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1. Abstract 

Plant oriented movements, or tropisms allow the plant to actively respond 

to environmental stimuli to get more light, better access to nutrients and to grow roots 

deeper into the soil. Gravitropism drives the growth of roots along the gravity vector. 

Perception of gravity is triggered by the sedimentation of statoliths in columella root cap, 

but the exact signalling pathway behind this process is not known. Perception of gravity 

results in an unequal redistribution of the phytohormone auxin in the outer cell layers 

which leads to different rate of growth on the root’s upper and lower side and bending 

of the root. The changes in auxin redistribution are accompanied by changes in apoplastic 

pH. Knowing an exact pattern of these pH changes could shed light on the mechanisms 

laying behind the gravitropic response pathway. While microelectrodes can be used 

to measure pH precisely, they are not suitable for the long-term imaging of growing 

roots. In the past few years, several pH sensitive dyes and genetically encoded sensors 

emerged. These can be used for long-term live in vivo imaging of pH changes in growing 

roots.  

In this thesis, I analysed the performance of several published pH sensitive genetically 

encoded sensors and available dyes in the roots of Arabidopsis thaliana. I observed that 

dyes varied greatly in their sensitivity to pH as well as their ability to penetrate the root 

apoplast and cells. I discovered one pH sensitive dye that reported pH with a high spatio-

temporal resolution and covered the pH range suitable for the rhizosphere. Using this 

dye, I could visualize the highly dynamic pattern of changes in root surface pH during 

gravistimulation, similar to pattern previously reported in monocots.  

Most of the genetically encoded sensors were not suitable for reporting pH in the root 

apoplast, apart from one that was not expressed evenly in the root tissues. I recloned 

the promising sensor to be driven by a set of promotors that improved its expression, 

and the resulting sensors will be used for further experiments. Finally, based on my 

observations from previously published genetically encoded sensors used in this thesis, 

I also designed and cloned a series of new genetically encoded pH sensitive sensors 

anchored to the cell wall polymers. Genetically encoded pH sensitive sensors and 

especially dyes can be used in wide range of experiments, not only for determination 

of pH upon gravistimulation, providing insight into other aspects of plant life. 

Key words: apoplast, pH, root, auxin, growth, gravity, Arabidopsis, cell wall, 

apo-pHusion, apopHluorin, HPTS, live-cell imaging  
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2. Abstrakt 

Orientované pohyby rostlin neboli tropismy umožňují rostlinám aktivně reagovat na 

různé podněty z prostředí a získat tak více světla, lepší přístup k výživě nebo zajistit růst 

kořenů hlouběji do půdy. Gravitropismus orientuje růst kořene podél vektoru gravitace. 

Gravitace je vnímána prostřednictvím sedimentace statolitů v kořenové čepičce, nicméně 

přesná signální dráha není zatím známa. Gravitropní stimulus vyvolává nerovnoměrnou 

redistribuci fytohormonu auxinu ve vnějších vrstvách buněk, která vede k rozdílnému 

růstu na vrchní a spodní straně kořene a způsobuje tak jeho ohnutí. Změny v redistribuci 

auxinu jsou doprovázeny změnami v pH apoplastu. Odhalení přesné povahy těchto změn 

by mohlo pomoci objasnit mechanismy signální dráhy v odpovědi na gravitropismus. Pro 

přesné měření pH mohou být využívány mikroelektrody, nejsou však vhodné pro 

dlouhodobé měření pH v rostoucích kořenech. V posledních letech se objevila různá pH 

senzitivní barviva a geneticky kódované senzory. Tyto mohou být použity pro 

dlouhodobé detekování změn pH v rostoucích kořenech in vivo. 

V předkládané práci jsem porovnala několik publikovaných pH senzitivních geneticky 

kódovaných senzorů a dostupných barviv v kořenech Arabidopsis thaliana. U pH 

senzitivních barviv jsem pozorovala značnou variabilitu v citlivosti detekce pH a rovněž 

v jejich schopnosti proniknout do apoplastu kořene a do buněk. Jedno z pH senzitivních 

barviv umožňovalo detekci pH ve vysokém časoprostorovém rozlišení a pokrylo rozsah 

pH vhodný pro rhizosféru. Pomocí tohoto barviva jsem vizualizovala vysoce dynamické 

změny v pH povrchu kořene během gravitropní odpovědi, které byly podobné dříve 

popsanému pH profilu u jednoděložných rostlin. 

Většina geneticky kódovaných senzorů nebyla vhodná pro detekci pH v apoplastu 

kořene, až na jediný, jenž však nebyl rovnoměrně exprimován v kořenových pletivech. 

Tento slibný senzor byl překlonován za použití různých promotorů, které zlepšily jeho 

expresi a bude využit pro další experimenty. Na základě mých pozorování již 

publikovaných senzorů jsem navrhla a naklonovala několik nových geneticky 

kódovaných pH senzitivních senzorů ukotvených k polymerům buněčné stěny. 

Geneticky kódované pH sensitivní senzory a obzvláště barviva mohou být použity 

v široké řadě experimentů, nejen na detekci pH v průběhu gravitropismu, a tak 

poskytnout náhled do dalších aspektů života rostliny.  

Klíčová slova: apoplast, pH, kořen, auxin, růst, gravitace, Arabidopsis, buněčná stěna, 

apo-pHusion, apopHluorin, HPTS, live-cell imaging   
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3. Aims 

• Evaluate performance of currently available pH sensitive dyes and genetically 

encoded sensors.  

• Use the best-performing pH sensitive dyes and genetically encoded sensors 

to visualize apoplastic pH in growing roots and evaluate pH changes in roots upon 

gravistimulation and auxin treatments using in vivo live-cell imaging. 

• Create a new genetically encoded pH sensitive sensor based on the above-mentioned 

findings.  
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4. List of Abbreviations 

AHAs   Arabidopsis H+-ATPases 

ARF   AUXIN RESPONSE FACTOR  

A. thaliana  Arabidopsis thaliana 

A. tumefaciens  Agrobacterium tumefaciens 

CBM   Carbohydrate-Binding Module 

CLSM   confocal laser scanning microscope 

SMART  Simple Modular Architecture Research Tool 

Col-0   Columbia ecotype 

CW   cell wall 

E. coli   Escherichia coli 

ER   endoplasmic reticulum 

EGFP   enhanced GFP 

F-DHPE  N-(Fluorescein-5-Thiocarbamoyl)-1,2-Dihexadecanoyl-sn-

Glycero-3-Phosphoethanolamine, Triethylammonium Salt  

F-STS Fluorescein-5-(and-6)-Sulfonic Acid, Trisodium Salt 

FRET Förster Resonance Energy Transfer 

HPTS 8-Hydroxypyrene-1,3,6-Trisulfonic Acid, Trisodium Salt  

IAA indole-3-acetic acid 

LRC   lateral root cap 

LUT   lookup table 

mRFP   monomeric red fluorescent protein 

MS   Murashige and Skoog 

N. benthamiana Nicotiana benthamiana 

PM   plasma membrane 

PMF    proton motive force 

PP2C   2C protein phosphatases 

RAM   root apical meristem 

SD   spinning disk 

SNARE soluble N-ethyl-maleimide sensitive factor attachment protein 

receptor 

TAIR   The Arabidopsis Information Resource 

TIR1/AFB  TRANSPORT INHIBITOR RESPONSE 1/AUXIN SIGNALING 

F-BOX  

WT   wild type 

Z. mays  Zea mays  
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5. Introduction 

Plant lifestyle 

Plants are bound to the very same place they germinated in for the rest of their lives. 

Facing tough conditions with no chance to escape, they have developed strategies to cope 

with biotic and abiotic stresses. Characteristic feature of plants is their indeterminate 

postembryonic growth giving them the opportunity to regrow organs. 

Arabidopsis thaliana (A. thaliana) is one the most commonly used model plant 

in molecular biology. It is a self-pollinating ephemeral plant with a life cycle 

of approximately six weeks. Its other advantages are small size, as well as the ability 

to produce many seeds (Koornneef et Meinke, 2010). It was the first plant 

to be sequenced in 2000, revealing that its 125-megabase genome encompasses 25,498 

protein-encoding genes on 5 chromosomes (The Arabidopsis Genome Initiative, 2000). 

The number of protein-encoding genes has been since updated by The Arabidopsis 

Information Resource (TAIR) release TAIR10 to be 27,416 with the total genome size 

135 Mb. 

Plant’s movement is restricted in many ways. Not only the plant stays in one place, 

but also the cells cannot move around the plant body. Movement of the plant cell 

is restricted by cell wall (CW), which provides mechanical support to cells as well 

as the whole plant body (Braidwood et al., 2014). Under certain conditions, the CW can 

loosen up and allow the cell to expand. Therefore, a good control of development and cell 

proliferation is needed, mostly by control of cell division orientation and direction 

of subsequent cell expansion. Even though immobile, plants are able to optimize access 

to light or water by oriented movements, so called tropisms, which are often regulated 

by auxin (Retzer et al., 2014).  

Growth and cell wall 

CW is a composite structure consisting mainly of polysaccharides, such as cellulose, 

hemicellulose or pectins, as well as structural proteins, enzymes, solutes and phenolic 

compounds (Braidwood et al., 2014). CW is subject to constant changes of composition 

and its properties. 

While the CW provides the cell with mechanical support and strict boundaries, it also 

allows the cell to expand under certain conditions. Plants need to carefully balance wall 

strength and extensibility in order to develop variously shaped cells to achieve 

the optimal shape and size of the plant body (Höfte et Voxeur, 2017). A cell can only 

expand if the CW expands as well. The pressure of the protoplast, also called turgor, 

pushing against the CW fuels cell expansion. 
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Acid growth hypothesis states that auxin promotes cell elongation by activating plasma 

membrane (PM) proton pumps, resulting in decreased apoplastic pH which promotes CW 

loosening (Rayle et Cleland, 1970). However, low pH itself is not enough to induce cell 

expansion. An action of CW-loosening enzymes named expansins is needed 

(McQueen-Mason et al., 1992). An elegant experiment with hypocotyl cell walls proved 

that expansins induce cell expansion. Elongation of hypocotyls with heat-inactivated CW 

proteins clamped in extensometer treated with buffer pH 4.5 was insignificant. It was 

only after addition of CW proteins when the hypocotyl started to elongate. Hypocotyls 

without any heat treatment were used as control, and they elongated significantly after 

treatment with buffer pH 4.5. Expansins most likely loosen the cell wall by changing 

properties of polymer bonds of the CW (Cosgrove, 1998). The exact mechanism 

of action is still unknown (Cosgrove, 2016). 

CW of young cells which allows them to expand is called primary CW. It is the first one 

to be produced and consists mainly of crystalline cellulose microfibrils, hemicellulose 

and is rich in pectin. These polymers are entangled between each other, mostly forming 

non-covalent bonds (Cosgrove, 2000). When cell has reached its final size, secondary 

CW is synthetized, deposited centripetally from primary. Secondary cell wall usually 

contains lignin, making it more stiff than primary cell wall. Mature cell walls 

do not undergo acid growth. 

Proton pumps and their regulators 

Plants use proton pumps to create proton motive force (PMF). Plasma membrane 

H+-ATPases are the proton pumps driving proton transport across the PM, creating PMF 

necessary for transport of solutes (Haruta et al., 2015). In Arabidopsis, they are called 

Arabidopsis H+-ATPases (AHAs). Their function transporting protons from inside 

the cell to apoplast was recognized as crucial since loss-of-function mutants of the two 

most prevalent isoforms AHA1 and AHA2 are embryo-lethal (Haruta et Sussman, 2012). 

Overall, there are 11 known isoforms (Baxter et al., 2005). AHAs are activated via 

phosphorylation of threonine and serine residues on their C-terminal autoinhibitory 

domain, while dephosphorylation makes them inactive (Haruta et al., 2015).  

Apart from the central role in energizing membrane transport processes, proton efflux 

also contributes to lowering of apoplastic pH, facilitating expansion of young cells. 

Fusicoccin, a compound of fungal origin, as well as auxin, stimulate AHAs, therefore 

stimulate proton efflux, which results in faster cell elongation because of AHA-mediated 

apoplast acidification and expansin activation (Takahashi et al., 2012).  

SMALL AUXIN UP-RNA (SAUR) genes form a large auxin-responsive gene family 

regulating plant cell growth (Spartz et al., 2012). Namely, SAUR19 binds to 2C protein 

phosphatases (PP2C) preventing them from dephosphorylation of AHAs, resulting 
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in upregulation of AHAs activity. Proteins of SAUR19 family are generally unstable 

and short-lived. However, they can be stabilized by adding GFP or epitope tag to their 

N-terminal side. Phenotypes of such stabilized SAUR19 lines show increased cell 

growth, such as longer hypocotyls or greater leaf size and roots cause acidification 

of the media (Spartz et al., 2014).  

Therefore, auxin promotes acid growth via upregulation of SAUR genes. SAURs 

stimulate AHAs by binding to and blocking AHA inhibitors PP2C, leading to apoplast 

acidification and cell expansion. The exact molecular mechanisms of action laying 

behind these interactions remain unknown. 

Auxin  

Auxin is an essential plant regulator responsible for growth and development of the plant 

body (Leyser, 2018). Back in the 19th century, Charles Darwin experimented with 

coleoptiles and came to conclusion that there is a transfer of information from 

the coleoptile tip, where the light is detected, to the base of the coleoptile, where 

the bending occurs (Darwin et Darwin, 1880). According to Cholodny-Went theory first 

proposed in the 1920s, a chemical substance responsible for bending diffuses from tip 

to lower part of coleoptile where it causes the bending. The theory also states that 

the substance is synthetized in the tip and that the angle of bending is proportional 

to concentration of this substance (Cholodny, 1927; Went, 1926). Today, we know this 

chemical substance is auxin. 

Auxins can be divided into two groups based on their origin: native auxins and synthetic 

auxins. The most abundant native auxin is indole-3-acetic acid (IAA; Fig. 1; Lavy 

et Estelle, 2016). There are three other native auxins, indole-3-butyric acid, 

4-chloroindole-3-acetic acid and phenylacetic acid (Simon et Petrášek, 2011). When 

it comes to synthetic auxin analogues, there is 1-naphthaleneacetic acid, 

2,4-dichlorophenoxyacetic acid and many others. Each one of these substances acts like 

auxin, but there are differences in terms of stability, transport, affinity to auxin receptors, 

solubility or metabolic activity. 
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Figure 1. Chemical structure of IAA 

The bending of hypocotyl observed during phototropic response is caused by different 

speed of growth on the sides of hypocotyl (Friml, 2003). Auxin is transported from 

the light-facing side to shaded side where its higher concentration boosts growth. 

This differential distribution of auxin results in hypocotyl bending towards the light. 

However, auxin has a different concentration-dependent effect in different plant tissues 

(Thimann, 1938). For example, concentration which promotes hypocotyl elongation 

results in inhibition of elongation in root cells (Fig. 2). 

 

Figure 2. Auxin accumulation has different effect on cell growth in different organs 

After reorienting seedling horizontally, auxin accumulation in lower side of hypocotyl (light 

green area) promotes elongation, resulting in plant growing opposite the gravity vector. 

On the contrary, auxin accumulation on lower side of the root (red area) inhibits elongation. 

Figure: M. Fendrych 
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This root response is very important during gravitropism, another type of plant tropism. 

Roots are positively gravitropic which means they grow along the gravity vector. 

The majority of auxin is synthetized in above-the-ground organs, mostly in apical 

meristems. However, all cells produce some auxin (Brumos et al., 2018). Most 

of the auxin transport is polar, flowing from apical end (shoot) to basal part (the root) 

in so called basipetal transport. Rootwards, auxin is mostly distributed by phloem and 

phloem parenchyma cells (Blakeslee et al., 2005). When auxin reaches the root tip, PIN 

auxin transporters in columella evenly redistribute auxin into epidermis and lateral root 

cap, where they flow in the shootward direction, resulting in similar growth rates of cells 

on all sides. Upon reorientation of the plant, auxin transporters in columella change their 

position resulting in an uneven auxin distribution, sending most of the auxin to the lower 

side of the root. The elevated concentration of auxin inhibits elongation of cells 

on the lower side of the root, resulting in bending of the root along the gravity vector 

(Fig. 3; Friml et al., 2002). 

 

Figure 3. Change of auxin flow upon gravistimulation 

Rootwards, auxin flows mostly through the central part of root (green). After reaching columella 

cells (blue), the centre of gravity perception, its flow is redistributed to outer cell layers 

in opposite direction by polar auxin transporters, ensuring equal elongation of the root. 

