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Summary  

V-ATPases are highly conserved proton pumps that function not only as proton pumps 

but are involved in many processes through interactions with different proteins. In plant 

cells, the trans-Golgi network/early endosome (TGN/EE) is a compartment of specific 

significance, as trafficking pathways converge there. Cargo from secretory, endocytic 

and recycling trafficking pathways travel through the TGN/EE. Acidification of the 

TGN/EE is accomplished by V-ATPase complexes with the VHA-a subunit isoform 

VHA-a1 in Arabidopsis. While V-ATPases which contain VHA-a1 localize to the TGN/EE, 

V-ATPases with VHA-a2 or VHA-a3 are targeted to the tonoplast, the limiting membrane 

of the vacuole. This thesis describes the mutant phenotype of the gene encoding the 

subunit VHA-a1. Strikingly, during vegetative development vha-a1 is wildtype-like. It is 

shown that VHA-a2/VHA-a3-containing V-ATPases can compensate for the lack of 

VHA-a1 during vegetative growth. Given the subcellular specialization of VHA-a1 versus 

VHA-a2 and VHA-a3 this is astonishing and represents a striking example of functional 

redundancy of isoforms despite differential localization. I further show that VHA-a1 is 

essential for pollen development. VHA-a3-containing V-ATPases are not able to 

compensate for the lack of VHA-a1 in pollen development. Microspores in the vha-a1 

mutant are defective in pollen wall formation. As early as at the tetrad stage, when pollen 

wall development starts with the formation of the primexine, defects are visible in vha-a1. 

Rescue experiments with VHA-a1 expressed under the control of different promoters 

revealed that tapetum-specific expression of VHA-a1 does not rescue pollen 

development of vha-a1. For the process of primexine formation the results of this work 

suggest that primexine formation is largely governed by the gametophyte. In addition to 

the early defect, absence of VHA-a1 leads to a late defect, as seen from the lack of 

transmission of the mutant allele via the male gametophyte despite at the time of pollen 

release vha-a1 and wildtype microspores in vha-a1/+ anthers are indistinguishable. 

Furthermore, the potential capability of pH sensing of the TGN/EE resident V-ATPase in 

Arabidopsis and the underlying molecular mechanism was analyzed by mutation of 

VHA-a1 histidine residues. While some VHA-a1 histidine substitution variants were able 

to rescue the defect in pollen development of vha-a1, others possibly cannot, suggesting 

that these histidine residues have an essential function. Moreover, this thesis shows that 

also the V-ATPase-associated VHA-AP1 is essential for the male gametophyte and that 

its knock-down results in reduced cell expansion.  
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Zusammenfassung 

V-ATPasen sind hochkonservierte Protonenpumpen, die nicht nur als Protonenpumpen 

agieren, sondern durch Interaktionen mit unterschiedlichen Proteinen an vielen 

Prozessen beteiligt sind. In Pflanzenzellen ist das trans-Golgi Netzwerk/frühe Endosom 

(TGN/EE) ein Kompartiment von besonderer Bedeutung, da dort unterschiedliche 

Transportwege aufeinandertreffen. Fracht aus sekretorischen, Endozytose- und 

Recyclingtransportwegen durchquert das TGN/EE. Das TGN/EE wird von V-ATPase-

Komplexen, welche die Untereinheit VHA-a1 besitzen, angesäuert. Während 

V-ATPasen, die VHA-a1 enthalten, am TGN/EE lokalisiert sind, werden V-ATPasen, die 

VHA-a2 oder VHA-a3 enthalten, zum Tonoplasten, der vakuolären Membran, 

transportiert. Diese Arbeit beschreibt den Mutanten-Phänotyp des Gens, das für die 

Untereinheit VHA-a1 kodiert. Bemerkenswerterweise ist vha-a1 während der 

vegetativen Entwicklung wildtypähnlich. Es wird gezeigt, dass VHA-a2/VHA-a3- 

enthaltende V-ATPasen das Fehlen von VHA-a1 während des vegetativen Wachstums 

ausgleichen können. Angesichts der subzellulären Spezialisierung von VHA-a1 im 

Vergleich zu VHA-a2 und VHA-a3 ist dies erstaunlich und stellt ein eindrucksvolles 

Beispiel für die funktionelle Redundanz von Isoformen trotz unterschiedlicher 

Lokalisierung dar. Darüber hinaus zeige ich, dass VHA-a1 essentiell für die 

Pollenentwicklung ist. VHA-a3-enthaltende V-ATPasen sind nicht in der Lage, das 

Fehlen von VHA-a1 in der Pollenentwicklung auszugleichen. Mikrosporen der vha-a1 

Mutante sind defekt in der Bildung der Pollenwand. Rettungsexperimente, in denen 

VHA-a1 unter der Kontrolle unterschiedlicher Promotoren exprimiert wurde, zeigten, 

dass Tapetum-spezifische Expression von VHA-a1 die Pollenentwicklung von vha-a1 

nicht rettet. Für den Prozess der Bildung der Primexine deuten die Ergebnisse dieser 

Arbeit darauf hin, dass die Bildung der Primexine in großen Teilen vom Gametophyten 

ausgeht. Zusätzlich zu dem frühen Defekt führt das Fehlen von VHA-a1 zu einem späten 

Defekt, was die fehlende Übertragung von vha-a1 durch den männlichen Gametophyten 

zeigt, obwohl zum Zeitpunkt der Pollenfreisetzung vha-a1- und Wildtypmikrosporen in 

vha-a1/+ Antheren ununterscheidbar sind. Außerdem wurden die mögliche Fähigkeit der 

pH Wahrnehmung der am TGN/EE lokalisierten V-ATPase, und der zugrundeliegende 

molekulare Mechanismus, durch Mutation von Histidinen in VHA-a1 analysiert. Während 

einige der VHA-a1 Histidinmutanten den Defekt in der Pollenentwicklung in vha-a1 retten 

konnten, sind andere möglicherweise dazu nicht in der Lage, was auf eine essentielle 
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Funktion dieser Histidine hindeutet. Des Weiteren zeigt diese Arbeit, dass auch das mit 

der V-ATPase assoziierte VHA-AP1 essentiell für den männlichen Gametophyten ist, 

und dass seine Herunterregulierung zu reduzierter Zellexpansion führt. 
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Preamble 

V-type H+-Adenosintriphosphatases (V-ATPases) are rotary proton pumps that acidify 

endomembrane compartments and are crucial for eukaryotic cells. In this work, 

Arabidopsis thaliana was used to investigate the potential capability of the V-ATPase 

subunit VHA-a1 to act as a sensor of pH inside endosomal compartments. Furthermore, 

the phenotype of the vha-a1 mutant was analyzed in this study and the V-ATPase-

associated protein VHA-AP1 was examined. The first chapter of this thesis is dedicated 

to the description of the phenotype of the vha-a1 mutant during vegetative development. 

Moreover, it deals with the analysis of VHA-a1 histidine residues in the context of pH 

sensing. The second chapter of this thesis is concerned with the analysis of V-ATPases 

during pollen development. The third chapter finally describes the localization of 

VHA-AP1 and the consequences of its knock-out and knock-down.  
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1 Chapter 1: The vha-a1 mutant and 
VHA-a1 histidine substitutions 
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Aims of chapter 1 

It was proposed that the V-ATPase might sense pH in the lumen of endomembrane 

compartments and transmit the information across the membrane to interaction partners 

in the cytosol. One goal was to investigate the potential pH sensing capability of the 

TGN/EE-resident V-ATPase in Arabidopsis. A second goal was to produce vha-a1 null 

alleles, which can be used to analyze VHA-a1 versions with amino acid substitutions as 

well as VHA-a isoforms of different organisms in the absence of wildtype VHA-a1.  
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1.1 Introduction 

1.1.1 Endomembrane trafficking and the trans-Golgi 

network/early endosome (TGN/EE) in plant cells 

Endomembrane trafficking is crucial for all eukaryotic cells to perform housekeeping 

functions and for adaptation to specific conditions. It involves highly orchestrated fusion 

and fission of membranes and trafficking of vesicles with defined cargo to different 

destinations. In plant cells, the trans-Golgi network/early endosome (TGN/EE) is a hub 

of endomembrane trafficking in which secretory, endocytic and recycling pathways 

converge (Dettmer et al., 2006; Viotti et al., 2010). Cargos of different trafficking 

pathways meet in this compartment and are sorted for trafficking to different destinations, 

which makes this compartment special. By acting as a central sorting station, the 

TGN/EE is very important for many processes in plant growth and defense (LaMontagne 

and Heese, 2017; Rosquete et al., 2018). 

Cargo from the endoplasmic reticulum (ER) is transported via the Golgi apparatus to the 

TGN/EE. Here, sorting into trafficking pathways that reach the plasma membrane (PM) 

or lead to the vacuole takes place. Endocytic cargo which was internalized from the 

plasma membrane also reaches the TGN/EE and can continue its journey from there to 

the vacuole for degradation or be recycled back to the plasma membrane (Dahhan and 

Bednarek, 2022).  

V-ATPases are highly conserved, multisubunit proton pumps that acidify endomembrane 

compartments by pumping protons across membranes using energy from ATP 

hydrolysis. V-ATPases consist of two subcomplexes, V1 and VO. The V1 subcomplex is 

cytosolic and responsible for ATP hydrolysis. The VO subcomplex is membrane-integral 

and forms the proton translocation channel (Schumacher, 2014). It is assembled at the 

ER (Neubert et al., 2008). Generally, the VO subunit VHA-a isoform determines the 

localization of the whole complex (Vasanthakumar and Rubinstein, 2020). In 

Arabidopsis, V-ATPases are localized at the TGN/EE and at the tonoplast, the limiting 

membrane of the vacuole. V-ATPases that contain VHA-a1 are targeted to the TGN/EE, 

while VHA-a2 or VHA-a3-containing V-ATPases localize to the tonoplast (Dettmer et al., 

2006). Tonoplast resident V-ATPases can reach their destination via Golgi independent 

trafficking (Viotti et al., 2013).  
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The TGN/EE resident V-ATPase travels from the ER through the Golgi to the TGN/EE. 

It leaves the ER in COPII vesicles (Viotti at al., 2013; Lupanga et al., 2020), as shown in 

Figure 1. Assembly of COPII vesicles takes place at ER exit sites (ERES). Here, the 

cytosolic small GTPase Sar1 is activated by its GDP/GTP exchange factor SEC12 and 

recruitment of the COPII coat, which consists of the SEC23/24 and the SEC13/31 

complexes, takes place (Brandizzi, 2018). Inducible expression of a dominant negative 

GTPase Sar1BH74L, which had been shown to block COPII-mediated ER export 

(daSilva et al., 2004; Takeuchi et al., 2000), led to the retention of VHA-a1 at the ER 

(Lupanga et al., 2020).  

 

 

Figure 1. Trafficking of V-ATPase complexes in Arabidopsis thaliana.  V-ATPase 

complexes are assembled at the ER (Neubert et al., 2008). Upon assembly 

VHA-a1-containing V-ATPases leave the ER in COPII-mediated ER export and travel via 

the Golgi to the TGN/EE (Dettmer et al., 2006; Viotti et al., 2013). The information for 

traveling to the TGN/EE is contained in the VHA-a1 targeting domain in the N-terminal 

half of VHA-a1 (Lupanga et al., 2020). V-ATPases that contain VHA-a2 or VHA-a3 are 

targeted to the tonoplast (Dettmer et al., 2006). They are able to reach the tonoplast in 

a Golgi-and TGN/EE-independent manner via provacuoles (Viotti et al., 2013).  
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VHA-a1 serves as a marker for the TGN/EE (Dettmer et al., 2006), as does SYNTAXIN 

OF PLANTS 61 (SYP61), a member of the syntaxin group of SNAREs (Sanderfoot et al., 

2001), and many more TGN/EE resident proteins have been identified in recent years, 

for example ECHIDNA (ECH, (Gendre et al., 2011; Uemura et al., 2014).  

