfield images. The nosier pattern of the
kymograph under lower concentration of H>O> represents normal cytosolic streaming (Fig. 17a-
b). The loss of cell integrity is indicated by non-mobile cytosolic structures and abrogated cytosolic
streaming which indicated by a kymograph with an unchanged pattern (Fig. 17a-c). Exactly this
was seen when guard cells were treated with 1 mM H20- but not with 20-200 uM H»0: (Fig. 17a-
c). This indicates unphysiologically high H2O. concentrations are toxic since membrane integrity
is lost, which might be the reason for the [Ca?*]cy: and [H*]eyt increases in guard cells monitored
after 1. mM HzO; application.

(t? 200, M H203

Rl

w Ain 0 el

Figure 17. Nicotiana tabacum guard cells are killed by 1 mM H:20:..

(a-c) Brightfield kymographs of a representative guard cell treated with (a) 20 uM H,0,, (b) 200 uM H,0;
and (¢) 1 mM H,0,. The time of H,0O- treatment and wash out is marked by white marks on the right side
of the kymographs. A noisy pattern shown in the kymograph represents cytosolic streaming. The loss of
cell integrity is indicated by distinct and constant patterning of the kymograph, which was observed under
1 mM H;0O; treatment.
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4.3.5 pH changes play a prominent role in stomatal movement

My previous results demonstrated guard cells responses to different stimuli displayed distinct
[Ca?*]eyt and [H*]eyt signals during stomatal closure (Fig. 14, 16). | wondered whether cytosolic
alkalization is essential for stomatal closure induced by ABA or flg22 and if the pH response
affects the dynamics of [Ca?*]cy: increases. Therefore, butyric acid (BTA), a weak acid was applied
to exclusively acidify the cytosol 17337378 aiming to block cytosolic alkalization induced by ABA
or flg22 (Fig. 18a-c). Making use of BTA in combination with ABA or flg22, | studied if the
alkalization is essential for stomatal closure and if cytosolic acidification can influence the ABA
or flg22 pathway in guard cells (Fig. 18a-c). Despite ABA being the known strongest stomatal
closure signal, stomatal opening was induced by BTA even in the presence of ABA (Fig. 18a, b).
Through BTA administration, [Ca?*]cyt increases upon ABA treatment were strongly reduced (Fig.
18a-b) compared to the experiment in the absence of BTA (Fig. 14b). However, stomatal closure
in response to ABA was immediately set in after removing BTA (n = 22, Fig. 18a). In line with
these BTA effects on diminishing the ABA response in guard cells, ABA pre-incubated closed
stomata opened immediately when BTA was applied (n = 22, Fig. 18b). BTA effects on stomatal
closure induced by flg22 were similar to ABA, but with higher [Ca?*]cy: increases (n = 24, Fig.
18c). These results suggested cytosolic acidification to promote stomatal opening via a yet
unknown mechanism. Additionally, it indicates that cytosolic alkalization is important for ABA
and flg22 triggered stomatal closure. Not only stomatal closure induced by ABA and flg22 was
altered in the presence of BTA, [Ca®'].y: elevations were partially inhibited as well (Fig. 18a-c),
demonstrating that pH can change stimulus triggered [Ca?*]eyt increases. But why was Ca?*
influenced by BTA? Does [H*]eyt act on the signaling mechanisms to activate Ca2*-permeable
channels, or do pH changes influence the channels directly? What is the interrelation between
[Ca?]eyt and [H*]cyt homeostasis? Does Ca?* also act on the pH homeostasis?
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Figure 18. The cytosolic alkalization in guard cells is important for stomatal closure.

Time-lapse CapHensor imaging together with monitoring stomata aperture in guard cells of N. tabacum
epidermal strips stably expressing CapHensor. Mean [Ca?*]cy: ratio (red), [H*]cy: ratio (green) and stomata
aperture area (black) time-course experiments are displayed. (a) Guard cells are challenged by 10 uM ABA
plus 3 mM BTA followed by exclusive ABA (n = 22). (b) 10 uM ABA pre-incubated guard cells are treated
with simultaneous 10 uM ABA and 3 mM BTA followed by only 10 uM ABA (n = 22). (c) Guard cells are
treated with simultaneous application of 3 mM BTA plus 1 uM flg22 followed by flg22 treatment only (n
= 24). Bars above indicate time of relative treatments. Error bars = SE.
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To answer these questions, | performed experiments to alter external pH or CaCl, concentration
of the medium, looked at the [Ca?"]¢yt and [H*]ey: signals and quantitatively compared the guard
cell responses (Fig. 19). Based on an extracellular medium with pH 5.8, which is mimicking the
physiological conditions, | lowered or lifted the extracellular pH by one pH unit first. After that |
induced Ca?* signals by increasing the extracellular CaCl concentration from 10 pM to 1 mM in
the media (Fig. 19a, b, n = 24). An experimental design like this has the advantage of comparing
the [Ca?"]eyt, [H']eyt and aperture dynamics from the same guard cell in one experiment. When
exchanging the medium pH from 5.8 to 4.8, a cytosolic acidification and a small transient [Ca%*]cyt
decrease were observed, which led to an increase in aperture with the opening speed from 0.8143
pum?/min to 1.190 pm?/min (Fig. 19a, b, f). This result confirmed the results from Fig. 18a-c that
cytosolic acidification promoted stomatal opening. Switching back to pH 5.8 medium reduced the
velocity of aperture opening back to 0.2317 um?min (Fig. 19b, f). When switching from pH 5.8
to pH 6.8 medium, | observed cytosolic alkalization, [Ca?"]cy transients and pronounced stomatal
closure (Fig. 19a-f). Although pronounced [Ca?"]cy: transients were also induced when | elevated
the medium CaCl, concentration from 10 uM to 1 mM, only slight stomatal closure occurred,
which was accompanied by a small transient cytosolic alkalization (Fig. 19a-f). Probably the most
interesting aspect of this experiment is that very obvious stomatal closure was induced by pH 6.8
treatment when pronounced cytosolic alkalization was triggered while similar [Ca?*]cy: increases
but small alkalization upon 1 mM CaCl, treatment did not lead to stomatal closure (Fig. 19a, b, c,
). Therefore | hypothesized the magnitude of cytosolic alkalization probably is important to
control stomatal closure.

To determine the role of [Ca®"]ey transients and/or [H*]ey: changes in the regulation of stomatal
closure, 1 performed quantitative analysis and compared the amplitude of [Ca?*]cy: increases and
[H*]eyt decreases in response to pH 6.8 and 1 mM CaCl; (Fig. 19¢-¢). Similar amplitude of [Ca?* eyt
ratio (A[Ca®"Jeyt ratio) was induced upon pH 6.8 or high CaCl, (Fig. 19¢c) whereas cytosolic
alkalization induced by pH 6.8 (white) was significantly higher than the high external CaCl; (1
mM) induced cytosolic alkalization (grey) (Fig. 19d, e), which was in line with a significant
difference in aperture closing speed (Fig. 19f). Stomata closed with approximately 2.099 um?/min
under pH 6.8 treatment, significantly faster than that in response to high CaCl, (0.8186 pm?%min)
(Fig. 19b, ). Thus, high external Ca?* only induced slightly, but pH 6.8 induced more effectively

stomatal closure (Fig. 19f), which prompted me to compare the aperture speed with the ratio of
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[H*]eyt and [Ca®*]ey Signals. The regression analysis between aperture changes was positively
correlated with A[Hey/A[Ca?*]ey: ratio (Fig. 19g), pointing out that the higher the alkalization is
with equal [Ca?*]ey: signals, the faster stomatal closure occurred. This again demonstrated that
[H*]eyt plays a dominant role in stomatal movement.
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Figure 19. The cytosolic pH in guard cells has a prominent role for stomatal movement.

Time-lapse CapHensor imaging in guard cells of N. tabacum epidermal strips stably expressing CapHensor
together with stomata aperture monitoring. (a) Time-lapse brightfield (top), [H*]cy: ratio (middle) and
[Ca®*]ey: (bottom) images from a representative stomata under sequential treatments of extracellular acid
(pH 4.8) and alkalized (pH 6.8) or high CaCl, concentration (1 mM) medium. (b) Mean [Ca?*]qy: ratio (red),
[H*]cy: ratio (green) and stomata aperture area (black) time-course live-cell imaging in guard cells upon
different treatments indicated by bars above (n = 24). The optimal medium contains 10 uM CaCl, with pH
5.8. (c-e) Quantification of amplitude changes of [Ca?*]cy: ratio (A[Ca?*]ey ratio, ), [H*]cyt ratio (A[H*]eyt
ratio, d) and ratiometric H*/Ca?" (A[H"]cy: ratio/A[Ca?*]cy: ratio, €) upon pH 6.8 and 1 mM CaCl, from (b)
(n = 24). (f) Quantification and comparison of aperture responses (Aaperture changes (Um?/min)) to
different treatments shown in (b) (n = 24). (g) Regression line between Aaperture changes (um?/min) and
A[H"]ey: ratio/A[Ca®*]ey ratio. Dots represent individual guard cells. Error bars = SE. t-test was used in (c-
f). *, p<0.05.

4.4 Flg22 but not ABA and H,O; evoke Ca?*, H* and Vm signals in mesophyll

cells
Signals from the mesophyll are also important for controlling the width of the stoma, actually

apoplastic alkalization was reported in the substomatal cavity after ABA application 8. How does
that fit cytosolic alkalization in guard cells during ABA responses? Therefore, I monitored
mesophyll cells as a multicellular system to possibly generate chemo-electric signals which can be
sensed by guard cells. [Ca®**]cyt, [H']cyt and membrane potential changes have been reported to play
physiological roles to different stresses 11529344 To study the dynamics of Ca?*, pH and voltage
changes during different stimuli in the mesophyll, | set up an approach to monitor these parameters
simultaneously. In CapHensor expressing leaves of N. benthamiana transformed by infiltration,
the membrane voltage was recorded with sharp glass microelectrodes (Fig. 20a). The sharp
microelectrode was gently inserted as close as possible to the imaging region with great care.
Contrary to the flg22 response in guard cells (Fig. 14d), [H"]ey- and [Ca2*]cyt- ratio in mesophyll
cells exhibited a single pronounced increase (acidification) under 100 nM flg22 treatment (Fig.
20b). Intriguingly, a depolarization occurred on average 125.72 + 15.68 s in all cases (n = 9, Fig.
20D, i) and preceded the onset of [Ca?*]cyt and [H*]cyt response by 121.61 + 22.04 s and 145.12 +
20.13 s upon flg22 application, respectively (both p-values < 0.001) (Fig. 20b, 20i). On average,
the maximum depolarization was 54 mV from a resting membrane potential of 114 + 6.84 mV
(Fig. 20D, k). Different from the guard cells responses, [Ca?"]eyt, [H']eyt and Vm responses to 10
1M ABA or 200 pM H20, were not observed (Fig. 20c, d). However, drought stress and pathogen
invasion related to ROS generation are found to result in genetic reprogramming 26437%-381 Hence,

| developed a CapHensor version with both the PRpHIuorin and the R-GECOL1 localized in the
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nucleus to monitor nuclear Ca?* concentrations ([Ca®*]nuc) and nuclear H* concentrations ([H*]nuc)
(Fig. 6, 20e). Similar to the responses in the cytosol, [Ca?]nuc and [H*]nuc transiently increased
upon 100 nM flg22 treatment together with a membrane depolarization (Fig. 20ef, k). The onset
of membrane potential changes significantly preceded [Ca?*]ouc and [H*]nuc elevations by
approximately 141.01 £ 22.09 and 117.51 £ 17.15 s after flg22 application, respectively (Fig. 20f,
j). The onset of [Ca?"]nuc and [H*]nuec Occurred around 226.29 + 16.94 and 202.79 + 12.59 s (Fig.
20j), similar to the time of [Ca?*]cyt and [H*]cyt responses. In line with the cytosolic response (Fig.
20c, d), no responses of Vi, [Ca?*]nuc and [H*]nuc Were observed upon 10 uM ABA and 200 uM
H>0> administration (Fig. 20g, h).
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Figure 20. Distinct Ca?* and H* signatures in the cytosol and nuclei of mesophyll cells under

different stimuli.

Simultaneous Ca?*, H* ratio imaging and Vn recordings in mesophyll cells of N. benthamiana leaves
transiently expressing CapHensor in the cytosol or nucleus. (a, ) Representative brightfield (left), false
colored H* ratio (middle) and Ca?* ratio (right) images of mesophyll cells expressing CapHensor in the
cytosol (a) and nucleus (). (b—d) Mean [Ca?]y ratio (red), [H*]ey: ratio (green) and membrane potential
(Vm, black) responses to (b) 100 nM flg22 (n = 9), (c) 25 uM ABA (n = 6) and (d) 200 pM H20; (n = 5).
(f-h) Mean [Ca?"]n. ratio (red), [H*]n. ratio (green) and Vi, (black) responses to (f) 100 nM flg22 (n = 6),
(9) 25 UM ABA (n =4) and (h) 200 uM H.0, (n =5). (i, j) Mean values of the onset and peak time of Ca?*
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ratio (red), H* ratio (green) and Vi, after 100 nM flg22 in the cytosol (i) and nucleus (j). (k) Bar diagram of
mean membrane potential (Vm) in mesophyll cells at the onset (left) and peak (right) response to flg22
expressing CapHensor in the cytosol (blank, n = 9) or nucleus (shadow, n = 6). Dots in (i—k) indicate
individual experiments. Error bars = SE. One-way ANOVA was used in (i) and (j). *, p < 0.05; ***, p <
0.001.

Ca?" and H* changes in the cytosol or in the nucleus were monitored and combined with Vn
recording on mesophyll cells transiently expressing CapHensor without any treatment as control
recordings (Fig. 21). There were no significant changes of Ca?*, H" and Vm demonstrating that

without any treatment, the fluorescence and membrane voltage signals remained unchanged.
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Figure 21. Ca?*, H* and Vm in mesophyll cells under control conditions.

Simultaneous live-cell imaging of Ca?" and H* together with membrane potential (Vm) recordings in
mesophyll cells of N. benthamiana leaves transiently expressing CapHensor in the cytosol or in the nucleus.
(@) Mean [Ca?*]ey ratio (red), [H']ey ratio (green) and Vm (black) over time under control conditions (n =
4). (b) Mean [Ca? ]nyc ratio (red), [H*]nu ratio (green) and Vm (black) over time under control conditions (n
= 3). Error bars = SE.

4.5 Distinct Ca?* and H* responses to various stimuli in different cell types
Up to this point, | have examined the Ca?" and pH responses of different cell systems and in

different subcellular locations, sometimes even together with membrane potential recordings, to
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different stress stimuli. In pollen tubes, tip [H*]cyt and [Ca?*]cy: oscillations correlated positively
with oscillatory growth velocity (Fig. 11, 22 shown in the left side) and | demonstrated tip [H]cyt
regime to correlate better with growth than does tip [Ca?*]eyt (Fig. 7, 8). In guard cells, [Ca*]cyt
elevation and cytosolic alkalization were responsible for stomatal closure induced by ABA (Fig.
14b, 22 shown at the bottom on the right side) whereas the same phytohormone did not induce any
[Ca?*]eyt, [H']eyt and membrane potential responses in mesophyll cells (Fig. 20c, g). On the
contrary, flg22 induced similar Ca?* in the cytosol and nucleus of mesophyll cells but accompanied
with cytosolic and nuclear acidification together with a depolarization (Fig. 20b, 20f, 22 shown in
the middle on the right side). The stomatal closure signals after flg22 were also very different from
that of ABA, since flg22 induced a more pronounced [Ca?*]ey transient but no pH response in
guard cells (Fig. 14d). As a resume from these experiments, my results demonstrated that Ca* and
H™ signals are not only distinct under different stimuli, but specific in different cell types, which

might relay distinct information in plants (Fig. 22).
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Figure 22. Distinct Ca?*and H* signatures in different cell types in Nicotiana tabacum.

Disctinct Ca?* (red line) and H* (green line) signatures participate in specific physiological processes in
different cell types. In pollen tubes, [Ca*"]cy, [H*]ey: and growth oscillations are positively correlated with
slightly shifted phase (left side). A single Ca** and H* peak and membrane depolarization were triggered
by flg22, but not by ABA or H,O, in mesophyll cells (right side, top). Cytosolic alkalization and [Ca?*]cy
transients are accompanied with ABA induced stomatal closure (right side, bottom).