Upon gravistimulation, this redistribution becomes irregular, with most of the auxin flowing 

in the lower part of the root, inhibiting cell growth in this part, resulting in root bending. Adapted 

from Fendrych et al., 2018. 
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Auxin transport and signalling 

Auxin is transported through the plant body from cell to cell by so called chemiosmotic 

model transport. By precise orientation of influx and efflux carriers, plant is able to 

effectively drive direction of auxin flow. All auxins are weak acids. Therefore, in acidic 

conditions of the apoplast (pH cca 5.5) IAA is present in its undissociated form IAA-H+ 

which allows its passive diffusion inside the cell through the PM. Once in the cell with 

significantly higher pH (pH cca 7.3), most of the IAA dissociates, creating negatively 

charged IAA- form which is unable to cross PM. This way, IAA gets trapped inside 

(Zažímalová, 2010). 

However, most of the auxin enters the cell via active transport through AUX/LAX 

transporters, which cotransport IAA- and two protons. AUX1 loss-of-function mutant 

aux1 is agravitropic, proving that the small amount of IAA which enters the cell 

by passive diffusion is not enough for proper plant development (Bennett et al., 1996). 

Once inside the cell, IAA- is unable to leave on its own and again needs a transporter. 

Efflux of auxin is provided by PIN-FORMED (PIN) protein family (Billou et al., 2005; 

Petrášek et al., 2006) and ABCB proteins which export the dissociated IAA- form. ABCB 

proteins are distributed evenly along the PM, while PIN proteins show polar localization 

on the PM, and therefore are the driving force behind polar transport of auxin (Gälweiler 

et al., 1998). PIN proteins have tissue-specific expression pattern which is important 

for auxin flow reorientation in roots. PIN2 is an crucial protein in root’s response 

to gravity, channelling auxin flux reorientation in root tip (Luschnig et al., 1998). 

When it comes to effects of auxin, it was demonstrated that it is not the transport itself, 

but the perception of auxin inside the cell driving the growth auxin response (Fendrych 

et al., 2018).  

Auxin is perceived in the nucleus where it acts as a molecular glue for the auxin 

coreceptor, binding together TRANSPORT INHIBITOR RESPONSE 1/AUXIN 

SIGNALING F-BOX (TIR1/AFB) protein and Aux/IAA repressor protein (Tan et al., 

2007). TIR1/AFB proteins belong to a family of F-box proteins and form a part 

of SCF-type ubiquitin protein ligase complexes which target Aux/IAA proteins 

for degradation by ubiquitination (Prigge et al., 2020). Aux/IAA are repressor proteins 

blocking AUXIN RESPONSE FACTOR (ARF) transcription factors. Once Aux/IAA 

is degraded, ARFs are free to induce transcription of auxin-responsive genes, resulting 

in producing Aux/IAA proteins among many others, creating a self-inhibiting feedback 

loop. Without auxin, TIR1/AFB is unable to mark Aux/IAA for degradation and response 

to auxin is inhibited. 

Hypocotyls of A. thaliana respond to elevated concentration of auxin by growth in about 

20 minutes, which is the time it takes to respond via nuclear TIR1/AFB-Aux/IAA 

transcriptional pathway (Fendrych et al., 2016). Roots, however, respond to elevated 

auxin levels by growth inhibition in less than 30 seconds and resume growth after 
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removal of auxin in less than 3 minutes (Fendrych et al., 2018). This proves that growth 

inhibition response of root to auxin is mediated by a fast and unknown 

non-transcriptional pathway (Dindas et al., 2018; Fendrych et al., 2018; Prigge et al., 

2020). 

Root structure 

In this thesis, I am interested in the mechanisms of root gravity response, therefore I use 

A. thaliana root as it is a well-established model system.  

Plant cells are produced in clusters of actively dividing cells called meristems. The root 

meristem at the tip of the root is called root apical meristem (RAM). This is where all 

the root cells originate in (Dolan et al., 1993). To ensure proper root growth, 

it is important to protect these actively dividing cells. RAM is surrounded by an actively 

growing root cap. 

In plants, we can observe cells at various developmental stages at the same time. Root 

is a great example of this (Fig. 4). Cells divide multiple times in the meristematic zone. 

Later, they briefly enter the transition zone before starting massive cell expansion 

in elongation zone. In plants, elongation growth is restricted to a few elongation zones. 

The expansion of cells in the elongation zone is the active force pushing the root deeper 

into soil (Dolan et al., 1993; Verbelen et al., 2006). As the cells start maturating, they 

develop root hairs. Root hairs anchor the root in the soil and increase root surface 

ensuring better uptake of water and nutrients. However, not all the cells in maturation 

zone of A. thaliana develop root hairs, this is specific to cell files called trichoblasts. 

Other cell files which remain root hair-free are called atrichoblasts (Dolan et al., 1993). 

 

Figure 4. Developmental zones of A. thaliana root  

At the beginning, cells are in the root meristematic zone. Afterwards, cells reach transition zone, 

then undergo elongation in the elongation zone. Then cells cease elongation growth and 

differentiate in the maturation zone (not shown), which is just behind the elongation zone.  

Root picture: M. Fendrych. 

Transversally, roots consist of cell layers which differ in size, composition and function 

(Fig. 5). Meristematic root zone is surrounded by protective lateral root cap (LRC). 

Going centripetally, there is a layer of root epidermis, also called rhizodermis. 

In elongation and maturation zone, epidermis is the uttermost root cell layer. Deeper 
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in the root we encounter cortex, endodermis, pericycle and stele. Vascular tissue starts 

developing in the stele from procambium (Dolan et al., 1993; Overvoorde et al., 2010). 

 

Figure 5. Transversal organisation of root  

Root consists of specialized single-cell layers, which are subject to change depending on their 

developmental stage along the longitudinal axis of the root. Root in meristematic zone has 

an extra layer of LRC. The vasculature is not fully developed yet. Since elongation zone, 

the outer cell layer is epidermis and root starts developing vasculature. Adapted from Overvoorde 

et al., 2010. 

Measuring apoplastic pH 

Since root undergoes auxin-related changes of pH during response to gravity 

(Monshausen et al., 2011), it is desirable to have a tool for real-time, high spatio-temporal 

live-imaging of root pH in vivo. When it comes to measuring apoplastic pH, 

microelectrodes were the prevalent method of choice in the past decades, but nowadays, 

there are pH-responsive fluorescent dyes as well as genetically encoded sensors 

available. 

First, I will discuss physical methods of pH measurement. One of the lesser known 

methods is extraction of apoplastic fluid, which was used for pH measurement (Hartung 

et al., 1992) as well as auxin and cytokinin levels in cotton leaves (Gossypium hirsutum). 

First, sap from leaves was obtained from leaves placed in pressure chamber. 

Subsequently, pH was measured using microelectrodes. This method is destructive 

and obviously does not provide real-time measurements. 

H+-selective electrodes can provide a quick in vivo measurement of apoplastic pH 

and have been successfully used in barley leaves (Hordeum vulgare L.), maize roots (Zea 

mays, Z. mays) or A. thaliana root hairs (Felle, 1998; Felle, 2006; Monshausen et al., 

2007, respectively). This method, however, provides measurement of pH in very small 

area near the microelectrodes and is labour-intensive. Furthermore, elaborate equipment 

is required, as well as skills. Measurement of root surface pH by pH sensitive 

microelectrodes in Z. mays primary roots revealed two acidic zones (Peters et Felle, 

1999). One short zone was observed near the meristem, while the second one was 

localized around the elongation zone and was more spread out. In between there was 

a zone with higher pH. 
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Another physical method is using vibrating probes for measurement of inward 

and outward fluxes of protons. pH of the root is measured very close to the surface 

of the root and then again, a little bit further from the surface. Once again, Z. mays 

primary roots were used for this experiment which revealed three zones of proton flux 

(Collings et al., 1992). One outward flow was detected around the root cap, while 

the other outward flow was localized in the older parts of elongation zone. An inward 

flow was detected in the meristematic zone all the way to beginning of elongation zone, 

right between the two zones of outward flow.  

Another option is to use a wide range of dyes, most of which are fluorescent. Dye usually 

enters the root apoplast after brief incubation in liquid supplemented with the dye 

or it can be added into solid media from where it can be taken up by the root. Some dyes 

are too large to enter the root but can be used as reporters of root surface pH as well as for 

root-induced changes of the media pH. Most of the fluorescent dyes have 

a pH-dependent excitation or emission ratio meaning that pH is deduced from the 

ratio of signal intensities of different wavelengths. 

Previously used pH sensitive dyes include bromocresol purple (Collings et al., 1992; 

Spartz et al., 2014) as well as many fluorescent dyes such as HPTS (Barbez et al., 2017), 

Fluorescein Dextran (Monshausen et al., 2011) and Oregon Green Dextran (Geilfus 

et Mühling, 2011; Martinière et al., 2018; McLachlan et al., 2016). Calibration 

of fluorescent dyes can be tricky, time-consuming and it might be challenging to find 

a dye responsive in desired pH range. I chose to do experiments with some of these pH 

sensitive dyes and they are discussed in greater detail in the next chapter.  

Another option we have are genetically encoded sensors. This way, the transgenic plants 

produce the fluorescent sensor themselves eliminating the need to load it as in the case 

with dyes. Stability of the lines, possible interference with the plant’s phenotype, 

localization of the dye as well as responsiveness to other ions are the possible limitations. 

Nevertheless, there are a few genetically encoded sensors which were produced, such 

as pHluorin (Miesenböck et al., 1998) or its derivative apopHluorin (Martinière et al., 

2018), consisting of a single pH sensitive fluorescent protein. There are also sensors 

consisting of two fluorescent proteins with different properties, where the pH 

is calculated from signal intensity ratio of the two, such as apo-pHusion (Gjetting et al., 

2012) or its derivative SYP122-pHusion (Kesten et al., 2019). Again, I picked some 

of these lines for further experiments and they are discussed in greater detail in the next 

chapter. 

There are reviews discussing these methods and some outdated ones in more detail 

(Geilfus, 2017; Yu et al., 2000). 
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Genetically encoded pH sensors 

Apo-pHusion 

pHusion is a ratiometric genetically encoded pH sensor (Gjetting et al., 2012). It consists 

of two tandem-concatenated fluorescent proteins, monomeric red fluorescent protein 

(mRFP) and enhanced green fluorescent protein (EGFP). Two versions of the sensor 

were created, a cytoplasmic pHusion, and an apoplast-targeted version, called 

apo-pHusion. In apo-pHusion an Arabidopsis chitinase signal peptide was put on the 

N-terminus of mRFP, to ensure exocytosis of the sensor out of cell. (Fig. 6A). 

In general, when it comes to genetically encoded ratiometric pH sensors, the used 

fluorescent proteins are chosen specifically to respond to pH in different way. That 

is why fluorescent proteins with a different pKa were chosen in this case, since it ensures 

different signal intensity in the same pH values. The resulting pH is deduced from 

the ratio of signal of the two fluorescent proteins.  

pKa is a value of pH at which half the molecules are protonated and thus non-fluorescent. 

Usually, one fluorescent protein is stable in low pH (therefore it has a low pKa), 

and the other is pH sensitive (therefore has higher pKa). In case of a fluorescent protein 

this means the signal intensity is at half of its maximum value. 

In the case of (apo-)pHusion, the EGFP with pKa of 6.15 (Llopis et al., 1998) is sensitive 

to low pH, and it quenches completely below pH 5. On the other hand, the pKa of mRFP 

is 4.5 (Campbell et al., 2002) which makes it fluorescent in the apoplastic pH 

of A. thaliana. The ratio is calculated by dividing signal intensity of EGFP by mRFP 

(Fig. 6B). The fluorescent proteins are connected by a linker, as indicated by the name 

of the sensor - “phusion”.  

Importantly, no morphological difference was observed between plants expressing 

cytosolic or apoplastic version of pHusion compared to wild type (WT), which means 

that the presence of the sensor does not significantly affect plant physiology 

or development. 
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Figure 6. pHusion, a genetically encoded pH sensitive sensor 

(A) Scheme of pHusion and apo-pHusion constructs. 

(B) Representative in vitro calibration curve of pHusion. Ratio of EGFP/mRFP responds to pH.  

Reproduced from Gjetting et al., 2012. 

SYP122-pHusion 

SYP122-pHusion is a genetically encoded pH sensor which was used for determination 

of pathogen-induced pH changes in A. thaliana, where SYP122-pHusion plants were 

infected by hyphae of Fusarium oxysporum (Kesten et al., 2019). SYP122-pHusion 

was created by adding pHusion (Gjetting et al., 2012) to the C-terminus 

of the PM-localized soluble N-ethyl-maleimide sensitive factor attachment protein 

receptor (SNARE) protein SYNTAXIN OF PLANTS 122. Put simply, SYP122-pHusion 

is a pHusion anchored to outer side of PM. It was shown that SYP122‐pHusion has less 

intracellular signal of the pHusion than apo-pHusion (Fig. 7). The results seemed very 

promising, therefore we decided to test this line as well. Karin Schumacher kindly sent 

us the seeds of SYP122-pHusion. 
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Figure 7. SYP122-pHusion has less intracellular signal than apo-pHusion  

SYP122-pHusion (second row) shows significantly less intracellular signal (mostly endoplasmic 

reticulum (ER) signal) than apo-pHusion (first row).  

Scale bars represent 20 µm. Adapted from Kesten et al., 2019. 

ApopHluorin 

Another promising genetically encoded pH sensor is pHluorin, a pH sensitive GFP 

variant with reversible excitation ratio (Fig. 8). It was developed for observation 

of vesicle exocytosis and recycling in neural cells, being tested in HeLa and RBL-2H3 

cells (Miesenböck et al., 1998). It was used in plants to monitor cytosolic pH (Fendrych 

et al., 2014) and pH of lumen of the endomembrane system (Martinière et al., 2013). 

Several PM-anchored pHluorin-based ratiometric sensors were created and presented 

in Martinière et al. (2018), to determine pH in the vicinity of PM on both cytoplasmic 

and apoplastic side of PM in Nicotiana benthamiana (N. benthamiana) and Arabidopsis 

roots. The PM-apopHluorin line revealed that PM-associated pH (6.0 - 6.4) was higher 

than overall pH of the apoplast. Nadine Paris kindly sent us apopHluorin seeds. 
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Figure 8. pH dependence of fluorescence excitation spectra of various forms of GFP  

(A) Excitation spectrum of a WT GFP. 

(B) Excitation spectrum of ratiometric pHluorin. 

Adapted from Miesenböck et al., 1998. 

pH sensitive dyes 

HPTS 

The first fluorescent dye I tested was 8-Hydroxypyrene-1,3,6-Trisulfonic Acid, 

Trisodium Salt (HPTS), a water-soluble pH sensitive dye (Fig. 13D) with reversible 

excitation ratio (Fig. 9A). It was previously used as a fluorescent pH indicator 

for measurement of apoplastic pH in roots during response to auxin (Barbez et al., 2017), 

where they showed that acidification of apoplast stimulates epidermal cell expansion 

in roots, whereas alkalinisation inhibits it.  

A pH-corresponding ratiometric images of signal intensity were obtained by dividing 

signal intensities of the 458 nm channel by 405 nm channel. An in vivo calibration curve 

was made from measurements of root apoplastic pH in liquid media with pH between 4.6 

and 6.4 (Fig. 9B). According to the calibration curve, however, HPTS does not seem 

to respond well to changes of pH between 4.5 to 5.5, which is our area of interest 

(Fig. 9C). On the other hand, it responds well to changes between pH 5.5 to 6.5 (Fig. 9C) 

and is the only known pH sensitive dye that stains the apoplast, therefore we decided 

to include it in our testing. 
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Figure 9. Absorption spectrum and calibration of HPTS 

(A) HPTS has a reversible excitation ratio. 

(B) Apoplast of epidermal root meristem stained by HPTS. Ratio of signal intensity was obtained 

by dividing channels 458/405. The higher the signal ratio, the higher the pH. 

(C) Calibration curve obtained from pH measurement of seedlings incubated in liquid growth 

medium, pH 4.6-6.4. 