The central role of the TGN/EE in trafficking also means that its physiological conditions 

need to be tightly regulated. Acidic pH in the lumen of the TGN/EE is required for 

exocytosis, endocytosis and recycling and V-ATPases are required for this acidification 

(Dettmer et al., 2006; Luo et al., 2015). Together with proton-coupled antiporters, such 

as the Cl-/NO- proton antiporters ClCd and ClCf (Fecht-Bartenbach et al., 2007; Scholl 

et al., 2021) and the NHX-type cation proton exchangers NHX5 and NHX6 (Bassil et al., 

2011; Dragwidge et al., 2019), and proteins for anion and cation efflux such as CCC1 

(McKay et al., 2022), V-ATPases maintain pH homeostasis at the TGN/EE (Luo et al., 

2015). The use of genetically encoded fluorescent pH sensors enables in vivo pH 

measurements. SYP61-pHusion was used to determine steady-state pH in the TGN/EE 

of epidermal root cells in Arabidopsis, which was found to be pH 5.6 compared to pH 7.2 

in the cytosol (Luo et al., 2015). Contrary to the pH gradient in the secretory pathway in 

animal cells, in plant cells pH in the TGN/EE was lower than the pH of the late endosomal 

compartments (Martinière et al., 2013). Disturbed trafficking through the TGN/EE results 

in cell elongation defects as observed in the ech mutant (Gendre et al., 2011) and in 

RNA-mediated knock-down of VHA-a1 (Brüx et al., 2008). Generally, inhibition of 

V-ATPase activity by genetic or pharmacological means, for example, through the use 

of the V-ATPase inhibitor Concanamycin A (ConcA, (Huss et al., 2002), leads to 

elevation of TGN/EE pH and disturbed trafficking (Luo et al., 2015). Mild treatment with 

ConcA results in a change of TGN identity and loss of independence from the Golgi 

(Viotti et al., 2013). While inhibition of V-ATPase activity at the TGN/EE results in a strong 

reduction of cell expansion, lack of V-ATPase activity at the tonoplast does not cause 

severe cell expansion defects (Krebs et al., 2010).  
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1.1.2 The potential pH sensing capability of the endosomal 

V-ATPase 

The V-ATPase is a multisubunit and multifunctional complex. Its most prominent and 

best understood function is pumping protons across membranes, but this is not its only 

function. V-ATPases were found to participate in many processes by interacting with 

different proteins (Abuammar et al., 2021; Eaton et al., 2021). A role of the V-ATPase in 

cell signaling via protein-protein interaction was found, for example, in the Wnt signaling 

pathway (Cruciat et al., 2010). Another example is the interaction of the V-ATPase with 

a protease of SARS coronaviruses which results in cleavage of a V-ATPase subunit and 

correlates with a decrease in intracellular pH. This suggests that SARS coronaviruses 

can modify V-ATPase activity to establish the pH gradient required for the replication of 

many viruses (Lin et al., 2005).  

Also closely connected with its proton pumping function is the function of the V-ATPase 

in pH sensing. Investigations of the mechanochemistry of the V-ATPase pointed out that 

sensing luminal pH would be advantageous for the V-ATPase for efficient proton 

pumping (Grabe et al., 2000). Also, from the perspective of endosomes as acidic 

compartments, the presence of one or more pH-sensing proteins has been hypothesized 

and searched for (Marshansky, 2007). Indeed, in mammalian cells, it was later shown 

that in early endosomes the V-ATPase recruits cytohesin-2, a guanine nucleotide 

exchange factor, in a pH-dependent manner. At conditions of low pH in the endosomal 

lumen, interaction of cytohesin-2 and the V-ATPase subunit a was found to take place in 

the cytosol. This cytosolic interaction was reduced if luminal pH was elevated. Interaction 

of the V-ATPase subunit a with cytohesin-2 correlated with endocytosis efficiency, which 

was reduced at elevated pH (Hurtado-Lorenzo et al., 2006). The site in the V-ATPase 

subunit a N-terminus, which binds to the Sec7 domain of cytohesin-2 was determined. It 

was found that the interaction is evolutionarily conserved (Hosokawa et al., 2013). A 

study in neurons suggests that also in neurotransmitter release, the V-ATPase functions 

as a pH sensor (Poëa-Guyon et al., 2013). The molecular mechanism by which pH is 

sensed in the endosomal lumen and by which the information is transmitted to proteins 

in the cytosol is unknown. It was proposed that histidine residues of the C-terminal half 

of the V-ATPase subunit a could be involved in pH sensing by evoking a conformational 

change upon a change in protonation (Marshansky, 2007). Subunit a consists of a 

C-terminal half with eight transmembrane domains and an N-terminal half which is 
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accessible for interaction partners in the cytosol (Vasanthakumar and Rubinstein, 2020), 

as can be seen in Figure 2. Histidine residues can change their protonation state at 

physiological pH conditions. The imidazole ring of histidines has a pKa of around 6. 

Factors like amino acids in the surroundings influence the protonation state, but 

generally, the imidazole ring is uncharged at neutral pH and doubly protonated and 

positively charged at acidic pH (Chen et al., 2022) (Supplementary Figure 4). 

 

 

Figure 2. Hypothetical mechanism of pH-sensing by the V-ATPase. Protein 

interactions in the cytosol are dependent on intra-endosomal acidification, as shown in 

mammalian cells. (A) If pH in the lumen is low, interactions between the N-terminal half 

of subunit a (aN) of the V-ATPase and a cytosolic interaction partner (interactor) take 

place. (B) If pH in the lumen is increased, the interaction in the cytosol is reduced. The 

transduction of information about pH in the lumen across the membrane could happen 

via a conformational change of subunit a, which could be caused by differential 

protonation of histidine residues in the C-terminal half (aC) of subunit a (Hurtado-Lorenzo 

et al., 2006; Marshansky, 2007). The figure was adapted from Hurtado-Lorenzo et 

al., 2006. 
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Recently, the V-ATPase was shown to be a regulator of non-canonical autophagy. It was 

reported that (in LC3-associated phagocytosis) the V-ATPase interacts independently of 

its proton pumping function with ATG16L1, a component of the canonical as well as the 

non-canonical autophagy machinery, and recruits it to membranes in mammalian cells 

(Lei and Klionsky, 2022). The interaction of the V-ATPase and ATG16L1 was disrupted 

without affecting proton pumping of the V-ATPase in treatments with the Salmonella 

effector protein SopF which resulted in disruption of LC3 lipidation (Xu et al., 2019). This 

is another example of a process that seems to rely on the pH-sensing capability of the 

V-ATPase. Upon membrane damage and disruption of the proton gradient, the 

V-ATPase was suggested to be able to sense the pH increase in the lumen of acidic 

organelles. It was shown that disruption of the proton gradient, after treatment with the 

ionophore nigericin as well as after treatment with NH4Cl, initiates the recruitment of 

ATG16L1 by the V-ATPase, leading to LC3 lipidation. SopF was demonstrated to abolish 

V-ATPase-ATG16L1-induced LC3 lipidation by binding to the GTP-bound ADP-

ribosylation factor GTPase ARF1 and by ADP-ribosylating the V-ATPase VO subunit c 

(Y. Xu et al., 2022).  

Although the molecular mechanism of the putative pH sensing by the V-ATPase is 

unknown, it is well characterized for other proteins. Examples of proteins that undergo 

pH-dependent conformational changes due to differential protonation of histidine 

residues are the influenza B M2 protein (BM2, (Zhang et al., 2019), the outer capsid 

protein VP2 of the bluetongue virus (Wu et al., 2019) and the human guanine nucleotide 

exchange factor RasGRP1 (Vercoulen et al., 2017). BM2 is a transmembrane protein 

that oligomerizes and forms a pH-activated proton channel consisting of a homotetramer. 

The switch of this proton channel from the closed to the open state was shown to be 

mediated by the protonation of the BM2 histidine 19 tetrad. The pH range in which the 

conformational change occurs is between pH 6 and pH 4.5. Protonation of a second 

histidine residue in BM2, histidine 27, likely supports the opening of the channel and 

facilitates proton conduction (Wang et al., 2009; Zhang et al., 2019).  

In this thesis, the putative pH sensing capability of the V-ATPase was investigated in 

Arabidopsis by analysis of histidine residues of the VHA-a1 C-terminal half. 
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1.1.3 CRISPR/Cas9 and its use to generate gene 

knock-outs 

Instead of being dependent on T-DNA insertion mutant lines, the application of the 

clustered regularly interspaced short palindromic repeats/CRISPR-associated 

(CRISPR/Cas) technology enables to generate mutant lines in a short amount of time. 

Even if T-DNA insertion lines for the gene of interest exist, there are advantages of 

CRISPR/Cas9-based lines compared to T-DNA insertion mutants. Highly relevant for the 

analysis of transgenes in the mutant background is the issue of gene silencing, which 

can occur in T-DNA insertion mutants. Silencing of transgenes can happen, for instance, 

when promoter sequences on the transgene of interest are also present on the T-DNA 

inserted in the gene of interest, as has been reported, e.g., in the case of the cauliflower 

mosaic virus 35S promoter (Daxinger et al., 2008; Mlotshwa et al., 2010).  

The beginning of CRISPR research dates back to before the turn of the millennium when 

short regularly spaced repeats were found in Haloferax mediterranei, a halophilic archeal 

microbe, and other microbes (Lander, 2016). However, the starting point of a revolution 

for targeted genome editing was marked by the engineering of the naturally occurring 

complex between the trans-activating CRISPR RNA and the targeting CRISPR RNA as 

a single guide RNA (sgRNA) and showing its potential for targeted genome editing in 

eukaryotic cells (Cong et al., 2013; Jinek et al., 2012). Since then, massive research has 

been done on CRISPR system components and applications for fundamental and 

applied research questions. In 2020, Emmanuelle Charpentier and Jennifer Doudna 

were awarded the Nobel prize in Chemistry for their achievements in genome editing 

(https://www.nobelprize.org/prizes/chemistry/2020/press-release/). 

In nature, CRISPR/Cas systems occur in bacteria and archaea, where they function in 

adaptive immunity (Horvath and Barrangou, 2010). CRISPR DNA repeats are present in 

about 90% of archeal genomes and in about 50% of bacterial genomes. CRISPR-Cas 

systems are currently categorized into two classes and six types. In class 1 systems a 

protein complex consisting of several Cas proteins forms for the cleavage of nucleic 

acids which are complementary to the CRISPR RNA. On the contrary, class 2 systems 

contain a single effector protein. In type II systems, this is an endonuclease of the Cas9 

family. Immune memory is created in CRISPR-Cas systems in three stages: adaptation, 

precursor CRISPR RNA expression and processing, and interference. The adaptation 

stage involves the processing and integration of foreign nucleic acids, for instance, from 
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bacteriophages, into the CRISPR array. The CRISPR array is composed of repeats and 

spacers, whereby the spacers are derived from the nucleic acids of the intruder. 

Transcription of the CRISPR array and processing of the resulting precursor CRISPR 

RNA activates the memory. In case of renewed presence of nucleic acids corresponding 

to the spacer region, the CRISPR RNA recognizes the intruder via complementarity and 

acts as a guide. The effector then cleaves the intruding nucleic acids. The protospacer 

adjacent motif (PAM) is present in all characterized CRISPR-Cas systems with the 

exception of type III systems, and helps to distinguish between self and the intruder. For 

cleavage, the PAM is required, while the PAM is absent in the CRISPR array. In this way, 

auto-immune targeting of the CRISPR array is prevented (Hille et al., 2018; Koonin and 

Makarova, 2019).  

Applications of CRISPR/Cas tools are vast. Generation of mutant alleles by induction of 

DNA double-strand breaks which can result in mutations due to repair via the error-prone 

non-homologous end joining (NHEJ) or due to precise sequence exchange by 

homology-directed repair (HDR) is one example (Ran et al., 2013). Many mutant alleles 

were generated from genes of many different organisms to analyze gene function in this 

way. Farther, applications range far beyond generating mutant alleles via induction of a 

DNA double-strand break at a site of interest. In prime editing, a catalytically impaired 

Cas9 endonuclease, such as Cas9 nickase, is fused to a reverse transcriptase and a 

prime editing guide RNA (pegRNA) which determines the target site and the edit. Cas9 

nickase does not provoke a double-strand break but only cleaves one DNA strand. The 

pegRNA interacts with the liberated DNA strand at its primer-binding site, which allows 

the reverse transcriptase to copy the template part of the pegRNA at the desired position. 

With this technique, it is possible to introduce all twelve possible base-to-base 

conversions as well as insertions and deletions at a target site of interest (Anzalone et 

al., 2019). Another example of the application of CRISPR technology is Cas9-based 

transcriptional modulation, which can be used to activate or repress the expression of 

genes of interest (Kanafi and Tavallaei, 2022).  

Targeted mutagenesis using CRISPR/Cas can be ubiquitous or cell type-specific in an 

organism of interest. Expression of Cas9, e.g., under the control of a stomatal 

lineage-specific promoter enabled to generate mutations specifically in stomata with the 

rest of the plant remaining unaffected (Decaestecker et al., 2019).  
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Already in 2015, Wang et al. used cell type-specific expression of Cas9 in order to 

generate non-mosaic Arabidopsis plants with heritable mutations. They used egg 

cell-specific expression of Cas9 and showed that this strategy is successful in generating 

heritable mutations with high efficiency. This was an improvement over mutants created 

using constitutive expression of Cas9, which were mostly mosaic in the T1 generation, 

probably due to mutagenesis only after the first embryonic cell division (Wang et al., 

2015).  

For the generation of knock-out mutants using CRISPR/Cas it is crucial to avoid off-target 

mutagenesis. CRISPR target sites not similar to other regions in the respective genome 

need to be selected. Typically, a CRISPR target site consists of 20 base pairs followed 

by a PAM sequence. For the Cas9 endonuclease of Streptococcus pyogenes the PAM 

is NGG (Ran et al., 2013). For its use in plants, the Streptococcus pyogenes Cas9 coding 

sequence was codon optimized (Xing et al., 2014). Induction of the double-strand break 

happens three base pairs upstream of the PAM (Ran et al., 2013). gRNA design tools 

assist in selecting suitable target sites, and different gRNA design tools have different 

advantages and disadvantages concerning, e.g., on-target and off-target prediction (Cui 

et al., 2018). Off-target mutagenesis was observed for gRNAs with even three 

mismatching nucleotides to the off-target site in Arabidopsis (Zhang et al., 2018). 