4.6 Spontaneous [Ca?]c,: and [H*]ey: oscillations in guard cells - description
of the parameters to trace their physiological role

4.6.1 Interplay between spontaneous [Ca?*]cyt and [H*]cyt oscillations in guard cells
In contrast to the imposed [Ca?"]y oscillations | sometimes evoked in guard cells (Fig. S2b, c),
spontaneous [Ca?*]ey oscillations have been often described in the literature 317, In this thesis,
38.31 % of observed guard cells (n = 95 out of 248 cells) displayed naturally occurring [Ca® ]yt
oscillations at control conditions. The spontaneous [Ca?*]ey: transients were accompanied by
synchronized [H*]cy: oscillations, which prompted me to study their relationship, by using the
wavelet transformation technique | used before to quantify the correlation, phase shift and
interrelation between the two signals according to the package WaveletComp 3%°. These
synchronized [Ca®']cyt and [H*]cyt Oscillations are generally grouped into two populations (n = 32,
Fig. 23a and 23b). Approximately 56.25 % oscillatory cells exhibited in-phase [Ca? eyt and [H* eyt
dynamics (Fig. 23a) whereas 43.75 % of the guard cells displayed antiphase behavior of [Ca?*]cyt
and [H*]eyt (Fig. 23b). After cross-wavelet analysis, the period of synchronicity of [Ca?]ey and
[H*]eyt oscillations at the significant level from a representative measurement of Fig. 23a and 23b
is illustrated by regions bordered with white lines in the cross-wavelet spectra in Fig. 23c and 23d,
respectively. The direction and angle of black arrows in Fig. 23c and 23d represent the temporal
relationship between [Ca?"]cyt and [H*]ey: oscillations, which fits the models of synchronization of
sine wave oscillations in the top of Fig. 23a and 23b and were converted into phase shifts from —x
to . Therefore, the coherence of [Ca?*]cyt and [H*]cy: 0scillations was characterized to be in-phase

360 55 indicated

or antiphase based on the absolute values lower or higher than half &, respectively
by the scheme at the top in Fig. 23a, b. The arrows in the wavelet spectra (Fig. 23c, d) and the
distribution in circular phase plot (Fig. 23, 24a) represent leading and lagging signals. This means
that the sign of the phase shift suggested the sequence of [Ca?*]eyt Or [H']eyt Oscillations,

demonstrating which signal is leading or lagging (Fig. 23a, b).
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Figure 23. Two populations of guard cells with spontaneous [Ca?*]cyt and [H*]cyt oscillations.

Spontaneous [Ca?*]ey: and [H*]ey oscillations in N. tabacum guard cells stably expressing CapHensor under
normal conditions. (a, b) Representative spontaneous [Ca?*]. ratio (red) and [H*]ey: ratio (green) in guard
cell indicated in-phase correlation (a) and antiphase correlation (b). The circles on the top of the trace in a
and b are used to demonstrate the leading and lagging signal of Ca?* or H* according to the package *%°. (c,
d) Wavelet spectra are performed by wavelet transformation of [Ca?*]e,: and [H*]ey oscillations from
experiments in (a) and (b), respectively. The red color represents the power of oscillations over time with
the significant area (p < 0.05) surrounded by white lines. The directions of arrows in ¢ and d fit the circle
in a and b, respectively, representing the leading or lagging signal. The periods of [Ca*]ey and [H*Jeyt
oscillations are shown in vertical axis (left side) and the most significant and stable period is read out with
the peak in vertical axis (right side).

The phase distribution of each guard cell was displayed in a circular phase plot (Fig. 24a), where
white colored bars represent the in-phase guard cell (Fig. 23a) while the antiphase guard cells (Fig.
23Db) are represented by the grey color bars (Fig. 24a). The circular phase plot indicated that [H*]cyt
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was leading [Ca?*]eyt in the in-phase guard cells whereas [Ca?*]cy: was the leading signal in guard
cells having antiphase [Ca2*]cy: and [H*]eyt regime (Fig. 24a). The averaged correlation coefficient
of [Ca?*]eyt and [H*]cyt Oscillations in in-phase and antiphase guard cells was 0.41 + 0.05 and -0.45
+ 0.04, respectively (Fig. 24b), meaning the correlation level was similar in opposite phase
relations in the two populations of guard cells. The magnitude of the correlation coefficients
indicates a very good correlation of [Ca®*]cy: and [H*]ey: signals. The average phase values of in-
phase and antiphase guard cells were quantified between 0.56 £ 0.19 and -2.53 £ 0.11 radians with
a significant difference, respectively (Fig. 24c). Moreover, [H*]oy oscillations preceded [Ca?*]eyt
oscillations by 13.10 + 4.94 s in in-phase guard cells whereas [Ca?"]eyt transients led [H*]cyt
transients by 25.67 + 1.91 s in antiphase guard cells (Fig. 24c). In respect to the period of [Ca?*]cyt
and [H™]cyt oscillations, similar wavelet power spectra in Fig 23c and 23d were received and only
the most significant period in the vertical axis on the right side was used to read out and quantify
the main period (Fig. 24d). [Ca®"]eyt and [H™]eyt oscillations in the same cell displayed similar
period with a mean period of 4.48 + 0.18 min ranging from 3.44-5.82 min in in-phase guard cells
whereas the mean period was around 8.89 £ 1.35 min in antiphase guard cells (Fig. 24d). These
spontaneous [Ca®*]cyt and [H*]cy: oscillations showed a tight coupling of these two signals, even in
different oscillatory regimes. However, what the exactly physiological role of these naturally
occurring [Ca?*]eyt and [H*]eyt oscillations might be and what kind of information, if any, they

encode still remains to be shown.

83



—~
Q
N
P e |
(o}
N

= 087 « kkk
= __kkk
o :
S 0.4-
£ 0.4 B
= i
8
e 00 —
S ///
©
©-0.4 /i/
o '
S :
-0.8- phase antiphase
C ek
(©) 0.0- . 40 (d) 10001 [Ca™"],,; ratio,
™ 7 £ I 1 + . H
€-0.51 ; o 800 [H ]y, ratio @
g ; V| 203 i F%k
2707 3 8 Be00{ —**x
E-154 - F 0 o 1 |
5 ol % ) 3 2 400- :
q" . 1 [7}) [} 4 : E ;
] g --20 ® Q ] i .
S.251 : e 2004 | * | ! '
- ] ; ’
-3.0- ! --40 i
phase antiphase g phase antiphase

Figure 24. Two populations of guard cells with different [Ca?*]cyt and [H*]cyt phase-relations.

Quantification of phase analysis and correlations between natural [Ca%]ey: and [H*]cy: oscillations of the
two populations of N. tabacum guard cells. (a) Mean phase shift in radians of guard cells in phase (white,
n =18, a) and guard cells in antiphase (grey, n = 14, b) based on the values and sign of circular plots. Note:
[Ca®]eyt and [H*]ey: Oscillations are in phase or in antiphase when the absolute phase in radians is lower or
higher than half z, respectively. (b) Correlation coefficient of inphase (white, n = 18) and antiphase (shadow,
n = 14) [Ca*]cy and [H*]ey oscillations in guard cells. (c) Phase relations in radians (black) and shifts in
seconds (red) in (c) between [Ca?*]ey- and [H*]eye- ratio oscillations of two populations of guard cells. (d)
Period quantification of [Ca?*]¢y (red) and [H*]ey: (green) oscillations from inphase and antiphase guard
cells. Dots in (b-d) represent datapoints of individual guard cells. Error bars = SE. t-test was used in (b-d).
** p<0.01; *** p<0.001.

4.6.2 Natural [H*]cyt oscillations are blocked by ABA but not by flg22
The possible role of Ca?* oscillations in the coding of information is discussed extensively
31,32,171,345,346:382,383 1t whether the spontaneously occurring oscillations are related to signaling
pathways is not clear. To study whether these oscillations could represent part of the ABA or flg22
signaling pathway, | applied 10 uM ABA and 1 pM flg22 on oscillatory guard cells (Fig. 25).
Stomatal closure induced by 10 uM ABA and 1 puM flg22 seen in non-oscillatory guard cells (Fig.
14b, 14d) was partially suppressed in oscillatory guard cells (Fig. 25a, b, e, f). Interestingly,

[Ca?*]eyt oscillations were not altered by either ABA or flg22 whereas [H*]cyt oscillations were
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abolished by ABA but not by flg22 (Fig. 25a, b, e, f). The cross-wavelet spectra, as exemplified in
Fig. 25c and Fig 25d also displayed the interruption of [H*]eyt oscillations, since the significant
area shown in red color surrounded with white lines disappeared during the application of ABA
but not after flg22 treatment (Fig. 25c, d). The disappearing significant area (red) and arrows
during ABA but not flg22 treatment suggested the link between spontaneous [Ca? Jeyt and [H*]cyt
oscillations to be diminished in the presence of ABA (Fig, 25c, d). This was confirmed by cross-
correlation analysis showed ABA significantly interrupted the link between natural [Ca?*]cy: and
[H*]eyt oscillations by dampening [H*]cyt oscillations (Fig. 25g) whereas this was not the case with
flg22 (Fig. 25h). This interesting phenomenon questions how natural [H]eyt oscillations were
blocked by ABA.
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Figure 25. Correlation between spontaneous [Ca?*]eyt and [H*]cyt oscillations in guard cells is
interrupted by ABA but not by flg22.

Interaction between spontaneous [Ca*‘]e, and [H*]eyt Oscillations in response to ABA and flg22 in N.
tabacum guard cells stably expressing CapHensor. (a, b) A representative measurement of [Ca?"ey: (red),
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[H*]eyt (green) and aperture area (black) upon 10 uM ABA (a) and 1 uM flg22 (b). (c, d) Wavelet spectra
of the entire measurement of 10 uM ABA from (a) and 1 uM flg22 from (b), respectively. The significant
oscillations are shown in the red area borded with white lines. The arrow directions indicate the lagging or
leading signals of [Ca®e or [H']eye according to the scheme in Fig. 23a, 23b. (e, f) Mean traces of
spontaneous [Ca?*]y (red) oscillations, [H*]eyt (green) oscillations and aperture area (black) of oscillatory
N. tabacum guard cells stably expressing CapHensor upon 10 uM ABA (e) and 1 uM flg22 (f). (g, h) Bar
diagrams of quantification of cross-correlation between spontaneous [Ca?*]cy: and [H*]ey: oscillations before
(white) and during (grey) ABA (g, n = 22) or flg22 (h, n = 16) treatment. Error bars = SE. Dots indicate
individual guard cells. Error bars = SE. t-test was used in (g, h). ****, p < 0.0001; n.s.: no significant
difference.

4.6.3 Vacuolar H* homeostasis is blocked by ABA but not by flg22
Given the pH difference between the cytosol and the vacuole of almost two pH units, |
hypothesized that vacuolar H* homeostasis could feed-back on [H*]cy:. | tested if vacuolar pH is
responsible for spontaneous [H*]cy: oscillations in guard cells under normal conditions and
contributes to the blocked spontaneous [H*]eyt oscillations by ABA (Fig. 25). The BCECF dye was
used on oscillatory guard cells to monitor changes in vacuolar H* concentrations ([H]vac, Fa40/Fs00)
after the application of ABA and flg22 (Fig. 26). | found vacuolar H* dynamics also to display
oscillations under normal conditions (Fig. 26). Interestingly, the vacuole became acidified
sustainly upon ABA treatement and transiently by flg22 (Fig. 15, 26) whereas vacuolar H*
oscillations were dampened by ABA, but not by flg22 (Fig. 26). Moreover, vacuolar H*
oscillations restarted to occur when removing ABA, which is more visible in single cell recordings
(Fig. 26a). | could conclude that dampening of the spontaneous cytosolic and vacuolar H*
oscillations by ABA are coupled. Therefore, cytosolic pH alterations are suggested to be caused

by changes in vacuolar H* translocation to finally regulate [H*]cy: oscillations.
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Figure 26. Vacuolar acidification is triggered by ABA or flg22 in individual guard cells.

Guard cells of N. tabacum (SR1) epidermal strips are incubated in solutions containing 15 uM BCECF dye
and washed out before starting measurements. (a, b) Ratiomatric fluorescences from BCECF dye (Faa0/Fs00)
represent vacuolar H* concentrations ([H*]vac) of representative individual guard cells upon 10 uM ABA
(@) and 1 uM flg22 (b) over time. Vacuolar acidification in guard cells is induced by ABA and flg22 and
dampening of oscillations is triggrered by ABA, but not by flg22.

4.7 Interconnection between Ca?*, H* and K* dynamics in regulating
stomatal movement

4.7.1 Imposed [Ca?*]eyt transients are accompanied by reduced [H*]eyt in guard cells
My previous results (Fig. 19) showed that, high external Ca?* only induced slowly and slightly
stomatal closure but [H*]eyt and [Ca?*]cyt homeostasis is reversely connected with each other in
guard cells. Furthermore, my data on active pH change has shown a pH signal in the cytosol seems
to be a signal superimposed on the Ca?* signal and the level of alkalization controls the stomatal
closure rate (Fig. 19). To investigate [Ca?*]cy: and [H*]cyt correlations in guard cells and a possible

role of [Ca?*]c, oscillations in stomatal regulation, | evoked repetitive [Ca?*]cyt increases by
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increasing the medium Ca?* concentration from 10 uM to 1 mM. Regular [Ca?*]¢y oscillations
could be induced this way every 5 min four times in a row (Fig. 27a, S3). The imposed [Ca?*]cyt
oscillations were always accompanied by cytosolic alkalization (Fig. 27a, S3), however
pronounced stomatal closure was not observed with this experimental design, despite the huge
Ca?* changes could be evoked (Fig. 27a, b). These results showed a reproducible antiphase relation
between [Ca?*]eyt and [H*]ey: in guard cells (Fig. 27a, b) and demonstrated that [Ca2*]cy: increases
per se are not essentially inducing stomatal closure responses. To identify which membrane
transport component in guard cells possibly participates in high CaCl> induced cytosolic
alkalization, sodium orthvanadate (NasVOs4) was applied (Fig. 27a, b). NazVO4 was used in
previous studies as a potent H*-ATPase inhibitor to block H*-pump activity 232323 The negative
correlations between [Ca?*]eyt and [H*]eyt induced by extracellular high CaCl, were switched into
positive correlations and stomata started to close in the presence of NasVOs (Fig. 27a-c). This
suggested plasma membrane H*-ATPases are responsible for the antiphase correlation between
[Ca?*]eyt and [H*]eyt under high CaCl, treatment. Quantification of the onset and the peak times of
[Ca?]eyt and [H*]eyt upon 1 mM CaCl, treatment (Fig. 27d) in the absence of vanadate since
vanadate altered the negative correlations between the two signals. [Ca?"ey started to increase
0.52 + 0.07 min after high CaCl; application while [H*]cy: took 1.19 + 0.08 min to response (Fig.
27d). Relatively, the peak of [Ca?*]cy transients still significantly preceded maximum cytosolic
alkalization (Fig. 27d). These timing analysis suggests [Ca®*]cyt could regulate plasma membrane
H*-ATPases leading to this negative correlations between [Ca?*cyt and [H*]eyt (Fig. 27d). To study
in more detail the negative correlation between [Ca?*]eyt and [H*]eyt in previous guard cells
experiments that | performed up until now (Fig. 14, 19), | again made use of BTA to study the
interconnection of [Ca*]ct and [H']er homeostasis. | asked if Ca?* permeable channels
responsible for [Ca?*]cy: homeostasis could be regulated by intracellular pH. Therefore, BTA was
applied to guard cells with spontaneous [Ca?*]ey: oscillations (Fig. 27¢), which enabled me to
compare the effect of cytosolic acidification on the regularly occurring [Ca®*]ey transients.
Pronounced stomatal opening was triggered by BTA but [Ca?*]cy: oscillations were hardly affected
by cellular acidification, they were only slightly dampened in the first 5 to 10 min when cytosolic
pH was not yet at equilibrium (Fig. 27¢). Especially in the individual traces (Fig. 27e, upper figure),
it was evident that cytosolic acidification did not alter at all [Ca?*]cy: oscillations, pointing to a pH-

insensitivity of the Ca* channels involved. Overall, the negative correlation between [Ca?*]cyt and
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[H*]eyt in guard cells provided solid experimental evidence for defined cross-links in [Ca?*]cy: and

[H*]eyt homeostasis, which partially involved plasma membrane H*-ATPases activity.
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Figure 27. Interactions of [Ca?*]eyt and [H*]cyt in guard cells upon different stimuli.

Live-cell imaging of [Ca®*]¢yr, [H']ey: together with stomatal movement in N. tabacum guard cells from
epidermal strips stably expressing CapHensor. (a) Representative brightfield (top), false colored [H*]eyt
ratio (middle) and [Ca?*].y: ratio (bottom) images of a stomata in response to high CaCl; in the absence or
presence of vanadate (NasVOs). (b) Mean [Ca?*].y: ratio (red), [H*]cy: ratio (green) and aperture area (black)
dynamics over time when perfusing from 10 uM CaCl, to 1 mM CaCl; and then combine with 100 pM
vanadate (NasVVO.) (n = 18). (c) Bar diagram of quantification of cross-correlation between [Ca?*]c,: and
[H*]eyt without and with vanadate from (b, n=18). (d) Bar diagram of quantification of onset and peak time
of [Ca?]ey ratio and [H*]ey: ratio after application of 1 mM CacCl, in the phase of without vanadate from (b,
n = 18). (e) [Ca®*]ey (red), [H']ey: (green) and aperture area (black) from a representative oscillatory N.
tabacum guard cell stably expressing CapHensor in the cytosol upon 3 mM BTA application (top) and mean
values (n = 20, bottom). The cytosolic pH is clamped to be more acid and stomata open whereas [Ca?*]cyt
oscillations are not interrupted by BTA. Bars above indicate the time of treatments and different treatments
are marked with different colors. Dots in (c) indicate individual measurements from (b). Dots in (d) indicate
the average point of each 1 mM CacCl; treatment from individual measurements from (b). Error bars = SE.
t-test was used in (c and d). ***, p < 0.001; **, p < 0.01.