Scale bars represents 10 μm. (A) is adapted from Johnson et Spence, 2010; (B) and (C) adapted 

from Barbez et al., 2017. 
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Fluorescein Dextran 

Fluorescein Dextran is a dye consisting of dextran, a complex branched glucan 

polysaccharide with an average molecular weight of 10 000 Da and fluorescein, 

a commonly used, non-toxic fluorescent dye (Fig. 13A). Absorption peak of fluorescein 

at 494 nm grows with increasing pH (Fig. 10A). As a result, the emission which 

is at 521 nm also increases with rise in pH (Fig. 10B). However, absorbance 

at approximately 400 nm decreases with increase in pH. Therefore, absorbance 

and excitation ratio 488/405 nm can be used as a proxy for pH. Because of its large size, 

dextran attached to fluorescein prevents the dye from entering the cell, as well as the cell 

wall, which makes it suitable for measuring pH on the root surface.  

 

Figure 10. Absorption and emission spectra of fluorescein 

(A) Absorption spectrum of fluorescein in various pH conditions. 

(B) Emission spectrum of fluorescein in various pH conditions. 

Reproduced from Johnson et Spence, 2010. 

Fluorescein Dextran was used for visualization of dynamic changes in root surface pH 

during vertical growth and after gravistimulation (Monshausen et al., 2011). 

It was shown that after gravistimulation, pH of the lower side of the root increased, 

whereas pH of the upper side of the root decreased (Fig. 11A). These observations 

are consistent with the acid growth theory (Rayle et Cleland, 1970) since cells 

on the upper side of gravistimulated root have a more acidic CW and grow faster 

compared to cells on the lower side of gravistimulated root. 

It also showed oscillations between periods of alkalinisation and absence of alkalinisation 

of root surface pH (Fig. 11B) in vertically grown Col-0 WT plants (Peters et Felle, 1999). 

We decided to use this dye for visualization of pH changes around the root upon 

gravistimulation. 
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Figure 11. Surface pH of Arabidopsis roots visualized by Fluorescein Dextran 

(A) Changes of root surface pH in gravistimulated Arabidopsis root. At time 0, seedling was 

reoriented by 75 °. 

(B) Dynamic changes in root surface pH in vertically growing seedling. 

Scale bars represent 100 µm. Reproduced from Monshausen et al., 2011. 

Other dyes 

I also selected three other pH sensitive dyes, that appeared as promising candidates for 

cell wall or root surface pH quantification, namely N-(Fluorescein-5-Thiocarbamoyl)-

1,2-Dihexadecanoyl-sn-Glycero-3-Phosphoethanolamine, Triethylammonium Salt 

(F-DHPE), Fluorescein-5-(and-6)-Sulfonic Acid, Trisodium Salt (F-STS) and Oregon 

Green Dextran. 

F-DHPE and F-STS are both fluorescein-based pH sensitive dyes. F-DHPE consists 

of DHPE, a phospholipid, bound to fluorescein (Fig. 13E), which could potentially lead 

to integration of the molecule into the outer leaflet of the PM and staining 

of the apoplastic space close to the PM, similarly to apopHluorin, a genetically encoded 

pH sensor (Martinière et al., 2018). F-STS (Fig. 13C) is a cell-impermeant pH sensitive 

dye with the pH range suitable for the apoplastic spaces (Johnson et Spence, 2010). 

Oregon Green Dextran is a labelled hydrophobic dextran used in microscopy 

with absorption peak at 514 nm (Fig. 12). The chemical formula of Oregon Green is very 

similar to fluorescein (Fig. 13B).  

I was unable to find pH-dependent excitation, absorption or even emission spectra 

of F-DHPE, F-STS and Fluorescein Dextran, so I assume it behaves in similar manner 

as fluorescein (Fig. 10). 
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Figure 12. Absorption spectrum of Oregon Green 514 carboxylic acid at various pH. 

Reproduced from Johnson et Spence, 2010. 
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Figure 13. Formulas of used pH sensitive dyes 

(A) Fluorescein Dextran 

(B) Oregon Green Dextran  

(C) Fluorescein-5-(and-6)-Sulfonic Acid, Trisodium Salt (F-STS) 

(D) 8-Hydroxypyrene-1,3,6-Trisulfonic Acid, Trisodium Salt (HPTS) 

(E) N-(Fluorescein-5-Thiocarbamoyl)-1,2-Dihexadecanoyl-sn-Glycero-3-

Phosphoethanolamine, Triethylammonium Salt (F-DHPE) 

Formulas C, D and E reproduced from Johnson et Spence, 2010.  
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New apoplastic genetically encoded pH sensor 

One of the goals of my thesis is to create a new genetically encoded sensor. I decided 

to make one based on apo-pHusion. That is, two fluorescent proteins with different 

sensitivity to pH linked to each other and a signal peptide to ensure apoplastic 

localization. I searched for ways how to anchor the sensor to the CW. I searched 

the literature for cases where proteins were attached to the components of the CW. 

To my surprise, I found very little.  

I encountered one dissertation which describes a way in which Carbohydrate-Binding 

Modules (CBMs) linked to fluorescent protein were used as probes for localization 

of various CW components in vivo (Zhang, 2014). CBMs form a part 

of CW-decomposing enzymes mostly of bacterial and fungal origin and ensure specific 

binding of enzymes to polysaccharide of interest (Knox, 2008). Inspired by this, I decided 

to assemble genetically encoded pH sensor with a CBM specific to a primary CW to bind 

the sensor to.  
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6. Material and Methods 

Plant material 

N. benthamiana 

A. thaliana: 

Col-0 WT, used as a control and for stable transformation by floral dip (NASC ID: 

N70000)  

DII-Venus, Col-0 background (Brunoud et al., 2012) 

Apo-pHusion, Col-0 background (Gjetting et al., 2012) 

SYP122-pHusion, Col-0 background (Kesten et al., 2019) 

ApopHluorin, Col-0 background (Martinière et al., 2018) 

Bacteria 

Agrobacterium tumefaciens (A. tumefaciens) GV3101 (used with pDGB1_omega1 

plasmids) 

A. tumefaciens GV3101 with pSoup helper vector (used with pDGB1_alpha1 plasmids) 

Escherichia coli (E. coli) TOP10 competent cells Mix & Go! (Zymo Research) 

pH sensitive dyes 

Fluorescein Dextran, 10,000 MW, Anionic (Thermo Fisher Scientific, D1821) 

1 mg/1 ml stock in miliQ H2O, used 2.5 μg/ml and 30 μg/ml final concentration in ½ MS 

media 

Oregon Green™ Dextran 488, 10,000 MW, Anionic (Thermo Fisher Scientific, D7170) 

1 mg/1 ml stock in miliQ H2O, used 2.5 μg/ml final concentration in ½ MS media 

F-DHPE (Thermo Fisher Scientific, F362) 

1mM stock in 96% ethanol, used 20 μM final concentration in ½ MS media 

HPTS (Thermo Fisher Scientific, H348) 

100 mM stock in miliQ H2O, used 1 mM final concentration in liquid ½ MS media 

on CLSM and 100 μM final concentration in solid ½ MS media on SD 

F-STS (Thermo Fisher Scientific, F1130) 

100 mM stock in miliQ H2O, used 100 μM and 50 μM final concentrations in ½ MS 

media 
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Growth conditions 

All A. thaliana seeds were sterilized by chlorine gas (created by combining HCl 

and sodium hypochlorite). Seeds were sown on ½ MS (0.8% agar; 1% sucrose; pH 5.8, 

KOH) stratified at 4 ºC for two days before being transferred to cultivation chamber. 

Plants were grown vertically in 16 h light/8 h dark cycle at 22 °C.  

Plants used for seed propagation or floral dip transformation were put into jiffy peat 

pellets after approximately 7 days in growth chamber. 

N. benthamiana seeds were sown directly into jiffy peat pellets.  

Growth media 

To make ½ MS media for plant cultivation, I added the MS salt mixture, MES buffer 

and sucrose (2.15 g/l, 0.5 g/l and 2 g/l, respectively) into miliQ H2O and adjusted its pH 

to 5.8 using KOH. I added plant agar (8 g/l) into a bottle and poured in the media 

with adjusted pH. The media were subsequently autoclaved. 

I also prepared the ½ MS media with only half the amount of MES buffer (0.25 g/l), split 

it into four parts and separately adjusted its pH to 4.5, 5.0, 5.5 and 6.0. The media were 

sterilized by filtration and stored at 4 °C. To prepare pH calibration series of media with 

dye, I added 0.24 g of plant agar into 30 ml of each media. Then I dissolved 

it in a microwave oven and added corresponding volume of dye stock before stirring 

and pouring it into Petri dish. 

The unbuffered media series was used with F-STS. After adjusting the pH, I added 

in the agar (8 g/l), dissolved it in the microwave and added corresponding volume 

of F-STS stock before stirring and pouring it into a Petri dish. 

Cloning and preparation of transgenic lines 

In this thesis, I worked with the GoldenBraid system (Sarrion-Perdigones et al., 2013).  

For the new genetically encoded pH sensor, we used the phaseolin signal peptide from 

Phaseolus vulgaris with amino acid sequence “MMRARVPLLLLGILFLASLSASFA” 

based on Hunter et al. (2007). After we observed signal localized in nucleus, I recloned 

the sensor using another signal peptide. I used signal peptide with aminoacid sequence 

“MKAFTLALFLALSLYLLPNPAS” from sporamin of Ipomoea batatas 

(Lampropoulos et al., 2013). Aminoacid sequence of genes containing CBMs were 

analysed by the SMART tool which identified the CBM domain. 

In case of the new apoplastic genetically encoded sensor, signal peptide was added 

at the beginning of the fluorescent protein meant to be in the B2 position, therefore 

mNeonGreen and mTurquoise2. I verified that the signal peptide fused to the fluorescent 

protein is being recognized as signal peptide by peptide prediction server SignalP-5.0 
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which in each case determined more than 95% probability that the signal peptide will 

be properly recognized by the cell. Then I optimized sequence of each fragment used 

(fluorescent proteins and CBMs) by a codon optimization tool as I needed to eliminate 

possible GoldenBraid BsaI and BsmBI restriction sites. I copied optimized sequence 

to Geneious software and manually added starting codon “ATG” at the beginning 

of the sequence. Next, I used GoldenBraid domesticator for further optimization 

of the sequence. I identified the added sequences and added them to the sequence 

in silico. I also checked whether the designed primers match the fragments. We ordered 

synthetized mNeonGreen and mTurquoise2 with signal peptides as well as CFICEX, 

CBM2b-1-2, CBM3a and Cel7A CBMs (Tab. 5) as DNA fragments (GeneArt Strings, 

Invitrogen) including the cloning restriction sites at the ends. EXPA7 (AT1G12560) 

sequence was cloned from A. thaliana DNA using primers (Tab. 1 and 2). I used Q5 

High-Fidelity DNA Polymerase (New England Biolabs) or iProof High-Fidelity DNA 

Polymerase (Bio-Rad) and proceeded according to manual supplemented by the 

manufacturer. 

The individual fragments were cloned into pUPD2 plasmid using the BsmBI enzyme 

(10 U/μl, Thermo Fisher Scientific) and the T4 DNA ligase (1-3 U/μl, Promega; Tab. 3, 

Tab. 4). From this reaction, 1 μl of the final product was used for transformation 

of competent E. coli cells TOP10 (Mix & Go!, Zymo Research). 

Chloramphenicol-supplemented (11 μg/ml) LB media was used for selection 

of transformed bacteria. Blue-white screening using X-gal (50 μl of 2% stock spread onto 

the surface of solid medium) was used for identification of the colonies originating from 

cells transformed by plasmid with integrated DNA fragment. Sequence of all constructs 

was verified by Sanger sequencing. 

Transformed colonies were multiplied and their plasmid DNA was isolated using 

GeneJET Plasmid Miniprep Kit (Life Technologies). DNA concentration was measured 

using nanodrop spectrophotometer. Then, respective fragments were assembled together 

into pDGB1_alpha1 plasmid (Tab. 7). Kanamycin-supplemented (50 μg/ml) LB media 

was used for selection of transformed bacteria. I repeated the same selection and plasmid 

isolation process as in case of pUPD2. Constructs in pDGB1_alpha1 and kanamycin 

resistance cassette in pDGB1_alpha2 were cloned into pDGB1_omega1 together. 

Spectinomycin-supplemented (50 μg/ml) LB media was used for selection 

of transformed bacteria. These omega constructs were used for stable transformation 

of A. thaliana by A. tumefaciens after plasmid isolation. Correct assembly of parts 

was verified by enzymatic digestion after each cloning step.  

ApopHluorin contained a BsaI restriction site and had to be recloned first. I used two 

pairs of primers to obtain two apopHluorin patches (Tab. 2) which I then put together 

by ligation. Then I created three apopHluorin constructs (Tab. 6). 
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35S short promoter, 35S terminator and RBCS terminator, mCherry (Engler et al., 2014), 

RPS5a promoter (plasmid pTEI044, (Gantner et al., 2018) and A. tumefaciens GV3101 

with pSoup helper vector were provided by Tomáš Moravec (UEB). PIN2 promotor from 

A. thaliana AT5G57090, mVenus NB (Balleza et al., 2018) and kanamycin resistance 

cassette with NOS promoter and NOS terminator were created in our lab by Shiv Mani 

Dubey, Monika Kubalová and Bára Kolrosová, respectively. 

initial denaturation 98 °C 30 s  

denaturation 98 °C 7 s  

30 x primer annealing 60 °C 15 s 

extension 72 °C 25 s 

final extension 72 °C 2 min  
Table 1. PCR cloning protocol for amplification of DNA fragments 

mNeonGreen fw GCGCCGTCTCGCTCGCCATGTCAAAGGGAGAGGAAGAT 

mNeonGreen 

rev 

GCGCCGTCTCGCTCACATTGACCCGCCACCAGATCCCT

TAT 

EXPA7-CBM 

fw 

GCGCCGTCTCGCTCGAATGGTGCCATGCCAAAGGAG 

EXPA7-CBM 

rev 

GCGCCGTCTCGCTCACGAACCACGGAAATTAGCGGTGC

TCT 

apopHlorin 1st 

fw 

GCGCCGTCTCGCTCGCCATATGAAGACTAATCTTTTTCT

CTTTCT 

apopHluorin 1st 

rev 

GCGCCGTCTCGTGATCTCTCTTTTCGTTGGGA 

apopHluorin 2nd 

fw 

GCGCCGTCTCGATCACATGGTCCTTCTTGAGT 

apopHluorin 2nd 

rev 

GCGCCGTCTCGCTCAAAGCTTAAGATCTCTTCCTGCCG

AC 

new 

SP-mNeonGree

n fw 

GCGCCGTCTCGCTCGCCATGAAAGCCTTCACACTCGCT

CTCTTCTTAGCGCTTTCCCTCTATCTCCTGCCCAATCCA

GCCTCAATGTCAAAGGGTGAGG 
Table 2. Primers used for cloning  

The new SP mNeonGreen fw was used for recloning the signal peptide 

BsmBI enzyme 1 μl 

ligase buffer 1 μl 

vector (pUPD2 plasmid) 75 ng 

DNA (to be inserted) 40 ng 

T4 DNA ligase 1 μl 

miliQ H2O top up to 10 μl 
Table 3. Ligation reaction into pUPD2 

 Lid temperature - 40 °C 

digestion 37 °C 2 min 30x 

ligation 16 °C 5 min 
Table 4. Ligation cycle  
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Original  