Generally, mismatches distant from the PAM are tolerated better than mismatches close 

to the PAM (Hsu et al., 2013). In addition to off-target mutagenesis, in-frame ATGs, which 

could be used as alternative translational start codons downstream of a frameshift 

mutation can pose problems when aiming at generating null mutant alleles of a gene of 

interest. N-terminally truncated proteins can potentially be synthesized (Smits et al., 

2019).  

In this work, I used egg-cell specific promoter-controlled CRISPR/Cas9 (Wang et al., 

2015) to generate vha-a1 alleles. 
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1.2 Results 

1.2.1 The vha-a1 mutant is viable and defective in pollen 

development  

In contrast to vha-a2 and vha-a3, no homozygous vha-a1 T-DNA insertion line has been 

identified. As V-ATPases are essential for embryogenesis and male gametophyte 

development (Dettmer et al., 2005; Strompen et al., 2005), vha-a1 was considered to be 

not viable. For the analysis of VHA-a1 proteins with amino acid substitutions in a vha-a1 

mutant background CRISPR/Cas9 was used to generate vha-a1 alleles. The aim was to 

obtain vha-a1 null alleles. It was intended to produce alleles that are easy to genotype. 

To that end, in one approach, a CRISPR construct that contains two gRNAs was cloned 

to create a vha-a1 allele with a deletion of the part between the two gRNA target sites. 

In all, three CRISPR/Cas9 constructs were cloned, one containing two guide RNAs 

(gRNAs), CRISPR VHA-a1 I, and two constructs containing a single gRNA each 

(CRISPR VHA-a1 II  + III) for targeting VHA-a1. They all contain Cas9 under the control 

of an egg cell-specific promoter which allows to generate non-mosaic mutants with 

inheritable mutant alleles (Wang et al., 2015). Wildtype plants and VHA-a1-GFP 

expressing plants were transformed with the CRISPR constructs.  

T1 plants were analyzed by sequencing the PCR amplified region of the respective 

CRISPR target site, and independent vha-a1 alleles were identified. As intended, an 

allele with deletion of the part between the target sites of gRNA1 and gRNA2 was 

identified and named vha-a1-1. vha-a1-1 contains a 260 bp deletion which eliminates 

the VHA-a1 start codon. Examples of alleles with single base pair insertions which were 

generated are vha-a1-2, vha-a1-3 and vha-a1-4. They all contain single base pair 

insertions but in different exons of VHA-a1. The single base pair insertions cause 

frameshifts and early stop codons (Figure 3A).  
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Figure 3. VHA-a1 is essential for pollen development but not for vegetative growth. 

CRISPR/Cas9 target sites in VHA-a1 and vha-a1 alleles that were generated. Shown 

are the first exons and introns of VHA-a1, the target sites of gRNAs directed against 

VHA-a1 in independent CRISPR approaches and examples of mutant alleles that were 

obtained. vha-a1-1 contains a 260 bp deletion which eliminates the start codon and 

vha-a1-2, vha-a1-3 and vha-a1-4 are examples of vha-a1 alleles which contain a single 

base pair insertion which causes a frame shift and an early stop codon. (B) The vha-a1 

mutant is indistinguishable from wildtype during vegetative development. Plants were 

grown under long-day conditions (3.5 weeks, 22 °C and 16 h of light). (C) Pollen 

development is defective in vha-a1, and UBQ10:VHA-a1-GFP rescues pollen 

development of vha-a1. Alexander staining of anthers and microspores is shown. Scale 

bars, anthers: 100 µm, close-ups of pollen grains: 20 µm. This figure was created by 

myself and is published in Lupanga et al., 2020. It was modified for this thesis. 
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Surprisingly, not only in the progeny of transformed VHA-a1-GFP plants but also in the 

T1 of transformed wildtype plants, not just heterozygous vha-a1/+ but also homozygous 

and bi-allelic vha-a1 mutants were obtained. During vegetative development 

homozygous and bi-allelic vha-a1 mutants were indistinguishable from wildtype (Figure 

3B). However, they were sterile. Analysis of flowers showed that they were defective in 

pollen development. Alexander staining (Alexander, 1969) of anthers was used to 

analyze pollen. At the time of pollen release from anthers only debris of microspores was 

left in vha-a1 (Figure 3C). Expression of VHA-a1-GFP under the control of the VHA-a1 

promoter (Dettmer et al., 2006) and under the control of the UBIQUITIN10 (UBQ10; 

(Grefen et al., 2010); UBQ10:VHA-a1-GFP, this work, Lupanga et al., 2020) promoter 

rescued the defect in pollen development of vha-a1, demonstrating that the phenotype 

is indeed due to the lack of VHA-a1 (Figure 3C and Supplementary Figure 1).  

The transgene VHA-a1:VHA-a1-GFP is also a target of all four gRNAs and 

UBQ10:VHA-a1-GFP is targeted by all but gRNA 1. Mutations in the endogenous locus 

were distinguished from mutations in the transgene by using primers specific for either 

gene or transgene (Figure 4A). Plants which carried the vha-a1-2 mutation in the 

transgene were devoid of VHA-a1-GFP signal, showing that it is indeed a null allele 

(Figure 4B).  

vha-a1 mutants were completely sterile but able to produce progeny if pollinated with 

wildtype pollen. Reciprocal crosses of vha-a1-1/+ and wildtype showed that the vha-a1-1 

allele is not transmitted via the male gametophyte. Via the female gametophyte, the 

transmission of the vha-a1-1 allele was normal (Figure 4C). Analysis of the progeny of 

vha-a1-1 mutants with segregating UBQ10:VHA-a1-GFP showed that all homozygous 

vha-a1-1 mutants possessed the rescuing UBQ10:VHA-a1-GFP. In contrast, 

heterozygous vha-a1-1/+ mutants with and without UBQ10:VHA-a1-GFP were present.  
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Figure 4. Mutations in VHA-a1-GFP result in the absence of GFP signal, and the 

vha-a1 allele is not transmitted via the male gametophyte.  (A) Gene and transgene 

specific primers allow distinguishing mutations in VHA-a1 and UBQ10:VHA-a1-GFP. The 

vha-a1-1 allele can be genotyped without sequencing. Agarose gel electrophoresis of 

PCR products leads to a band shift for the vha-a1-1 allele compared to the wildtype allele 

due to the 260 bp deletion. (B) UBQ10:VHA-a1-GFP is a target of gRNA2. Mutations in 

the transgene UBQ10:VHA-a1-GFP corresponding to vha-a1-2 (1 bp insertion at 

CRISPR site 2 leading to a frameshift and an early stop codon) led to the absence of 

GFP signal, indicating that VHA-a1-GFP was absent. Root cells of 8-day-old seedlings 

were analyzed by CLSM. Scale bars = 10 µm. (C) The vha-a1 mutant allele is not 

transmitted via the male gametophyte. In reciprocal crosses, vha-a1/+ x wildtype led to 

the transmission of the mutant vha-a1 allele to the next generation, while wildtype x 

vha-a1/+ did not. F1 plants analyzed for each of the crosses n = 30. Parts (A) and (B) of 

this figure were created by myself, are published in Lupanga et al., 2020, and were 

modified for this thesis.  
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When CRISPR-generated male sterile mutants that express Cas9 in egg cells are 

pollinated, the incoming wildtype allele can be subjected to targeted mutagenesis after 

fertilization resulting in bi-allelic and homozygous mutants (Figure 5). After crossing 

vha-a1 harboring the CRISPR T-DNA (Cas9+) with wildtype and lines expressing 

transgenes that I wanted to analyze in the vha-a1 mutant background, homo- or 

hemizygous lines were identified. A PCR with Cas9-specific primers was established to 

identify plants in which the CRISPR T-DNA is absent (Cas9-). If the transgene rescued 

pollen development of vha-a1, homozygous vha-a1 (Cas9-) mutants were selected in the 

F2 to maintain stable lines. For transgenes that did not rescue pollen development of 

vha-a1, this strategy enabled their analysis in a vha-a1 mutant background instead of 

being limited to analysis in the heterozygous vha-a1/+. 

 

Figure 5. Working with male gametophyte lethal mutants using CRISPR/Cas9. 

Using a CRISPR system in which Cas9 is expressed under the control of an egg cell-

specific promoter (Wang et al., 2015) enables to work with mutants that are male 

gametophyte lethal. Male gametophyte lethal mutants (e.g. vha-a1) can be pollinated 

with pollen from a crossing partner (e.g. wildtype). Cas9 is expressed in the egg cell in 

mutants that contain the CRISPR T-DNA (Cas9+), and the paternal VHA-a1 can be 

targeted by the CRISPR gRNA. Targeting the paternal allele can lead to homozygous 

mutants (if the maternal allele is recreated) or bi-allelic mutants (if a different allele is 

generated). Heterozygous mutants result if the paternal allele is not mutated. 
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1.2.2 Dedicated tonoplast VHA-a subunit isoforms 

compensate for the lack of VHA-a1 during vegetative 

growth 

An explanation for the wildtype-like growth of vha-a1 could be that the tonoplast 

dedicated VHA-a2-and/or VHA-a3-containing V-ATPase complexes can compensate for 

the lack of VHA-a1. To analyze this hypothesis, treatment of seedlings with 

Concanamycin A (ConcA), a specific inhibitor of V-ATPases (Huss et al., 2002), was 

used. Progeny of vha-a1 VHA-a1-GFP (Cas9+) mutants was used for this analysis. 

Etiolated seedlings in which the transgene was mutated had shorter hypocotyls and 

aberrant root cells compared to vha-a1 mutants still expressing VHA-a1-GFP (Figure 6A 

and B). This suggests that a target of ConcA is present at the TGN/EE in vha-a1 although 

in smaller amounts or with increased sensitivity to ConcA. To analyze if VHA-a2 or 

VHA-a3-containing V-ATPases are able to compensate for the lack of VHA-a1, vha-a1 

(Cas9+) was crossed with vha-a2 vha-a3 (Krebs et al., 2010). 

In the F1 generation vha-a1 vha-a2/+ vha-a3/+ were identified by genotyping. vha-a1 

vha-a2/+ vha-a3/+ mutants were strongly reduced in growth compared to vha-a2/+ 

vha-a3/+ mutants that are indistinguishable from wildtype (Figure 7A and C). This 

suggested that VHA-a2/VHA-a3-containing V-ATPase complexes compensate for the 

lack of VHA-a1. To determine if both VHA-a2 and VHA-a3 are indeed able to 

compensate for the lack of VHA-a1, vha-a1 (Cas9+) was crossed with the single mutants. 

Both vha-a1 vha-a2/+ and vha-a1 vha-a3/+ were reduced in growth (Supplementary 

Figure 2). vha-a1 vha-a3/+ showed a stronger reduction which matches with VHA-a3 

being expressed at higher levels than VHA-a2. To obtain mutants with even lower 

numbers of VHA-a wildtype alleles, vha-a1 (Cas9+) vha-a2/+ vha-a3/+ was backcrossed 

with vha-a2 vha-a3. In accordance with the results of the crosses with the single mutants, 

vha-a1/+ vha-a2/+ vha-a3 was smaller than vha-a1/+ vha-a2 vha-a3/+. The smallest 

plants were vha-a1 vha-a2 vha-a3/+ (Figure 7B). Neither vha-a1 vha-a2/+ vha-a3 nor 

the homozygous triple mutant vha-a1 vha-a2 vha-a3 was found, suggesting they are not 

viable. In line with this, transformation of the vha-a2 vha-a3 double mutant with the 

construct CRISPR VHA-a1 II did not lead to a null triple mutant. In the T1 generation, 

only wildtype VHA-a1 sequences were found with the exception of one mutated 

sequence. This, however, was not a null allele but a 88 bp deletion allele precisely 

eliminating intron 5 of VHA-a1 and not affecting the coding sequence.  
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Figure 6. vha-a1 is hypersensitive to Concanamycin A. (A) vha-a1 vha-a1-GFP root 

cells are hypersensitive to 125 nM Concanamycin A (ConcA), compared to wildtype and 

vha-a1 mutants which are rescued by VHA-a1-GFP. Root tips of etiolated seedlings 

grown on vertically oriented plates (4 h light, 4 days in the dark, 22 °C). Scale bars = 

75 µm. (B) Hypocotyl length of vha-a1 vha-a1-GFP mutants grown as etiolated seedlings 

further demonstrates the hypersensitivity to ConcA. Plants were grown on horizontally 

oriented plates (4 h light, 4 days in the dark, 22 °C). Box plot center lines, medians; 

center boxes, means with n ≥ 48 measurements from three biological replicates; box 

limits, 25th and 75th percentiles; whiskers extend to ±1.5 interquartile range. Parts (A) 

and (B) of this figure were created by Dr. Upendo Lupanga and myself and are published 

in Lupanga et al., 2020. Colors were modified for this thesis. 
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Figure 7. VHA-a2/VHA-a3-containing V-ATPases compensate for the lack of 

VHA-a1 during vegetative development. (A) vha-a1 vha-a2/+ vha-a3/+ mutants are 

reduced in growth. vha-a1(Cas9+) was crossed with vha-a2 vha-a3 and in the F1 vha-a1 

vha-a2/+ vha-a3/+ mutants which were small were obtained next to vha-a1/+ vha-a2/+ 

vha-a3/+ which were wildtype-like. 3.5 week-old-plants are shown. (B) vha-a1 (Cas9+) 

vha-a2/+ vha-a3/+ was backcrossed with vha-a2 vha-a3. vha-a1/+ vha-a2/+ vha-a3 is 

smaller than vha-a1/+ vha-a2 vha-a3/+ and vha-a1 vha-a2 vha-a3/+ was the smallest 

mutant found. 4 week-old-plants are shown. Plants were grown under long-day 

conditions (16 h of light and 22 °C). (C) Quantification of rosette areas of 3.5 week-old 

plants grown under long-day conditions (16 h of light and 22 °C). Box plot center lines, 

medians; center circles, means with n≥6 from two biological replicates; box limits, 25th 

and 75th percentiles; whiskers extend to ±1.5 interquartile range. n.s indicates no 

significant differences in the mean rosette areas compared to the wildtype mean rosette 

area (Two-sample t-Test, p < 0.05). Parts (A), (B) and (C) of this figure were created by 

Dr. Upendo Lupanga and myself and are published in Lupanga et al., 2020. Colors were 

modified for this thesis.  