4.7.2 Osmotic effects are the main cause for stomatal movement and [Ca?*]cyt
changes induced by high and low KCI solutions
Oscillations in [Ca?*]c,t with distinct signatures such as variable amplitude or frequency are
discussed to encode specific information in guard cells 31334, Stomatal closure was hypothesized
to be associated with a defined range of [Ca?*]cy: oscillations by challenging guard cells with a
combination of high/low KCI buffers that elicit depolarization and hyperpolarization of the plasma
membrane to evoke [Ca?*]y rises 14172, However, from my previous results (Fig. 19, 27), [Ca®"Jeyt
increases did not induce pronounced stomatal closure. Hence, to modify defined [Ca%"]cy
oscillations and stomatal movement as reported by high/low KCI buffer exchanges, | used stably
expressing tobacco CapHensor lines and evoked by a similar manner oscillatory [Ca?]eyt increases
in guard cells to monitor stomatal behavior (Fig. 28a, b). This enabled me to test the hypothesis
whether defined [Ca?*]qy: oscillations do steer guard cells behavior as it was particularly interesting
especially I found cytosolic pH changes control stomatal movement more efficiently than [Ca2*]eyt
(Fig. 14, 18 and 19). In addition, by using high and low K*-solutions I could investigate the role
of K" in stomatal movement since K™ is the main inorganic cation to be uptaken by guard cells to
build up the turgor pressure. | used a hyperpolarization solution (0.1 mM KCI, 1 mM CaCl,, 10
mM MES with pH 5.8 adjusted with BTP) and depolarization solution (50.1 mM KCI, 1 mM CaCls,
10 mM MES, pH 5.8) with equal CaCl> concentrations (Fig. 28, 29a). Stomatal closure induced

by high KCI solution was accompanied with a cytosolic alkalization but without a [Ca?*]cy: increase,
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when this was repeated four times (Fig. 28, 29a). However, a cytosolic acidification and a [Ca?*]eyt
peak occurred when switching back to the low KCI solutions (n = 30, Fig. 28, 29a). Curiously,
when alternating high/low potassium concentrations were applied, | observed that opening but not
closing was associated with a [Ca®**]eyt signal, which is contrary to the general opinion on stomata
regulation. Because the tight interrelation between [Ca®']c,: and [H*]cyt homeostasis has been
investigated (Fig. 27b, c), whether [Ca?*]cy: rises could be altered in stomatal opening was tested
using 3 mM BTA (Fig. 28a, b). The results (Fig. 28b, 29a) showed [Ca?*]¢yt peaks associated with
stomatal opening were not influenced by BTA (Fig. 28c). This results further confirmed that
cytosolic acidification led to stomatal opening as | have shown in previous studies, where BTA
could block stomatal closure induced by ABA and flg22 (Fig. 18) 3%,
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Figure 28. [Ca?*]eyt, [H*]cyt and stomatal movement under different KCI concentrations in

individual guard cells.

Live-cell imaging of CapHensor stably expressed in a representative N. tabacum guard cell together with
aperture monitoring upon different KCI concentrations. (a) Time-lapse brightfield (upper), false colored
[H*]eyt ratio (middle) and [Ca?*]qy ratio (bottom) images of a representative stomata. (b) [Ca?*]ey- (red),
[H*]eyt- (green) ratio and aperture area (black) upon different KCI concentrations without (-) and with (+) 3
mM BTA from (a). (c) Amplitude of [Ca®*],: changes (A[Ca®"]qy ratio) when switching back to solutions
containing 0.1 mM KCI without (-) and with (+) BTA (n = 30). The presence of BTA does not influence
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[Ca®*]ey transients significantly. Error bars = SE. One-way ANOVA was used in (c). n.s.: no significant
difference.

4.7.3 [H"]eyt homeostasis is modulated by potassium transport in guard cells
To investigate if the closing and opening of the stomata by switching high/low KCI solutions was
rather related to an osmotic effect, | made use of approximately 100 mM mannitol with equal
osmolality to replace 50 mM KCI (n = 24, Fig. 29b). A rigorous comparison of repetitive changes
in high/low KCI and mannitol treatments was performed in the presence and absence of BTA.
Stomatal movement and [Ca?*]cy: responses to 100 mM mannitol and 50 mM KCI (Fig. 29a, b)
were very similar, indicating that stomatal movement and [Ca?*],: changes when switching
between low and high KCI solutions were mainly a result of osmotic imbalance (Fig. 29a, b).
Stomatal movement and [Ca?*]cy: changes were not influenced much in the presence of BTA (Fig.
28c, 29a, 29b, 29e). Interestingly, cytosolic acidification and alkalization occurred when switching
low/high KCI solution and these changes in [H"]cyt homeostasis became more pronounced in the
presence of BTA (Fig. 28b, 29a, 29d). Contrary to that, no changes in [H]cyt homeostasis were
observed upon treatment with the mannitol solution (Fig. 29b, 29d), pointing out that [H*]cyt
changes are based on changes in ions rather induced by the osmotic shock. However, where the
alterations in [H*]cyt during high KCI application originate from was unclear, but I always saw an
alkalization upon high KCI concentration. | assumed KCI rather than Ca?* to be responsible for
changes in the [H*]cyt homeostasis. Thus, | made use of the effective K* channel blocker Cs* 38386,
and exchanged the 50 mM KCI solution with 50 mM CsCl to test if K*-channels were involved in
the pH changes. Similar stomatal movement and [Ca?*]cy: responses were observed with 50 mM
CsCl treatment, but [H*]cy: changes were largely reduced but still occurred obviously (n = 26, Fig.
29c, d, e). Stomatal opening always occurred in hyperpolarization solution (0.1 mM KCI) while
stomatal closure was induced in solution regardless of 50 mM KCI, 200 mM mannitol or 50 mM
CsClI (Fig. 29a-c, 29¢), which demonstrated the osmolality changes to be the main factor for
stomatal movement. But the KCI was associated with the changes in [H*]c,: homeostasis (Fig. 29a-

C, e).
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Figure 29. [Ca**]et and [H*]eyt responses and stomatal movement upon different KCI
concentrations.

Live-cell imaging of [Ca?*]cy: ratio and [H*].y: ratio and monitoring aperture area under different stimuli. (a)
Mean [Ca® ey (red), [H']ey (green) and aperture area (black) perfusion from 0.1 mM KCI to 50.1 mM KClI
repeated for four times and then combined with 3 mM BTA (n = 30). (b, ¢) Mean [Ca?*]¢yt (red), [H] eyt
(green) and aperture area (black) response to 100 mM mannitol (b, n = 24) or 50 mM CsCl (c, n = 26) four
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times and then both combined with 3 mM BTA. (d, e) Quantification of [H"]cy: changes (A[H]cy: ratio, d)
and aperture changes (Aaperture area, ¢) from the experiments in (a-c). Bars above indicate the time of
treatments and different treatments are marked with different colors. Dots in (d, ) indicate average values
of each repeat marked by symbols of individual measurements in (a-c). Error bars = SE.

4.7.4 [H*]eyt homeostasis is regulated by plasma membrane potassium transport and
H*-ATPases activity in guard cells

Based on the smaller [H*]¢yt dynamics with the CsClI solution compared with the low/high KCI
solution (Fig. 29a, c, d), two possible H*-transport scenarios can be imagined to induce [H"]cyt
homeostasis including plasma membrane H*-ATPases and/or H*-coupled transporters. Plasma
membrane H*-ATPases usually pump H* out of the cytosol to maintain the chemical-electric
gradient. To investigate whether plasma membrane H*-ATPases function in low/high KCI induced
[H*]eyt homeostasis, vanadate, a H*-ATPases blocker was combined with applications of the
low/high KCI solution in the presence of BTA (Fig. 30a). In the presence of vanadate, high/low
KCI solutions triggered stomatal movement remained (Fig. 30a, d), but significantly less
pronounced [H*]cyt reduction (alkalization) was monitored (Fig. 30a, ¢), which was suggestive for
plasma membrane H™-ATPases to partially function in [H*]cy: response to KClI application (n = 26,
Fig. 30a, c, d). The other possible factor to modulate [H*]cy: homeostasis under KCI conditions
was K* and/or CI" in co-transport with H*. Given that the changes in [H*]cyt were only partially
reduced by CsCl solution (Fig. 29c, d) or KCI solutions containing vanadate (Fig. 303, c), | asked
whether CI- was associated with [H™]¢yt changes in low/high KCI solutions. | used 50 mM Tris-Cl
(Fig. 30b) to monitor the effect of CI- on a possible pH regulation. The application of 50 mM Tris-
Cl did not change [H*]c,t homeostasis to the same extent as KCI did, while stomatal movement
was similarly regulated (n = 26, Fig. 30b-d). Interestingly, in contrast to a cytosolic alkalization, a
slight cytosolic acidification was observed upon Tris-Cl application, indicative for the existence
of H*/CI- symporters at the plasma membrane.
In conclusion, these results suggested [H]cyt homeostasis was mainly attributed to transport of
potassium and plasma membrane H*-ATPases activity, and chloride transport had a minor role in
the observed KClI-driven alkalization (Fig. 29-30).
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Figure 30. H*-ATPases and K* are responsible for [H*]cyt homeostasis in guard cells upon
different KCI concentrations.

Live-cell imaging of [Ca?*]cy: ratio and [H*]cy: ratio and monitoring aperture area under different stimuli. (a)
Mean [Ca?*]eyt (red), [H*]eyt (green) and aperture area (black) perfusion from 0.1 mM KCI to 50.1 mM KClI
together with 3 mM BTA firstly for four repeats and then combined with 1 mM vanadate (NasVOs) (n =
26). (b) Mean [Ca*]ey (red), [H']eyt (green) and aperture area (black) response to 50 mM Tris-Cl for four
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times and then combined with 3 mM BTA and 1 mM vanadate (NasVOa) (n = 26). (c, d) Quantification of
[H*]ey: changes (A[H*]ey ratio, ¢) and aperture changes (Aaperture area, d) from experiments in (a and b).
Bars above indicate the time of treatments and different treatments are marked with different colors. Dots
in (c, d) indicate average values of each repeat marked by symbols of individual measurements in (a, b).
Error bars = SE. t-test was used in (c). ***, p < 0.001.

4.7.5 External KCI affects vacuolar H* homeostasis

Based on the vacuolar pH recordings with the BCECF dye, | learned that cytosolic pH changes
could be well regulated by H*-translocation by the tonoplast in ABA and flg22 induced responses
(Fig. 15, 26). To ask, whether the 50.1 mM KCI induced cytosolic alkalization could originate
from the transport of H* from the cytosol to the vacuole, wild-type N. tabacum epidermal strips
were incubated with the BCECF dye to monitor vacuolar H* changes under low/high KClI solutions
(Fig. 31a, b). Stomata opened in 0.1 mM KCI solution while stomata closed when switching to
50.1 mM KCI solution (Fig. 31a), which was in line with my previous experiments (Fig. 28a, 28b,
29a). Interestingly, vacuolar acidification (increased Faso/Fso0) and alkalization (decreased
Faa0/Fs00) occurred in low and high KCI solution, respectively, which was not influenced by
vanadate (Fig. 31b, c). It indicates vacuolar H* homeostasis could be regulated by KCI. However,
since both [H*]vac and [H*]cyt decreased upon high KCI application, cytosolic alkalization was
unlikely to result from H* translocation into the vacuole (Fig. 29a, 31), which further suggested
K* triggered [H*]cy: homeostasis to rely on plasma membrane H* translocation. Using vanadate to
block plasma membrane H*-ATPases did not influence the BCECF signal much (Fig. 31b, c)
indicating plasma membrane H*-ATPases to have little effect on vacuolar pH but to contribute in
part to the cytosolic alkalization induced by high K* (Fig. 30a, 30c, 31).
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Figure 31. Vacuolar H* in guard cells responses to different KCI concentrations.

(a) Representative brightfield (top) and false colored [H*]vac ratio (bottom) images in N. tabacum wild type
(SR1) guard cells incubated with 15 uM BCECF for 2 h before starting the treatments with different KCI
concentrations. (b) Mean [H*]v ratio (black, shown by Faso/Fso0) responses to 0.1 mM KCI and 50.1 mM
KCI for four times without (-) and with (+) 1 mM vanadate (NasVOa,) (n = 28). (c) Quantification of [H*]vac
(A[H*]vac ratio) responses of the experiments in (b). Bars above the trace indicate the time of treatments and
different treatments are marked with different colors. Dots in (c) indicate the average values of each repeat
marked by symbols of individual measurements. Error bars = SE.
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4,7.6 Summary of Ca?* and H* regulations in stomatal closure upon different stimuli
Summarizing my results and combing with others studies about the transport events at the plasma
membrane and tonoplast (see introduction 1.2) (Fig. 1), a scheme is presented to propose possible
transport components contributing to [Ca®*Jeyt and [H*]eyt homeostasis in guard cells responses to
either flg22, ABA or extracellular alkalization (pH 6.8) (Fig. 32). [Ca®"]¢y: increases and cytosolic
alkalization were observed to be associated with stomatal closure under flg22, ABA and pH 6.8
treatment (Fig. 14, 19). A negative correlation between [Ca?*]cyt increases and [H*]ey decreases
exists in high external CaCl. or pH 6.8 treatment but more pronounced stomatal closure was
associated with stronger alkalization (Fig. 19). Ca?* influx might be regulated via Ca* permeable
channels at the plasma membrane such as OSCAs and GLRs, while putative Ca?*/H* exchangers
(CAXs) and/or Ca?*-ATPases (ACAs) 3+3" and H*-ATPases or H*-PPases 51787 are suggested to
function in [Ca®*"]cyt and [H*]eyt interactions (Fig. 1, 32). The vacuole became more acid during
ABA or flg22 treatments (Fig. 15, 26), which might be one of the origins of the cytosolic
alkalization but the molecular mechanisms that couple cytosolic and vacuolar pH remain to be
ascertained.

It was shown here that [H*]cyt dynamics play an important role in regulation of stomatal movement
(Fig. 14, 16, 18, 19b, 27e), which might be related to CAXs and K*/H* transporters (NHXSs)
reported to be associated with intracellular H* homeostasis (see introduction 1.2) 1:211:354261.9 (Fijg
1, 32). | found, K* fluxes not only to be important for turgor pressure to regulate stomatal
movement through inward- and outward- K* channels, but | uncovered a strong link between K*
and [H*]cyt and [H]vac homeostasis in guard cells (Fig. 28-32). To sum up, cytosolic alkalization
is a general feature in stomatal closure observed in this thesis and Ca?*, H" and K* homeostasis

could be identified to be strongly interconnected in guard cells.
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Figure 32. A scheme of Ca?*, H*, K* and transports regulation in stomatal closure induced
by different stimuli.

A scheme to summarize possible components contributing to Ca?*, H* and K* homeostasis in guard cells
responses upon signaling cues such as fIg22, ABA and extracellular alkalization (pH 6.8). [Ca®*Jcyt
increases (red arrow up) and alkalization (green arrow down) occur in flg22, ABA and pH 6.8 induced
stomatal closure. The vacuole became more acid upon ABA or flg22 treatment. Plasma membrane H*-
ATPases, vacuolar membrane H*-ATPases and vacuolar membrane H*-PPases both constantly pump H*
out of the cytosol either to the apoplast or to the vacuole. The negative correlation between [Ca?*]cy
increases and [H*]c,: decreases is observed in stimuli such as high external CaCl, or pH 6.8 treatment. Ca*
influxes via Ca?* permeable channels (OSCAs, GLRs, etc.), some putative Ca?*/H* exchangers (CAXS),
Ca%**-ATPases (ACAs), H*-ATPases and H*-PPases are proposed to contribute to the interconnection of
[Ca?*]cyt and [H*]eyt. K* transport through inward- and outward- K* channels as well as K*/H* transporters
are proposed not only to contribute to K* homeostasis, but steer [H*]c,: and [H]vac homeostasis.
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4.8 The role of Ca?" and H* in salt adaptation mechanisms in leaves

4.8.1 Link of Ca?*, H* and membrane potential in leave cells during salt stress

It is known that in salt stress enormous amounts of Na* and CI" are stored in the leaves and during
acute salt stress Ca®* signals from the root to the above ground parts were observed 9327387,
Apoplastic pH waves were also observed in leaves due to the administration of salt to the roots
230,300 \Whether Ca?* and pH signals are involved in controlling salt detoxification in leaves and
how they control salt processing or detoxification can be nicely investigated by direct
administration of salt to leaves.