SP-mNeonGreen-linker 

ATGATGCGTGCTCGTGTGCCTTTACTGCTCCTCG

GGATTCTATTCCTCGCATCACTTTCAGCGAGCTTT

GCCATGTCAAAGGGTGAGGAAGATAATATGGCA

AGTCTCCCAGCCACTCATGAACTCCATATCTTTG

GTTCAATAAATGGCGTGGATTTTGACATGGTGGG

GCAGGGCACAGGAAACCCTAATGATGGCTACGA

GGAACTTAATCTAAAGAGCACTAAAGGGGACTT

ACAGTTTTCACCTTGGATTCTTGTTCCCCATATTG

GCTACGGCTTCCACCAATATCTACCATATCCAGA

CGGTATGTCCCCGTTCCAAGCCGCGATGGTAGAT

GGATCAGGCTACCAAGTGCATCGAACTATGCAA

TTTGAAGACGGTGCTTCCTTGACGGTGAATTATA

GGTACACGTACGAAGGTTCCCATATCAAAGGCG

AAGCCCAGGTTAAAGGCACAGGATTTCCAGCTG

ATGGACCAGTCATGACAAATAGTTTAACCGCGG

CCGACTGGTGCAGGAGCAAAAAGACGTATCCGA

ATGATAAGACCATTATATCAACATTTAAGTGGTC

ATACACGACCGGCAACGGTAAGCGATATAGGAG

TACTGCGAGAACTACCTACACATTTGCCAAACCG

ATGGCAGCAAACTATTTGAAGAATCAGCCGATG

TATGTTTTCCGAAAGACTGAGTTAAAGCACAGCA

AAACTGAGCTGAACTTCAAAGAGTGGCAAAAGG

CTTTTACAGATGTTATGGGCATGGACGAGCTATA

TAAGGGCAGTGGCGGGGGGTCA 

SP-mTurquoise2 -linker ATGATGCGAGCAAGAGTTCCACTATTGCTTCTAG

GGATCCTCTTCTTAGCATCTCTGTCCGCGAGTTTT

GCTATGGTTAGCAAGGGGGAGGAGTTATTCACA

GGAGTCGTGCCGATCCTGGTGGAATTAGATGGTG

ATGTGAATGGACACAAATTTTCCGTATCTGGAGA

GGGCGAGGGCGATGCGACTTACGGTAAGCTGAC

TCTCAAGTTTATATGCACGACAGGTAAGCTGCCG

GTGCCCTGGCCTACTCTAGTCACGACGCTCTCTT

GGGGGGTTCAGTGCTTCGCACGATACCCTGATCA

TATGAAGCAACATGACTTCTTCAAATCTGCGATG

CCAGAAGGCTACGTTCAGGAGAGGACTATATTTT

TTAAAGACGACGGTAACTATAAGACTCGTGCGG

AGGTGAAGTTCGAGGGAGATACTTTAGTAAATA

GAATAGAGCTAAAGGGTATTGACTTCAAGGAAG

ACGGCAACATCTTAGGACACAAACTTGAGTACA

ATTATTTTTCAGATAATGTATATATAACTGCAGA

TAAGCAGAAGAACGGTATAAAGGCTAACTTTAA

GATAAGGCACAATATCGAGGATGGCGGCGTGCA

GTTGGCTGATCACTACCAGCAAAATACACCAATT

GGTGATGGGCCAGTGCTCCTGCCCGACAACCATT

ATTTATCTACACAAAGTAAGTTATCAAAAGATCC

CAACGAAAAGCGTGACCATATGGTGCTGCTGGA

ATTCGTGACCGCTGCAGGCATAACGCTAGGGAT

GGACGAGCTATACAAAGGGTCTGGCGGAGGGTCA 

CFICEX TCCGGGCCTGCGGGGTGTCAAGTATTATGGGGG

GTGAATCAATGGAACACTGGGTTTACCGCCAAC
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GTCACTGTGAAGAACACCTCATCCGCGCCTGTCG

ACGGGTGGACATTGACGTTTAGTTTTCCCTCAGG

GCAACAAGTCACTCAGGCGTGGTCTAGTACTGTG

ACTCAGAGTGGTAGTGCCGTGACGGTCAGGAAC

GCACCGTGGAATGGGAGCATTCCCGCTGGGGGA

ACCGCTCAATTCGGGTTTAATGGATCTCATACCG

GAACTAATGCGGCACCGACGGCGTTTTCCTTGAA

CGGCACGCCGTGCACTGTCGGC 

CBM2b-1-2 ATGGGTGGTGGGGGTGGCGGAGGTGGAGGTACT

GGCTCATGCAGCGTCAGTGCTGTAAGAGGTGAA

GAATGGGCTGACAGATTTAATGTCACCTACTCAG

TCAGTGGTAGCAGTAGCTGGGTTGTCACCCTTGG

CCTGAATGGCGGCCAAAGCGTACAATCTTCCTGG

AATGCCGCCCTCACGGGCTCTAGTGGGACTGTCA

CCGCTAGGCCCAACGGATCTGGCAACAGTTTTGG

GGTTACGTTTTATAAGAACGGCAGTTCTGCGACA

CCCGGAGCGACATGC 

CBM3a TCAGGAAATTTGAAGGTGGAATTCTACAATTCCA

ATCCCAGTGATACCACTAACTCCATTAACCCCCA

ATTCAAAGTGACTAATACTGGAAGCAGTGCCAT

AGACCTCTCAAAGCTCACACTGCGATACTATTAC

ACCGTGGATGGCCAAAAGGACCAAACTTTTTGGT

GTGATCATGCGGCAATAATCGGTAGTAATGGGA

GCTACAATGGAATAACTTCAAATGTCAAGGGGA

CATTTGTAAAAATGTCTTCTAGCACTAACAACGC

AGATACTTACTTAGAAATTTCATTTACGGGTGGA

ACCCTCGAGCCCGGTGCCCACGTCCAGATCCAAG

GCAGATTCGCAAAGAATGATTGGTCAAACTATA

CACAGTCTAACGACTATTCATTTAAAAGCGCTTC

TCAATTTGTCGAATGGGATCAAGTAACGGCGTAT

CTCAACGGGGTCTTAGTATGGGGAAAGGAACCC 

Cel7A GGATCTAGTCCTGGGCCTACACAATCTCACTATG

GGCAATGCGGGGGAATTGGCTATTCAGGACCCA

CGGTCTGTGCTTCTGGAACAACCTGTCAGGTACT

CAACCCATACTATAGTCAATGCCTG 

New SP  

(from apopHluorin) 

ATGAAAGCCTTCACACTCGCTCTCTTCTTAGCGC

TTTCCCTCTATCTCCTGCCCAATCCAGCCTCA 
Table 5. Sequences of synthetized fragments and the new signal peptide 

Signal peptides are underlined, linkers are in italics. 

 

A1-B1B B2-B5 (fGOI) B6-C1 

35S short promoter apopHluorin 35S terminator 

RPS5a promoter apopHluorin RBSC terminator 

PIN2 promoter apopHluorin 35S terminator 
Table 6. Assembly parts of the new apopHluorin sensors 

These parts in pUPD2 were combined together into pDGB1_alpha1. Their position 

in GoldenBraid is indicated in the first line. 
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A1-B1 B2 B3-B4 B5 B6-C1 

35S short promoter SP + mNeonGreen CFICEX mCherry 35S terminator 

35S short promoter SP + mNeonGreen CBM2b-1-2 mCherry 35S terminator 

35S short promoter SP + mNeonGreen CBM3a mCherry 35S terminator 

35S short promoter SP + mNeonGreen EXPA7 mCherry 35S terminator 

35S short promoter SP + mNeonGreen Cel7A mCherry 35S terminator 

35S short promoter SP + mTurquoise CFICEX mVenus 35S terminator 

35S short promoter SP + mTurquoise CBM2b-1-2 mVenus 35S terminator 

35S short promoter SP + mTurquoise CBM3a mVenus 35S terminator 

35S short promoter SP + mTurquoise EXPA7 mVenus 35S terminator 

35S short promoter SP + mTurquoise Cel7A mVenus 35S terminator 
Table 7. Assembly parts of the new genetically encoded pH sensors 

These parts in pUPD2 were combined together into pDGB1_alpha1. Their position 

in GoldenBraid is indicated in the first line. 

Transient transformation of N. benthamiana 

I added 2 μl of plasmid DNA into a tube of A. tumefaciens competent cells, poured 

the mix into a pre-cooled electroporation cuvette and electroporated. I added fresh LB 

media into the A. tumefaciens mix and incubated it at 28 °C, 200 rpm. After 2 hours, 

I poured the media onto a LB plate supplemented with antibiotics (the combination 

of used antibiotics depended on the construct; Tab. 8). I placed the plate into an incubator 

at 28 °C for 2 days. 

 final concentration 

rifampicin 25 μg/ml 

kanamycin 50 μg/ml 

gentamicin 10 μg/ml 

tetracycline 5 μg/ml 
Table 8. Final concentrations of antibiotics in A. tumefaciens 

At the beginning I inoculated 3 ml of LB media with transformed A. tumefaciens 

and placed it into an incubator at 28 °C, 200 rpm. The following day I measured 

the OD600 of the media and spun down the volume needed for 2 ml of media with 

OD600 = 0.3. I resuspended the pellet in 2 ml of infiltration buffer (10 mM MgCl2, 

100 µM acetosyringone) and incubated for 2 h in dark at room temperature. I also 

followed the same procedure with used RNA silencing suppressor p19. I mixed 400 μl 

of A. tumefaciens culture with construct and 200 μl of A. tumefaciens p19 culture 

(Voinnet et al., 2003). I infiltrated this mixture into 3-week-old N. benthamiana leaves. 

I observed the transformed leaves two days later. 

Plasmolysis 

Transformed N. benthamiana leaves were infiltrated by 0.75M mannitol in 0.1M 

phosphate buffer, pH 7.0. Subsequently, sections of leaves infiltrated with mannitol were 

mounted on a microscope slide in a drop of this plasmolysis solution.  
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Stable transformation of A. thaliana 

A modified floral dip method based on Clough et Bent (1998) was used for stable 

transformation: First, I inoculated 1 ml of LB media without antibiotics with transformed 

A. tumefaciens colonies and incubated it at 28 °C, 200 rpm for 6 hours. Then I added 

10 ml of fresh media and incubated it overnight at 28 °C, 200 rpm. Next day I added 

40 ml od dip medium (40 ml H2O, 2.5 g sucrose and 12.5 μl Silwet Star) into the tube 

with A. tumefaciens. I dipped A. thaliana plants into this mix for 30 s. Before that, I cut 

the siliques off, so the plants only have unopened flowers. Then I placed the plants 

into a plastic bag and put it in a dark place until the next day. 

Microscopy 

Mounting 

Seedlings observed on CLSM were grown in cultivation chamber for 4 days 

and subsequently mounted on a microscope slide in a drop of ½ MS medium (1% 

sucrose; pH 5.8, KOH).  

Sections of transformed N. benthamiana leaves were also mounted on a microscope slide 

with ½ MS medium (1% sucrose; pH 5.8, KOH). 

In case of SD, the seedlings were grown in cultivation chamber for 4 or 5 days. Seedlings 

were placed onto a slab of solid media which was then gently placed into the imaging 

chamber. This way, seedlings were in between cover glass and solid medium, keeping 

cotyledons free. 

Spinning Disk (SD) 

microscope body 

Carl Zeiss Axio Observer.7  

spinning disk unit 

Visiscope Confocal based on Yokogawa CSU-W1-T2 equipped with a VS-HOM1000 

excitation light homogenizer  

camera 

PRIME-95B Back-Illuminated Scientific CMOS Camera, 1200 x 1200 Pixel  

objectives  

EC Plan-Neofluar 5x/0.16 M27 (FWD = 18.5mm) 

Plan-Apochromat 10x/0.45 M27 (FWD = 2.1mm) 

Plan-Apochromat 20x/0.8 M27 (FWD = 0.55mm) 

LD LCI Plan-Apochromat 40x/1.2 Imm Corr DIC M27 for water, silicon oil or glycerine 

immersion (CG=0.15-0.19mm) (FWD=0.41mm at CG=0.17mm)  
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lasers 

Laser 405nm 150mW 

Laser 488nm 100mW 

Laser 515nm 100mW 

Laser 561nm 100mW 

Confocal laser scanning microscope (CLSM) 

Inverted fluorescence microscope Carl Zeiss Axio Observer.Z1 with confocal module 

LSM 880. Confocal scanning module LSM 880 13 fps for 512x512, zoom 0.6 - 40x, max. 

resolution 8192 x 8192 

lasers 

405 nm Laser 30 mW 

Argon Laser (458, 488, 514 nm) 25 mW 

561 nm Laser 20 mW 

633 nm Laser 5 mW 

objective 

Plan-Apochromat, oil, water, glycerine immersion, 25x, 0.8 NA 

Imaging 

Imaging wavelengths and filters 

Apo-pHusion and SYP122-pHusion (CLSM) 

EGFP - excitation: 488 nm, emission: 490 - 561 nm 

mRFP - excitation: 561 nm, emission: 579 - 650 nm 

ApopHluorin 

1st channel - excitation: 405 nm, emission: 499 - 561 nm (CLSM) 

2nd channel - excitation: 488 nm, emission: 499 - 561 nm (CLSM) 

1st channel - excitation: 405 nm, emission: 500 - 550 nm (SD) 

2nd channel - excitation: 488 nm, emission: 500 - 550 nm (SD) 

HPTS  

1st channel - excitation: 405 nm, emission: 500 - 561 nm (CLSM) 

2nd channel - excitation: 458 nm, emission: 500 - 561 nm (CLSM) 

1st channel - excitation: 405 nm, emission: 500 - 550 nm (SD) 

2nd channel - excitation: 488 nm, emission: 500 - 550 nm (SD) 

Fluorescein Dextran, Oregon Green Dextran, F-DHPE and F-STS (SD) 

1st channel - excitation: 405 nm, emission: 500 - 550 nm 

2nd channel - excitation: 488 nm, emission: 500 - 550 nm 
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Newly developed sensor 

mNeonGreen 

excitation: 488 nm, emission: 500 - 550 nm 

mCherry 

excitation: 561 nm, emission: 582 - 636 nm 

mTurquoise2 

excitation: 405 nm, emission: 500 - 550 nm 

mVenus 

excitation: 515 nm, emission: 520 - 570 nm 

Hair-pulling pocket experiment 

To test whether the signal around the roots observed in media with Fluorescein Dextran 

was just the root changing the pH of the media or it originated from a pocket between 

the cover glass and the solid medium I mounted a human hair into the chamber as if it was 

a seedling. I also observed the area of high signal intensity around the hair, just as in the 

case with roots. After pulling the hair out from between cover glass of the chamber 

and the solid medium the pocket started to retract, and the signal disappeared. This 

proved that the pocket was the source of signal. 

Image processing  

Fiji was used for all the image processing (Schindelin et al., 2012). I used it to adjust 

histograms, merge pictures, create maximum intensity projections, measure signal 

intensities and to assign LUTs. Furthermore, ratio of images was made using Image 

Calculator. 

Removing background inhomogeneities 

To remove the background inhomogeneities, we imaged the F-STS stained agar medium 

without roots on several stage positions. Then the median value image was calculated 

using Stack Projection tool to create a typical background image for each channel. 

The overall mean value for this image was calculated for each channel. Subsequently, 

the deviation of the typical background image from the mean value was determined 

for each pixel using the Image Calculator tool (mean value picture was divided by the 

typical background picture in 32-bit depth), which resulted in the mask picture for each 

channel. Finally, each channel of the experimental picture was multiplied by the mask 

picture for the respective channel (Image Calculator tool, 16-bit depth), creating a clearer 

image (Fig. 14). 
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Figure 14. An example of image inhomogeneities removal 

Original shows the picture before. By multiplying it by mask we get the clearer image (result). 

Pictures: M. Fendrych. 

Software 

Visiview (vertical SD acquisition, Visitron) 

Zen Black (CLSM acquisition, Zeiss) 

Fiji (image processing) 

Inkscape (putting figures together) 

Geneious 11.1.5 (cloning in silico) 

Tool for drawing chemical formulas https://chem-space.com/search (chemical formulas 

Fig. 1, 13A and 13B) 

UniProt https://www.uniprot.org/ (searching CBMs) 

SMART http://smart.embl-heidelberg.de/ (tool for domain determination) 

FPbase https://www.fpbase.org/ (database of fluorescent proteins and their properties) 

Codon optimalization tool https://eu.idtdna.com/pages/tools/codon-optimization-tool  

GoldenBraid domesticator https://gbcloning.upv.es/do/domestication/  

Fusion 360 (modelling objects to be 3D printed, Autodesk) 

PrusaSlicer (slicing of the 3D models, Prusa3D) 

3D printing 

Our SD microscope is vertical as we want the plants to be able to grow vertically during 

imaging. Therefore, we use microscopy chambers with solid medium, where we place 

the seedlings between the cover glass and the medium, providing them a relatively 

stress-free growth. However, we find the cover glass of commercially available imaging 

chambers to be inadequate. Furthermore, the handle on the chamber cover is visible 

in brightfield channel. Therefore, we use 3D printed microscopy chambers. The initial 

https://chem-space.com/search
https://www.uniprot.org/
http://smart.embl-heidelberg.de/
https://www.fpbase.org/
https://eu.idtdna.com/pages/tools/codon-optimization-tool
https://gbcloning.upv.es/do/domestication/
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chamber design was made by Jáchym Metlička. 3D printing makes it possible to design 

and print chambers which to fit out requirements, as I can adapt their size, height and 

number of wells. Cover glass of our choice is attached to the chamber using 

aquarium-safe silicone sealant. 