 

When grown under long-day conditions, the vha-a1 vha-a2/+ vha-a3/+ mutant showed 

purple color, especially at the lower leaf side of several leaves (Supplementary Figure 

3). Its phenotype, thus, is substantially different from the phenotype of the vha-a2 vha-a3 

double mutant, which is also reduced in growth but has yellow leaf tips.  

In summary, VHA-a2/VHA-a3-containing V-ATPases can compensate for the lack of 

VHA-a1 in the vha-a1 mutant.  

1.2.3 Detection of VHA-a3 in vha-a1 

In order to investigate the localization of VHA-a3 in the vha-a1 mutant, vha-a1 (Cas9+) 

was crossed with wildtype plants expressing UBQ10:VHA-a3-mScarlet. In the F1 

generation, VHA-a3-RFP localization in root cells was analyzed using CLSM, and 

subsequently vha-a1 mutants were identified. No difference in VHA-a3-mScarlet 

localization was found between wildtype, vha-a1/+ and vha-a1. VHA-a3-mScarlet 

showed tonoplast localization and lacked TGN/EE signal (Figure 8). 
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Figure 8. Detection of VHA-a3 in vha-a1. CLSM analysis of VHA-a3 tagged with 

mScarlet and expressed under the control of the UBQ10 promoter. Tonoplast localization 

was found for VHA-a3-mScarlet in wildtype, vha-a1/+ and vha-a1. VHA-a3 was not 

visible at the TGN/EE in vha-a1. Root tips of 8-day-old seedlings were analyzed by 

CLSM. Scale bars = 10 µm.  

 

1.2.4 Site-directed mutagenesis of histidine residues in the 

VHA-a1 C-terminal half 

Site-directed mutagenesis was performed to analyze if histidine residues in the 

C-terminal half of VHA-a1 are involved in the putative pH sensing by the V-ATPase. 

Based on their position in a 3D model of VHA-a1, histidine (H) residues were selected 

(Figure 9). Four of the eleven histidines in the VHA-a1 C-terminal half were excluded 

from the analysis. They were predicted to be positioned at the cytoplasmic side of the 

membrane and therefore not relevant for sensing pH in the TGN/EE lumen. Arginine (R) 

residues mimic a constantly protonated state (Mair et al., 2014). Each of the remaining 

histidines was mutated to arginine in VHA-a1 tagged with a glycine-serine-rich linker 

(GSL)-mVenus. First, I analyzed if the histidine substituted VHA-a1 versions localize to 

the TGN/EE. VHA-a1 H788R and VHA-a1 H793R were not detected in Arabidopsis 

(Figure 10A). When expressed transiently in Nicotiana benthamiana VHA-a1 H788R and 

VHA-a1 H793R showed signal at the ER (Figure 10B). This indicates that these 

mutations may render VHA-a1 non-functional and unable to leave the ER. Consequently, 

mutation of these histidine residues does not allow to investigate the pH sensing 

capability of the V-ATPase at the TGN/EE. TGN/EE localization was found for VHA-a1 

H434R, VHA-a1 H494R, VHA-a1 H613R, VHA-a1 H713R and VHA-a1 H738R. They 

co-localized with VHA-a1-RFP Figure 10C). Next, a version of VHA-a1 was cloned in 

which three histidines were mutated at once, considering that histidine residues could 
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act redundantly in pH sensing. In VHA-a1 H3A three histidines are substituted with 

alanine (A, VHA-a1 H434A, H494A and H613A). Alanine residues mimic constantly 

neutrally charged histidine (Mair et al., 2014). The endocytic tracer FM4-64 (Bolte et al., 

2004), which is first detectable at the TGN/EE upon entry into cells (Dettmer et al., 2006), 

co-localized with VHA-a1 H3A, showing that it localizes to the TGN/EE (Figure 11).  

 

 

Figure 9. Histidine residues in the VHA-a1 C-terminal half of VHA-a1. 3D model of 

VHA-a1 showing the cytosolic N-terminal half and the membrane-integral C-terminal 

half. The eleven histidine residues of the C-terminal half are shown. The histidine 

residues labeled in red were analyzed. The 3D structure of VHA-a1 was generated using 

AlphaFold (Jumper et al., 2021; Varadi et al., 2022) and visualized with UCSF Chimera 

(Goddard et al., 2018; Pettersen et al., 2004).  
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Figure 10. VHA-a1 H788R and VHA-a1 H793R do not reach the TGN/EE.  (A) VHA-a1 

versions in which histidine (H) 788 or 793 was substituted by arginine (R) were not 

detected in Arabidopsis root cells. The constructs were tagged with GSL-mVenus and 

driven by the UBQ10 promoter. 8-day-old seedlings were analyzed by CLSM. Scale 

bars = 10 µm. (B) In Nicotiana benthamiana, VHA-a1 H793R was detected at the ER, 

while the wildtype protein was detected at the TGN/EE. Leaves were analyzed by CLSM 

3 days after infiltration. Scale bars = 50 µm. (C) VHA-a1 versions in which histidine (H) 

434, 494, 613, 713 or 738 was substituted by arginine (R) co-localized with VHA-a1-RFP 

at the TGN/EE. 8-day-old seedlings were analyzed. Scale bars = 10 µm. 
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Figure 11. VHA-a1 H3A localizes to the TGN/EE. (A) VHA-a1 H3A in which the three 

VHA-a1 histidine (H) residues 434, 494 and 613 were mutated to alanine (A) shows the 

same localization as VHA-a1. VHA-a1 H3A tagged with GSL-mVenus was expressed 

under the control of the UBQ10 promoter. (B) VHA-a1 H3A co-localizes with FM4-64 at 

the TGN/EE. Root cells of 6-day-old seedlings were analyzed by CLSM. Scale 

bars = 10 µm. 

 

1.2.5 VHA-a1 H494R and VHA-a1 H713R rescue pollen 

development of vha-a1 

To investigate if the VHA-a1 histidine mutants rescue the defect in pollen development 

of vha-a1, plants expressing the VHA-a1 histidine substitutions tagged with 

GSL-mVenus were crossed with vha-a1-1 VHA-a1-GFP (Cas9-). As opposed to crossing 

with vha-a1-1 (Cas9+) mutants, this approach was used to circumvent the necessity to 

monitor mutations in the transgene. This would have been necessary when working with 

Cas9+ mutants, as the VHA-a1 histidine mutants are also targets of the CRISPR gRNAs. 

In the F2 generation, PCRs were performed to identify homozygous vha-a1-1 mutants 

which do not contain VHA-a1-GFP. vha-a1-1 carrying UBQ10:VHA-a1 H494R and 

vha-a1-1 UBQ10:VHA-a1 H713R were obtained, indicating that both constructs rescue 

pollen development. For UBQ10:H434R, UBQ10:VHA-a1 H613R, UBQ10:VHA-a1 

H738R and UBQ10:VHA-a1 H3A, only vha-a1-1 mutants that still contained 

VHA-a1-GFP were obtained along with plants without VHA-a1-GFP which were 
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vha-a1-1/+ or wildtype. The same applied to UBQ10:VHA-a1 H788R, which does not 

localize to the TGN/EE and was used as control. The fact that these VHA-a1 versions 

potentially do not rescue pollen development of vha-a1 points to the potential importance 

of the VHA-a1 histidine residues H434, H613 and H738 for a function of the V-ATPase.  

In the F3 generation, again genotyping was performed, analyzing the progeny of plants 

that were identified as heterozygous mutants in F2. For UBQ10:VHA-a1 H434R and 

UBQ10:VHA-a1 H613R again only wildtype and vha-a1-1/+ mutants were identified. For 

UBQ10:VHA-a1 H738R a vha-a1-1 mutant was identified. vha-a1-1 carrying 

UBQ10:VHA-a1 H738R was hypersensitive to ConcA (Figure 12A). Moreover, vha-a1-1 

UBQ10:VHA-a1 H738R had many siliques which were shorter than wildtype siliques 

(Figure 12B) which indicates that UBQ10:VHA-a1 H738R rescues the defect in pollen 

development of vha-a1 partially.  
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Figure 12 .VHA-a1 histidine mutants in vha-a1. (A) vha-a1 expressing VHA-a1 H738R 

is hypersensitive to Concanamycin A (ConcA). vha-a1 mutants expressing VHA-a1, 

VHA-a1 H494R, VHA-a1 H713R and VHA-a1 H738R tagged with GSL-mVenus under 

the control of the UBQ10 promoter were analyzed on 125 nM ConcA. Hypocotyl lengths 

of etiolated seedlings grown on horizontally oriented plates are shown (4 h light, 4 days 

in the dark, 22 °C). Box plot center lines, medians; center boxes, means with n ≥ 26 

measurements from two biological replicates; box limits, 25th and 75th percentiles; 

whiskers extend to ±1.5 interquartile range. Asterisks indicate differences in the mean 

values of ConcA treated wildtype and vha-a1 VHA-a1 H738R (one-way ANOVA followed 

by Tukey’s test, ***, p < 0.001) n.s., not significant refers to differences in the mean 

values of ConcA treated wildtype and the remaining ConcA samples (one-way ANOVA 

followed by Tukey’s test with significance levels p < 0.05). (B) Siliques of wildtype and 

vha-a1 VHA-a1H738R. Many short siliques are visible in vha-a1 VHA-a1H738R. Plants 

were grown under long-day conditions (16 h of light and 22 °C).  
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1.2.6 Localizing VHA-a1 histidine mutants to the tonoplast  

In contrast to vha-a1, vha-a2 vha-a3 has a phenotype during vegetative growth and can 

be deployed for compensation and functional analysis. Also, tonoplast localization of 

proteins is advantageous compared to TGN/EE localization due to the practicability of 

isolation of tonoplast vesicles. Thus, I aimed to localize the VHA-a1 histidine mutants to 

the tonoplast. Mutations in the VHA-a1 targeting domain (a1-TD) are necessary and 

sufficient for tonoplast localization of VHA-a1 (Dr. Upendo Lupanga, Lupanga et al., 

2020). VHA-a1 L159T and VHA-a1 ΔEEI have been shown to complement the reduced 

growth phenotype of vha-a2 vha-a3 (Dr. Upendo Lupanga, Lupanga et al., 2020). Both 

mutations were combined with H3A expressed under the control of the UBQ10 promoter. 

VHA-a1 L159T H3A and VHA-a1 ΔEEI H3A both showed dual localization at the TGN/EE 

and at the tonoplast in wildtype and vha-a2 vha-a3 (Figure 13A). Both constructs rescued 

the phenotype of vha-a2 vha-a3 to a similar degree as the respective controls, 

suggesting that mutation of these histidine residues does not influence the functioning of 

VHA-a1 (Figure 13B).  
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Figure 13. VHA-a1 histidine mutants at the tonoplast. (A) VHA-a1 L159T H3A and 

VHA-a1 ΔEEI H3A show dual localization at the TGN/EE and tonoplast, as VHA-a1 

L159T and VHA-a1 ΔEEI. The constructs were tagged with GSL-mVenus and driven by 

the UBQ10 promoter. Root tips of 8-day-old seedlings were analyzed using CLSM. Scale 

bars = 10 µm. (B) VHA-a1 ΔEEI H3A complements vha-a2 vha-a3 to a similar degree 

as VHA-a1 ΔEEI. Plants were grown under constant light conditions. H3A, three histidine 

(H) residues mutated to alanine (A) VHA-a1 H434A, H494A, H613A. 
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1.3 Discussion 

1.3.1 The vha-a1 mutant is viable 

In Arabidopsis, VHA-a1-containing V-ATPases localize to the TGN/EE and VHA-a2 or 

VHA-a3-containing V-ATPases travel to the tonoplast (Dettmer et al., 2006). The 

differential localization of V-ATPases raises the question if the specialization of different 

subunit a isoforms only concerns their localization or if V-ATPases at different 

localizations fulfill specialized functions. Characterization of the vha-a1 mutant in this 

work illustrated the redundancy of subunit a isoforms. Egg-cell specific 

promoter-controlled CRISPR/Cas9 (Wang et al., 2015) enabled to generate homozygous 

vha-a1 null mutants. Different vha-a1 mutants generated in independent CRISPR 

approaches using different target sites in VHA-a1 showed the same phenotype: 

Wildtype-like during vegetative growth and defective in pollen development. Due to the 

defect in pollen development there are no homozygous vha-a1 T-DNA mutants. In 

contrast, the egg-cell specific expression of Cas9 allowed to generate homozygous and 

bi-allelic vha-a1 CRISPR mutants without male transmission of the mutant allele (Figure 

5). It was not clear that the CRISPR approach would lead to vha-a1 mutants that can be 

analyzed. Mutants of the gene encoding the V-ATPase VHA-E1 isoform were 

embryo-lethal (Strompen et al., 2005). However, due to the compensation of 

VHA-a2/VHA-a3-containing V-ATPases for the lack of VHA-a1, vha-a1 mutants were 

obtained.  