To study the responses on the single cell level first, | transiently expressed CapHensor including
the cytosolic and nuclear version in N. benthamiana leaves and extracted protoplasts from the
mesophyll. It allowed me to precisely perfuse with osmolality-balanced solutions containing 50
mM NaCl, 50 mM KCI and 50 mM Tris-Cl with pH 5.8 adjusted with Tris (Fig. 33a-c, 34) to study
Ca?" and pH reactions of the cells with respect to different ion conditions in one experiment. The
results showed [Ca?*]cy: decreased and the cytosol alkalized in response to 50 mM NaCl and KCI
whereas slight [Ca?*"]cy: reduction and minor cytosolic acidification occurred upon 50 mM Tris-Cl
treatment (Fig. 33b). This demonstrated that Na* and K* were equally effective to induce more
pronounced Ca?* and pH changes than CI- in the mesophyll cells. The results for the pH regime
were very similar to those observed in guard cells, where | observed a pronounced alkalization
upon high K* treatment (Fig. 29a). Also very similar to the results obtained with guard cell (Fig.
29a-c), | saw a pronounced transient [Ca?*]cy: increase and cytosolic acidification after washing 50
mM NaCl and KCI out while no [Ca?*]ey: and [H*]eyt changes occurred when removing 50 mM
Tris-Cl (Fig. 33b). Consistently, nuclear Ca®* concentrations ([Ca®*Jnuc) and nuclear H*
concentrations ([H*]nuc) displayed a similar regime to 50 mM NaCl, KCI and Tris-Cl treatment
(Fig. 33c) compared with changes in the cytosol but were just less pronounced. lons transport
across the plasma membrane is consequently having an impact on the membrane potential. Hence,
| used a membrane voltage dye bis-(1,3-dibutylbarbituric acid)-trimethine oxonol (DiBAC4(3)) to
monitor membrane potential changes side-by-side with R-GECO1 fluorescence (Fig. 33a, d), since
I could not monitor fluorescences of CapHensor and DiBAC4(3) together because of the spectral
overlap. The fluorescence increases of DiIBAC4(3) do represent membrane potential depolarization
while fluorescence decreases mean membrane hyperpolarization indicated by the black trace (Fig.
33d). 50 mM NaCl and 50 mM KCI induced mesophyll cell depolarization since DiBAC4(3)
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fluorescence increased whereas almost no DiBAC4(3) fluorescence changes were observed in
response to 50 mM Tris-Cl (Fig. 33a, d). These results demonstrated intracellular decreases in Ca®*
and H" accompanied by a depolarization were more likely to be a result of cation transport, rather
than chloride transport across the plasma membrane in leaf cells upon salt.
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Figure 33. Ca?*, H* and membrane potential induced by salt attribute to cations not anions.
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(a) Brightfield and fluorescent images of protoplasts from N. benthamiana mesophyll tissues transiently
expressing the cytosolic version of CapHensor (left), or expressing only R-GECOL1 in the cytosol but co-
staining with the membrane voltage dye DiBAC.4(3) (right). Red and green color represent fluorescence of
R-GECO1 and PRpHIuorin (left) or R-GECO1 and DiBAC4(3) (right), respectively. (b, c) Mean Ca?* ratio
(red) and H* (green) ratio in the cytosol (b, n = 85) and nuclei (c, n = 66) in response to 50 mM NaCl, KCI
and Tris-Cl buffered with Tris to pH 5.8. (¢) Mean fluorescence intensity of R-GECOL (red) and DiBAC.(3)
(black) of mesophyll protoplasts (n = 90) upon NaCl, KCI and Tris-Cl (both 50 mM) treatment. Error bars
= SE.

To make sure that no artifacts with respect to cell viability occurred because of the long time
treatment on cells and overall long recordings, | switched the sequence of treatments within the
experiment and perfused with 50 mM Tris-Cl first, followed by 50 mM NaCl and KCI treatment
(Fig. 34a, c). Within this sequence of applications, very similar responses were monitored, which
further confirmed Na* or K* is the main ion in salt stress to cause the changes in Ca?* and pH in

the cytosol or nucleus of mesophyll cells (Fig. 34a-c).
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Figure 34. Cytosolic and nuclear alkalization attributes to cations, not CI-.

Ca?" and H* ratio of N. benthamiana leaves protoplasts transiently expressing CapHensor in the cytosol or
nucleus upon different treatments. (a, c) Mean Ca?* (red) and H* (green) in the cytosol (a) or in the nuclei
(c) of protoplasts upon 50 mM Tris-Cl, NaCl and KCI. Cytosolic or nuclear alkalization is triggered by
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cations (Na*, K*), but not by CI. (b) Brightfield image (left), fluorescent R-GECOL1 (red, middle) and
PRpHIluorin (green, right) images of protoplasts transiently expressing the nuclear version of CapHensor.
Error bars = SE.

4.8.2 AtNHX1 overexpression functions in mesophyll cells by regulation of [Ca?*]eyt,
[H*]eyt and membrane potential under salt stress
To investigate the response to saline administration at the tissue level, | again used the transient
expression system of N. benthamiana leaves to accomplish direct membrane potential recordings
simultaneously with CapHensor imaging. | applied 50 mM NaCl on the intact leaves and compared
[Ca?]eyt, [H']eyt and membrane potential between leaves only expressing CapHensor (Fig. 35a)
and leaves co-expressed AtNHX1 (Fig. 35b). Removing the lower epidermal layer allowed to
administer different buffers to the leaf tissue that was glued with the adaxial side to the cover slip
of the recording chamber. Under control conditions stable [Ca?*]cyt, [H*]cyt and membrane potential

states were simultaneously recorded and showed no changes (Fig. 35c).
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Figure 35. CapHensor imaging of [Ca?"]eyt- and [H*]eyt- ratio combined with voltage
recordings upon NaCl treatment in mesophyll cells co-expressing or not AtNHX1.

(a, b) Time-lapses brightfield images (upper) and false colored images of [H*]cy: ratio (middle) and [Ca?*]eyt
ratio (bottom) of N. benthamiana mesophyll cells transiently expressing CapHensor (a) and co-expressiong
CapHensor and AtNHX1 (b). 50 mM NacCl is perfused during 10 min to 30 min and then washed out. The
mean data of [Ca?*]e- and [H']es- ratio from these fluorescent images are shown in Fig. 36. (c)
Simultaneous live-cell imaging of [Ca?*]e,- and [H*]e- ratio together with membrane potential (Vi)
recordings in mesophyll cells of N. benthamiana leaves transiently expressing CapHensor without any
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treatment. Mean [Ca?*]cy- (red) and [H*]cy:- ratio (green) and membrane potential (Vm, black) values under
control conditions (c, n = 3). Error bars = SE.

Similar to the protoplast responses to salt, [Ca®*]cyt and [H*]cyt both decreased and simultaneously
a depolarization was measured by means of glass microelectrode in response to 50 mM NaCl (Fig.
36a). After removing 50 mM NaCl, the membrane potential repolarized and [Ca?*]y: increases and
cytosolic acidification were induced, that reached steady state in leaves again after a pronounced
overshoot response (Fig. 36a, b). The changes of membrane potential before (white circle), during
maximum depolarization (black diamond) induced by 50 mM NaCl, at the end of the treatment
(black circle) and when repolarized after salt wash-out (black square) showed a depolarization of
38.30 mV by NaCl (Fig. 36a, b). In roots, [Ca?*]cy: was reported to increase in salt stress and Na*
is thought to be detoxified via Na*/H* antiporters at the plasma membrane and vacuolar membrane
in a Ca®-dependent manner 1430838 For example, the vacuolar localized NHX1 antiporter
functions to sequester Na* into the vacuole, thereby using the proton motive force at the tonoplast
95322,331389 Despite the difference in [Ca®*]cy responses between roots and leaves, by all means |
never observed a [Ca?"]qy rise in leaves, but rather the opposite (Fig. 33, 34, 36a). | thus aimed to
study the role of a Na*/H" antiport mechanism at the tonoplast, which has been described to confer
salt tolerance in many species 290322389391 | co-expressed Arabidopsis thaliana NHX1 (AtNHX1)
and CapHensor in N. benthamiana leaves and repeated the salt-administration experiments to see
if an increase of NHX1 function feeds-back on the [Ca?*]ey: and [H*]eyt signaling when cells cope
with the salt load. Interestingly, [Ca?*]cyt and [H*]cyt decreases which 1 observed in wild-type leaves
were diminished when AtNHX1 was overexpressed although the depolarization still occurred (Fig.
36¢). However, the depolarization range upon 50 mM NaCl was approximately 28.29 mV (Fig.
36¢, d), which was significantly smaller than that in wild-type (p < 0.05) (Fig. 36b, d). These
results suggested NHX1 to function in modulating [Ca?*]cy: and buffering [H*]ey: homeostasis by
enhancing the efficiency of antiporter mechanism that Na* is transported into the vacuole to

accomplish sodium detoxicification.
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Figure 36. Overexpression of AtNHX1 diminishes [Ca?*]eyt and [H*]eyt reductions and
suppresses depolarization in mesophyll cells upon NaCl application.

Simultaneous live-cell imaging of [Ca?*]cyt, [H']ct and membrane potential recording in N. benthamiana
leaves. (a, ¢) Mean [Ca?*]- (red), [H*]eyt- ratio (green) and membrane potential recording (Vm, black) are
induced in mesophyll cells only transiently expressing CapHensor (a, WT, n = 11) and co-expressing
Arabidopsis thaliana NHX1 (b, +AtNHX1, n = 6). (b, d) Bar diagrams of mean values of membrane
potential (V) before (o), maximum responses (#), at the end (@) of 50 mM NaCl or after washout to reach
the maximum repolarization (m) in wild type (WT) leaves (b, n = 11) or leaves transiently overexpressing
AtNHX1 (d, n = 6). Error bars = SE. Dots are individual measurements. *, p < 0.05.

4.8.3 [Ca®"]et signals are different between leaves and roots under salt stress
When plants suffer from high concentration of NaCl around 200 mM, [Ca?*]ey: transients were part
of the salt response in roots 3%6-3%8:392 Based on my results gathered so far with different leaf cells
did not show any [Ca®"]ey elevation in leaves upon salt administration, but rather the opposite,
[Ca?"]eyt transients were seen only when salt was washed out. Does salt detoxification in leaves

not rely on [Ca®"Jeyi- dependent mechanisms? Given that [Ca?*]ey: increases were not observed
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under balanced 50 mM NaCl treatment in leaves (Fig. 33b, 34a, 36a), higher concentration NaCl
up to 200 mM was applied to the leaf discs expressing the Ca?* sensor GCaMP3 (Fig. 37a-c). This
green fluorescent Ca?* sensor allows to observe [Ca®*]cy: dynamics at lower optical magnification
where R-GECO1 with its lower quantum efficiency is not able to perform well. This allowed me
to observe [Ca®"]c,: dynamics of a bigger field of view which would possibly monitor [Ca?*]eyt
waves having been described to occur in roots upon salt stress 3°7. The intact leaf disc with
epidermis was glued with the adaxial side down and salt solutions were perfused from the side of
the leaf where the cut end of the leaf resided. When perfusing with 200 mM NacCl, the leaf tissue
did shrink and very small [Ca®"]e: elevations were recorded whereas pronounced [Ca®*]cy
transients and waves occurred when washing 200 mM NaCl out (Fig. 37a-c). Given that the slight
[Ca?"]eyt increases in leaves (Fig. 37a-c) and even reduction of [Ca?*]qy in the single protoplast and
leaf experiments occurred (Fig. 33b, 34a, 36a), | applied 200 mM NaCl directly on tobacco roots
stably expressing CapHensor (Fig. 37d) to test my experimental conditions there and to verify cell
type specific differences upon the same stimuli. Surprisingly, and in contrast to all my results on
leaves and cells therof, [Ca?"]¢y increases were observed in the roots which were accompanied
with cytosolic alkalization (Fig. 37d). Therefore, a lack of the [Ca®*]¢yt increases in leaves but a
pronounced response in roots to high NaCl suggested that the mechanisms for salt detoxification

in both tissues are regulated by different signaling pathways.
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Figure 37. [Ca?*]cyt dynamics differ between leaves and roots under 200 mM NaCl treatment.

(a, b) False colored fluorescent images (a) and the time-course recording (b) of [Ca?"]c,: dynamics showing
[Ca?*]ey: waves from the top to the bottom marked by circles with different colors (bottom) during or after
200 mM NacCl in N. benthamiana leaves stably epressing GCaMP3. (c) Mean [Ca®*]ey: in N. benthamiana
leaves stably expressing GCaMP3 (n = 6) upon 200 mM NaCl application by the perfusion system. (d)
Mean [Ca?*]er and [H*]eye in N. tabacum roots stably expressing CapHensor (n = 5) upon application of 200
mM NaCl. Error bars = SE.

4.8.4 [Ca’*]eyt and [H*]eyt responses in guard cells under different salt concentrations
In addition to salt shocks on mesophyll cells or epidermal cells, which have been demonstrated in
this thesis, 1 aimed to study [Ca?*]eyt and [H*]eyt Signaling upon salt shocks in guard cells, which
have been reported to react upon acute salt stress to close the stomata 29307387 High salt stress has
two ways to trigger its effects, which include an osmotic component in addition to the toxic effect
of Na" and CI', besides the effect on ion transport. Therefore, | performed live-cell imaging in N.
tabacum guard cells stably expressing CapHensor and recorded aperture changes in parallel (Fig.
38). To discriminate the osmotic effects and effects from the membrane transport alterations, I
chose to apply three different experiments. One set of measurements where 200 mM NaCl was
applied and osmolality was imbalanced (Fig. 38a). Another one providing osmotic pressure by
approximately 400 mM mannitol (Fig. 38b) with equal osmolality as the 200 mM NaCl treatment
and a third one where osmolality matched 50 mM NaCl (Fig. 38c). The time-lapse fluorescent

images and aperture area changes are shown in Fig. 38.
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Figure 38. Images of [Ca?*]Jcyt-, [H*]eyt- ratio and stomatal movement upon salt application.

(a-c) Time-lapse brightfield images (upper) and false colored images of [H*]¢y ratio (middle) and [Ca?* ]yt
ratio (bottom) of guard cells in N. tabacum epidermal strips stably expressing CapHensor upon 200 mM
NaCl (a), 400 mM mannitol (b) and osmolality-balanced control solution equal to 50 mM NaCl (c). The

mean data of [Ca?*]ey- and [H*]eyr- ratio from these fluorescent images and stomatal aperture is shown in
Fig. 39.
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Rapid stomatal closure and pronounced cytoslic alkalization and surprisingly almost no [Ca?*]eyt
changes were triggered by 200 mM NaCl (Fig. 38a, 39a), which was similar to leaf responses to
200 mM NaCl (Fig. 37a-c). However, a [Ca?]¢t peak was evident when 200 mM NaCl was
washed out and stomata re-opened (Fig. 38a, 39a). To investigate whether stomatal movement
upon 200 mM NaCl administration resulted from osmotic effects, 400 mM mannitol was applied
displaying basically the same aperture movement as with 200 mM NaCl (Fig. 38b, 39b). Upon 400
mM mannitol application pronounced [Ca®*]: elevations were observed, which might be due to
the strong mechanical forces induced by the hyperosmotic treatment (Fig. 38b, 39b), which could
address mechano-sensitive Ca?*-permeable channels such as OSCAL . In contrast to the 200 mM
NaCl treatment, 400 mM mannitol only induced a transient small cytoslic alkalization (Fig. 38b,
39b). This is in line with previous results on the cation induced cytosolic alkalization responses in
guard cells, which were characterized to depend on cation transport into guard cells (Fig. 28b, 29a,
33b, 34a, 36). Such an import of cations, be it Na* or K*, is compatible with results of stomatal
opening, when | treated guard cells with 50 mM NaCl while balancing osmolality of the control
solution since 50 mM NaCl induced a reduction of [H*]ey: and a transient reduction in [Ca?*]eyt
(Fig. 38c, 39c). This result well demonstrated that Na* and CI- are uptaken by guard cells to
generate turgor for stomatal opening, thereby causing a cytosolic alkalization (Fig. 39c). The
results of the experiments with the osmolality imbalanced solution pointed out it is crucial to
interprete the results of [Ca?"]¢yt and [H*]cyt changes with caution with respect to the effects to
regulate stomatal aperture as the osmotic strength has a huge impact on stomatal movement. In
general, | concluded that salt stress to guard cells was not associated with Ca* signaling and guard

cells were able to transport Na* and CI- very rapidly.
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Figure 39. Stomatal closure under salt attributes to osmolality and not [Ca?*]eyt signals.

Simultaneous [Ca®*]y: (red) and [H*]cy: (green) imaging together with monitoring aperture area (black) over
time in guard cells of N. tabacum epidermal strips stably expressing CapHensor under different stimuli. (a-
b) Mean [Ca?*]ey ratio (red), [H*]cy ratio (green) and aperature area (black) in response to perfusion from
low osmolality control solution (1 mM CaCl,, 1 mM KCI, 10 mM MES, adjust pH to 5.8 with BTP) to 200
mM NacCl (a, n = 24) or 400 mM mannitol (b, n = 18). (c) Effects of 50 mM NaCl from osmolality-balanced
control solution (1 mM CaCl,, 75 mM MES, adjust pH to 5.8 with Tris) on [Ca?ey-, [H*]eyr- ratio and
aperture area (n = 18). Error bars = SE. Note stomata rapidly close in (a, b) while stomatal opening is
observed upon 50 mM NaCl application when osmolality of the control solution is iso-osmotic.
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4.8.5 Summary of salt detoxification mechanisms in leaves
Combined monitoring Ca?* and H* changes side-by-side in different compartments such as the
cytosol and the nucleus, the results in leaves upon salt adminstration were integrated in a scheme
(Fig. 40). In this scheme the transport processes related to Ca?* dynamics and pH changes have
been highlightened which were demonstarted to occur in tobacco leaves upon salt stress (Fig. 40).
Under salt stress, Na* enters the cell via non-selective cation channels (NSCCs) or HKTs #4393
(Fig. 40), which induces a plasma membrane depolarization, and Ca?* and H* decreases in the
cytosol and the nucleus in wild type (Fig. 40, left side). Contrary to salt effects on roots, [Ca®*]cyt
did not increase in leaves neither in mesophyll tissue or protoplasts therof nor in guard cells of
epidermal strips (Fig. 33, 34, 36a, 37a-b, 38-40). When the vacuolar AtNHX1 cation/H" antiporter
was overexpressed in N. benthamiana leaves, pronounced reductions in [Ca?*]cyt and [H*]cyt were
absent and NaCl induced depolarization was reduced (Fig. 40, right side) compared with responses
in wildtype. This means salt triggered [Ca?*]cy: and [H*]ey: reductions are regulated by AtNHX1
which was shown to also feed-back on membrane potential changes. The diminished [H*]cyt
changes by AtNHX1 overexpression upon salt was likely attributed to sequestering Na* into the
vacuole and thereby shutteling H* to the cytosol to detoxify the salt load. Therefore, NHX1
functions in leaves by transport of Na* into the vacuoles thereby buffering the pH changes occurred

in the cytosol, which is independent on [Ca?*]cy: increases.
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Figure 40. Scheme of salt detoxification in leaves.