The price of this chamber is significantly cheaper too at 2.6 Kč per one 60 mm long 

chamber with cover, plus two high-quality cover glasses at 6 Kč per piece (less 

than 15 Kč total) compared to the price of commercially available chambers (cca 210 Kč 

per piece).  
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7. Results 

Apo-pHusion pH sensor shows intracellular signal 

Since the sensor expression is controlled by the ubiquitous 35S promoter, and the mRFP 

and EGFP are physically linked in the sensor (Gjetting et al., 2012), we expected 

to observe a uniformly distributed signal localized in apoplast. Possibly, mRFP-only 

signal should be observable in places with low apoplastic pH. EGFP-only signal should 

never be present in the sensor line because of mRFP’s low pKa. However, we observed 

cases where EGFP signal was much stronger than mRFP, indicating that the sensor 

does not behave as expected. There was unexpected intracellular EGFP signal present 

in ER and ER bodies. ER signal is particularly noticeable around nucleus 

(Fig. 15A and 15B).  

We expected to observe more mRFP signal in apoplast because low apoplastic pH around 

5.4 (Barbez et al., 2017) quenches most of the EGFP with pKa of 6.15. There is more 

mRFP signal in apoplast than EGFP signal, however, the sensor is accumulating 

in intercellular spaces where three or more cells meet and is therefore not distributed 

uniformly in apoplast as expected (Fig. 15B, indicated by red arrowheads). Sensor also 

accumulates in intercellular spaces along the longitudinal axis of the root 

(Fig. 15A, indicated by yellow arrowheads). 

There is also a prominent EGFP intracellular signal in the outer cell layers, CW 

of the epidermis and LRC, as seen in overlay (Fig. 15A and 15B). On the other hand, 

the mRFP signal is very weak in these areas, prevailing only in internal root cell layers, 

as seen in overlay (Fig. 15A and 15B).  

Unlike in the roots, the apo-pHusion sensor labels apoplast well in the above-ground 

organs (Fig. 16A and 16D; Fendrych et al., 2016). In the apical hook of dark-grown 

seedlings, we observed a gradient of EGFP/mRFP signal between the outer and inner site 

of the hook (Fig. 16A). In the overlay picture (Fig. 16A) magenta colour representing 

mRFP prevails on the upper side, reflecting weaker EGFP signal. On the contrary, green 

colour prevails on the inner side of the apical hook. These differences likely represent 

a gradient of apoplastic pH between the two sides of the same organ that grow at different 

speed.  

In the shoot apex of the seedlings, we observed a good apoplastic mRFP signal, 

and partially quenched EGFP signal reflecting the low pH (Fig. 16B). 

I also observed flowers of this line. Interestingly, apo-pHusion signal ratio is vastly 

different in sepals and petals (Fig. 16C). In petals, EGFP/mRFP signal ratio is higher 

than in sepals, resulting in a green colour in overlay picture. Sepals show a lower 

EGFP/mRFP signal ratio, resulting in a magenta colour in overlay picture. It, however, 
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remains a question whether the difference is caused by different pH values of these 

tissues or it is an effect of different tissue structure in general.  

As an autofluorescence control, I used Col-0 WT roots (Fig. 15C). I observed barely 

detectable autofluorescence in both channels. Therefore, autofluorescence of root 

in these two channels is not a significant source of nonspecific background signal 

in apo-pHusion imaging. 

The lack of mRFP signal in the outer CW of the root which is crucial for root bending 

(Kutschera et Niklas, 2007) might be caused by diffusion of the sensor out of root, since 

it is not bound to apoplast and can freely distribute itself. The construct might 

be diffusing out of the root and not the above-ground organs due to absence of cuticle 

on mature primary root (Berhin et al., 2019). Since apo-pHusion labels apoplast well 

in the above-ground organs, we assume that cuticle might be providing a barrier blocking 

diffusion of the sensor from cotyledons, leaves and hypocotyl. In summary, we are not 

able to obtain accurate pH measurement from image analysis of roots because 

of the intracellular ER signal and cases when there is no mRFP signal present 

in the apoplast. Since most of the EGFP signal in apo-pHusion is intracellular, I find 

this sensor unsuitable for determining apoplastic pH in A. thaliana roots. 
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Figure 15. Apo-pHusion 

signal in roots 

(A) Elongation zone of 

apo-pHusion root. Yellow 

arrowheads show 

accumulation in 

intercellular spaces along 

the longitudinal axis of the 

root. Maximum intensity 

projection of 5.69 µm-thick 

section. 

(B) Root tip and meristem of 

apo-pHusion. Red arrowheads 

show accumulation of the 

sensor in intercellular spaces 

where three or more cells meet. 

Maximum intensity projection 

of 9 µm-thick section. 

(C) Root tip of WT, negative 

control. BF indicates 

brightfield. Maximum 

intensity projection of 

21 µm-thick section. 

Pictures taken on CLSM. 

Respective channels shown in 

grayscale. Channels as 

described above. Merge shows 

EGFP in green and mRFP in 

magenta. Scale bars represent 

50 µm. 
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Figure 16. Apo-pHusion in various plant organs 

(A) Dark-grown hypocotyl. The outer part of apical hook shows higher intensity of mRFP signal 

than EGFP. EGFP/mRFP ratio is lower on the outer side, which likely reflects the lower pH 

in this area. On the inner side, the intensities of EGFP and mRFP are comparable (in these 

microscope settings) resulting in mostly green color of the overlay picture. Maximum intensity 

projection of 91.1 µm-thick section. 

(B) Shoot apex. Maximum intensity projection of 27 µm-thick section. 

(C) Flower. Petal is shown on the left and sepal on the right. Apo-pHusion signal is different 

in petals and sepals. Maximum intensity projection of 118.4 µm-thick section. 

(D) Lower hypocotyl. Single slice, 1.8 µm-thick section. 

(legend continues on the next page) 
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Pictures taken on CLSM. Respective channels shown in grayscale. Channels as described above. 

Merge shows EGFP in green and mRFP in magenta. Autofluorescence of chloroplasts is shown 

to demonstrate that EGFP signal in cytoplasm is not originating in chloroplasts. Autofluorescence 

of chloroplasts shown separately for clarity. Scale bars represent 50 µm. 

SYP122-pHusion is distributed unevenly in PM 

Since apo-pHusion line did not work as expected, I continued with SYP122-pHusion, 

a modified pHusion bound to PM from the outer side, supposedly with less intracellular 

signal (Fig. 7; Kesten et al., 2019). Both strong intracellular signal as well as diffusion 

of the sensor out of the root were shown to be major problems of apo-pHusion line. 

However, in our experimental conditions, SYP122-phusion was not distributed evenly 

in the PM of meristematic, as well as transition, elongation and maturation zones 

of the root (Fig. 18). The signal is being accumulated in intercellular spaces along 

the longitudinal axis of the root.  

Furthermore, similarly to apo-phusion, there was a large fraction of EGFP and mRFP 

signals that did not colocalize, especially in meristematic zone of the root (Fig. 18A), 

only occasionally appearing in elongation zone (Fig. 18B) which indicates that pHusion 

might be cleaved into EGFP and mRFP.  

Unlike EGFP, mRFP accumulates in places where three or more cells meet, indicated 

by red arrowheads (Fig. 18), just as in apo-pHusion line (Fig. 15B). Single slices 

demonstrate there is dominant mRFP signal in intercellular space of the inner cell layers, 

whereas EGFP is prevails in the outer cell layers (Fig. 18A and B). 

Another problem is the lack of PM signal. Most of the EGFP and mRFP signal 

is intercellular, cleaved from the PM. Given the lack of colocalization of EGFP 

and mRFP intercellular signal I assume that the fluorescent proteins are being cleaved 

not only from PM but from each other as well. I was able to observe very little PM signal 

only in some slices of z-stack where the signal of fluorescent proteins was colocalized 

(Fig. 17).  



 

46 

 

 

Figure 17. Weak PM signal of SYP122-phusion in root  

PM localized signal of SYP122-pHusion (white) is very low.  

Picture taken on CLSM. EGFP in green and mRFP in magenta. Single slice, 0.8 µm thick section. 

Scale bar represents 10 µm. 

Col-0 roots were used as a control. I observed that autofluorescence using the same 

settings was negligible and did not contribute significantly to the signal 

in SYP122-pHusion marker line (not shown). 

SYP122-pHusion does have the same limitations as apo-pHusion when it comes 

to uneven distribution of the sensor, lack of colocalization of the two fluorescent proteins, 

cleaving of the signal, accumulation of the fluorescent proteins in either outer or inner 

cell layers and mRFP accumulation in corners where three or more cells meet. 

Most problematic was the lack of PM signal and non-homogeneous distribution 

of the sensor, prevailing in intercellular space along the longitudinal axis of the roots. 

Even though it might have less intercellular signal than apo-pHusion, we do not find 

it useful for determination of apoplastic pH.  
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Figure 18. SYP122-pHusion in roots (legend continues on the next page) 
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The signal is mostly present in PM along the longitudinal axis of the root and is not distributed 

evenly. mRFP accumulates in intercellular spaces where three or more cells meet. Red 

arrowheads show accumulation of the sensor in intercellular spaces where three or more cells 

meet. Yellow arrowheads show accumulation in intercellular spaces along the longitudinal axis 

of the root. 

(A) Meristematic zone. Pictures demonstrate there is barely any colocalization of the two 

fluorescent proteins. The sensor might be cleaving which would explain lack of signal 

colocalization. Single slice demonstrates there is dominant mRFP signal in PM of the inner cell 

layers, whereas EGFP is prevails in PM of the outer cell layers. Z-stack represents maximum 

intensity projection of 59 µm-thick section. Single slice represents 1 µm-thick section. 

(B) Transition & elongation zone. There is some colocalization of the signal, but the signal 

is mostly present in intercellular space along the longitudinal axis of the root. Single slice shows 

mRFP accumulating in intercellular spaces where three or more cells meet. Z-stack represents 

maximum intensity projection of 29.6 µm-thick section. Single slice represents 0.8 µm-thick 

section. 

(C) Maturation zone. Longitudinal PM signal is much more intense than the transversal in both 

channels. In this case EGFP signal is stronger than mRFP. Z-stack represents maximum intensity 

projection of 26 µm-thick section. Single slice represents 1 µm-thick section. 

Pictures taken on CLSM. Respective channels shown in grayscale. Channels as described above. 

Merge shows EGFP in green and mRFP in magenta. Scale bars represent 50 µm. 

ApopHluorin undergoes silencing 

Since apopHluorin is a pH sensitive GFP bound to the PM from the outer side (Martinière 

et al., 2018), I expected it report pH of the apoplast in the vicinity of the PM. 

I was interested in observing changes of apoplastic pH around the epidermal cells upon 

reorientation of the root. 

I discovered that the construct is silenced significantly. In the root tip, only a few cells 

had signal (Fig.19B). As I looked at older parts of the root, I noticed that less and less 

cell files were silenced. There was barely any silencing in the maturation zone of the root 

and above (Fig. 19A), whereas cotyledons and hypocotyls rarely had expressing cells 

even though a ubiquitous promoter 35S was used (not shown). I also acquired the T2 

generation of transformants (also donated by Nadine Paris) hoping that silencing occurs 

only in later generations. Unfortunately, these plants also showed silencing in the root tip 

(Fig. 19C). These silenced plant lines are unsuitable for any further gravitropic 

experiments. 
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Figure 19. Expression of apopHluorin in roots (legend continues on the next page) 
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(A) Expression of apopHluorin in maturation zone is stable and marks PM of cells, including 

root hairs. Maximum intensity projection of 32.3 µm thick section. 

(B) Expression of apopHluorin is very patchy in root tip, where only a few cells are not silenced. 

Maximum intensity projection of 43.7 µm thick section. 

(C) ApopHluorin is silenced in the root tip of T2 generation as well, the root has a patchy 

expression. Maximum intensity projection of 28.8 µm thick section. 

Pictures A and B were taken on CLSM, whereas picture C was taken on SD microscope, therefore 

the settings are different. Respective channels shown in grayscale. Channels as described above. 

405 nm channel is stronger in higher pH, whereas 488 nm channel is stronger in lower pH. Merge 

shows 405 nm channel in green and 488 nm channel in magenta. Scale bars represent 50 µm. 

To circumvent this problem, I created four new apopHluorin constructs under the control 

of three different promoters with kanamycin resistance cassette. The first one, 

35S::apopHluorin, contains 35S promoter to see whether a differently prepared construct 

with 35S promoter would also lead to silencing. Another construct I put together 

is PIN2::apopHluorin. Since I am interested in apoplastic pH in epidermal layer 

of the root, where also PIN2 is expressed (Luschnig et al., 1998), I found PIN2 a suitable 

promoter. The next construct I made is RPS5a::apopHluorin, which uses RPS5a 

promoter, a ubiquitous promoter active also in embryonic tissues and meristem (Weijers 

et al., 2001). Finally, I prepared a construct where apopHluorin is driven by the 35S 

promoter (35S::apopHluorin_ØR), but that contains no resistance cassette. The reason 

behind this is to make the construct as simple and small as possible. In this case, instead 

of antibiotic selection, I preselected the transformants using a fluorescent binocular 

microscope and subsequently confirmed successful transformation using a SD 

microscope. I checked fluorescence intensity, expression pattern and looked for any signs 

of patchy expression.  

As seen in Fig. 20, 35S::apopHluorin_ØR line has a nice and stable expression 

throughout the root, including the root cap. In the T1 generation, I did not observe any 

silenced cell files. 35S::apopHluorin line is expressed in the root as well as the root cap, 

but the expression is rather patchy. While RPS5a::apopHluorin is not expressed in root 

cap, it shows nice expression in the root meristematic zone. In the case 

of PIN2::apopHluorin, single slice picture reveals that its expression is also limited 

to outer cell layers only, clearly missing in the centre of the root which is consistent with 

PIN2 expression. Transformants with satisfying levels of expression were subsequently 

planted into soil. 

35S::apopHluorin_ØR line, as well as RPS5a::apopHluorin and PIN2::apopHluorin lines 

seem promising since their expression is uniform and I did not observe any silencing. 

However, the next generation will show whether these lines will maintain their stable 

expression. No further experiments with T2 seeds obtained from these plants were 

performed at the time of writing this thesis due to time constrictions.   
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Figure 20. Overview of new apopHluorin lines (legend continues on the next page) 
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35S::apopHluorin_ØR line shows an even apopHluorin expression in the root. Single slice 

represents 1.6 µm thick section of the root, z-stack shows maximum intensity projection 

of a 40 µm thick section. 

35S::apopHluorin line is undergoing substantial silencing. Single slice represents 1 µm thick 

section of the root, z-stack shows maximum intensity projection of a 28 µm thick section. 

RPS5a::apopHluorin is expressed well in meristematic zone but rather poorly in the root tip. 

Single slice represents 1 µm thick section of the root, z-stack shows maximum intensity 

projection of a 33 µm thick section. 

PIN2::apopHluorin is expressed in outer cell layers only as seen in single slice picture, following 

the expression pattern of PIN2. Single slice represents 1 µm thick section of the root, z-stack 

shows maximum intensity projection of a 33 µm thick section. 

Pictures are merge of two channels; 405 nm channel is in green and 488 nm channel 

is in magenta. Scale bars represent 50 µm. 

Fluorescein Dextran creates pockets of high signal 

We chose Fluorescein Dextran for visualization of changes in pH in the vicinity 

of the root as it was shown it responds well to these changes (Monshausen et al., 2011). 

For imaging, I used Col-0 WT and DII-Venus plants.  

Fluorescein Dextran has a reversible excitation ratio, it’s absorbance between approx. 

350 nm to 460 nm decreases with rising pH, whereas the absorbance above 460 nm 

increases with rise in pH (Fig. 10). For this reason, we chose two wavelengths 

for excitation, 405 nm and 488 nm which would reflect this trait. Fluorescence emission 

was collected between 505 nm and 550 nm in both cases. I observed plants on media 

with two different concentrations of Fluorescein Dextran – 2.5 μg/ml and 30 μg/ml. 

First, to verify that the dye is responsive to pH, I prepared a calibration series consisting 

of buffered ½ MS medium with 4 different pH values (4.5, 5.0, 5.5, 6.0) supplemented 

with Fluorescein Dextran.  

First, I tested media with 2.5 μg/ml of Fluorescein Dextran. Signal intensity in 488 nm 

channel follows changes in pH, (Fig. 21A, control 488 nm and 488 nm) with signal 

intensity increasing with rise in pH. The dye responds well to medium with pH above 5.0 

and there is no difference in signal intensities between pH values 4.5 and 5.0. I observed 

that signal intensity in 405 nm channel did not change between media with different pH 

values (Fig. 21A, control 405 nm).  