1.3.2 Functional redundancy of VHA-a isoforms despite 

differential localization 

It was shown here that the vha-a1 mutant is indistinguishable from wildtype during 

vegetative growth. In spite of being destined to acidify a different compartment, 

compensation by the tonoplast dedicated V-ATPase VHA-a isoforms is responsible for 

the wildtype-like growth of vha-a1. This was demonstrated as a further reduction of 

VHA-a wildtype alleles led to a gradually reduced size of mutants. The vha-a1 vha-a2/+ 

vha-a3/+ mutant showed a dwarf phenotype and the smallest mutant obtained was 

vha-a1 vha-a2 vha-a3/+ (The triple mutant vha-a1 vha-a2 vha-a3 was not obtained, 

indicating that it is not viable).  
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With the specialization for a certain localization, functional diversification of the different 

isoforms would not have been unlikely. From an evolutionary perspective, VHA-a2 and 

VHA-a3 belong to the same clade, termed VHA-a3 clade, while VHA-a1 belongs to a 

separate clade, the VHA-a1 clade. The a1-TD which is necessary and sufficient for 

TGN/EE localization is conserved within the VHA-a1 clade. It is specific to seed plants. 

The a1-TD originates in the gymnosperms and is absent from chlorophytes, bryophytes, 

lycophytes and pteridophytes. The gene duplication event, which resulted in differential 

intracellular localization of V-ATPases, thus likely occurred in a common ancestor of all 

seed plants (Lupanga et al., 2020). The results of this study indicate that the gene 

duplication did not lead to the gain of novel functions for VHA-a1 besides the 

specialization in localization. VHA-a2/VHA-a3-containing V-ATPases can compensate 

for the lack of VHA-a1 during vegetative growth. Also the other way around, 

compensation was shown to be possible. VHA-a1 containing V-ATPases which are 

mislocalized to the tonoplast due to mutations in the a1-TD can complement the reduced 

growth phenotype of the vha-a2 vha-a3 double mutant that lacks V-ATPase activity at 

the tonoplast (Krebs et al., 2010) to a large degree, although not to wildtype levels 

(Lupanga et al., 2020; Chapter 1.2.6). That growth compensation and acidification of the 

vacuole do not reach wildtype levels could be because of a lower coupling efficiency 

(Shoko Kawasaki-Nishi et al., 2001) or pH-dependent feedback regulation (Rienmüller 

et al., 2012).  

In yeast, two subunit a isoforms are present, Stv1p, which grants Golgi/endosomal 

network localization, and Vhp1p, which is responsible for targeting V-ATPases to the 

vacuole (Finnigan et al., 2012). The targeting motif in Stv1p is not found in plant VHA-a 

isoforms, indicating that differential targeting by subunit a evolved independently multiple 

times (Lupanga et al., 2020). Upon reconstructions of the ancestral subunit a of yeast, it 

was proposed that V-ATPases containing the ancestral subunit acidified the Golgi as 

well as the yeast vacuole. It was further proposed that Golgi-acidification happened while 

on the way to the vacuole (Finnigan et al., 2011). In line with this, recently, 

Vhp1p-containing V-ATPases were shown to be the main players in the acidification of 

the Golgi while on their way to the vacuole, and not the Golgi-resident Stv1p-containing 

V-ATPases (Deschamps et al., 2020). On the contrary, in Arabidopsis, the 

TGN/EE-resident VHA-a1-containing V-ATPases are the main players in TGN/EE 

acidification. Knock-down of VHA-a1 results in a strong reduction of cell expansion (Brüx 
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et al., 2008), which is due to reduced V-ATPase activity at the TGN/EE (Luo et al., 2015) 

and is not the case in the vha-a2 vha-a3 double mutant (Krebs et al., 2010).  

But also in plants a model is plausible in which one ancestral VHA-a acidified the TGN/EE 

on its way to the tonoplast. The bryophyte Marchantia polymorpha has only one subunit 

VHA-a isoform, which lacks a TGN/EE-retention signal, is present at both the TGN/EE 

and the tonoplast, and could acidify the TGN/EE on its way to the tonoplast. The situation 

in Marchantia could represent the ancient condition (Lupanga et al., 2020). 

However, the subunit a of Marchantia (MpVHA-a) is not able the rescue pollen 

development of vha-a1 (Supplementary Figure 9); Lupanga et al., 2020). Due to the lack 

of an aberrant phenotype of the vha-a1 mutant during vegetative growth, it cannot be 

tested whether MpVHA-a can compensate for the lack of VHA-a1 at the TGN/EE during 

vegetative growth using the vha-a1 mutant. The fact that MpVHA-a does not rescue the 

defect in pollen development of vha-a1, showed that during pollen development, 

MpVHA-a cannot compensate for the lack of VHA-a1. This suggested that VHA-a1 could 

have attained a new function during pollen development. However, the ability of VHA-

a3-a1-TD to rescue pollen development of vha-a1 (Chapter 2) demonstrated that besides 

localization at the TGN/EE acquired by VHA-a1 no new function was gained. 

Consequently, the tonoplast-destined isoforms can perform all functions of VHA-a1, at 

least at standard growth conditions.  

On the contrary, adaptive specialization after duplication was shown for other isoforms 

with differential localization, e.g., the Troponin C isoforms TpnC41C and TpnC4 of 

Drosophila. Upon knock-out of one of the genes, the other is expressed but the two 

isoforms were not fully functionally redundant. While the TpnC4 isoform functionally 

substitutes for TpnC41C, the TpnC41C cannot replace TpnC4 (Chechenova et al., 

2017). 

The compensation of tonoplast-dedicated VHA-a isoforms in vha-a1 suggests that they 

are present at the TGN/EE. In wildtype, VHA-a3 travels to the tonoplast via the 

provacuolar route, bypassing the Golgi and TGN/EE. In contrast, VHA-a1 leaves the ER 

via COPII vesicles (Viotti et al., 2013). It can be supposed that the presence of the a1-TD 

increases the affinity for VHA-a1 for SEC24, the cargo receptor of COPII vesicles, 

compared to VHA-a3 (Lupanga et al., 2020). This means that in the wildtype situation, 

there is competition between VHA-a1 and the tonoplast-dedicated VHA-a isoforms for 



1.3 Discussion 

32 

entry into COPII vesicles. In the vha-a1 mutant, in the absence of VHA-a1 however, 

VHA-a2/VHA-a3 might enter COPII-dependent ER-exit (Figure 14).  

 

Figure 14. Current model of the trafficking of V-ATPase complexes in wildtype 

versus vha-a1. V-ATPase complexes are assembled at the ER. While in wildtype 

VHA-a1-containing V-ATPases leave the ER in COPII vesicles (upper part), in the vha-a1 

mutant in the absence of VHA-a1 VHA-a2/VHA-a3-containing V-ATPases enter the 

COPII-mediated trafficking pathway (lower part). VHA-a2/VHA-a3-containing 

V-ATPases leave the ER using the provacuolar trafficking pathway and reach the 

vacuole in a Golgi-and TGN/EE-independent manner (upper and lower parts). Based on 

Dettmer et al., 2006; Neubert et al., 2008; Viotti et al., 2013; Lupanga et al., 2020 and 

this work. 
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1.3.3 Discrepancy of the VHA-a1 knock-out and 

knock-down 

While VHA-a2/VHA-a3 containing V-ATPases compensate for the lack of VHA-a1 in the 

vha-a1 mutant, RNA-mediated inducible knock-down of VHA-a1 results in reduced cell 

expansion (Brüx et al., 2008). That VHA-a3 is not able to compensate for missing 

VHA-a1 in the knock-down situation could be due to competition for entry into COPII 

vesicles at the ER. In the VHA-a1 knock-down, VHA-a1 amounts are reduced, but 

VHA-a1 is still present. This could maintain outcompetition of VHA-a3 by VHA-a1 for 

entry into COPII vesicles. In contrast, in the vha-a1 mutant the lack of VHA-a1 could 

make VHA-a3 enter COPII vesicles and travel to the TGN/EE. VHA-a3-containing 

V-ATPases could be the more efficient proton pumps, and a few VHA-a3-containing 

V-ATPases could be enough for compensation. In yeast, a difference in coupling 

efficiency between V-ATPases containing different subunit a isoforms was found. 

Vph1p-containing V-ATPases were reported to have a 4-5-fold higher ratio of proton 

transport to ATP hydrolysis compared to V-ATPases containing Stv1p (Shoko Kawasaki-

Nishi et al., 2001).  

It is also possible that compensation that reaches the wildtype phenotype requires 

upregulation of VHA-a2 and VHA-a3 for sufficient protein amounts. mRNAs with 

mutations such as premature stop codons could act as a trigger for a transcriptional 

adaptation response. It is assumed that the nonsense-mediated decay pathway, for 

example, can trigger the upregulation of related genes under knock-out conditions (El-

Brolosy and Stainier, 2017).  

1.3.4 Detection of VHA-a3 in vha-a1 

The hypersensitivity of vha-a1 to the V-ATPase inhibitor ConcA, argues that a target of 

ConcA is present at the TGN/EE in vha-a1. Furthermore, the increasing reduction in 

rosette size along with the increasingly lower number of VHA-a wildtype alleles of mutant 

plants, in contrast to the non-aberrant phenotype of vha-a1, suggests that 

VHA-a2/VHA-a3-containing V-ATPases function at the TGN/EE when VHA-a1 is lacking. 

However, exclusively tonoplast localization was seen when analyzing VHA-a3 fused to 

fluorescent proteins in the vha-a1 mutant. As outlined before, small amounts of VHA-a3 

at the TGN/EE could be enough for compensation, assuming that VHA-a3 containing 
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V-ATPases have a high coupling efficiency. The fact that vha-a1 is hypersensitive to 

ConcA would comply with small amounts of VHA-a3 at the TGN/EE. Therefore, further 

CLSM analyses using very bright and photostable fluorescent proteins fused to VHA-a3 

could lead to the detection of VHA-a3 at the TGN/EE in vha-a1. It is also possible that 

VHA-a3 was not detected at the TGN/EE in vha-a1, because it acidifies the TGN/EE 

while traveling further to the tonoplast. In vha-a1, when there is no competition by 

VHA-a1 for entry into COPII vesicles, it is plausible that a portion of VHA-a3 leaves the 

ER using COPII vesicles. It might be that also in wildtype a portion of VHA-a3 travels via 

COPII-dependent trafficking. Nevertheless, the final destination of VHA-a3 might still be 

the tonoplast. VHA-a isoforms of the VHA-a3 clade do not possess the a1-TD. The a1-TD 

was shown to be an ER exit motif as well as a TGN/EE-retention motif (Lupanga et al., 

2020). Without the a1-TD, functional VHA-a3 containing V-ATPases, which entered the 

COPII-dependent trafficking route, might go further to the tonoplast, while VHA-a3-a1-TD 

is retained at the TGN/EE.  

VHA-a3 is able to travel to the TGN/EE. This was reported for VHA-a3 R729N, in which 

the arginine, which was shown to be essential for proton translocation in the yeast Vph1p 

(S Kawasaki-Nishi et al., 2001), is mutated to asparagine (Dissertation (Neubert, 2012). 

While retained at the ER in wildtype and localized at the tonoplast in vha-a2 vha-a3, upon 

treatment of wildtype with the V-ATPase inhibitor ConcA VHA-a3 R729N was found at 

the TGN/EE (Dissertation Neubert, 2012).  

It would be interesting to analyze the localization of VHA-a3 R729N in the vha-a1 mutant. 

If VHA-a3 R729N localizes to the TGN/EE in vha-a1 this could mean that non-functional 

V-ATPase complexes are retained at the TGN/EE while the functional VHA-a3 can travel 

further to the tonoplast.  

These analyses are effortful currently because there are no stable vha-a1 mutant lines. 

After crossing vha-a1 (Cas9+) with a wildtype plant expressing the construct of interest, 

different genotypes are obtained in the F1. The desired vha-a1 null mutants are present 

as well as vha-a1/+ mutants and mutants with alleles that are not null alleles. Only after 

CLSM analysis of seedlings’ roots genotyping can be performed to not harm the 

seedlings before. Working with stable lines would make analyses much easier. The 

generation of stable lines which are vha-a1 null during vegetative development and in 

which a rescue construct (VHA-a1-XFP) is specifically expressed during pollen 

development is ongoing.  
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In addition, VHA-a3 was detected at the TGN/EE in the knock-down of the 

CORVET-specific subunit VPS8, in which VHA-a3 was dual localized at the TGN/EE and 

the tonoplast (Dissertation Askani, 2022). CORVET is a membrane tethering complex 

functioning in a specific trafficking pathway from the TGN/EE to the vacuole. This 

pathway depends on the RAB5-GTPase ARA7 (RAB5-dependent, RAB7-independent) 

(Takemoto et al., 2018). Expression of a dominant negative form of RAB5-GTPase also 

resulted in the localization of VHA-a3 at the TGN/EE and the tonoplast (Feng et al., 

2017); Dissertation (Askani, 2022).  