Ca?*, H* changes in wild type and AtNHX1 overexpression leaves upon salt stress. Na* can enter the cell
via non-selective cation channels (NSCCs, grey) and others such as HKTs (dark blue). The transport of Na*
into the cell triggers a depolarization and causes a Ca?* and H* reduction in the cytosol and nucleus in
widetype (left side) leaf cells. When overexpressing AtNHX1 (AtNHX1 ox) in leaves, intracellular
increased Na* stimulates AtNHX1 acitivity to pump H* into the cytosol and sequester Na* into the vacuole.
This mechanism buffers [H*]ex and prevents cytosolic alkalization while the vacuole alkalizes. These
transport events do not depend on [Ca?*].,: increases. The depolarization upon salt stress does occur even
when AtNHX1 is overexpressed, however it is much less pronounced compared to wild type. H*-ATPases
at the plasma membrane and vacuolar membrane likely contribute to the H* homeostasis and pump H* out
of the cytosol.
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5 Discussion

5.1 Advantages of CapHensor for dual imaging of Ca?* and pH

To perform ratiometric imaging of Ca?* and H* simultaneously, | developed a sophisticated dual
sensor named CapHensor. Simultaneous live-cell imaging of intracellular Ca®* and H* was
achieved by fusing a pH-dependent GFP (PRpHluorin) and a red fluorescent Ca?* sensor (R-
GECO1) via a self-cleavage sequence P2A in one multicistronic vector (Fig. 5, 6e, 6f). Our
CapHensor has several advantages over existing biosensors which were recently developed to
measure Ca?* and pH either simultaneously or individually 1>!18, In detail, the low quantum yield
of red fluorescence from R-GECO1 was overcome by fusing two R-GECOL1 in tandem which
increased the Ca?* signal-to-noise ratio and improved the quality of Ca?*-imaging in living cells
substantially (Fig. 6e-g). Additionally, the use of the P2A sequence circumvented undesired FRET
events, that will occur between PRpHIuorin and R-GECO1 when these are translationally fusion.
Since GFP proteins without any tag can localize in the cytosol and nuclei %4 and different cellular
compartments such as the nuclei and the cytosol could generate their own Ca?* signals 313%4:3% |
chose to tag both biosensors with localization sequences. To prevent mixed signals from different
subcellular compartments in plants, different versions of CapHensor were designed to target
exclusively either in the cytosol or in the nucleus (Fig. 5).

R-GECOL1 was reported to be pH sensitive in vitro in the pH range from 6.8 to 8.0, with increasing
R-GECOL1 fluorescence through cellular alkalization 1°%1%, The range of intracellular pH changes
was reported to be approximately 0.1-0.4 pH unit in plants 1212 which was in line with no
noticeable pH effects on R-GECO1 fluorescence in pollen tubes (Fig. 7a-c) or guard cells (Fig.
18a-c, 19b, 28c) during natural or imposed pH changes. Moreover, different temporal relationships
between Ca?* and H* signals were observed in pollen tubes, guard cells and mesophyll cells (Fig.
7,8, 14, 19, 20, 23, 33), all pointing towards negligible pH effects on the R-GECO1 fluorescence
in planta. A blue light dependent photoswitching problem with R-GECO1 imaging was recently
reported to cause imaging artifacts 3%. Transient increases of R-GECO1 fluorescence by blue-light
could last up to 940 ms 3%. However, this photoactivation only influences Ca?* imaging when it is
faster than 1 Hz. This problem can be ignored in the data presented here since | performed the live-
cell imaging with sequential excitation light with the time interval of 2, 3 or 5 seconds. Moreover,

in my study R-GECOL1 was firstly excited and followed by PRpHIluorin excitation at different
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wavelengths, which enabled to leave enough time for possible photoswitching effects on R-
GECOL1 to be reversed during an imaging series.

The isosbestic point of PRpHIuorin was quantified for calculations of ratiometric Ca* in different
cell types in vivo (Fig. 6a-d, S1) to avoid artifacts such as focus changes or differences in
expression level. Albeit a laser with 415 nm excitation wavelength does not exist on conventional
confocal laser microscopes that required for ratiometric Ca®* imaging (Fig. 6a-d), illuminating the
isosbestic point was achieved by using a polychromator system. Alternatively, one would be able
to use a setup equipped with a light-emitting diode-based excitation system. At a conventional
confocal system simultaneous Ca?* and H* imaging with our CapHensor could be accomplished
by monitoring pH ratiometrically using the 405 nm laser diode and the 476 nm argon laser line
while intensiometrically recording Ca®* by excitation at 561 nm (AF/F0) with all mentioned
advantages.

5.2 The role of [H*]¢t gradients and its interaction with [Ca?*].: in pollen

tube growth

Previous studies showed [Ca?*]¢yt and [H*]eyt gradients were of great significance for apical pollen
tube growth 13156386 The role of pH gradients in pollen tubes growth was described to be not
important at all by some groups %73% put was thought to be more important than Ca?* signal by
others ">%6:3% Here, | made use of CapHensor expressed in N. tabacum pollen tubes to monitor
[Ca?]eyt and [H™]eyt gradients together with growth using sophisticated quantitative data analysis
with algorithms specifically designed to perform coherence analysis. Compared with pollen tubes
of Lilium longiflorum, tobacco plants are easily cultivated in greenhouse and accessible for stable
transformation. Moreover, tobacco pollen grains can be collected, stored in the freezer and easily
cultivated with high germination rate compared with Arabidopsis. Therefore, tobacco is an
appropriate model for studying sexual reproduction in plants 1%,

My results demonstrated that high [H*]cyt levels at the tip stimulated growth rate while low tip
[H]eyt was associated with suppressed growth when pollen tubes were challenged with an
extracellular medium pH from optimal pH 5.8 to pH 5 or pH 6.8, respectively (Fig. 7a-c). The
correlation coefficient analysis between growth and [H*]eyt or growth and [Ca?*]ey, indicating a

more important role of [H*]cyt in regulation of growth speed (Fig. 7f) as the cross correlation values
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were significantly higher with [H*]et compared to [Ca?*Jeyt. This matched with recent results,
where plasma membrane H*-ATPases (AHAs) were proven genetically to contribute to [H*]cyt
gradients and growth in pollen tubes °. Mechanisms of H* entry at the tip of pollen tubes are still
unknown, however, from the magnitude of H* fluxes a channel driven transport seems possible,
but H* channels in higher plants have not been identified, but only found in animals or
phytoplankton 409401 H* efflux at the shank through H* pumps generates a proton motive force
that serves to drive secondary active transport mechanisms at the plasma membrane in pollen tubes
146 (Fig. 2). Other factors such as cell wall or membrane trafficking are also involved in pollen
tubes growth and associated with H* and/or Ca®* regime %°2. In contrast to most other plant cell
types, pectin is the major cell wall component in pollen tubes and can be deesterified by pectin
methylesterase (PME) 1°04%%, PME activity observed in the cell wall at the tip of growing pollen
tubes was deactivated by increased acidity which links protons with apical growth 117131404 The
‘acid-growth theory’ was related to H* stimulated processes and resulted in cell wall loosening to
accomplish cell extension '#’. I investigated the effect of extracellular acidification or alkalization
on growth rate (Fig. 7a, b), however growth rate promotion was also observed by exclusively
acidifying the cytosol without changing the apoplastic pH (Fig. 7c). This provided evidence that
cellular pH not only apoplastic pH changes play a role in controlling pollen tube growth. To
investigate the role of [Ca?*]ey: in pollen tubes growth, caffeine was applied (Fig. 7d, ) since it
was regarded to diminish [Ca?*]¢yt gradients and as a consequence to inhibit growth 129131133 My
results showed not only tip [Ca?*]c,t and growth but even more pronounced inhibition of tip [H*]cyt
by caffeine (Fig. 7d, e), indicative for an effect which has previously been overlooked. After
washout of caffeine, growth rate recovered in parallel with tip [H*]eyt gradients, but tip [Ca?*]eyt
dynamics seemed to be independent on the growth recovery timeline (Fig. 7d-f). Quantitative
analysis indicated better correlation between increased growth rate and elevated [H*]cy: at the tip
compared with tip [Ca*]cyt (Fig. 7). These results suggested tip [H*]eyt gradients to steer growth
more effectively than [Ca?*]ey gradients (Fig. 7), which has not been compared simultaneously in
the same cell before. [Ca?*]ey: and [H*]cyt Oscillations were considered to control oscillatory growth
in pollen tubes 119131180 byt both second messengers actually lagged behind the growth rate as
determined by sophisticated bioinformatics algorithm in my study (Fig. 8e, f) co-developed by our
collaborators Dr. Daniel S.C. Damineli and Dr. Juan Prada. The growth event during oscillations

preceded tip [H*]cyt increases by approximately 18 s and tip [Ca?*]cyt signal by 34 s (Fig. 8e, f)
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matching a similar sequence of events observed in lily pollen tubes recently 3. Due to the lagging
[Ca?*]eyt signal of several dozens of seconds, it is hard to argue that a [Ca2*]cy: signal initiates the
growth process in spite of genetic evidence that Ca** permeable channels at the tip play an essential
role in pollen tubes 14314 (Fig. 2). My results also matched previous reports that when increasing
extracellular Ca?* concentration, the growth speed was reduced, against the expectation that
increased tip [Ca®*]ey: signals would enhance cell protrusion 17140, However, Ca* contribution in
pollen tubes growth can not be excluded since many other factors can be regulated by Ca?* signals.
For example, there is a positive feedback loop between ROS and Ca?* while ROS dampens
oscillations of growth speed 34%° However, how Ca?* regulates ROS to control pollen tube
growth is still largely unknown 4%, [Ca?*]¢: gradients were assumed to participate in exocytosis to
promote tip growth 13813 for almost three decades, however, the growth rate of pollen tubes was
not stimulated although the exocytosis was enhanced by imposed [Ca?"]ey increases %2, The
molecular mechanisms of Ca?*-related membrane trafficking for cell expansion remain to be
characterized 4°74%, Hence, my results point to a re-consideration of the Ca®'-dependent
mechanisms for pollen tubes growth and more importantly suggest tip [H*]cyt gradient to be an
important determinant for growth (Fig. 7, 8).

Remarkably, tip [H"]ey signals preceded tip [Ca?*]ey: dynamics in oscillating growing pollen tubes
whereas this relationship was reversed when growth was abrogated (Fig. 8e, f). The term of leading
or lagging sequences is used to compare the shortest interval time or the best cross-correlations
between two oscillatory signals during the whole period, but it did not suggest causation between
the signals *2°. In my study, it suggested tip [Ca®*]cyt and [H*]cy: regimes are interchangeable (Fig.
8e, f), which is partially different from the concept that others brought out that defined pH
signatures are induced by Ca?* signals 1°. The interchangeable temporal sequence of [Ca?*]cyt and
[H*]eyt dynamics in pollen tubes demonstrated the link between the two second messengers to be
not fixed, but probably their relationship to control different cell states. During the process of
fertilization, pollen tubes grow in an oscillatory manner into the ovule and stop growth before
entering the ovule and finally releasing the sperms 129141 1t is still unclear why growth sometimes
arrests also in in vitro experiments, since live-cell imaging showed cytoplasmic streaming (data
not shown) and tip-focused [Ca?*]cyt and [H*]cyt both remained prominent (Fig. 8a-b, 9a-b, 10d-e).
A growth arrest as triggered by different stimuli such as extracellular alkalization or impalement,

showed the frequency of [Ca?*]eyt and [H*]eyt Oscillations was significantly increased, compared to
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growing pollen tubes (Fig. 8a-d, 9, 10). Similar to other studies, high frequency and high amplitude
tip [Ca®*eyt Oscillations were observed *2°1%! ypon spontaneous or imposed growth arrests while
[H*]eyt oscillations monitored with CapHensor have not been observed before in non-growing
pollen tubes. Monitoring [Ca?*]cyt and [H*]cyt oscillations in different growth states would help to
understand ion signalings in non-growing pollen tubes in the last steps of fertilization.

A phenomenon described here for the first time was that [Ca?*]cy: oscillations between the tip and
the shank were in antiphase to one another whereas [H*]cyt oscillations were in phase (Fig. 10a, b).
Given that protons have higher mobility than Ca?*, the different traveling speeds of Ca?* and pH
from the tip to the shank might result from around 12-fold faster diffusion of H* 4®°, The spatio-
temporal [Ca?]ey: dynamics between the tip and the shank might be differentially regulated by
Ca?*-dependent proteins such as CPKs in pollen tubes with distinct subcellular localization 19419,
[H*]eyt gradients between the tip and the shank are necessary for pollen tubes growth and
maintained by plasma membrane H*-ATPases >4, For example, synchronized [H"]¢y: and growth
oscillations were slower in the aha6/8/9 mutant . Even though pollen tubes growth in the
aha6/8/9 mutant was impaired, turgor pressure was not significantly different compared with
turgor pressure in wild type °. [H*]eyt influx at the tip could form a current loop with CI- efflux but
at the shank H* and CI" efflux occurs in a steady manner 7. In contrast, [H*]cy: oscillations at the
shank exist in my study (Fig. 10a, b). The inphase [H*]cy: oscillations between the tip and the shank
(Fig. 10a, b) might function in actin or cytoplasmic streaming 7 since reduced pollen tubes growth
in the aha6/8/9 mutant was involved in the absence of actin organization at the tip influenced by
protons *°. In agreement with both Ca?* and H* regimes to lag behind growth oscillations (Fig. 8),
other ions such as K* and anions were reported to regulate pollen tube growth as well and directly
or indirectly to be controlled by Ca?" and/or H* 11713015215 "|on transport is integrated into
membrane potential changes via charges movement, while the membrane potential functions
simultaneously as the driving force for ion fluxes across membranes. The impalement in N.
tabacum pollen tubes at the shank showed oscillatory membrane potential values correlated better
with tip [H*]eyt oscillations than tip [Ca®*]cyt oscillations (Fig. 10e-g). Unfortunately, these three
parameters could not be linked to growth since pollen tube growth was arrested even with gentle
electrode insertion in almost all cases. However, membrane potential in pollen tubes lagged behind
tip [Ca?*]eyt and [H*]cyt by temporal resolution on these three parameters in parallel (Fig. 10c-f).

CI might act as a central regulator in pollen tube growth in a Ca?*-dependent pattern 1%°. Anion
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channel SLAH3 is activated by CPK2/20 % and K* inward currents could be inhibited by
increased [Ca?*]cyt via CPK11/24 °, which might explain [Ca®"]eyt preceding Vim (Fig. 10e, f).
However, | found tip [H*]cy: rather than [Ca?*]cy: oscillations to better correlate with Vi (Fig. 109).
This phenomenon might be related to H*-ATPases and/or channels regulation by H*. Pollen tube
growth reduction in the aha6/8/9 mutant was associated with reduced anion efflux at the tip and
thus the membrane potential was less hyperpolarized in the aha6/8/9 mutant compared to wild
type ™. Moreover, cytosolic acidification can activate SLAH3 channel to increase anion efflux
resulting in membrane depolarization “'*. The K*-inward currents were inhibited by extracellular
alkalization but not by acidification while outward K* channels were activated by external
acidification to control apical growth 41243 which fits my findings on the roles of [H*]cy: in pollen
tube growth (Fig. 7, 10g). Even though | could not exclude the coupling of [Ca?"Jeyt and Vi in
pollen tubes, the method of combining live-cell imaging of [Ca%*]cy: and [H™]eyt With Vim recordings
indicate [Ca?*]cyt and [H*]cyt Oscillations possibly modulate ion transport during apical growth 1%,
In conclusion, through observing the [Ca?*]eyt and [H*]eyt and growth dynamics with high temporal
and spatial resolution, I could uncover that apical [H*]cyt correlates with pollen tube growth speed
and much better than tip [Ca?]ey gradients. This implies [H']eyt to play a prominent role in the
regulation of pollen tube growth. I could provide a precise description of the sequences of events
in pollen tubes, emphasizing on the importance of [H*]cy: in apical growth, and the relationship
between [Ca®*]cyt signals and growth to be revisited. Furthermore, the interchangeable [Ca®*]cyt
and [H*]cyt regimes | observed point to distinct roles of [Ca?*cyt and [H™]cyt in the process of pollen
tube guidance or during communication with the ovule in case the tubes stop growing. Therefore,
in the future, combining our method with reverse genetics approaches in Arabidopsis will shed
light on the molecular components responsible for [Ca?*]eyt and [H*]ey: oscillations and on the
potential regulatory network in pollen tube growth.