In samples with roots, I observed a zone with different signal intensity surrounding 

the root in the shape of a comet tail, a “halo”. In case of 488 channel, the halo had 

stronger signal intensity than media itself, indicating that the pH is more alkaline than 

the surrounding medium. Accordingly, the halo in 405 nm channel had lower signal 

intensity compared to the media, indicating it was more alkaline. 

I originally assumed that the root is creating this zone itself by alkalinizing media, but 

it did not fit with the previously described observations (Monshausen et al., 2011; 

Fig. 11), where changes in pH were visible only in a narrow zone adjacent to the root. 
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To be able to directly compare my observations with the published results, I increased 

the final concentration of Fluorescein Dextran in media 12x as in Monshausen et al., 

(2011). 

In case of media with 30 μg/ml of Fluorescein Dextran, the pockets surrounding roots 

had higher signal intensity than media itself in both channels resulting in positive halo 

(Fig. 21B).  
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Figure 21. Roots on ½ MS medium with Fluorescein Dextran create pockets of prominent 

signal (legend continues on the next page) 
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(A) DII Venus plants on media with four different pH values (4.5, 5.0, 5.5 and 6.0) 45 min after 

reorientation of the microscopy chamber by 90 °. Concentration of Fluorescein Dextran 

in the medium is 2.5 μg/ml. Intracellular nuclei signal in 488 nm channel originates from DII 

Venus. “Control 405 nm” and “control 488nm” columns show control media of respective pH. 

Dark (in case of 405 nm channel) and light areas (488 nm) around the roots resembling a comet’s 

tail, the halos, are likely not an accurate representation of the pH values. The dye is probably 

leaking into the liquid in a pocket between cover glass and solid medium created by root. The 

negative halo in 405 nm channel is an artefact caused by low concentration of the dye 

and autofluorescence of the agar. Numbers on the left indicate pH value of the medium. Single 

slice, 1 µm thick section. Used Fire lookup table (LUT), respective signal intensity calibration 

bar on the right. 

(B) Col-0 plants on medium pH 5.5. Concentration of Fluorescein Dextran in medium is 12x 

higher than in A. Just as in A, the areas with different signal intensities around the roots, the halos, 

are an artefact and are not an accurate representation of the pH values. The signal originates from 

pocket of liquid between solid medium and cover glass. However, unlike in A, the halo in 405 nm 

is positive, not negative. Single slice, 1.5 µm thick section. Used cool LUT, respective signal 

intensity calibration bar on the right. 

Channels as described above. Numbers on the left indicate pH value of the medium. Scale bars 

represent 50 µm. 

In neither of the media, regardless of the concentration, did we observe a similar effect 

as described in Monshausen et al. (2011). 

The shape and behaviour of the zone around the root hinted to that there is a pocket 

of liquid medium as the agar is lifted by the root and that the liquid pocket has different 

staining than the agar medium (Fig. 22). 

 

Fig. 22. Schematic representation of pocket between cover glass and solid medium.  

Root mounted in microscopy chamber placed between cover glass and solid medium creates 

a pocket full of liquid. Fluorescein Dextran, as well as Oregon Green Dextran leak from the solid 

medium into this pocket full of liquid. For some reason, signal intensity of both dyes is much 

higher in liquid medium than in solid medium, creating an area of high signal intensity 

in the vicinity of the root. This artefact can be confusing, and it led us to believe the root changes 

pH of media in its vicinity, resulting in an area of uniform alkaline pH. Objective is shown 

for better orientation. Figure not drawn to scale. 
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To test this, I mounted seedling into microscopy chamber as usual. I left it to settle 

for a few minutes and then I quickly pulled the seedling out of the chamber. I observed 

there was a pocket present which started to retract once the root was removed (Fig. 23). 

In this case, a root which does not change pH in its vicinity would be an ideal control. 

However, a dead root (killed by either heat or cold) could leak pH-changing chemicals. 

I used human hair as a control since it is similar in thickness to Arabidopsis root and could 

create a similarly shaped and sized pocket. After pulling it out, there was a pocket of high 

signal intensity which started to retract, just as in the case of root (not shown). 

If the signal was coming from media with different pH (changed by the root itself), 

it would diffuse slowly from this area. However, I observed a retraction of the pocket 

revealing that liquid present in this pocket is the source of the high signal. Regarding 

signal intensity, I observed that Fluorescein Dextran behaves differently in solid 

and liquid medium. 

 

Fig. 23. Pulling the root out reveals pocket full of liquid  

Col-0 plants on medium pH 5.5, channel 488. Concentration of Fluorescein Dextran in medium 

is 30 μg/ml. Plant was mounted in microscopy chamber as usual and then pulled, which revealed 

a pocket between cover glass and solid media. This pocket is a source of significant background 

signal. Scale bar represents 50 µm. 

Since I observed positive halo in both channels in case of media with 30 μg/ml 

of Fluorescein Dextran, I realised that concentration of 2.5 μg/ml of Fluorescein Dextran 

in the media is too low to be observed in 405 nm channel (Fig. 21A, 405 nm). 

That is most likely the reason why we observe no signal in the halo in the 405 nm 

channel. The weak signal in the media outside the negative halo is agar autofluorescence. 

Since the halo is a pocket full of liquid, there is no autofluorescence of agar and that 

is why this area has no signal. 

For this reason, I did not use Fluorescein Dextran for further experiments. The signal 

of the dye inside the pocket is too prominent to image the pH in this area properly.  
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Oregon Green Dextran 488 also creates pockets of high signal  

Oregon Green Dextran-labelled medium responds similarly to Fluorescein 

Dextran-labelled medium. Pockets of liquid as seen in Fluorescein Dextran were present 

too. Just as in the case of Fluorescein Dextran, we assume the dye might be leaking 

into liquid medium. 

In the 405 nm channel, the Oregon Green Dextran signal is generally very low (Fig. 24, 

control 405 nm and 405 nm). I observed a slightly lower signal intensity in the pocket 

area of some of the roots compared to solid medium nearby (Fig. 24, 405 nm). 

The negative halo in this channel is most likely an artefact caused by low concentration 

of the dye and autofluorescence of the agar. Signal intensity of the dye in 405 nm channel 

is similar in all four pH values observed (Fig. 24, 405 nm).  

In the 488 nm channel, the situation is exactly the opposite. The signal in pocket 

is significantly stronger than signal of the agar nearby (Fig. 24, 488 nm). The dye 

is responsive to different pH values in the medium in the 488 nm channel, with the signal 

increasing as the pH increases (Fig. 24 control 488 and 488 nm). Low signal in medium 

without roots, pH 6 (Fig. 24, control 488 nm), is probably caused by a mistake in either 

laser settings or I mixed-up the samples and imaged medium with pH 4.5 instead. I did 

not repeat the experiment, since the medium with pH 6 with root seems to be responding 

to pH in an expected way, and it has higher signal intensity than media with lower pH. 

In our conditions and using our setup we deem Oregon Green Dextran unsuitable 

for determining changes in pH in the vicinity of the root because of the prominent pocket 

signal. For this reason, I did not carry on further experiments with Oregon Green Dextran. 
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Figure 24. Roots on ½ MS medium with Oregon Green Dextran create pockets of prominent 

signal.  

DII-Venus plants on media with four different pH values (4.5, 5.0, 5.5 and 6.0). Intercellular 

nuclei signal originates from DII-Venus. Concentration of Oregon Green Dextran in medium 

is 2.5 μg/ml. Control 405 nm column and control 488 nm column show control media 

in respective pH values. (legend continues on the next page) 
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Control 488 nm, pH 6.0 image is an error, most likely because of a mix-up of samples. I did not 

repeat the experiment because signal intensity of the medium with root, pH 6, looks as expected. 

However, Oregon Green Dextran does not respond as expected, so no replications of this 

experiment were done. Dark (405 nm) and light areas (488 nm) are created by pockets between 

solid medium and cover glass and are not an accurate representation of the pH. The negative halo 

in 405 nm channel is an artefact caused by low concentration of the dye and autofluorescence 

of the agar. Channels as described above. Numbers on the left indicate pH of the medium. pH 

calibration bar on the right. Single slice, 1 µm-thick section. Used Fire LUT. Scale bar represents 

50 µm. 

F-DHPE does not stain PM in meristematic zone of the root 

Since F-DHPE is a phospholipid coupled to a fluorescent dye, we hoped it would 

integrate into the outer layer of lipid bilayer of the PM of the cells. This way it would 

provide an insight into apoplastic pH near the PM, similarly to the apopHluorin 

and SYP122-phusion, but readily applicable to any treatment and genotype.  

For imaging, I used Col-0 seedlings on media with 20 μM of F-DHPE, pH 4.5 and 6.0. 

First, I observed roots on media with pH 4.5 (Fig. 25 F-DHPE merge). There was some 

signal present in the root, but it did not originate in PM. I assumed it might 

be autofluorescence and I also imaged plants on control medium. There was no signal 

in root tips on control media at all, therefore it was not autofluorescence, but the dye 

(Fig. 25 control). Apparently, F-DHPE penetrates the root and is the source of signal 

in the root, but it does not get integrated into PM in meristematic zone. Also, medium 

with F-DHPE shows weak fluorescence in the 488 nm (green) channel. 

I also observed staining of the dye in other root segments. In the meristematic 

and transition zone of the root there was signal originating in PM (Fig. 25 F-DHPE 

merge). Imaging of control plants revealed that there is a certain PM autofluorescence 

in maturation zone, but it is very weak compared to PM signal on F-DHPE supplemented 

media (Fig. 25 control). Therefore, I observed that F-DHPE does stain the PM of roots, 

but only shootwards from the elongation zone, including hoot hairs. I also tested roots 

on media with pH 6.0 (not shown) but I observed the same lack of staining of PM. Since 

we are interested in the maturation and transition zone of the root, I did not make further 

experiments with F-DHPE. 

F-DHPE stained PM of root cells shootwards from maturation zone, as well as root hairs. 

It, however, was unable to stain PM in meristematic, transition and elongation zone 

of the root. At first, I thought the dye cannot penetrate root in these zones, but the dye 

did actually enter the roots in these zones, but did not stain PM. It remains a question 

what is the reason behind this. 
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Figure 25. F-DHPE root staining (legend continues on the next page) 
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Col-0 plants on ½ MS media with half the amount of buffer, final concentration of F-DHPE 

is 20 μM, pH 4.5. F-DHPE merge column shows roots on F-DHPE media imaged in 405 nm 

channel (magenta) and 488 nm channel (green). F-DHPE does not stain PM in the root 

meristematic zone. On the other hand, it stains PM in the maturation zone.  

Roots on media without F-DHPE were used as a control. Weak autofluorescence of PM is present 

in the root maturation zone. BF indicates brightfield. Single slice, 1 µm thick sections. Scale bars 

represent 50 µm. 

HPTS reports pH in an unexpected way 

HPTS was previously used as a tool for visualization of dynamic pH changes in root 

apoplast during response to auxin (Barbez et al., 2017). Protonated version of HPTS 

has absorption peak around 405 nm and the absorption peak of deprotonated version 

is around 458 nm (Fig. 9A). Ratiometric image was retrieved by dividing 458 nm 

channel by 405 nm channel.  

For imaging on a CLSM the seedlings were incubated for 30 mins in liquid medium with 

HPTS and subsequently mounted in a drop of the very same medium. I observed 

that HPTS penetrated only outer layers of the root. Not even a longer incubation time 

(up to 1 h) could ensure deeper penetration of the dye. The background signal of HPTS 

coming from the mounting medium was very intense compared to apoplastic signal 

in roots (Fig. 26) and represented a limitation – if exposure of the cell wall signal 

was increased, it led to saturation of the fluorescence detectors, their shutting down 

and potential damage. In order to avoid the background signal, I mounted HPTS-stained 

seedlings using liquid medium without HPTS and immediately imaged. Even so, 

the HPTS quickly diffused out of root, and I did not observe any apoplastic signal. 

Because of this, I worked with HPTS-stained seedlings mounted in medium with HPTS 

and I observed only the well-stained outer cell layers. These issues represent a limitation 

for using this dye. 

We also observed that HPTS does not respond to pH below 6. We were not able 

to observe staining of the apoplast like in Barbez et al. (2017). 

Furthermore, it is not possible to do a maximum intensity projection during image 

processing, because the background signal overshines the apoplastic signal. 
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Figure 26. HPTS root staining on CLSM 

Col-0 plants after incubation in liquid medium with HPTS, final concentration 1 mM, pH 5.8. 

Roots were imaged in 405 nm channel (responds well to lower pH) and 458 nm channel (responds 

well to higher pH).  

HPTS penetrates external cell layers only. Root apoplastic signal is very weak compared 

to background signal of the mounting medium, especially in the 458 nm channel. Exposure and 

laser settings needed for visualization of HPTS in root apoplast in 405 nm and 458 nm channels 

are extremely high as it can be seen in overexposed background. Shades of grey indicate intensity 

of signal, red shows overexposed areas, blue indicates lack of signal. BF indicates brightfield. 

Used HiLo LUT. Single slice, 1.149 µm thick sections. Scale bars represent 50 µm.  
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Poor penetration of the dye in inner cell layers and strong background signal were a big 

problem. However, we decided to use HPTS again on SD microscope. Since the CLSM 

and SD microscope illuminations and signal detection are based on different principles, 

we hoped to get a better picture with lower background signal to apoplastic signal ratio. 

Since our SD microscope does not have the 458 nm laser, we had to use 488 nm laser 

for alkaline pH imaging instead. 

On the SD microscope, I did not observe prominent apoplastic HPTS signal as described 

in Barbez et al. (2017) but HPTS showed that pH of media around the root is undergoing 

changes. I observed roots growing on media with four different pH values (4.5, 5.0, 5.5, 

6.0) and noticed that while signal intensity of the 405 nm channel remains homogeneous 

around the root and in the surrounding media, the signal intensity of 488 nm channel 

is higher in a circular area near the root’s transition zone, creating a “halo” (Fig. 27). 

The halo is very evident in the media with pH 4.5 and 5.0. It is notably weaker in media 

with pH 5.5 and absent in the media with pH 6.0. This halo is alkaline, since the higher 

the signal of 488 nm (458 nm) channel, the higher the pH (Fig. 9A). 
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Figure 27. HPTS shows changes in pH around the root (legend continues on the next page) 
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DII-Venus plants on ½ MS media with half the amount of buffer, with four different pH values 

(4.5, 5.0, 5.5 and 6.0, indicated on the left) with HPTS, final concentration 100 µM. Roots were 

imaged in 405 nm channel (responds well to lower pH) and 488 nm channel (responds well 

to higher pH). An area of higher pH around the root transition zone, a halo, can be seen in media 

with pH 4.5, 5.0 and also in 5.5, but less intense. No halo is present around root transition zone 

in media with pH 6.0.  

Ratio 405/488 shows signal intensity of 405 nm channel divided by 488 nm channel. Calibration 

bar on the right indicates ratio of signal.  

Intracellular nuclei signal originates from DII Venus. Merge picture shows merge of 405 nm 

channel (magenta) and 488 nm channel (green). Used gem LUT in ratio 405/488. Histograms 

of each picture were adjusted individually. Single slice, 1 µm thick sections. Scale bar represents 

100 µm. 

Signal intensity measurement of control media with no roots showed that 488 nm channel 

intensity is growing with rising pH and increases significantly between pH 5.0 and 6.0. 

Surprisingly, signal intensity of 405 nm channel grew with rise in pH as well, 

but not as abruptly as in case of 488 nm channel. This data is based on one repetition 

only. The 488 nm/405 nm signal ratio shows that more alkaline the media, the bigger 

the ratio of signal (Fig. 28). 

 

Figure 28. pH-dependent HPTS signal intensity  

Signal intensity was measured in control media with pH 4.5, 5.0, 5.5 and 6.0. In case of 488 nm 

channel, signal intensity rises with increasing pH. Values of 488 nm channel were multiplied 15x 

for better visualization in the graph. Signal intensity of 405 nm channel rises slightly with 

increasing pH as well. Ratio 488 nm/405 nm demonstrates that HPTS responds well to pH above 

5.0. Data based on one repetition only.  
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I did not carry on further experiments with HPTS since I found a more suitable pH 

sensitive dye for reporting pH in the root’s vicinity, discussed in the next chapter. 