1.3.5 What VHA-a1 can do, VHA-a3 can do too – including 

potentially sense pH 

The fact that the vha-a1 mutant is indistinguishable from wildtype during vegetative 

growth means there is no function of VHA-a1 that VHA-a2 and VHA-a3 cannot perform, 

at least under standard growth conditions. I started my investigation of the potential pH 

sensing capability of the V-ATPase with a specific focus on the TGN/EE-localized 

V-ATPase (VHA-a1 histidine residues) when I did not know yet about the functional 

redundancy of VHA-a isoforms. What became obvious after the revelation of the 

functional redundancy is that histidines that are involved in a potential pH sensing 

mechanism must be conserved between the VHA-a1 and the VHA-a3 clade. Therefore, 

it is also possible to use VHA-a3 in future experiments to examine conserved histidine 

residues of the C-terminal half. Analysis of mutated VHA-a3 proteins in a vha-a2 vha-a3 

background has the advantage that vha-a2 vha-a3 is not male gametophytic lethal, in 

contrast to vha-a1, and complementation studies and functional analyses can be 

performed during vegetative growth using stable lines. Moreover, working with tonoplast 

proteins is easier than TGN/EE-localized proteins. Isolation of tonoplast vesicles is well-

established compared to the purification of TGN/EE vesicles.  

1.3.6 Hypersensitivity of vha-a1 VHA-a1 H738R to ConcA 

It was shown in this thesis that VHA-a1 rescues vha-a1, while vha-a1 expressing VHA-a1 

H738R is hypersensitive to the V-ATPase inhibitor ConcA. vha-a1 VHA-a1 H738R 

showed a stronger reduction in cell expansion than vha-a1 VHA-a1 upon treatment with 

ConcA. This further underlines that V-ATPase activity at the TGN/EE is required for cell 

expansion. It is in line with the elevated TGN/EE pH observed in the det3 mutant 
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concomitant with impaired secretion and recycling (Luo et al., 2015). In the det3 mutant, 

V-ATPase activity at both the TGN/EE and the tonoplast is affected, as det3 is a weak 

allele of the single gene encoding the subunit VHA-C (Schumacher et al., 1999). The 

vha-a2 vha-a3 double mutant does not show a strong defect in cell expansion (Krebs et 

al., 2010), in contrast to the knock-down of VHA-a1 (Brüx et al., 2008). The increased 

reduction in cell expansion of VHA-a1 H738R in vha-a1 compared to VHA-a1 in vha-a1 

underscores that V-ATPase activity at the TGN/EE is crucial for cell expansion. In yeast 

Vhp1p, mutation of the corresponding histidine residue H743 was reported to decrease 

V-ATPase activity to 30 – 50% of wildtype activity (Toei et al., 2011). Although mutations 

of other residues decreased V-ATPase activity even more, e.g., mutation of Vph1p 

arginine 735 fully abolished proton translocation (S Kawasaki-Nishi et al., 2001), this is 

a strong decrease. Consequently, it is not astonishing that VHA-a1 H738R showed only 

partial rescue of the defect in pollen development in vha-a1. It is consistent with the 

assumption that there is competition for entry into the COPII-dependent trafficking 

pathway at the ER. VHA-a1 H738R, which possesses the a1-TD, might outcompete 

VHA-a3 for the entry into COPII vesicles in vha-a1.  

1.3.7 The VHA-a1 histidine mutants that have not been 

shown to rescue the defect in pollen development in 

vha-a1 

From the seven VHA-a1 histidine residues analyzed in this work, when singularly 

mutated to arginine, two did not reach TGN/EE localization, H788 and H793. VHA-a1 

H788R and VHA-a1 H793R were not detected in Arabidopsis and were detected at the 

ER in transient expression in tobacco. Mutation of the corresponding Vph1p histidine 

residues decreased V-ATPase activity to less than 30% of wildtype activity in yeast (Toei 

et al., 2011). That the mutated VHA-a1 proteins were not detected in Arabidopsis and 

were found at the ER in tobacco could mean that these mutations resulted in incorrect 

protein folding, which led to the immediate degradation of the proteins (Howell, 2013). 

However, it is also possible that the VHA-a1 subunits harboring these mutations were 

incorporated into V-ATPase complexes which were then recognized as ineffective proton 

pumps and were degraded. VHA-a3 in which an arginine that was reported to be 

essential for proton translocation in the yeast Vph1p (S Kawasaki-Nishi et al., 2001) was 

mutated to asparagine, VHA-a3 R729N, was shown not to be able to leave the ER in 

wildtype (Dissertation Neubert, 2012). It was further shown that subunit VHA-C was 
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co-immunoprecipitated with VHA-a3 R729N, indicating that it was incorporated into 

V-ATPase complexes. VHA-a3 R729N was shown to be degraded by the 26S 

proteasome in wildtype. Remarkably, in a vha-a2 vha-a3 mutant background VHA-a3 

R729N was reported to be able to leave the ER and localize to the tonoplast. Treatment 

of VHA-a3 R729N expressing wildtype plants with the V-ATPase inhibitor ConcA, 

however, resulted in TGN/EE localization. Moreover, it was shown that the ER 

chaperone calnexin is required for the retention of VHA-a3 R729N at the ER. Further, 

VHA-a3E780Q, a VHA-a3 version with reduced V-ATPase activity of about 20% 

(deduced from the mutation in Vph1p), localized regularly to the tonoplast. A VHA-a3 

version with the putative reduced V-ATPase activity to about 10% of wildtype activity, 

VHA-a3R790K, localized to the tonoplast and the TGN/EE (Dissertation Neubert, 2012). 

The difference between VHA-a1 and VHA-a3 versions with amino acid substitutions that 

putatively lead to a strong reduction in V-ATPase activity is concomitant with the different 

trafficking routes of VHA-a1 and VHA-a3 from the ER. VHA-a1 H788R and VHA-a1 

H793R were not detected in Arabidopsis, while VHA-a3 R729N was found at the ER, 

which could mean that VHA-a1 and VHA-a3 undergo different quality control 

mechanisms and different degradation pathways. VHA-a1 H788R and VHA-a1 H793R 

could be quickly degraded, while possibly, there is a control mechanism for the entry into 

the provacuolar trafficking pathway that selects for V-ATPases with high V-ATPase 

activity.  

VHA-a1 with a single amino acid substitution of one of the other five histidine residues 

(H434, H494, H613, H713 and H738) by arginine localized to the TGN/EE like the 

wildtype protein. Also, VHA-a1 H3A, in which histidines 434, 494 and 613 were mutated 

to alanines, localized to the TGN/EE. Of these VHA-a1 histidine mutants, VHA-a1 H494R 

and VHA-a1 H713 were able to rescue pollen development of vha-a1, and VHA-a1 

H738R rescued partially (Chapter 1.3.6). Remarkably, no homozygous mutants without 

the rescuing VHA-a1-GFP were identified in an analysis of the progeny of the crosses 

vha-a1 VHA-a1-GFP (Cas9-) x VHA-a1 H434R-GSL-mVernus and vha-a1 VHA-a1-GFP 

(Cas9-) x VHA-a1 H613-GSL-mVernus in the F2 and F3 generation. It is possible that 

analysis of a larger number of plants would lead to identification of vha-a1 VHA-a1 

H434R and vha-a1 VHA-a1 H613R. However, that the same result was obtained for 

these as for the control, VHA-a1 H788R, which is not detected in Arabidopsis and 

detected at the ER in tobacco, suggests that they are not able to rescue pollen 

development of vha-a1. This points to the potential importance of VHA-a1 H434 and 
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VHA-a1 H613 for a function of VHA-a1, potentially for pH sensing (Figure 15). Both of 

these histidine residues are conserved in the VHA-a1 and the VHA-a3 clade. According 

to the predicted pKa values of 3.31 and 6.25 (PROPKA3.0; Olsson et al., 2011), 

respectively, VHA a1 H434 and VHA-a1 H613, would be able to be differentially 

protonated upon changing pH inside the TGN/EE (Supplementary Table 1).  

To follow up the hypothesis that VHA-a1 H434 and VHA-a1 H613 might not rescue pollen 

development of vha-a1, crosses with vha-a1 (Cas9+) can be performed. The presence 

of the CRISPR T-DNA requires genotyping of gene as well as transgene, as in this case, 

the transgene is also a target of the gRNA. To circumvent this, it is possible to mutate 

the CRISPR target site in the transgene to make the transgene resistant to the gRNA. 

Although laborious, this approach allows to generate homozygous and bi-allelic mutants 

which express constructs that do not rescue pollen development of vha-a1. In this way, 

vha-a1 VHA-a1 H434R and vha-a1 VHA-a1 H613R mutants could be obtained and 

analyzed.  
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Figure 15. Effects of mutations of histidine residues in the VHA-a1 C-terminal half. 

3D models of VHA-a1 and VHA-a3. The histidine residues of the VHA-a1 C-terminal half 

are labeled. Histidine residues labeled in red were analyzed in this work. For the 

histidines with encircled labels, when mutated to arginine, the resulting VHA-a1 protein 

was not found in a homozygous vha-a1 mutant background so far, suggesting that these 

histidines could be important for the function of VHA-a1. For the histidines marked with 

asterisks, when mutated to arginine, the resulting VHA-a1 protein was not detected in 

Arabidopsis and was detected at the ER in tobacco. For the histidines with no addition 

to the red labeling, when mutated to arginine, the resulting VHA-a1 was able to rescue 

pollen development of the vha-a1 mutant. Concerning the histidine with the underlined 

label, when mutated to arginine, the resulting VHA-a1 partially rescued pollen 

development of vha-a1. The 3D structures of VHA-a1 and VHA-a3 were generated using 

AlphaFold (Jumper et al., 2021; Varadi et al., 2022) and analyzed with UCSF Chimera 

(Goddard et al., 2018; Pettersen et al., 2004). 

 

1.3.8 VHA-a1 histidine mutants at the tonoplast 

VHA-a1 H434 and H613 are among the three histidines which have been mutated in 

VHA-a1 H3A (H434A, H494A and H613A). The VHA-a1 H3A mutations in the C-terminal 

half of VHA-a1 have been combined with mutations in the a1-TD in the N-terminal half 

to achieve tonoplast localization. With the protein being localized at the tonoplast, 
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compensation during vegetative growth could be analyzed using the vha-a2 vha-a3 

double mutant. That VHA-a1 L159T H3A and VHA-a1 ΔEEI H3A complemented the 

reduced growth of vha-a2 vha-a3 to a similar degree as VHA-a1 L159T and VHA-a1 

ΔEEI, indicates that the histidines are not important for the function of VHA-a1. However, 

before a conclusion can be drawn, quantification of the rosette sizes of these plants is 

necessary. These lines can be used for further analyses. 
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2 Chapter 2: V-ATPases in pollen 
development 

 

  



Chapter 2: V-ATPases in pollen development 

42 

 

Aims of chapter 2 

The question was investigated why VHA-a2/VHA-a3-containing V-ATPases can 

compensate for the lack of VHA-a1 during vegetative growth but not during pollen 

development. The second objective was to reveal at which stage in pollen development 

VHA-a1 is essential.  
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2.1 Introduction 

2.1.1 V-ATPases in pollen development 

V-ATPases are essential for pollen development. This was first shown when 

characterizing a mutant of the gene encoding the catalytic V1 VHA-A subunit. VHA-A is 

a single-copy gene. Analysis of a T-DNA insertion allele of VHA-A revealed complete 

male gametophytic lethality (Dettmer et al., 2005). Mutants exist in which the 

microspores cannot separate after the tetrad stage, yet the microspores which stay 

together are viable. This feature can be harnessed for tetrad analysis which enables to 

observe two mutant and two wildtype pollen grains together when heterozygous mutants 

are investigated (Preuss et al., 1994). Tetrad analysis of vha-A/+ in a quartet mutant 

background showed two normal-looking and two aborted pollen grains. It was found that 

around the time of the second mitosis, many tetrads with only two viable microspores 

were present (Dettmer et al., 2005). Of the V-ATPase subunit VHA-E which is part of the 

peripheral stalk, three isoforms exist. VHA-E1 is essential for embryogenesis, VHA-E3 

is mainly expressed in the endosperm and maternal tissues during seed development, 

and VHA-E2 is pollen-specific. At the early stages of pollen development, VHA-E1 was 

found in the microspore, while later in pollen development it was only detected in the two 

sperm cells. VHA-E2 was found in the vegetative cell, and VHA-E3 was found in the 

vegetative cell and in the sperm cells in mature pollen (Strompen et al., 2005). 

Concerning the subcellular localization of the VHA-E isoforms in microspores, VHA-E1 

and VHA-E3 were found at the tonoplast in unicellular microspores, while VHA-E2-GFP 

was found in dots and was absent from the tonoplast. VHA-E2 belongs to an ancient 

clade consisting of both monocot and dicot sequences which is found in all higher plants, 

and the other members of this clade are also expressed specifically in pollen. However, 

analysis of vha-E2 mutants showed that VHA-E2 is not essential for pollen development 

(Dettmer et al., 2010).  