5.3 Guard cell pH changes play an important role to control stomatal

movement
I made use of N. tabacum guard cells to investigate the role of [Ca?*]¢yt and [H*]eyt in regulation of
stomatal movement because tobacco guard cells are an ideal system, which outperform

Arabidopsis guard cells due to their size. Tobacco guard cells are comparably big and the aperture
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change recordings over time were possible to be monitored automatically via a custom-made
macro in Fiji (Table 10). Different [Ca?*]¢y: and [H*]cyt regimes were monitored in N. tabacum
guard cells upon ABA, flg22, H.O> and extracellular changes in pH or CaCl. concentration (Fig.
14, 16, 19, 27, 32). [Ca**].y: transients and cytosolic alkalization were triggered by ABA (Fig. 14a-
b), which has been observed before in separate experiments having a low signal-to-noise ratio but
without such a temporal resolution 112372414 ‘Making use of CapHensor, | precisely quantified
the temporal relationship between [Ca®**]cyt, [H']eyt and aperture changes in the same cell and
identified cytosolic alkalization to precede Ca®* transients by 33 s in ABA induced stomatal closure
(Fig. 14c). In flg22 induced stomatal closure, pronounced [Ca?*]y signals seemed to be more
important to induce stomatal closure and only minor [H*]cy: changes were seen (Fig. 14d, e).
[Ca?"]eyt elevations upon flg22 were reported many times 170269301 ywhereas [H*]cy: changes were
rarely reported. The temporal resolution during CapHensor imaging uncovered [Ca?*]cyt and [H eyt
changes to occur very rapidly after exposure to the stomata closing stimuli. In earlier reports,
cytosolic alkalization was observed ca. 2-8 min 12227 and [Ca?*]cy: increases more than 10 min
33174415 after ABA application, whereas stomatal immunity could be detected within minutes upon
pathogen infection 2%°. In those earlier reports, however, the timing of these events was investigated
separately and stomatal movement was monitored several hours after stimuli application. In my
study, simultaneous [Ca?*]cyt and [H*]eyt during stomatal movement were visualized with time-
lapse imaging in the same cell under different stimuli. My approach is superior to quantify the
sequence of the signaling events (Fig. 14) and to conclude the role of [Ca?*]cy: and [H*]cy: changes
in controlling stomatal movement. | observed stomata started to close ca. 3-4 min after ABA or
flg22 application, obviously lagging behind [Ca?*]cy: and [H*]cy: responses (Fig. 14b-€), indicating
[Ca?]eyt and [H*]eyt could possibly initiate stomatal closure. [H*]eyt responses set off first in ABA
induced stomatal closure indicated Ca?*-independent regulatory mechanisms were initiated at a
very early time point of the response and the pH changes could control the [Ca?*]yt response. In
my experiments, stomatal closure induced by ABA or flg22 could be completely blocked by
clamping the cytosol to more acid pH with 3 mM BTA (Fig. 18a, ¢) which was used before 22733
indicating the ABA and flg22 core pathway to be pH dependent (Fig. 18). Similar effects were
also reported by others 173243416 However, Islam et al claimed that increased [Ca®]eyt Was the
initial signals followed by cytosolic alkalization in ABA induced stomatal closure in Arabidopsis

using low temporal and imaging resolution 13 whereas | found cytosolic alkalization is the initial
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signal in tobacco guard cells upon ABA treatment (Fig. 14b, c). [Ca®*]ey increases triggered by
ABA could be largely inhibited by BTA whereas [Ca®"]ey: elevations triggered by flg22 were less
suppressed (Fig. 18a-c). These results indicated stomatal closure induced by flg22 depends more
on pronounced [Ca?*]qy increases (Fig. 14d, e, S2¢) than ABA does, while the latter one is more
associated with a cytosolic alkalization (Fig. 14b, ¢, S2b). This is in line with the finding of CPKs
and ROS function in the flg22 pathway 2%*. However, it should be mentioned that the quadruple
cpk3/5/6/11 mutant displayed normal stomatal closure upon ABA and flg22 2%1, suggesting Ca®*-
independent or other Ca?*-sensing mechanisms to exist. Even though mild cytosolic alkalization
upon flg22 was observed (Fig. 14d), cytosolic acidification by applying BTA interrupted flg22
induced stomatal closure (Fig. 18b). The pathogen signaling pathway might be connected by
cytosolic acidification since crucial components of immunity in plants like MPKs were found to
be activated by decreased cytosolic pH “1"48 In the flg22 signaling pathway, MPKs might be
important factors of a Ca?*-independent mechanism #*%42° by modifying anion channel activity
419421 “which remains to be identified in the future combined with reverse genetic studies.
Combined with others’ findings (shown in Fig. 3), ABA can be recognized by ABA receptors to
inhibit the activity of PP2C family like ABI1 in 5 min in Arabidopsis and OST1 activity is
suppressed by PP2C >198:372422 (Ejg, 3), which is regarded as an early step in ABA signaling. One
of the key regulator in ABA pathway in guard cells is ABI1, and its activity can be increased by
ABA by the pH shift from around 7.2 to 7.5 %23, ABA induced cytosolic alkalization and stomatal
closure were both impaired in the abil-1, abi2-1 and ost1-2 loss-of-function mutant 3. The
cytosolic alkalization observed in ABA induced stomatal closure was less likely to attribute to
plasma membrane H*-ATPases since they were inhibited by ABA in biochemical experiments in
vivo and moreover the apoplast in sub-stomata upon ABA became more alkalized as well %822,
Therefore, the inhibited plasma membrane H*-ATPases by ABA should be interpreted with
caution 84279424 Although Ca?* and ROS could influence plasma membrane H*-ATPases activity
5275 and [Ca?*]cyt increases and ROS production were important in flg22 induced stomatal closure
266,342 roles of plasma membrane H*-ATPases in guard cells upon flg22 still remain to be
characterized. Apoplastic alkalization has also been reported in leaves under flg22 treatment 2*°
but not in guard cells. Thereby the question arises where the cytosolic alkalization come from? A
potential contributor for cytosolic alkalization might be H* accumulation in the tonoplast 23, ABA

activated vacuolar H*-ATPases (V-ATPases) activity in Mesembryanthemum crystallinum *, for
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instance. The central vacuole usually occupies more than 90 % of the cell volume and vacuolar
osmolyte changes are of great importance for regulating guard cells turgor pressure 2°0425426,
Vacuolar pH monitored by BCECF dye was visualized here in N. tabacum guard cells during ABA
and flg22 treatment (Fig. 15). | observed ABA induced a sustained vacuolar acidification while a
transient vacuolar acidification was observed upon flg22 application (Fig. 15). This vacuolar pH
regimes matched with ABA induced sustained cytosolic alkalization and flg22 triggered mild
transient cytosolic alkalization (Fig. 14) and fitted previous reports on vacuolar acidification 2%,
Vacuolar H*-ATPases and vacuolar H*-PPases constantly pump H* from the cytosol into the
vacuole ®2. The double vacuolar H*-ATPases (vhaa2/a3) mutant displayed more alkalized vacuole
241 ABA induced stomatal closure and vacuolar acidification were delayed in the double vhaa2/a3
mutant and vacuolar H*-PPases (vhpl) mutant 2*3. Its functions in flg22 induced stomatal
movement remains to be revealed.

Common events reported for ABA and flg22 triggered stomatal closure in Arabidopsis are ROS
production, anion channels activation and membrane depolarization 645209215.249261 (Fjg 3) Some
studies reported ROS production is the earliest event in the ABA pathway after 1 min 4837
However, this is controversial because others found cytosolic alkalization to start 5 min after ABA
application whereas ROS production started 10 min later and reached a maximum around 30 min
197416 ROS production was found to be mainly produced by NADPH oxidases RbohD/F in ABA
and flg22 triggered stomatal closure 211249.294427:428 (Eig 3). However, the initial [H*]cyt responses
and lagging [Ca®*]eyt signal in guard cells under ABA treatment could not be observed with flg22
or H20, (Fig. 14, 16, S2), suggesting distinct interactions between [Ca?*]eyt and [H*eyt upon
specific stimuli. Early studies in Arabidopsis showed Ca?* channel activation by ROS increase to
induce stomata closure 8376429 |n contrast, neither stomatal closure nor [Ca2*]ey: increases in
tobacco guard cells were observed upon physiological H2O2 concentration (< 200 uM) (Fig. 16a,
b), probably indicating a different effect of ROS to be present in tobacco guard cells. Only mild
stomatal closure and slow [Ca?*]c, increases were observed in high H20, concentration of 1 mM
when cell integrity was lost after 15-30 min treatment (Fig. 16c, 17c). Interestingly and very
reproducibly, cytosolic acidification was induced by H2O- in a dose-dependent manner (Fig. 16a-
c¢) which is in conflict with an earlier report showing H-O: triggered cytosolic alkalization and
vacuolar acidification in Vicia faba guard cells 3. However, similar to my results of cytosolic

acidification blocked ABA and flg22 induced stomatal closure (Fig. 18a-c), butyrate also inhibited
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ABA, MeJA and high external Ca®* or H20, induced stomatal closure in Arabidopsis or in Vicia
faba by suppression cytosolic alkalization 1*37°, Similarly, they found cytosolic alkalization
through H* efflux from the cytosol into the vacuole is important for stomatal closure 37°. My
observation that H2O> triggered [H* ]yt elevations in N. tabacum guard cells (Fig. 16) might explain
the phenomenon that stomata open upon H,O> at physiological concentration 24, Combing with
other studies (Fig. 3), these distinct observations of [Ca?*]cyt, [H*]cyt and stomatal movement upon
ABA, flg22 and H20: application indicate these different stimuli to merge at the level of anion and
potassium channels regulation via the demonstrated CPK- and OST1-dependent mechanisms.
CPKs and OST1 were found to phosphorylate SLAC1 channel at different sites °*, which could
account for Ca?*-dependent and -independent mechanisms in the ABA pathway (Fig. 3). Ca?*-
dependent mechanisms in ABA and flg22 induced stomatal closure could be achieved by CPKs or
CBL/CIPK to control anion channels activity 191430431 whereas cytosolic acidification induced by
H202 in N. tabacum guard cells might contribute to stomatal movement by activation anion
channels “¥2 (Fig. 16). Especially, anion channels SLAH3 was recently found to be directly
activated by cytosolic acidification 412,

The triggering of [Ca?*]cy: elevations by increased extracellular Ca?* concentration was used in the
past to argue for a Ca?* dependent step in stomatal closure across species 16917318 However, only
very slow stomatal closure with the speed of 0.8186 um?/min in N. tabacum was observed upon
extracellular Ca®* increases accompanied by strong [Ca?*]ey: increases and initial cytosolic
alkalization (Fig. 19b). In addition to [Ca?]e: increases, however, [H']et changes upon
extracellular pH changes were observed to control stomatal movement much more efficiently (Fig.
19). Especially when | compared [Ca?*]ey: and [H*]cyt responses in N. tabacum guard cells and
quantified the ratio between these two signals, the speed of stomata closing depended on the
magnitude of the cytosolic alkalization (Fig. 19c-g). Another strong argument for pH to affect
stomata behavior effectively is the stomata opening speed, it was stimulated by cytosolic
acidification when changing the normal solution with pH 5.8 (0.8143 pm?/min) to one with pH 4.8
(1.190 um?#min) (Fig. 19b, f). Stomatal closure occurred upon external Ca®* application in a dose-
dependent manner meaning the higher extracellular Ca?* concentration, more pronounced closure
was observed 17318 Contrary to these findings, significant stomatal closure upon high
extracellular Ca?* concentration was not observed in N. tabacum (Fig. 19b). During stomatal

closure, the required membrane depolarization occurs ~ 2 min 87297 after ABA treatment through
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activation of anion channels 7. Therefore the initial cytosolic alkalization might be a very early
regulatory step to control stomatal movement via changing ion channels’ activities and
subsequently the membrane potential. This potential signaling step remains to be studied in detail
in the future and it has to be compared using different species to understand universal and distinct
signaling mechanisms across species.

Generally, I concluded that stomatal closure or opening in N. tabacum was more effectively
regulated by cytosolic alkalization or acidification than by [Ca?*]¢y increases, however, Ca®
responses were always accompanied with stomatal closure (Fig. 14, 18, 19, S2). Whether Ca?*-
independent pathway in regulations of stomatal closure depends on pH changes and whether pH-
dependent mechanism exists in stomatal movement can not finally be claimed here, but |
uncovered that ABA and flg22 signaling pathways triggered stomatal closure depend on pH via
visualizing cytosolic and vacuolar pH dynamics (Fig. 14, 15). In guard cells, OST1 is a central
regulator in ABA and flg22 pathways 246251261 (Fig. 3). OST1 activates NADPH oxidase RbohD/F
in HEK cells to produce ROS and this mechanism is proposed to activate downstream events such
as channels activity even though OST1 is reported to be suppressed by ABI1, pointing out the
complexity of the signaling networks in stomatal movement 191433434 | provided a detailed time-
resolution of [Ca?*]c,t and [H*]cy: and stomatal movement events and demonstrated pH to be a
major regulator for stomatal movement (Fig. 14, 16, 18, 19, S2). In the future, reverse genetic
studies and biochemical approaches to study protein-protein interactions upon pH changes
combining with CapHensor imaging could contribute to understand the balance and interaction

between Ca?*-dependent or pH-dependent mechanisms in stomatal movement.

5.4 A distinct set of Ca?*, H* and electric responses in mesophyll cells upon

different stimuli
Mesophyll physiology related to ion signaling is much less studied compared to guard cells,
however leaves are well known to respond fast to salt, drought stress or wounding, which were
shown to induce chemo-electric systemic signals 230259435436 [Ca2*]..: rises and plasma membrane
H*-ATPases both participated in the electric signals in leaves upon different stresses but the

sequence of chemo-electric signaling events has not been studied in detail 107:234:259,344,437-439
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To characterize the temporal dynamics of Ca?*, H" and Vi in mesophyll cells to different stimuli
and to compare them with the ones from guard cells, | here combined live-cell CapHensor imaging
with Vm recording upon flg22, ABA and H20- treatment (Fig. 20). The electrode was placed in
the same area as monitoring fluorescence from CapHensor to simultaneously record membrane
potential and Ca®" and H* changes. A rapid [Ca®"]cy transient occurred approximately 4 min after
flg22 application and preceded a cytosolic acidification transient around 24 s, but both of them
significantly lagged behind Vm depolarization around 2 min (Fig. 20D, i). This was in line with
other studies showing [Ca?*]yt increases are essential for membrane depolarization in leaves upon
flg22 19725 or wounding #3’. [Ca®]¢y: increases induced by flg22 are thought to be dependent on
ROS bursts and membrane potential depolarization is likely to result from the activation of anion
channels 452933 Because apoplastic alkalization in leaves and plasma membrane H*-ATPases
have been proved to participate in systemic signaling %343 cytosolic acidification I observed
here (Fig. 20b, f) might be related to apoplastic alkalization in leaves in response to flg22 259440,
Transcriptional reprogramming takes place after pathogen invasion 27264265 and defense genes in
tobacco were influenced by cytosolic acidification 41442, Apoplastic pH changes upon pathogen
attack are linked to Ca?* signaling but pH changes alone are able to regulate genes expression 43,
However, H* signals in the nucleus upon stresses are rarely reported ’*. The spatio-temporal
imaging of Ca?* and H* with high resolution in the nuclei in my study uncovered [Ca?Jnuc and
[H*]nue increases, very similar to the responses in the cytosol (Fig. 20f, j), pointing out these two
messengers could lead to the genetic reprogramming. Ca?* permeable channels existed in the
nuclear envelope and were required for cytosolic and nuclear Ca?* 4, which might be responsible
for the Ca?* transients upon flg22 application I could monitor.

The interesting observation is the membrane depolarization started 2 min after flg22 application
to mesophyll cells and both preceded Ca?* and H* by approximately 1-2 min (Fig. 20b, f, i, j). The
fast electric signal preceding the Ca?* signal (Fig. 20D, f, i, j) was also reported by others, but
hypothesis for lagging chemical signals has not been presented so far 293443 The high buffering
capacity for Ca** and H* in the cytosol can not be responsible for the time delay between the
electric and chemical signals since the diffusion of Ca?* within a cell is expected to be
accomplished in the millisecond to second range **. The flg22 triggered fast depolarization in
mesophyll cells can not be explained by Ca?*- or H*- dependent mechanisms for anion channel

activation 218446 pased on my results. In Arabidopsis, due to lagging [Ca?*]cy: increases (Fig. 20b,
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f, i, j), fast and initial membrane depolarization likely does not involve CPKs 2642%% put mitogen-
activated protein kinase (MAPK) cascades such as MPK3, MPKG6 could be triggered in minutes
by pathogens #’. Because depolarization in mesophyll cells upon flg22 treatement was not
interrupted in the quadruple cpk3/5/6/11 mutant 2%! although CPK3, 5, 6 and 11 are essential for
flg22 induced ROS production 261:262264 The depolarization but also the Vm repolarization after the
maximum depolarization accompanied by coordinated [Ca?*]eyt and [H*]eyt decline might be
regulated by H*-dependent activation of plasma membrane H*-ATPases, but which molecular
components are involved in these chemo-electric transient signal remains to be genetically
identified 343448-450,

Except Ca?" and H*, ROS waves were also important for systemic electrical signals in leaves upon
wounding 3441452 Moreover, ABA synthesis in guard cells 24¢2%° or ROS production in leaves
259 were observed under pathogen stress. The re-distribution of proteins such as CPK32 from the
cytosol into the nucleus was reported in an ABA-dependent manner %345, However, | observed
no Ca?*, H* and Vm changes within the mesophyll after ABA or H,O, treatment neither in the
cytosol nor in the nucleus (Fig. 20c, d, g, h). This indicates no fast chemo-electric signals in the
cytosol or the nucleus of mesophyll cells by ABA and ROS, at least not in the time scale |
investigated here, which matches with a recent report no [Ca?*]cyt and [H*]ey: changes were
observed upon ABA or H;O treatment in roots '°. An unchanged Vm response upon H.O;
treatment (Fig. 20d, h) might be in line with a previous study showing flg22 induced membrane
depolarization is more likely to be ROS-independent since depolarizations still occurred in the
NADPH oxidase loss-of-function mutant 2>°. Therefore, other mechanisms independent on Ca?*
or pH changes upon ABA or H>O: application in mesophyll cells must exist and remain to be
shown.