F-STS reveals the dynamic longitudinal profile on the root 

surface 

F-STS is yet another fluorescein-based dye which we decided to test based 

on its properties (Johnson et Spence, 2010). 

First, I observed roots growing on media with 4 different pH levels (4.5, 5.0, 5.5 and 6.0). 

I saw a very intense alkaline halo around the root transition zone. This halo was more 

apparent than the halo seen on HPTS media. To my surprise, I noticed yet another halo, 

this time acidic, right above the alkaline halo. I observed these two halos around 

all growing roots, best seen on media with pH 4.5, but also visible on media with higher 

pH (Fig. 29, 30A). The halos were moving with the root as it grew, demonstrating 

that it is indeed a common phenomenon created by the root. On top of that, the halos 

were highly dynamic inside, with the intensity of signal changing turbulently right next 

to the root’s surface. 
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Figure 29. F-STS shows an alkaline as well as acidic halo around the root  

(legend continues on the next page) 
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Col-0 plants on ½ MS media with half the amount of buffer, with four different pH values (4.5, 

5.0, 5.5 and 6.0, indicated on the left) with F-STS, final concentration 100 µM. Roots were 

imaged in 405 nm channel (responds well to lower pH) and 488 nm channel (responds well 

to higher pH). Alkaline halo around the root transition zone is seen in green (merge) 

or white/bright orange (ratio 488/405). Acidic halo right above the alkaline halo is seen in purple. 

The halos follow the root as it grows. 

Ratio 488/405 shows signal intensity of 488 nm channel divided by 405 nm channel. Calibration 

bar on the right indicates ratio of signal. Merge picture shows merge of 405 nm channel 

(magenta) and 488 nm channel (green). Used gem LUT in ratio 488/405. Histograms of each 

picture were adjusted individually. Waves seen in the pictures are a result of light interference 

of the SD microscope optics. Scale bar represents 100 µm. 

To see any potential changes in the intensity and position of the halos during response 

to gravity I rotated the microscopy chamber by 90 degrees. Intensity of halos became 

very different on the upper and lower side of the root (Fig. 30B). The signal 

of the alkaline halo on the lower side of the root became more intense and spread out 

while the signal on the upper side of the root significantly diminished. The acidic halo 

higher up around the root did not undergo such drastic changes. It spread out a little 

on the upper side of the root and retracted on the lower side. Put simply, it was apparent 

that where one halo spread the other was pushed back. In case of the gravistimulated root 

I noticed another area of acidic pH on the upper side of the lateral root cap. 
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Figure 30. Distribution of pH changes around the root visualized by F-STS  

Col-0 plants growing on an unbuffered media with F-STS, final concentration 50 µM, pH 5.8.  

(A) (turn the page 90° to the right) Time lapse of a vertically growing root. Two halos 

are visible: an alkaline one in green (merge) or orange (488/405 ratio) around the root transition 

zone and an acidic one in purple right above.  

(B) Time lapse of the same root after rotation. Alkaline halo spreads around the lower side 

of the root and shrinks on the upper side of the root. The acidic halo spreads a little further down 

on the root on the upper side of the root. Another small acidic zone can be observed on the upper 

side of the root cap. (legend continues on the next page) 
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The background inhomogeneities were removed during postprocessing, see Material 

and Methods. Merge picture shows merge of 405 nm channel (magenta) and 488 nm channel 

(green). Ratio 488/405 shows signal intensity of 488 nm channel divided by 405 nm channel. 

Used gem LUT in ratio 488/405. Histograms of each column of pictures were adjusted 

individually. Single slice, 1 µm thick sections. Scale bars represent 100 µm. 

I measured and compared signal intensities of control media with no roots and I observed 

that signal intensity of 405 nm channel decreases with increasing pH. On the contrary, 

intensity of 488 nm channel intensity rises with increasing pH (Fig. 31). 

The 488 nm/405 nm ratio of signal intensity increases as the pH goes up. This data 

is based on one repetition only. No further experiments with F-STS were performed 

at the time of writing this thesis due to time constrictions. 

 

Figure 31. pH-dependent F-STS signal intensity 

Signal intensity was measured in control media with pH 4.5, 5.0, 5.5 and 6.0. Signal intensity 

of 488 nm channel increases with rising pH, whereas signal intensity of 405 nm channel 

decreases with rising pH. Values of 405 nm channel were multiplied 5x for better visualization 

in the graph. Data based on one repetition only. 

Development of new apoplastic genetically encoded pH sensor 

Based on the unsatisfying results of observed genetically encoded sensors, we designed 

a series of novel genetically encoded sensors. The design was inspired by principle used 

in apo-pHusion, where pH is deduced from the ratio of signal intensities 

of two fluorescent proteins with different sensitivity to low pH. In the case 

of apo-pHusion, mRFP is stable in lower pH, whereas EGFP quenches in lower pH. 

The excitation and emission wavelengths of the fluorescent proteins are far away from 

each other enough not to interfere (Fig. 32A).  
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Therefore, I decided to use a green-red combination of fluorescent proteins in the new 

sensor too. However, the of EGFP’s pKa of 6 turned out to be too high for proper 

reporting of the EGFP in the root apoplast. Therefore, I picked a green fluorescent protein 

mNeonGreen with pKa of 5.7 (Shaner et al., 2013) and a red fluorescent protein mCherry 

(Fig. 32B) with pKa of 4.5, identical to that of mRFP.  

I also wanted to test a new combination of fluorescent proteins. I chose mTurquoise2 

as the pH-stable fluorescent protein with pKa of 3.1 and mVenus as the pH-sensitive 

fluorescent protein with pKa of 5.5. Their excitation and emission wavelengths indicate 

that there might be FRET (Förster Resonance Energy Transfer) occurring (Fig. 32C), 

but we decided to try this combination anyways and see what it brings. 
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Figure 32. Excitation and emission spectra of selected fluorescent proteins  

 (A) EGFP and mRFP are the two dyes used in apo-pHusion. 

(B) I chose mNeonGreen and mCherry for optimal results in new pH-sensitive sensor. 

(C) mTurquoise2 and mVenus spectra show that there is a possibility of FRET happening 

between them.  

Vertical axis shows ratio of signal, horizontal axis represents wavelength in nm. Adapted 

from www.fpbase.org. 

http://www.fpbase.org/
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Unfortunately, as my observations revealed, apo-pHusion is not evenly distributed 

in apoplast and is most likely being diffused out of root. Surprisingly, I encountered 

similar problems in SYP122-pHusion sensor which is anchored in PM. For this reason, 

I decided to add something to the new sensor that would ensure proper binding 

of the sensor to the primary cell wall. I found that Carbohydrate Binding Modules 

(CBMs) were previously used as probes for specific labelling of various cell wall 

components where the CBMs were used in similar manner as if they were antibodies 

(Filonova et al., 2007). 

Mainly, I was interested in CBMs which bind to components of primary CW, that 

is cellulose, xylans and pectins. Searching the literature, I decided to use Cel7A from 

Trichoderma reesei (also known as Hypocrea jecorina) gene cbh1, which 

is an exoglucanase hydrolysing crystalline cellulose (Filonova et al., 2007; Guo et 

Catchmark, 2013). I have chosen it since it binds to cellulose. 

Since I could not find any other confirmed CBMs in the literature, I searched Uniprot 

(https://uniport.org) for further candidate proteins. I found an endoglucanase/xylanase 

from Cellulomonas fimi gene cex. The CBM, to which I will refer as CFICEX, 

is expected to bind to cellulose and xylan. 

I searched for a CBM of plant origin and thought of expansins, as they are integral 

proteins of CW. I identified the CBM in EXPANSIN7 (EXPA7) of A. thaliana 

and decided to use it even though I could not find any information about its binding 

specificity to CW components.  

Later, I found a thesis where CBM3a fused to fluorescent protein was used as a labelling 

probe for analysis of CW composition in A. thaliana (Zhang, 2014). However, plants 

overexpressing this construct had dwarfed phenotype, but I decided to use it anyways. 

CBM2b-1-2 of Xylanase 11A from Cellulomonas fimi has been also used in this thesis 

for labelling of CW containing xylan. Expression of mCherry-tagged CBM2b-1-2 

in A. thaliana did not negatively influence plant development. Since this was one of very 

few cases where the CBM of choice was not loaded but rather the plant was actually 

expressing the CBM, I decided to use it even though it was shown to bind to xylan 

components of secondary CW. 

An online tool named Simple Modular Architecture Research Tool (SMART, 

http://smart.embl-heidelberg.de/) can be used for identification of different protein 

domains in enzymes. I used it to localize CBMs of the enzymes which I would later clone 

into my new pH-sensitive sensors, since introducing enzymatically active parts 

of enzymes to the sensors could severely interfere with CW integrity.  

https://uniport.org/
http://smart.embl-heidelberg.de/
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Still, I did not manage to find any pectin-binding CBM since SMART was unable 

to identify CBM in any of the pectin-decomposing enzymes I examined. In the end, 

I have chosen five CBMs (Tab. 9) to use in the new sensor.  

The final construct consists of a signal peptide to ensure exocytosis of the construct, 

bound to the first fluorescent protein, a CBM and a second fluorescent protein. I designed 

ten constructs using two pairs of fluorescent proteins and five CBMs (Tab. 10). 

name binding specificity organism of origin seen in 

Xylanase 

CBM2b-1-2 

xylan Cellulomonas fimi Zhang, 2014 

Scaffoldin CBM3a crystaline cellulose Clostridium thermocellum Zhang, 2014 

Exoglucanase 

Cel7A 

cellulose Trichoderma reesei Guo et 

Catchmark, 

2013 

Exoglucanase/ 

xylanase CFICEX 

cellulose and xylan Cellulomonas fimi found on 

Uniprot 

Expansin EXPA7  unknown Arabidopsis thaliana found on 

Uniprot 
Table 9. Chosen CBMs and their origin 

35S short promoter SP + mNeonGreen CFICEX mCherry 35S terminator 

35S short promoter SP + mNeonGreen CBM2b-1-2 mCherry 35S terminator 

35S short promoter SP + mNeonGreen CBM3a mCherry 35S terminator 

35S short promoter SP + mNeonGreen EXPA7 mCherry 35S terminator 

35S short promoter SP + mNeonGreen Cel7A mCherry 35S terminator 

35S short promoter SP + mTurquoise CFICEX mVenus 35S terminator 

35S short promoter SP + mTurquoise CBM2b-1-2 mVenus 35S terminator 

35S short promoter SP + mTurquoise CBM3a mVenus 35S terminator 

35S short promoter SP + mTurquoise EXPA7 mVenus 35S terminator 

35S short promoter SP + mTurquoise Cel7A mVenus 35S terminator 
Table 10. Configuration of constructs  

I managed to clone only eight of these constructs. The ones I did not manage to clone are crossed 

out. SP indicates signal peptide. 

I only managed to successfully clone only eight of these constructs into alpha1 plasmid. 

The two constructs I had problems with were mNeonGreen-CFICEX-mCherry 

and mTurquoise-CBM2b-1-2-mVenus. The remaining eight were used for transient 

transformation by infiltration of N. benthamiana. 

The mNeonGreen-mCherry construct had good fluorescence intensities of both 

fluorescent proteins. There was intercellular signal present, most likely from maturing 

sensor in ER before being exported out of the cell. However, I observed accumulation 

of signal in nucleus in cases of constructs containing CBM2b-1-2, CBM3a and Cel7A, 

indicating that there is a fraction of the protein in the cytoplasm (Fig. 33). In case 

of the construct with EXPA7, there was no signal inside the nucleus, only outside 

(Fig. 33), with only a few exceptions where I observed intranuclear signal in transformed 
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cells (not shown). This construct was also the only one in which I noticed vacuolar signal. 

The vacuolar signal was mostly apparent in the mCherry channel, which might be given 

by the fact that the pH-sensitive mNeonGreen gets quenched in vacuoles.  

In case of constructs with mTurquoise2 and mVenus I did not observe mTurquoise2 

signal. I did, however, observe mVenus signal. This indicates that the sensor is probably 

being expressed well, there is just something preventing mTurquoise2 from working 

properly. Again, just as in the case of mNeonGreen-mCherry constructs, I observed 

mVenus intranuclear signal in constructs containing CFICEX, CBM3a and Cel7A, which 

was only rarely seen in construct with EXPA7 (Fig. 34). Because the emission spectrum 

of mTurquoise2 and excitation spectrum of mVenus overlap significantly, we thought 

that FRET might be taking place, preventing us from observing mTurquoise2 signal. 

Therefore, we performed a simple experiment in which we used 405 nm laser 

for excitation of mTurquoise2 and observed whether any mVenus signal would occur. 

If we saw see mVenus signal, it would confirm that FRET is happening. However, 

we did not observe any mVenus signal in this case (not shown) meaning that FRET 

is not the problem causing the absence of mTurquoise2 signal.  

Overall, I repeated this infiltration experiment four times and I always observed two main 

problems; lack of mTurquoise2 signal and presence of intranuclear signal in constructs 

with CFICEX, CBM2b-1-2, CBM3a and Cel7A. 
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Figure 33. Transient expression of mNeonGreen-mCherry constructs in N. bethamiana  

Yellow arrowheads show nuclei, red arrowheads show cytoplasmic/ER signal. 

Constructs with CBM2b-1-2, CBM3a and Cel7A have intranuclear signal. 

EXPA7 construct does not accumulate in nuclei, but it has mCherry signal present in vacuoles. 

Pictures taken on CLSM. Respective channels shown in grayscale. Merge shows mNeonGreen 

in green and mCherry in magenta. Scale bars represent 50 μm. 
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Figure 34. Transient expression of mTurquoise2-mVenus constructs in N. benthamiana  

Yellow arrowheads show nuclei, red arrowheads show cytoplasmic/ER signal. 

mTurquoise2 does not work, its signal is absent. Constructs with CFICEX, CBM3a and Cel7A 

have intranuclear signal, but construct with EXPA7 does not. 

Pictures taken on CLSM. Respective channels shown in grayscale. Merge shows mTurquoise2 

in magenta and mVenus in green. Scale bars represent 50 μm. 
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Despite the cytoplasmic signal, I tested whether a fraction of the sensor was the secreted 

to the apoplast by plasmolysis using mannitol. I used 0.75M solution of mannitol 

in phosphate buffer which I infiltrated into leaves from the abaxial side of the leaf before 

observing a section of the leaf under microscope. I was interested in seeing whether 

the sensor is localized to the apoplast and if so, whether it is anchored to the CW. I looked 

for neighbouring cells undergoing plasmolysis whose PM detached in the same area, 

leaving the CW exposed. This has proved challenging, as the PM usually got detached 

on one side of CW only. I managed to observe only a few neighbouring cells which 

had detaching PM next to each other in mNeonGreen-mCherry construct with CBM3a. 

I could see the sensor on the inner side of retracting protoplast in neighbouring cells. 

In between, there was signal likely originating in CW (Fig. 35). I also attempted 

to plasmolyze all the constructs I created but only observed favourable outcome in case 

of mNeonGreen-CBM3a-mCherry. 
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Figure 35. mNeonGreen-CBM3a-mCherry sensor during plasmolysis  

Yellow arrowheads point out areas of interest. The cytoplasmic signal of the sensor is seen close 

to the PM from the inner side. Since it is localized inside the cell, the signal is mostly green. 

The magenta signal in between green signal could be the sensor attached to CW because 

mNeonGreen gets quenched in low apoplastic pH.  

Picture taken on SD microscope. Picture shows mNeonGreen in green and mCherry in magenta. 

Scale bar represents 50 μm.  
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Seeing that the sensor is not exported properly, we decided to reclone the constructs using 

a different signal peptide. We did not continue to work with mTurquoise2-mVenus 

constructs because of the absence of mTurquoise2 signal. I proceeded to reclone 

the mNeonGreen-mCherry constructs and this time I was also successful with cloning 

this construct with the CFICEX CBM, creating five constructs overall. After transient 

expression in N. benthamiana I once again observed the very same problems with 

intranuclear localization of signal in case of constructs with CFICEX, CBM2b-1-2, 

CBM3a and Cel7A. Construct with EXPA7 rarely showed intracellular signal, 

but vacuolar mCherry signal was abundant (not shown).  