2.1.2 Pollen development and formation of the pollen wall  

The reproductive structures of angiosperms, which constitute about 90% of all living land 

plants and to which Arabidopsis belongs, are flowers (Sauquet et al., 2017). In the 

Arabidopsis flower, four whorls of organs form, sepals, petals, stamens and the carpel. 
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Stamens are composed of anthers in which pollen develop and filaments which are stalks 

that carry the anthers. Stamen primordia contain three germ layers L1, L2 and L3 which 

give rise to the anther. L1 develops into the epidermis, L2 gives rise to the archesporial 

cells, which develop into the endothecium, middle layer, tapetum and microspores, and 

L3 forms the vascular and connective tissues. Of the four layers of the anther wall, 

epidermis, endothecium, middle layer and tapetum, the tapetum is the innermost layer 

next to the developing microspores. Anther development is remarkably conserved in 

angiosperms, in contrast to the diversification of stamen form and function and flower 

development which varies greatly between families of the angiosperm clade (Åstrand et 

al., 2021).  

During the course of pollen development (Figure 16) communication between the 

different anther cells needs to be highly coordinated. Diploid microspore mother cells 

undergo meiosis giving rise to four haploid microspores that are arranged in tetrads. 

Microspores become free in the anther locule upon dissolution of the transient callose 

wall. Microspores become larger and undergo an asymmetrical division, pollen mitosis I, 

which leads to a generative cell in the vegetative cell. The generative cell undergoes 

pollen mitosis II, generating two sperm cells (Liu and Wang, 2021; Sanders et al., 1999). 

For double fertilization in the ovule, pollen tube growth through the pistil and support of 

the vegetative cell for the transport and development of the two sperm cells is required. 

One of the sperm cells will fuse with the egg cell to produce the embryo, and the other 

sperm cell will fuse with the central cell to produce the endosperm (Berger et al., 2008).  
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Figure 16. Pollen development in Arabidopsis thaliana. Diploid microspore mother 

cells undergo meiosis. After meiosis I and II, simultaneous cytokinesis takes place, 

resulting in haploid microspores arranged in tetrads. Development of the pollen wall 

starts at the tetrad stage with the formation of the primexine (shown in green). 

Microspores are free in the locule upon dissolution of the transient callose wall. Mitosis I 

happens to generate bi-cellular microspores with generative cells inside the vegetative 

cells. Mitosis II produces tricellular microspores in which the vegetative cell contains two 

sperm cells. The cells of the anther wall modulate their form and function during pollen 

development. E, epidermis; En, endothecium; ML, middle layer; T, tapetum; MM, 

microspore mother cell; GC, generative cell; VG, vegetative cell; SC, sperm cell.  

 

Immense remodeling of microspores occurs during pollen development. The sporophytic 

anther tissues take part by releasing cues and providing materials and by drastically 

changing their own forms and functions. The endothecium drastically changes its 

appearance and expands greatly prior to pollen release (Sanders et al., 1999). The 

middle layer stops cell division at the stage of meiosis and degrades in the course of 

anther development (Xue et al., 2021). The tapetum is also a transient anther layer. It 

contains very specialized organelles and supplies the developing microspores with 

various molecules that they need. Tapetal cells undergo highly structural changes and 

finally undergo programmed cell death (Quilichini et al., 2014). Tapetal cells have high 

secretory activity. In this way, they play a role in the dissolution of the transient callose 

wall by secretion of callases into the anther locule. Another important function of the 

tapetum is the secretion of pollen wall material. The pollen wall consists of exine, intine 

and tryphine. Intine formation is assumed to be mainly controlled by the microspore (Shi 
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et al., 2015). Tapetal cells synthesize sporopollenin, which is the major component of 

the exine, and they also synthesize material for the tryphine (Blackmore et al., 2007). 

Sporopollenin is a complex polymer consisting of fatty acid derivatives, 

phenylpropanoids and phenolics. It is also referred to as the “diamond of the plant world” 

as it is extremely tough and resistant when confronted with pressure, heat, non-oxidative 

chemicals and biological stresses. As such, sporopollenin is pivotal for desiccation-

tolerant gametophytes. It is not only found in pollen but also in the outer shell of land 

plant spores. Genes encoding key enzymes in the biosynthesis of sporopollenin are 

conserved among land plants, suggesting that it helped plants to proliferate successfully 

on dry land. For the colonialization of land by plants, the ability to produce sporopollenin 

is assumed to be pre-adaptive, as the ability to produce sporopollenin was also found in 

algae (Ariizumi and Toriyama, 2007; Grienenberger and Quilichini, 2021; Hackenberg 

and Twell, 2019).  

Pollen wall formation starts with the formation of the primexine at the tetrad stage. The 

primexine is a thin extracellular layer that forms outside of the microspore plasma 

membrane (Wang et al., 2021). The primexine functions as a scaffold for developing 

exine elements, it is essential for sporopollenin deposition. Defective primexine formation 

constitutes one category of defects that leads to aberrant exine pattern formation, 

besides defective sporopollenin synthesis and defective callose wall formation. 

Examples of mutants that are defective in primexine formation are the male sterile 

mutants dex1, nef1, rpg1, tde1 and ms1. Heterozygous plants of these primexine 

mutants produce normal primexines. Hence, it has been proposed that primexine 

formation could be under the control of the diploid sporophytic anther tissues, but little is 

known (Ariizumi and Toriyama, 2011, 2007). Primexine formation could be under 

sporophytic or gametophytic control or both.  

Mature pollen walls consist of the intine, the innermost layer, the exine, which can be 

subdivided into the nexine and the sexine (baculum and tectum), and the tryphine, which 

was deposited in the exine cavities and on the exine surface (Ariizumi and Toriyama, 

2011).  

In this work, I analyzed why VHA-a2/VHA-a3 do not compensate for the lack of VHA-a1 

in pollen development by examining the presence and localization of V-ATPase 

complexes in anthers and studying the defect in pollen development of vha-a1.  



2.2 Results 

47 

2.2 Results 

2.2.1 VHA-a1 and VHA-a3 are present throughout pollen 

development 

To understand why VHA-a2/VHA-a3-containing V-ATPases compensate for the lack of 

VHA-a1 during vegetative growth but not during pollen development, we investigated the 

presence and functions of VHA-a1 and VHA-a3 in pollen development. At first, I 

examined when and where in pollen development VHA-a1 and VHA-a3 are present. 

Plants expressing VHA-a1-GFP and VHA-a3-RFP under the control of their own 

promoters (Dettmer et al., 2006; Brüx et al., 2008) were used for this analysis. Besides, 

plants additionally expressing the signal recognition particle receptor (SR) subunit SRβ 

tagged with mTurquoise under the control of the UBQ10 promoter (UBQ10:SRβ-

mTurquoise, Dr. Jana Askani) were used. SRβ is a membrane integral protein that 

localizes to the rough endoplasmic reticulum (Miller et al., 1995) and was useful for 

visualizing the position and number of nuclei in microspores due to its localization at the 

nuclear envelope. CLSM analysis of anthers was performed, which had been fixed and 

cleared using ClearSee (Kurihara et al., 2015).  

Both VHA-a1-GFP and VHA-a3-RFP were detected in microspores at all stages of pollen 

development and did not co-localize (Figure 17, Supplementary Figure 5, Supplementary 

Figure 6 and Supplementary Figure 7). VHA-a1-GFP and VHA-a3-RFP were not only 

present in the microspores but also in all cell types of the anther wall. Particularly 

noticeable was the strong VHA-a1-GFP signal in cells of the tapetum (Figure 18, 

Supplementary Figure 10 and Supplementary Figure 11). As VHA-a3 was present during 

all stages of pollen development, it can be ruled out that the reason why VHA-a3 does 

not rescue pollen development of vha-a1, is that VHA-a3 is not expressed at a particular 

stage during pollen development.  
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Figure 17. VHA-a1-GFP and VHA-a3-RFP in anthers at the tetrad stage. (A) Anthers 

at the tetrad stage from plants expressing VHA-a1-GFP and VHA-a3-RFP under the 

control of their own promoters. CLSM analysis was performed using cleared anthers. 

Scale bar = 25 µm. (B) Close-up on anther wall and developing microspores. E, 

epidermis; En, endothecium; ML, middle layer; T, tapetum; M, microspore; scale 

bar = 10µm. 
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Figure 18. VHA-a1-GFP and VHA-a3-RFP in pollen development. Anthers were 

harvested from F1 plants with segregating VHA-a1:VHA-a1-GFP, VHA-a3:VHA-a3-RFP 

and UBQ10:SRβ-mTurquoise. CLSM analysis was performed using cleared anthers of 

developmental stages from meiosis to the tricellular microspore stage. E, epidermis; En, 

endothecium; ML, middle layer; T, tapetum; Me, meiocyte; M, microspore; scale 

bars = 10 µm. 
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2.2.2 TGN/EE localized V-ATPases are essential for pollen 

development 

Having excluded the possibility that VHA-a3 is absent at a critical stage in pollen 

development, I next asked why VHA-a3 despite being present cannot compensate for 

the lack of VHA-a1 in pollen development. Firstly, it could be that VHA-a3 amounts are 

not sufficient. Thus, in the following analysis, the UBQ10 promoter was used to drive 

VHA-a3 expression. UBQ10-driven expression of VHA-a1 was known to rescue pollen 

development of vha-a1 (Figure 3C). vha-a1 (Cas9+) was crossed with wildtype plants 

expressing UBQ10:VHA-a3-GFP. In the F1 generation CLSM analysis was performed to 

ensure that VHA-a3-GFP was present (Figure 19B). Subsequently, plants were 

genotyped and vha-a1 mutants were identified. vha-a1 mutants expressing 

UBQ10:VHA-a3-GFP were sterile (Figure 19A and Supplementary Figure 8). The fact 

that VHA-a3 does not rescue pollen development even when expressed under UBQ10 

argued that VHA-a1 might have acquired a novel function during evolution required for 

pollen development, which VHA-a3 does not have. Thus, I analyzed if a version of 

VHA-a3 that contains the VHA-a1 targeting domain necessary and sufficient to target 

VHA-a3 to the TGN/EE (Dr. Upendo Lupanga, Lupanga et al., 2020) rescues pollen 

development of vha-a1. vha-a1 (Cas9+) was crossed with wildtype plants expressing 

UBQ10:VHA-a3-a1-TD-GFP and the F1 progeny was analyzed. vha-a1 UBQ10:VHA-a3-

a1-TD-GFP mutants were fertile (Figure 19A). Thus, UBQ10:VHA-a3-a1-TD-GFP 

rescues pollen development of vha-a1. As VHA-a3-a1-TD rescues pollen development 

of vha-a1, we concluded that beyond TGN/EE-localization VHA-a1 has not acquired 

additional novel functions and that TGN/EE-localization of V-ATPases is essential for 

pollen development. 
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Figure 19. TGN/EE-localized V-ATPases are essential for pollen development. 

(A) Alexander staining shows viable microspores in wildtype anthers and aborted 

microspores in vha-a1 anthers. VHA-a1-GFP and VHA-a3-a1-TD-GFP rescue male 

gametophyte development of vha-a1 while VHA-a3-GFP does not. The UBQ10 promoter 

was used in all cases. Scale bars = 100 µm.  (B) Subcellular localization of VHA-a1-GFP, 

VHA-a3-GFP and VHA-a3-a1-TD in vha-a1 at the TGN/EE, the tonoplast and both 

TGN/EE and tonoplast, respectively. CLSM analysis of root cells of 8-day-old seedlings. 

Scale bars =10 µm.  

2.2.3 Pollen development is not affected in the 

heterozygous mutant 

In contrast to the homozygous vha-a1 mutant, which is sterile, the heterozygous mutant 

lacks aborted microspores at the time of pollen release, as shown by Alexander staining. 

Instead of possessing the expected ratio of 1:1 aborted versus wildtype-like microspores, 

only wildtype-like microspores were present in vha-a1/+ anthers (Figure 20A). However, 

reciprocal crosses had shown that the mutant vha-a1 allele was not transmitted via the 

male gametophyte. To investigate whether exine morphology is aberrant in vha-a1 pollen 

in the vha-a1/+ mutant, CLSM analysis was performed using the autofluorescent 

properties of the exine. No difference between the exine of pollen from wildtype and 

pollen from vha-a1/+ was observed (Figure 20B). This suggests that in the vha-a1/+ 

mutant a defect occurs after pollen release, which prevents the transmission of the 

mutant vha-a1 allele. 
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Figure 20. The heterozygous vha-a1/+ is wildtype-like at the time of pollen release. 

(A) Alexander staining of pollen before release shows the lack of aborted microspores in 

vha-a1/+ anthers. vha-a1/+ anthers are indistinguishable from wildtype. Scale 

bars = 100 µm. (B) Exine morphology of vha-a1/+ pollen is normal. CLSM analysis of 

vha-a1/+ and wildtype pollen using the autofluorescent properties of the exine showed 

no difference between vha-a1/+ and wildtype. Pollen analyzed for each genotype n > 40. 