The [Ca?*]ey increases in guard cells and mesophyll cells differed significantly with respect to
their temporal dynamics (Fig. 14, 16, 20). While only one Ca?* peak was induced in mesophyll
cells under flg22 (Fig. 20), the guard cells displayed often pronounced Ca?* oscillations with
repetitive Ca?* increases (Fig. 14d). In spite of distinct Ca* signals between mesophyll cells and
guard cells upon flg22 treatment, mesophyll cells and guard cells are likely to share signaling
pathways for flg22, but not for ABA and H>O>. A pronounced cytosolic acidification in mesophyll
cells (Fig. 20b, f) but slight alkalization in guard cells under flg22 treatment (Fig. 14d, S2c)
observed in my study indicate distinct [H*]cy: signals in different cell types by the same stimulus.
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The combination of live-cell imaging via CapHensor and electrophysiology uncovered novel
aspects on the spatio-temporal interconnection between intracellular Ca?*, H* and membrane
potential. Different Ca* reactions of different cell types were reported previously %7, 1 could
also demonstrate that distinct [Ca?]eyt and [H*]cyt regimes with different interrelationships exist in
different cell types even of the same organ, the leaf (Fig. 22). Therefore, one should not generalize
and assume that the response of one cell type to a stimulus means that other cell types react in the
same way. In addition, the simultaneous approach of CapHensor imaging and electrophysiological
recording of membrane voltage has shown that this approach is suitable to uncover missing or

existing correlations between chemical- and electrical signals.

5.5 Spontaneous [Ca?*]c,: and [H*]ey: oscillations are linked, but correlated

differently within a population of guard cells
Compared with imposed [Ca?"]cy: oscillations induced by ABA, flg22 or high external Ca®* (Fig.
14, 19b), spontaneous [Ca®**Jeyt and [H']ey oscillations were observed in 38.31 % of all the
measured guard cells, in the absence of any treatment via time-lapse live-cell imaging of [Ca? eyt
and [H*]e via CapHensor (Fig. 23a, b). In fact, natural [Ca®"]e: oscillations were observed
previously >1752774154%8 byt are commonly neglected and only the responses of non-oscillating
cells are considered #>°. Time-resolved imaging of [H*]¢yt dynamics was not reported in guard cells
and spontaneous [H*]cyx oscillations were not described before. | found two populations of
oscillatory guard cells with in phase or antiphase relationship, in other words negative or positive
correlation between [Ca?*]eyt and [H']eyt (Fig. 23). [H*]eyt regimes preceded [Ca?*]eyt oscillations
in inphase guard cells whereas [Ca?*]cyt dynamics preceded [H*]ey oscillations in antiphase guard
cells (Fig. 23, 24). It is possible that these oscillatory guard cells are in different states, which
probably can be explained by the phenomenon of stomatal patchiness which is not at all understood.
Stomatal patchiness stands for stomata in different states that respond quite differently to a defined
treatment which is thought to optimize the response network in leaves 6%46*, The guard cells with
[Ca?*]eyt and [H*]eyt dynamics in phase showed cytosolic acidification preceded [Ca?*]cy: increases
ca. 13 s (Fig. 23a), which is indicative of cytosolic acidification to promote Ca?* influx “62. The
antiphase guard cells displayed [Ca?]ey increases preceded cytosolic alkalization (Fig. 23b),
suggesting Ca?*-stimulation of H*-ATPases or H*-coupled transporters 40463465 to pe potential

components for synchronized [Ca?*]ey: and [H*]cy: homeostasis #6:%465466 Byt high Ca?* was found
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to inhibit plasma membrane H*-ATPases 238, Activation of H*-ATPases is known to induce
hyperpolarization 8, which might stimulate hyperpolarization activated Ca?*-permeable channels
4849 however, this would imply that voltage changes would precede [Ca?*]¢y: changes, which was
not shown here but is helpful to understand the sequence of events in chemo-electric signalling
networks. It should be noted that the phase analysis does indicate leading and lagging signals but
does not represent proof for causality 2°,

It was proposed that [Ca?*]cy: oscillations are rather associated with a sustained stomatal closure
mechanism instead of triggering stomatal closure per se 3. This might explain the phenomenon
that closed stomata are likely to display spontaneous [Ca?]¢y oscillations 414 (Fig. 25a, b, e, f).
Guard cells exhibiting spontaneous [Ca?]ey: oscillations did not always lead to stomatal closure
175,337 'which was proposed to result from shorter periods of spontaneous [Ca?*]cy: oscillations than
ABA-imposed [Ca?*]¢y oscillations 34175, However, this assumption was hardly explained since
similar period of spontaneous [Ca?"]cy: oscillations was observed in 10 mM external Ca?* induced
[Ca?*]cy: oscillations but stomata closed 34172174 Moreover, spontaneous [Ca?*]cy: oscillations seem
to be contrary to the view of Ca?*-dependent stomatal closure “. These studies have suggested a
more complex picture of guard cells signaling network than previously thought 38, I found natural
oscillations in guard cells having [Ca?*]eyt and [H*]cy: regimes in phase to harbor a higher frequency
than guard cells having antiphase regime (Fig. 23, 24d). To investigate the physiological role of
these spontaneous oscillations to influence stomatal movement, ABA or flg22 was applied on these
oscillatory guard cells (Fig. 25). Stomatal closure on oscillatory guard cells induced by ABA or
flg22 was much less pronounced (Fig. 25) compared with guard cells with stable resting [CaZ*]cyt
(Fig. 14b, d). Whether these oscillatory guard cells are less reactive to external stimuli still remains
to be investigated in detail though. However, the interesting phenomenon was that natural [H*]cyt
oscillations, but not [Ca*]cy oscillations were blocked by ABA but not by flg22 (Fig. 25) and
naturally coupled [Ca?*Jeyt and [H*]cyt oscillations were uncoupled by ABA (Fig. 25g, h). In
contrast, spontaneous [Ca?*]ey: or membrane potential oscillations were diminished by ABA 175468,
but the underlying mechanisms are unknown. The dampened natural [Ca?*]cy: oscillations by ABA
could use Ca?* sensitivity priming mechanisms in stomatal closing, which was proposed in guard
cell responses to ABA and high external Ca?* 467469470 Thijs Ca?* sensitivity priming model was
proposed to display not only different modes of [Ca®']c,: elevations, but is also based on Ca?*

sensors reacting to Ca?* increases differently 3277, This might explain the less-opened stomata
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with spontaneous [Ca?*]eyt and [H*]eyt Oscillations (Fig. 25a, b, e, f). The role of spontaneous [H* eyt
oscillations carrying information in guard cells was not even speculated or discussed in the past.
In line with inhibited natural [H*]cyt oscillations upon ABA but not by flg22, vacuolar pH regime
in guard cells visualized by BCECF showed oscillations in vacuolar pH was dampened by ABA
but not by flg22 (Fig. 26). It indicates natural [H*]cyt oscillations actually originate from vacuolar
H* oscillations, since the central vacuole is regarded as the pH buffering organ. Although many
ion channels, pumps and H*-coupled transporters have been well described, factors contributing
to [Ca?*]eyt and [H*]cyt interrelationship still remain to be unravelled. My CapHensor approach
combined with sophisticated bioinformatics analysis not only uncover two distinct
interconnections between spontaneous [Ca?*]eyt and [H*]ey: oscillations, but question whether
guard cells having spontaneous oscillations are less responsive upon stimuli. The interrupted
natural [H*]eyt oscillations likely result from vaculoar H* regimes which are altered by ABA but
not by flg22, representing a specific ABA signalling mechanism in guard cells distinct from the

one of flg22.

5.6 Imposed [Ca?*]qe oscillations are negatively correlated with [H*]eyt in

guard cells
Ca?" is a well-known second messenger to function in stomatal movement. Ca?* oscillations with
defined amplitudes, duration and frequency were suggested to control stomatal closure %172,
However, when using a similar approach to evoke defined Ca?" oscillations by alternating the
extracellular solution from high to low KCI concentration, stomatal movement turned out to
depend more on the osmotic effects rather than depend on the evoked Ca?* transients (Fig. 27, 29).
To solely study the role of [Ca?*]c,t changes, | used an approach avoiding osmotic effects by
changing external CaCl, concentration from 0.01 mM to 1 mM (Fig. 27a, 27b, S3). High external
Ca?* concentration induced [Ca?"]cy: transients might originate from activation of Ca?*-permeable
channels such as GLRs in guard cells 5, as high external Ca®* induced stomatal closure was
impaired in the double glr3.1/glr3.5 mutant 41, [Ca?*]ey: transients were accompanied by
cytosolic alkalization but obvious stomatal closure in N. tabacum was not observed (Fig. 27a, 27D,
S3). It is worth noting that a similarly negative relationship between [Ca?*]cy: and [H*]cyt has been
observed in my previous experiments using ABA and extracellular alkalization (Fig. 14b-e, S2b-

d, 19b). To identify possible components in this negative correlation between [Ca?*]ey: and [H*]cyt

134



in stomatal closure, vanadate was used to block plasma membrane H-ATPases (Fig. 27a, 27b,
S3). Strikingly, quantitative cross-correlation analysis showed the negative correlation between
[Ca?]eyt and [H*]eyt (Fig. 27a-c) depended on plasma membrane H*-ATPases activity when
[Ca?"]eyt signals were triggered by high external CaCl, treatment (Fig. 27a-c). Based on the time
of the onset or peak response of [Ca?*]ey: significantly preceding the timing of [H*]ey: during the
negative correlation (Fig. 27d), [Ca?'].,x might trigger a H'-translocating process. My
pharmacological approach indicated plasma membrane H*-ATPases could be stimulated by a Ca*
increase (Fig. 27b, c) which is in contrast to earlier work 31°. To date, only a calcium stimulated
protein kinase, PKS5 (CIPK11) was reported to negatively regulate H*-ATPases 3. In addition to
plasma membrane H*-ATPases contribution to this negative [Ca?*]cy: and [H*]cy: correlation, Ca?*
channel activity regulation via pH or H*-coupled Ca?* transporters (CAXs) could participate in the
homeostasis of these two ions. In fact, GLRs activity was assumed to be inhibited by extracellular
alkalization 3*, which did not fit my results of [Ca?*]ey: increases accompanied by cytosolic
alkalization (Fig. 27b, S3). Plasma membrane and vacuolar membrane localized CAXs in guard
cells could transport Ca?* out of the cytosol in exchange for H* 4042472 3 possible transport mode
for the occurring negative correlation observed in my studies (Fig. 14a-e, 19b, 27b, 32). For
example, CAX1 and CAX3 localized in the tonoplast of guard cells are suggested to participate in
Ca?" homeostasis “?#7® and might contribute to apoplastic pH regulation in stomatal closure 42,
CAXs might function by mediating cytosolic ‘Ca?* signature’ or regulating pH signal in various
abiotic stresses 42384463474 "Up to now, Ca?" transporters at the plasma membrane are poorly
characterized to contribute to [Ca?"]eyt homeostasis in guard cells. Monitoring [Ca?*]cyt and [H*]cyt
changes via CapHensor combined with reverse genetic studies including loss-of-function mutants
of CAXs, ACAs, etc. could significantly help to unravel the functional interrelation and the
contribution of [Ca?*]cyt and [H™]eyt signaling in stomatal movement.

Against the common view that Ca?* is the main second messenger to promote stomatal closure,
pronounced [Ca?*]qy: oscillations imposed by increased external Ca?* concentration did not induce
stomatal closure in N. tabacum (Fig. 19b, 27a-b, S3). This fits my other results that [Ca?]eyt
dynamics were observed in stomatal opening and closure (Fig. 14, 19b, 27b, 28-30) and
spontaneous [Ca?*]cy: oscillations did not show pronounced stomatal closure upon ABA and flg22
(Fig. 25a, b, e, f). Moreover, stomatal closure occurred in the absence of [Ca®*]cy increases in

others studies 112:173.187,188,192,277.455,469 | ghserved stomatal closure in the presence of vanadate upon
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high external CaCl, (Fig. 27b), which might explained the observation that increased [Ca?*]cyt
promoted H*-ATPases activation in stomatal opening under blue light 47>, While the knowledge
on stomatal closure mechanisms mostly results from researches on Arabidopsis, Ca?*-dependent
anion channels activation was reported in tobacco 18, and this is known to represent the initial step
in stomatal closure 747, But pH-dependent regulation of anion channels like the recently
described acid-activation of SLAH3 or pH effects on R- and S-type anion channels were also
reported 47, While I can not exclude different stomata regulation mechanisms in different species,
Ca?" dependent and independent mechanisms for stomatal closure were also reported in N.
tabacum ', Based on the high/low KCI washings induced stomatal movements, [Ca?*]cyt
transients were observed in stomatal opening (Fig. 29a-c), which fits some previous observations
112277 In case [Ca?*]cyt Was the strongest signal of all, stomatal closure would have occurred even
during the alternating high/low KCI washings, because [Ca?*]y increases from this treatment were
massive (Fig. 28, 29a-c). However, arguments for the prominent role of [Ca?*]cy: to reduce stomatal
aperture in my study could not be well formulated. Cytosolic acidification could regulate stomatal
opening while cytosolic alkalization induced stomatal closure very effectively (Fig. 19b). In line
with my findings of butyrate blocking ABA and flg22 induced [Ca?"]cy: oscillations and stomatal
closure (Fig. 18), external Ca?" induced [Ca?*]ey: oscillations and stomatal closure could be
inhibited by butyrate 13, However, when I applied 3 mM BTA on guard cells showing spontaneous
[Ca?"eyt and [H]eyt oscillations (Fig. 27e), pronounced stomatal opening was observed while
[Ca?*]cy: oscillations were not blocked (Fig. 27e). These results also showed cytosolic acidification
could induce stomatal opening even in the presence of pronounced [Ca?*]cy: oscillations, pointing
out that pH changes are able to override the effect of strong [Ca®']cy: increases on stomatal
movement.

Hence, the interconnection between imposed [Ca?*]ey: and [H*]cyt oscillations in guard cells was
distinct upon different stimuli, but generally in a negative correlation (Fig. 14, 19, 27, 32). In
high/low KCI experiments, a positive correlation between [Ca?*]cyt and [H*]cyt homeostasis was
based on the effects of K™ influx in the cell which influenced the net H* fluxes (Fig. 28b, 29). In
detail, [Ca?"]cyt transients resulted from osmolality while [H*]c,t homeostasis was regulated by ions
and plasma membrane H*-ATPases (Fig. 28, 29, 30). Therefore, cytosolic pH changes and Ca?*
increases depended on the approach used to induce [Ca?*]ey: increases (Fig. 14b, 19b, 27b, 29).
However, stomatal closure in my study did not rely on increased [Ca®]ey, despite of the Ca?*-
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dependent signaling in guard cells in tobacco 3% My results fit previous studies of a Ca?*-
independent pathway in stomatal closure 173186-188:414.469 3nd 3 recent report demonstrating [Ca?* eyt
elevations to promote stomatal closure but not to be essential 1%2. My results provide evidence of
H™ to play a prominent role in stomatal movement (Fig. 14-16, 18, 19) and more importantly the
live-cell imaging tool provides the real-time responses of [Ca?*]eyt and [H*]eyt, proving these

second messengers to correlate with each other in stomatal movement upon different stimuli.

5.7 Interactions between K" and H* homeostasis in guard cells

Potassium and chloride are the main ions to regulate guard cell turgor pressure and to modulate
stomatal movement (Fig. 3). To monitor the interconnected network of H*, Ca®* and K*, |
challenged guard cells with alternating exchanges between 50.1 mM KCI and 0.1 mM KCI (Fig.
28, 29a). Stomatal closure and opening was induced by high KCI and low KCI solutions,
respectively (Fig. 28, 29a), which was different from previous reports arguing that K* enters guard
cells to increase turgor pressure for stomatal opening 23%291478 \With the protocol mentioned above,
based on the protocol by others 17*, stomatal closure was observed at high KCI conditions, which
was accompanied by a reduction in [H"]eyt (Fig. 28b, 29a). Washing out the high KCI solution
resulted in stomatal opening, accompanied by a [H*]cyt increase and a strong [Ca?*]ey: increase (Fig.
28b, 29a). Contrary to the generally prevailing opinion that long lasting or repetitive [Ca?*]cyt
spikes lead to stomatal closure, an increased [Ca?*]cy: signal was detected during stoma opening
(Fig. 27e, 28D, 29a) and repetitive [Ca?*]cy: increases did not result in significant stomatal closure
(Fig. 19b, 27b). [Ca®']ey transients were originally proposed to result from hyperpolarization
triggered Ca?* channels by altering high and low KCI solution 1", However, [Ca?*]cy: transients
triggered by this way in my experiments were attributed to differences in osmolality since the
application of mannitol generated basically the same [Ca?'¢y transients, but had no impact on
[H*]eyt homeostasis (Fig. 29a-b, 29e). Therefore, [Ca?*]ey transients in stomatal opening (Fig. 29,
30) were a result of turgor pressure changes caused by osmotic effects by altering solutions in
guard cells, likely addressing OSCA-type Ca?* channels 4. Because CAXs were proposed to
mediate [Ca®*]cyt concentration reduction to micromolar range after [Ca?*]cyt increases which show
a pronounced overshoot while ACAs were more likely to sustain the resting [Ca*]cy: to be low *7°.
Thereby, the overshoot of [Ca?*]c,: when changing the medium from low KCI to high KCI observed
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(Fig. 29a), might be explained by the action of CAXs transporters and their high-affinity and low-
capacity Ca?* shuttling whereas ACAs have low-affinity and high capacity for cation efflux 47°.