We have observed that sometimes, constructs with signal peptide which had intracellular 

localization of signal during transient expression in N. benthamiana are properly 

exported during stable transformation in A. thaliana. Because of that we decided 

to transform A. thaliana plants using the original four mNeonGreen-mCherry constructs 

and the new five mNeonGreen-mCherry constructs to see whether the sensor would 

be exported properly in A. thaliana. At the time of writing this thesis, the A. thaliana 

plants were transformed, and we are waiting for them to produce T1 seeds.  
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8. Discussion 

Apo-pHusion 

Apo-pHusion was the first pH sensitive genetically encoded sensor I tested. However, 

I encountered many problems regarding its distribution and localization.  

In the root, I observed a lot of intracellular signal coming from the ER. According 

to Gjetting et al. (2012), strong 35S promoter might be causing overexpression 

and subsequent accumulation of the sensor in endomembrane system. The reason why 

there is more intracellular EGFP signal than mRFP signal in ER and ER bodies might 

be different maturation rate of these two fluorescent proteins (Shaner et al., 2005). 

Another problem was the lack of colocalization of EGFP and mRFP signal. The lack 

of EGFP signal in the apoplast can be explained by the fact that EGFP gets quenched 

in low apoplastic pH. However, there were also areas in the root where only mEGFP 

signal was present, which indicates that the sensor undergoes cleaving. This could 

be tested by Western blot using anti-GFP antibody to identify the construct. Size of this 

protein band would reveal whether the fluorescent proteins cleave or not. 

Moreover, the sensor accumulates in the apoplast where three or more cells meet. 

It is also very likely that apo-pHusion diffuses out of the root, since I observed 

comparably weak mRFP signal in the outer cell layers of the root. 

Nevertheless, I observed that apo-pHusion can be a useful tool for determination of pH 

in the above-ground organs (Fendrych et al., 2016). In part, this might be caused 

by the fact that apo-pHusion does not diffuse out of them thanks to the protective cuticle 

(Berhin et al., 2019). 

Apo-pHusion was previously used for reporting apoplastic pH in trichomes 

and surrounding so called “skirt cells” after mechanical stimulation (Zhou et al., 2017). 

However, the skirt cells showed predominantly mRFP signal and EGFP signal 

was present in the trichome only. This indicates that apo-pHusion might get cleaved 

in trichomes as well. 

Moreover, apo-pHusion reported pH gradient in the apical hook. The acid growth theory 

alleges that low pH, along with enzymatic activity of expansins is needed for cell 

extension (Cosgrove, 1998). Therefore, to create the apical hook, the seedling needs 

to make the cells on one side grow more than cells on the opposite side of the hypocotyl. 

It is thus possible that apoplast along the cells on the upper side of apical hook has lower 

pH compared to apoplast in the inner part of apical hook which is in conclusion with 

signal distribution observed in apical hook. It was shown that there is an auxin maximum 

present at the inner side of the apical hook (Béziat et Kleine-Vehn, 2018). The hooks 

I observed were most likely in the so-called maintenance phase, when the growth 
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is suspended. I assume that this auxin maximum creates alkaline area since there 

is no growth. 

Another organ with a visible signal difference was the flower. EGFP signal was more 

intense in petals, whereas mRFP was prevalent in sepals. It remains a question whether 

in this case apo-pHusion shows different pH values in the flower or it is caused 

by a different tissue structure.  

While apo-pHusion might be a valuable tool for determination of apoplastic pH 

in above-ground organs, I do not find it suitable for measurement of root apoplastic pH. 

SYP122-pHusion 

We expected that SYP122-pHusion, an apo-pHusion based sensor bound to the PM from 

the outer side (Kesten et al., 2019), could provide a better insight into root apoplastic pH, 

eliminating problems with the original sensor diffusion and strong intracellular signal.  

Even though the sensor should be bound to the PM, its actual localization is not consistent 

with this fact. Instead, its localization pattern is highly similar to localization 

of apo-pHusion signal. Overall, SYP122-pHusion has problems like apo-pHusion, such 

as non-homogeneous signal localization, cleaving of the sensor and its consequent 

accumulation in corners where more cells meet. Therefore, in our hands, the sensor does 

not work in root apoplast for monitoring the pH at the cellular surface. 

ApopHluorin 

Another sensor targeted to monitor the outer PM surface pH is apopHluorin (Martinière 

et al., 2018). In this case, the sensor does seem to work in our hands as published. 

However, I observed that apopHluorin lines undergo severe silencing and I looked for the 

reason behind this. I found out that the plasmid of choice, pGWB502, where strong 35S 

promoter is used in combination with a weaker NOS terminator might be the cause. 

Previous study showed that inadequately terminated mRNA (lacking poly(A) tail) 

can lead to RNA silencing (Luo et Chen, 2007). For recloning, I used the GoldenBraid 

cloning system (Sarrion-Perdigones et al., 2013) which allowed me to flexibly combine 

different combinations of promoters and terminators rather than having to choose from 

a pre-assembled plasmid.  

I recloned apopHluorin, creating four different apopHluorin constructs: 

35S::apopHluorin, PIN2::apopHluorin, RPS5a::apopHluorin, all three with kanamycin 

resistance and 35S::apopHluorin_ØR without any resistance cassette. I observed patchy 

expression of the construct in T1 generation only in the 35S::apopHluorin line. 

Since RPS5a::apopHluorin and PIN2::apopHluorin lines also have resistance cassette 

and their expression not patchy, it seems like the resistance cassette combined with 

the 35S promotor might be the reason behind silencing. Anyways, the expression 

of PIN2::apopHluorin, RPS5a::apopHluorin, and 35S::apopHluorin_ØR contructs was 
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consistent, making them suitable adepts for gravitropic experiments or any other 

treatments to which roots are expected to react with changes of apoplastic pH. These 

experiments are planned but were not performed yet due to time constrictions. 

Fluorescein Dextran and Oregon Green Dextran 

Fluorescein Dextran was previously shown to dynamically report alkalinisation of media 

around the root (Monshausen et al., 2011; Shih et al., 2015), so we chose to test it as well. 

First, I observed that even though Fluorescein Dextran has reversible excitation ratio, 

only 488 nm channel responds to changes in pH. However, the mayor problem 

I encountered working with this dye was the presence of pockets full of liquid 

surrounding the roots. These pockets are always there, but they became apparent with 

Fluorescein Dextran. It is possible that Fluorescein Dextran is being “pushed out” 

of the solid agar medium due to its large molecular weight. Fluorescein Dextran 

accumulates in the liquid of the pocket, creating an area of high signal intensity which 

we initially mistook for an area of high pH created by root. Later experiments confirmed 

that it is indeed a pocket full of liquid. This phenomenon made it impossible to observe 

any eventual root-induced pH changes of the media close to the root.  

I faced this very same problem when working with Oregon Green Dextran too. 

It was previously used for measurement of apoplastic pH in A. thaliana roots in the xz 

plane, where it reported that apoplastic pH is around 4 (Martinière et al., 2018).  

Nonetheless, pH sensitive dyes with high-molecular dextran addition should 

be a powerful tool for visualization of dynamic pH changes around the root during 

vertical growth as well as during gravitropic response, as Fluorescein Dextran has been 

previously used for that purpose successfully (Monshausen et al., 2011). Unfortunately, 

I was unable to reproduce these results. We can only dispute whether it might be caused 

by different sample loading, agar and its concentration in the solid medium, composition 

of the medium or microscope setup, especially the type of confocal microscope (CLSM 

vs SD). 

F-DHPE 

F-DHPE is another fluorescein-based dye bound to a phospholipid. We anticipated 

that this might lead to its integration into the cell PM. While F-DHPE did penetrate 

the root and slightly stained it, it did not stain PM of the proximal part of the root. 

However, the dye did stain PM in the maturation zone of the root, as well as the root 

hairs. 

The dye is able to enter the root, but for some reason it stains PM of cells shootwards 

from maturation zone. F-DHPE staining of this area might be caused by difference in CW 

composition along the root (Somssich et al., 2016). Another possibility is that the dye 

falls apart and fluorescein enters the cells on its own.  
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HPTS 

We saw HPTS as a very promising apoplastic pH-sensitive dye as it was previously used 

for measurement of A. thaliana apoplastic pH (Barbez et al., 2017). We expected 

it would provide us a detailed map of root apoplastic pH during response to gravity, 

as shown in the original publication. 

Measurement of signal intensities in 405 nm and 488 nm channels and their ratio showed 

that the dye is not very sensitive to pH between 4.5 and 5.0 which is in agreement with 

previously reported results (Barbez et al., 2017).  

Using the CLSM, the background signal of the HPTS-supplemented media was too bright 

to observe any root apoplastic HPTS signal. When the seedling was only incubated 

in HPTS, mounted in media without HPTS and subsequently imaged, there was no HPTS 

signal in the apoplast, as it quickly diffused out of the root. It is an open question why 

I did not observe results previously reported in Barbez et al., (2017).  

On the SD, I observed something completely different. CLSM and SD use different 

principles of image acquisition, the most striking difference being the number 

of pinholes. SD does not perform well when strong and weak signal are nearby because 

of the crosstalk of pinholes on the SD. Areas of higher pH, the so-called halos, are present 

around the root transition zone marking areas of media with changed pH (Monshausen 

et al., 2011). The halos follow the roots as they grow. Nevertheless, we did not use 

this dye for further experiments as we have found an even better one, the F-STS. 

F-STS 

We observed that F-STS is more sensitive to acidic pH and reports wider range of pH 

than Fluorescein Dextran. F-STS surprised us, as it not only revealed one, but two halos 

around the root. I observed alkaline halo around the root transition zone and an acidic 

halo right above. On top of that, F-STS actively reports changes in pH right next 

to the root’s surface, revealing that this process is highly dynamic. F-STS also shows 

changes in pH in root’s vicinity upon its reorientation, revealing a small alkaline area 

on the upper side of the lateral root cap. 

The highly dynamic alkaline area around the root transition zone was previously 

observed using Fluorescein Dextran (Monshausen et al., 2011), but Fluorescein Dextran 

did not reveal the acidic area above. Upon reorientation, the pH on the lower side 

of the root around the transition zone gets even more alkaline (Monshausen et al., 2011; 

Shih et al., 2015). These findings are also in conclusion with work presented in Barbez 

et al. (2017). Even though in this case HPTS did not report any halo outside the root, 

it revealed high apoplastic pH in the root transition zone. This area of high pH 

is colocalized with auxin maximum in vertically growing as well as gravistimulated 

roots. F-STS not only shows what has been observed before, but it also reports 
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a previously unseen acidic area above. Just as it was observed using HPTS in our case, 

F-STS reported pH on the root surface but not in the root apoplast. Again, this can 

be caused by the way SD acquires images as discussed above. 

It was previously revealed that pH around Z. mays primary roots is variable. 

An experiment with vibrating probes revealed two zones of outward flow, one localized 

around the root cap, the other one was detected in the upper part of elongation zone. 

The inward flow of protons was localized between these two zones (Collings et al., 

1992). Another experiment also showed three zones of variable pH in Z. mays. An acidic 

zone was detected around the meristem, followed by an area of higher pH. The other 

acidic zone was localized around the elongation zone. In this case, microelectrodes were 

used for the measurement of pH (Peters et Felle, 1999). The pattern of pH distribution 

observed in Z. mays is similar to pattern revealed by F-STS in this thesis, indicating 

that the flow of protons around growing root is highly similar across species from distant 

evolutionary groups – monocots and dicots. 

F-STS surprised us with the turbulent dynamics particularly noticeable in the alkaline 

halo which reminded us of lightning strikes. The signal intensity was changing rapidly 

within the halo, along the root’s surface and we were able to observe this thanks 

to the dye’s high temporal resolution. 

It, however, remains a question why it accumulates in vacuoles of cells in elongation 

zone and further shootwards, revealing an alkaline vacuolar pH. This observation 

is in conclusion with previously reported results showing that vacuolar pH in maturation 

zone of A. thaliana is around 5.8 (Krebs et al., 2010). 

F-STS is a very promising tool for visualization of pH around the root as it provides 

a map with previously unseen spatio-temporal and pH resolution in root’s vicinity.  

New apoplastic genetically encoded sensor 

Since I wanted to use CBMs to attach the sensor to the CW I searched the literature 

for previously tested CBMs. I found CBM3a from scaffolding of Clostridium 

thermocellum. I decided to include it in this thesis even though expression of fluorescent 

protein fused to CBM3a in A. thaliana resulted in dwarfed phenotype (Zhang, 2014). 

However, in this work, the constructs with CBM3a and CBM2b-1-2 were expressed 

under 35S promotor which can lead to overexpression of the construct which in turn 

might cause an undesired phenotype. For stable expression in A. thaliana I plan to use 

a weaker ubiquitous promoter RPS5a as well. 

I did not observe mTurquoise2 signal in any of the created mTurquoise-mVenus 

constructs. This came as a surprise since mTurquoise2 was found to be exceptionaly 

stable and bright in wide range of apoplastic pH during transient expression 

in N. benthamiana leaves (Stoddard et Rolland, 2019). mVenus signal distribution 
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indicated that the sensor is put together well and is expressed. We ruled out the possibility 

of FRET which could cause absence of mTurquoise2 signal. We did not observe any 

mVenus signal when we collected signal in mVenus emission spectrum after excitation 

by 405 nm laser which excites mTurquoise2. A possible explanation might be improper 

folding of the protein or mTurquoise2 might be somehow disturbed by the addition 

of signal peptide in front of it. This very mTurquoise2 is currently being tested in our lab 

in fusion with other proteins.  

Transient expression of the new apoplastic genetically encoded pH-sensitive sensor 

in N. benthamiana revealed problems in mNeonGreen-mCherry sensors with CFICEX, 

CBM2b-1-2, CBM3a and Cel7A. There is a problem with targeting those constructs 

to the apoplast, revealed by nuclear localization of part of the sensor which indicates 

a problem in its way through endomembrane system. The signal localization in nucleus 

clearly demonstrates that the construct does not progress through endomembrane system. 

The signal peptide is probably not being recognized properly by the signal recognition 

particle which would target it into the ER. This signal peptide has been successfully used 

before in Hunter et al. (2007), but to be sure, we recloned the constructs using a different 

signal peptide. This problem could not be resolved even after using another signal 

peptide. Interestingly, constructs with EXPA7 were prevalently not localized 

in the nucleus and were mostly correctly localized in the secretion pathway. On the other 

hand, these constructs were often spotted in the vacuole.  

Since some constructs are present in the cytoplasm and some are not, I came 

to conclusion that this is not caused by the improper function of signal peptides or even 

by the combination of the signal peptide with the first fluorophore (mTurqouise2 

or mNeonGreen). Therefore, I decided to go ahead and perform stable transformation 

in A. thaliana. Stable transformation was performed using the same constructs used 

for transient transformation in N. benthamiana. These constructs contain 35S promoter 

and have no antibiotic resistance for transformation, so the seedlings will be screened 

for fluorescence by eye. I will then score the efficiency of targeting these constructs into 

apoplast. The most promising constructs will be recloned with an RPS5a promoter 

and transformed into pDGB1_omega1 construct with antibiotic resistance which will 

be used for stable transformation of A. thaliana. 
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9. Conclusions and future prospects 

Even though I worked with dyes and sensors which were tested previously in A. thaliana 

roots, I was often not able to reproduce previously reported results. However, I also 

discovered a new dye, the F-STS, which will hopefully be soon established as a reliable 

dye for visualization of pH on the surface of plant organs. 

There is certainly a need for reliable sensors and dyes as they can provide as valuable 

insight into pH dynamics during response to gravity. Due to time constrictions 

I was unable to test a new HPTS-derivative dye created by Sergey Borisov (TU Gratz). 

Next, I plan to perform treatments with auxin, auxin inhibitors as well as gravitropic 

experiments on the new apopHluorin lines after completing segregation analysis 

of T2 generation. This will determine whether apopHluorin is a suitable pH sensitive 

sensor for reporting pH changes in roots upon gravistimulation. It will also be a great 

addition to the newly developed sensor which is expected to report CW pH and F-STS 

which shows pH on the root’s surface since apopHluorin reports pH of apoplastic liquid 

in a thin layer close to the PM.  

I also plan to test my newly developed sensor in A. thaliana to see whether it will prove 

itself as a reliable pH sensitive sensor. Besides that, I will see whether it is possible to use 

CBMs to anchor proteins to CW in a satisfactory manner. 

Furthermore, F-STS has proven itself to be an unexpectedly dynamic pH sensitive dye. 

It will allow me to observe immediate changes in pH upon treatment, as well as to see 

changes during long term experiments in combination with microfluidic chambers.  

By performing the experiments stated above I will have created a comprehensive study 

on pH sensitive sensors and dyes available at the moment. 
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