Cytosolic alkalization and acidification were triggered by high and low KCI, respectively, and this
effect was more pronounced in the presence of BTA (Fig. 29a, d), but to a minor extent in CI
based medium (Fig. 30b, c). My experiments thus did provide evidence for K* channels to control
K* homeostasis and subsequently to regulate [H"]cyt homeostasis in N. tabacum guard cells (Fig.
29-32). However, a large part of the K*-dependent change in [H*]cyt homeostasis does not depend
on shaker K* channels. When blocking plasma membrane shaker K*-channels with Cs*, a strong
alteration of [H]eyt (Fig. 29c, d) was still observed, suggesting a K*-dependent impact on [H*]cyt
homeostasis likely by K*/H" antiporters at the plasma membrane or tonoplast. It is worth noting
other K*-transporting mechanisms could still function under Cs* conditions such as HAKS5 even
transporting Cs* “°. Many putative cation/H" transporters in plants participate in [H*]eyt
homeostasis such as Ca®*/H* transporters (CAXs) and K*/H* transporters (NHXs) 404295291 (Fig,
1, 32). Moreover, the activity of K*/H* antiporters might be stimulated by the acid intracellular
environment in the presence of BTA due to higher [H]eyt (Fig. 28b, 29a). The contribution of H*-
pumps to [H*]cyt homeostasis by P-type H™-ATPases was tested by the application of the P-type
ATPase inhibitor NasVVOs. Cytosolic acidification and alkalization induced by low and high KCI
were partially reduced by NasVOa, indicating that plasma membrane H*-ATPases contributed to
[H*]eyt homeostasis, despite the prominent role of K™ in [H*]ey: changes (Fig. 30a, c). Stomatal
movement was not influenced by NasVOa, but [Ca®*]ey: peaks induced by osmotic effects were
interrupted (Fig. 30a, b), which might be due to unexpected effects of vanadate on Ca?*-ATPases
481482 How [H']eyt homeostasis is related to K*-homeostasis and K* channels can not be
conclusively stated from my studies and was not studied in detail yet. However, K* transport at
the vacuole seems crucial for stomatal movement, K* channels and K*/H* transporters such as
NHXs at the tonoplast function in guard cells °>°2%1 H* gradients between the cytosol and the
vacuole enable K* import into the vacuole via NHXs 92%02% \/acuolar acidification and
alkalization by using BCECF dye were visualized by low and high KCI, respectively (Fig. 31). It
suggested not only vacuolar H" homeostasis is likely to be regulated by K*/H" transporters at the
vacuolar membrane (Fig. 31b), but is also consistent with previous results showing high external
K* led to vacuolar alkalization via NHX1 and NHX2 to regulate K* and H* homeostasis 2%02%,

But, K*/H" transporters at the tonoplast could be excluded to contribute to high/low KCI induced
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cytosolic pH homeostasis because vacuolar H* responses were in accordance with [H]¢y induced
by the same buffer exchanges (Fig. 29a, 29d, 31, 32).

| can thus conclude that K* transport in N. tabacum guard cells participates in cytosolic and
vacuolar pH homeostasis, a similar scenario as in Arabidopsis guard cells 29348, | found vacuolar
H™ to be regulated by external KCI (Fig. 31), which is a nice starting point to study further the K*-
dependent cellular pH homeostasis via several putative K*/H* co-transporters like CAXs and
NHXs or CHXs at the tonoplast using CapHensor expressing lines. Even though here my direct
experimental evidence suggested K* homeostasis and plasma membrane H*-ATPases to function
in [H*]cy: homeostasis by different concentrations of external KCI application (Fig. 28-31), it is
also possible that a combination of K*/H" antiporters and K*/H* symporters as well as K* channels
contributes in a coordinated way *. This could be identified by combining experimental and
theoretical approaches ° based on CapHensor imaging.

In addition to K* regulations on [H*]cy: homeostasis, my data also provided good evidence for the
existence of H*/CI- symporters at the plasma membrane ®248 since the application of high CI-
concenrations evoked a cytosolic acidification (Fig. 30b). However, in contrast to the effect on
[H*]eyt homeostasis by K*, the transport resulting from CI- application was much less pronounced,

pointing out the important role of K*-transport to set cellular pH dynamics.

5.8 Cytosolic alkalization is a general feature of salt stress in leaves and salt

detoxification in leaves is independent of Ca?*-signaling

The mechanisms in leaves to cope with salt stress have not yet been resolved and the signaling
mechanisms proposed to play a role in salt stress mainly originate from researches on roots and
young seedlings. Salt detoxification mechanisms were investigated extensively in roots and salt
can be transported from the root to the shoot which resulted in the accumulation of salt in leaves
via sequestering it into the vacuole %1030748> Sat treatment must initiate distinct leaf reactions and
this underlines the importance for unravelling salt detoxification mechanisms in leaves.

My results demonstrated novel aspects of the Ca?* and H* dependent mechanisms for leaves to
cope with salt stress. However, | have to consider separating the effects of ion transport and
osmotic effects involved in salinity stress. To investigate ion signaling with Ca?* and H* under
salinity in leaves, | firstly balanced the control solution with the same osmolality as the salt

concentration (Fig. 33-36). In the osmolality-balanced system, CapHensor imaging was combined
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with electrophysiology with minimal osmotic effects. Cytosolic alkalization and pronounced
depolarization were observed in response to both 50 mM NaCl and KCI (Fig. 33b, 33d, 34a),
indicating cation influx either by cation channels or transporters “ (Fig. 4) to cause the
depolarization, while the depolarization-activated plasma membrane H*-ATPases 23 could play a
role in the cytosolic alkalization. This is consistent with H*-efflux under NaCl treatment “¢’. In
roots, Na* can enter into the cell and trigger a membrane depolarization while K* efflux is induced
via the depolarization-activated GORK channel or other K* transporters in Arabidopsis 44488490,
K*/H" transporters were proven to function in guard cells to regulate K* and H" homeostasis
96.239.291 (Fjg. 32), which is in line with the more pronounced pH effects in protoplasts upon 50 mM
KCI treatment (Fig. 33, 34). Differently, slightly cytosolic acidification and minor depolarization
was induced by 50 mM Tris-Cl in protoplasts (Fig. 33b, 33d, 34a), which might be explained by a
> 1 H*/CI" symporter mechanism 82484 ABA synthesis was observed under salt stress 230-303491492
to initiate transcriptional reprogramming 4%, If this transcriptional reprogramming is associated
with Ca?* or pH signaling in the nucleus in leaf cells upon salt stress was unknown. | found
[Ca?nuc and [H*Jnuc changes upon salt stress are similar to [Ca®*]cyt and [H']eyt (Fig. 33c, 34c).
However, in my previous results, ABA itself didn’t induce any effects on Ca?*, H* and membrane
potential in mesophyll cells (Fig. 20c, g). During salt stress in leaves, membrane depolarization
and intracellular alkalization tend to regulate the detoxification process in leaves and the
transcriptional regulation known to occur when ABA rises 14%% are mediated in a Ca®*-independent
signaling mechanism (Fig. 33-36).

Under salt stress, ABA levels could be re-distributed to trigger stomatal closure by pH dependent
mechanisms since salt could be transported from the root to the shoot 229231491 Similar to the salt-
induced H* dynamics in mesophyll cells and protoplasts thereof, cytosolic alkalization was
observed in guard cells upon salt treatment while only slight [H*]cyt reduction was observed upon
mannitol despite the strong osmotic effects (Fig. 38a-b, 39a-b). In experiments where the
osmolality was not balanced between control and salt solution, leaf cells did shrink visibly and
guard cells closed unnaturally fast upon 200 mM NaCl (Fig. 37a-c, 38a, 39a). Application of a
mannitol solution with the same osmolality indicated the stomatal closure upon high salt resulted
from osmotic effects rather than a toxic salt effect (Fig. 38a-b, 39a-b). However, [Ca?*]c,: was not
changed under 200 mM NaCl induced stomatal closure (Fig. 38a, 39a), indicating the existence of

Ca?*-dependent and -independent mechanisms in tobacco guard cells to close stomata 18833,
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Pronounced [Ca?"]cyt transient induced by 400 mM mannitol (Fig. 38b, 39b) might be attributed to
hyperosmotic effects on Ca?*-permeable channels such as OSCA1 *. Interestingly, stomatal closure
upon 400 mM mannitol was even more pronounced compared with 200 mM NacCl, indicative for
an ion uptake event during 200 mM NaCl administration to compensate for the strong osmotic
effects. This fast Na™ and CI" uptake mechanism was observed in experiments where the osmotic
effects were compensated and equimolar concentrated solutions were used (Fig. 38c). Then,
stomata opened upon 50 mM NaCl application, which was accompanied by a cytosolic alkalization
and a [Ca*']eyt reduction in the first 5 min (Fig. 38c, 39¢). It suggests that Na* and CI- ions are
taken up and used as “cheap osmoticum” by leaf cells.

The SOS pathway is well established in roots under salt stress and is thought to depend on [CaZ*]cyt
increases 1. In contrast to salt induced [Ca?*]eyt transients in roots 3%6-3083%2 (Fjg_37d), no or only
slight [Ca®*]cyt increases were observed in intact leaves or guard cells in epidermal strips upon 200
mM NaCl application (Fig. 37a-c, 38-39) and even decreased [Ca?*]c,: was observed in mesophyll
cells and protoplasts upon 50 mM NaCl application (Fig. 33-34, 36a). The salt tolerance
mechanism in leaves seems to be different from the Ca2?*-dependent salt detoxification
mechanisms in roots as | confirmed a steep [Ca?*]qy rise right after salt-shock treatment in roots
which was sometimes accompanied by a second [Ca?*]c,: peak minutes later (Fig. 37d). In contrast
to the root response with a NaCl-treatment induced [Ca?*]cy: rise, pronounced [Ca?*]cy: peaks were
only visualized in intact leaves or protoplasts thereof after washing salt out (Fig. 33, 34, 36a, 37a-
c), which is consistent with previous reports %44, This observation could be explained by
activation of mechanosensitive Ca?*-permeable channels due to osmotic changes “°” and/or Na*
uptake dependent depolarization and in turn a hyperpolarization when washing the salt out, since
Ca?*-permeable channels could be activated by hyperpolarization 4°4%8, Osmotic effects by salt
application can be ruled out in protoplasts and mesophyll cells since osmolality has been balanced
there (Fig. 33b-c, 34, 36a). To monitor membrane potential in leaves upon salt stress in parallel, |
did CapHensor imaging and Vi recording in intact mesophyll cells removing the lower epidermis
(Fig. 35, 36). Similar to protoplasts responses to 50 mM NaCl (Fig. 33b, 33d), cytosolic
alkalization and a depolarization were observed upon 50 mM NaCl application (Fig. 36a, b). This
is not likely to result from H*-translocation via plasma membrane H-ATPases pumping H* out of
the cytosol into the apoplast or Na*/H" antiporters at the plasma membrane because the apoplast

became more alkalized in leaves upon salt stress 223 Moreover, in roots, Na* could be
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transported out of the cytosol from Na*/H* antiporter (SOS1) at the plasma membrane and Na*/H*
antiporters (NHX1) at the tonoplast via SOS pathway “°. Given that | previously observed
cytosolic alkalization in guard cells under ABA and flg22 was coordinated with vacuolar
acidification (Fig. 14, 15), the cytosolic alkalization in leaves under salt stress might be also
regulated by H*-translocation at the tonoplast. AtNHX1 has been characterized to function in
salinity tolerance mechanisms 3225 When co-expressing AtNHX1 with CapHensor in N.
benthamiana leaves, salt induced [Ca?*]ey: and [H*]eyt decreases did not occur anymore and the
depolarization was significantly lower in AtNHX1 overexpressing leaves compared with wild type
(Fig. 35, 36). Although AtNHX1 activity was negatively regulated by Ca?* *, my results indicated
the [Ca®"]cy responses regulated by AtNHX1 during salt stress in leaves and not the other way
around (Fig. 36). Moreover, AtNHX1 did compensate the NaCl induced cytosolic alkalization (Fig.
36). Consistently, AtNHX1 overexpression improved salt tolerance in many plants such as
Arabidopsis or tomato 32259, Vacuolar alkalization upon salt in roots has been reported based on
its Na*/H* antiporter property to achieve salt detoxification °°*. AtNHX1 overexpression in
tobacco improved salt tolerance upon 200 mM NaCl and the AtNHX1 activity was associated with
activated V-ATPases activity 3!°. These studies might explain my results of missing cytosolic
alkalization upon salt when overexpressing AtNHX1 in tobacco leaves (Fig. 36¢). When AtNHX1
(Na*/H* antiporter) at the tonoplast sequesters Na* into the vacuole and exports H* into the cytosol
to maintain cytosolic pH to accomplish salt detoxification, it acts against the observed cytosolic
alkalization which can be detected without NHX1 overexpression.

Taken together, in guard cells and mesophyll cells, Ca* rather decreased during salt stress which
is the opposite response in roots (Fig. 37d), while cytosolic H* was reduced in both tissues (Fig.
33b-c, 34, 364, 37a-c, 38, 39). Although substantial progress has been made in the salt stress field,
many questions remain to be solved including the mechanism for salt detoxification in leaves and
the role of Ca?* and H* to control the transport mechanisms. Putative osmotic sensors and NHXs
and their underlying mechanisms in leaves still remain to be characterized in detail. My results
demonstrated Ca®*-independent mechanism in leaves exist during salt stress which is distinct from
root reactions relying on Ca?* increases. AtNHX1 function in salt tolerance in leaves did act against
the deflections in [Ca®*Jeyt, [H*]eyt and depolarization that salt may cause to leaf cells. Therefore
AtNHX1 helps the detoxification of salt by sequestering salt into vacuoles (Fig. 40) and suggests

a role in helping to maintain [H*]c,: homeostasis in leaves upon salt stress.
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9 Appendix
9.1 Supplement Figures

(a

~—

140 435 nm —— 420nm —— 410 nm
—425nm ——415nm —— 405 nm
—— 400 nm

1.05+4

PRpHIuorin fluorescence [F/F]
—
o
o
1

0.95
(b)
435nm —— 420nm —— 410nm
—425nm —— 415nm —— 405nm
1.05- —— 400 nm

5 min

PRpHIluorin fluorescence [F/F]

0s0-

Figure S1. PRpHIuorin isosbesitc point verification in guard cells and pollen tubes stably
expressing CapHensor.

The fluorescence of PRpHIuorin is shown in guard cells (a, n = 50) and pollen tubes (b, n = 16) in response
to acidification induced by 5 mM or 2 mM HAc, respectively when excited at different wavelengths shown
by colors. Error bars = SE.
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Figure S2. [Ca?*]cyt, [H*]eyt regimes and stomatal movement in individual guard cells in
response to EtOH, ABA and flg22.

Live-cell imaging of [Ca?*],: and [H*]cy: OVer time together with stomata aperture monitoring in guard cells
stably expressing CapHensor in the cytosol. (a) Mean [Ca?"].y: ratio (red), [H']qy ratio (green) and stomatal
aperture area (black) in response to 0.005 % EtOH (n = 16), corresponding to the amount when applied 10
UM ABA. (b-c) Mean [Ca?']cy ratio (red), [H*]ey ratio (green) and stomatal aperture area (black) in single
representative guard cell when challenged with (b) 10 uM ABA, (c) 1 uM flg22.
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Figure S3. [Ca?*]eyt and [H]eyt interactions in individual guard cells induced by high CaCl:
are reversed in the presense of vanadate.

(a, b) [Ca?*]ey ratio (red), [H*]ey ratio (green) and aperture area (black) of two representative N. tabacum
guard cells stably expressing CapHensor in the cytosol perfused from 10 uM CaCl, to 1 mM CaCl, without
and with 100 uM vanadate (NasVO4). The negative correlated [Ca?*]c,: and [H*]cy: relationship triggered by
external increased CaCl, concentration are converted to be positive relations and stomata close when 100
MM vanadate exists. The bars upon the graph are treatments marked by relative colors.

173



9.3 Abbreviations

HAc Acetic acid

ABA Abscisic acid

AtNHX1 Aradibopsis thaliana Na*/H* antiporter at the tonoplast
BAS Bovine serum albumin

BTA Butyric acid

BTP Bis-tris propane, or 1,3-bis(tris(hydroxymethyl)methylamino)propane
Ca? Calcium ion

[Ca?*]eyt Cytosolic Ca?* concentration

[Ca® Tnuc Nuclear Ca?* concentration

Cs* Cesium ion

CsCl Cesium chloride

dNTP Deoxynucleotide triphosphate
EDTA Ethylenediaminetetraacetic acid
EtOH Ethanol

flg22 Flagellin 22

GFP Green fluorescent protein

H20, Hydrogen peroxide

H* Proton ion

[H eyt Cytosolic H* concentration

[H*Tnue Nuclear H* concentration

[H Jvac Vaculoar H* concentration

H3BO, Boric acid

KOH Potassium hydroxide

KH2PO4 Monopotassium phosphate

LB Lysogeny Broth

MES 2-(N-morpholino)ethanesulfonic acid
mM Milli mole
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MS medium Murashige and Skoog medium

MQ Mega ohm

NaAc Sodium acetate

NaClO Sodium hypochloride

NaOH Sodium hydroxide

NasVO, Sodium vanadate

NES Nuclear export sequence

NLS Nuclear localization sequence

SDS Sodium dodecyl sulfate

SOC medium Super Optimal broth with Catabolite repression
Tris Tris(hydroxymethyl)aminomethane
il min Micro liter per minute

uM Micro mole

um? square micrometers

um?2/min square micrometers per minute

Vi Membrane potential

YEB Yeast Extract Beef

YFP Yellow fluorescent protein
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