 

2.2.4 Expression of VHA-a1 under the control of the MSP1 

promoter rescues the late defect of vha-a1/+ 

I aimed to generate stable vha-a1 mutant lines that express VHA-a1 specifically during 

pollen development but are otherwise devoid of VHA-a1, for further analyses of vha-a1 

during vegetative development. To this end, the promoters MSP1 and MSP3 were 

selected to drive VHA-a1 expression (Honys et al., 2006). Both promoters were reported 
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to be specifically expressed in developing microspores and the tapetum (Honys et al., 

2006 and illustrated in Figure 21A). Heterozygous mutants were transformed with 

MSP1:VHA-a1 and MSP3:VHA-a1. In the T1 generation, genotyping was performed to 

identify vha-a1/+ MSP1:VHA-a1 and vha-a1/+ MSP3:VHA-a1. As expected, genotyping 

showed that both wildtype and vha-a1/+ mutants containing the transgene were present. 

In the T2 generation, I analyzed if MSP1:VHA-a1 and MSP3:VHA-a1 rescue pollen 

development of vha-a1. For MSP3:VHA-a1 no vha-a1 mutants were found, suggesting 

that it does not rescue. For MSP1:VHA-a1 the presence of homozygous vha-a1 mutants 

along with vha-a1/+ and wildtype was revealed. However, vha-a1 MSP1:VHA-a1 plants 

were sterile (Figure 21D). Thus, although the expression of VHA-a1 under the MSP1 

promoter allows for male transmission of the vha-a1 allele by rescuing the late defect, 

the early defect of vha-a1 in pollen development is not rescued.  

2.2.5 Tapetum-specific expression of VHA-a1 does not 

rescue pollen development of vha-a1  

The lack of an aberrant phenotype of heterozygous mutants points to a sporophytic 

defect. Of the diploid sporophytic cell types of the anther, the tapetum was the best 

candidate in terms of cell types in which VHA-a1 could be essential. Tapetal cells have 

high secretory activity and VHA-a1-GFP is highly abundant in tapetal cells when 

expressed under its own promoter (Figure 18). Therefore, I investigated whether VHA-a1 

is essential in the tapetum. 

I tested if tapetum-specific expression of VHA-a1 was able to rescue pollen development 

of vha-a1. The A9 promoter was chosen that is known to drive tapetum-specific gene 

expression (Feng and Dickinson, 2010; Paul et al., 1992)and shown in Figure 21A). 

Instead of transforming vha-a1/+ mutants with A9:VHA-a1, vha-a1/+ mutants which 

express MSP1:VHA-a1 were transformed with A9:VHA-a1. MSP1:VHA-a1 enables the 

transmission of the mutant vha-a1 allele via the male gametophyte. On the one hand, 

this allowed for analysis of A9:VHA-a1 in a vha-a1 mutant background. On the other 

hand, this combination would allow to rescue both the late and the early defect if 

A9:VHA-a1 was able to rescue the early defect.  

vha-a1/+ MSP1:VHA-a1 were transformed with A9:VHA-a1-mScarlet (A9:VHA-a1-

mScarlet, Fabian Fink). Analysis if expression of VHA-a1 under the A9 promoter rescues 

the early defect in pollen development of vha-a1 was performed in the T1 generation. As 
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expected, genotyping identified vha-a1 MSP1:VHA-a1 A9:VHA-a1-mScarlet mutants 

(Figure 21B). The fact that they were sterile indicates that expression of VHA-a1 under 

the A9 promoter does not rescue (Figure 21D). To ensure that VHA-a1-mScarlet is 

expressed in these plants, anthers of vha-a1 MSP1:VHA-a1 A9:VHA-a1-mScarlet were 

analyzed by CLSM. VHA-a1-mScarlet was detected specifically in the tapetum (Figure 

21C). Altogether, this suggests that tapetum-specifc expression of VHA-a1 does not 

rescue the early defect in pollen development of vha-a1 and thus it is unlikely that 

VHA-a1-containing V-ATPases in the tapetum are essential for pollen development.  
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Figure 21. Tapetum-specific expression of VHA-a1 does not rescue pollen 

development of vha-a1. (A) MSP1 and A9 promoter activity according to Honys et al., 

2006 and Paul et al., 1992, respectively. E, epidermis; En, endothecium; ML, middle 

layer; T, tapetum; MM, microspore mother cell. (B) Expression of MSP1:VHA-a1 rescues 

the late defect of vha-a1/+. Quantification of wildtype, vha-a1/+ and vha-a1 mutants after 

transformation of heterozygous vha-a1/+ with MSP1:VHA-a1 and A9:VHA-a1-mScarlet. 

T1 MSP1:VHA-a1 n = 10, T2 n = 36, T1 A9:VHA-a1-mScarlet n = 20. (C) Expression of 

A9:VHA-a1-mScarlet shows tapetum-specific signal. It did not rescue pollen 

development of vha-a1. E, epidermis; En, endothecium; ML, middle layer; T, tapetum; 

M, microspore, scale bar = 10 µm. (D) Alexander staining of anthers shows defective 

pollen development in vha-a1, MSP1:VHA-a1 vha-a1 and A9:VHA-a1 vha-a1. Scale 

bars = 100 µm. 
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2.2.6 vha-a1 is defective in pollen wall formation 

As the lack of VHA-a1 in the sporophytic anther tissue seemed not to be the reason for 

the defect in pollen development of vha-a1, another explanation for the lack of an 

aberrant phenotype of the heterozygous mutant was that microspore mother cell-derived 

gene product is present long enough in vha-a1/+ to prevent the defect. In this scenario, 

the defect in vha-a1 likely occurs early in pollen development. To reveal at which stage 

in pollen development the defect occurs in vha-a1, anthers were stained with the 

fluorescent dye DAPI to visualize DNA and analyzed using CLSM. DAPI staining enabled 

to identify the different stages of meiosis and helped to find anthers before and after 

mitosis I and II (Supplementary Figure 12). Until the tetrad stage wildtype and vha-a1 

anthers were indistinguishable (Figure 22 A-D). A major defect became visible at the late 

tetrad stage in vha-a1. At the tetrad stage, pollen wall formation starts with the formation 

of the primexine outside the microspore plasma membrane (Ariizumi and Toriyama, 

2011). While microspores in wildtype showed a uniform exterior of developing pollen 

wall, many microspores in vha-a1 lacked this surrounding or were unevenly surrounded 

by developing pollen wall material (Figure 22G and H, Supplementary Figure 13). 

Degenerated microspores were visible in vha-a1 from the late tetrad stage on (Figure 

22H). A few multinucleated cells were observed in vha-a1 at the tetrad stage 

(Supplementary Figure 14). At the unicellular microspore stage wildtype microspores 

showed a prominent exine, which vha-a1 microspores were lacking (Figure 22I and J). 

At this developmental stage most vha-a1 microspores were degenerate. Consistent with 

the results from the Alexander staining, when microspores were mature and tricellular in 

wildtype, only debris was present in vha-a1 (Figure 22K and L). Observation of tapetal 

cells showed no difference between the tapetum in wildtype and vha-a1 (Figure 22A-J). 
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Figure 22. vha-a1 is defective at the tetrad stage. During meiosis vha-a1 is 

indistinguishable from wildtype (A-D). From the tetrad stage on, vha-a1 is different from 

wildtype (E-L). Pollen wall formation starts with the formation of the primexine at the 

tetrad stage. In wildtype microspores are uniformly surrounded by developing pollen wall 

(G). In vha-a1 many microspores are unevenly surrounded by developing pollen wall (H). 

At the unicellular microspore stage microspores in wildtype possess a prominent exine 

(I), which microspores in vha-a1 are lacking (J). At the tricellular microspore stage only 

debris of microspores is left in vha-a1 (L). CLSM analysis was performed using cleared 

anthers which were stained with DAPI. Scale bars =10 µm.  

 

Secretory activity of tapetal cells was analyzed by examination of the transient callose 

wall which is dissolved by callase (β-1,3-glucanase) that is secreted from tapetal cells 

into the locule (Ariizumi and Toriyama, 2007). In order to visualize the transient callose 

wall in vha-a1 anthers, fluorescent staining of callose using aniline blue was performed. 

In addition to staining with aniline blue anthers were stained with DAPI and CLSM 

analysis was performed. There was no difference in callose wall appearance and timing 

of callose dissolution between vha-a1 and wildtype (Figure 23). This indicates once more 

that VHA-a1 is not essential in tapetal cells.  

In order to investigate vha-a1 anthers on an ultrastructural level, transmission electron 

microscopy (TEM) was performed. Concerning tapetal cells, again, no difference was 

found between wildtype and vha-a1 (Figure 24A and B). The lack of a normal exine in 

vha-a1 was shown, which corroborates the results from the CLSM analysis (Figure 24C, 

E, D and F). Moreover, accumulations of sporopollenin between the tapetum and the 

middle layer in vha-a1 were revealed (Figure 24B). In summary, this shows that vha-a1 

is defective in pollen wall formation.  
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Figure 23. vha-a1 has no general defect in secretion from the tapetum. Wildtype 

and vha-a1 anthers stained with DAPI and the callose staining aniline blue were 

analyzed using CLSM. No difference in callose wall appearance and callose dissolution 

was observed between wildtype and vha-a1. The aniline blue staining showed the 

transient callose at the callose wall as well as at the cell plate in meiosis. Scale 

bars = 10 µm. 



2.2 Results 

60 

 

Figure 24. vha-a1 is defective in pollen wall formation. (A, B) TEM of the tapetum in 

wildtype (A) and vha-a1 (B). Tapetal cells of vha-a1 are normal. Accumulation of 

electron-dense material, presumably sporopollenin, is seen between the tapetum and 

the middle layer in vha-a1 (black arrow, B). Scale bars = 2 µm. (C, D) TEM of unicellular 

microspores in vha-a1/+ (C) and vha-a1 (D). Scale bars = 2 µm. (E, F) Close-ups of the 

microspores in (C, D). A normally developing pollen wall of the microspore in vha-a1/+ 

(E) and the lack of a normal pollen wall of the microspore in vha-a1 is shown (F). Scale 

bars = 0.5 µm. The electron micrographs were acquired by Dr. Stefan Hillmer.  

 

2.2.7 At the tetrad stage VHA-a1-GFP is detected in all 

microspores in segregating lines 

The occurrence of the defect early in pollen development in vha-a1 matched the 

hypothesis that VHA-a1 is essential in the developing microspores and that vha-a1/+ 

lacks an aberrant phenotype because microspore mother cell-derived VHA-a1 is present 

long enough to prevent the defect. Following this hypothesis, I analyzed plants with 

segregating VHA-a1:VHA-a1-GFP. F1 plants of the cross UBQ10:SRβ-mTurquoise 

crossed with VHA-a3:VHA-a3-RFP VHA-a1:VHA-a1-GFP showed that after meiotic 
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cytokinesis VHA-a1-GFP was still present in all microspores. At the tetrad stage, at which 

the defect occurs in vha-a1 but not in the heterozygous mutant, all microspores still 

contained VHA-a1-GFP (Figure 25A). Only later VHA-a1-GFP signal was absent in a 

subset of microspores (Figure 25B). Consequently, in the heterozygous mutant, VHA-a1 

protein that was synthesized before meiotic cytokinesis could prevent the early defect in 

the mutant microspores. Altogether, this shows that it is plausible that VHA-a1 is 

essential in the male gametophyte. 

 

Figure 25. In segregating plants, all microspores contain VHA-a1-GFP at the late 

tetrad stage. (A) Plants segregating for VHA-a1:VHA-a1-GFP, VHA-a3:VHA-a3-RFP 

and UBQ10: SRβ-mTurquoise were analyzed. At the late tetrad stage still all microspores 

showed VHA-a1-GFP signal. (B) At the tricellular microspore stage only microspores 

that possessed VHA-a1:VHA-a1-GFP showed VHA-a1-GFP signal. Cleared anthers 

were analyzed using CLSM. Scale bars = 10 µm.  

 

Summarized, vha-a1 is defective in pollen wall formation. vha-a1/+ does not have this 

early defect but has a late defect which prevents the transmission of the mutant allele 

(Figure 26).  
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Figure 26. The early defect in vha-a1 and the late defect in vha-a1/+. The early defect 

of vha-a1 occurs at the tetrad stage when pollen wall formation starts with the formation 

of the primexine. The late defect of vha-a1/+ happens after the release of pollen from 

anthers. E, epidermis; En, endothecium; ML, middle layer; T, tapetum; MM, microspore 

mother cell; GC, generative cell; VC, vegetative cell; SC, sperm cell.  
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2.3 Discussion 

2.3.1 Evolution of the a1-TD coincided with the evolution of 

non-motile sperm 

The results of this work suggest that TGN/EE localization of V-ATPases is essential in 

microspores. While VHA-a3 is not able to compensate for the lack of VHA-a1 in pollen 

development, VHA-a3-a1-TD can. The a1-TD is necessary and sufficient to localize 

VHA-a3 to the TGN/EE and is a seed plant specific motif (Lupanga et al., 2020). The 

sexual reproduction of seed plants is independent of water and motile gametes due to 

the innovation of guided delivery of sperm through pollen tubes and desiccation-tolerant 

gametophytes (Hackenberg and Twell, 2019). The a1-TD originates with the 

gymnosperms (Lupanga et al., 2020). Remarkably, thus, the evolution of the a1-TD 

coincided with the evolution of non-motile sperm of seed plants.  

However, an essential role of VHA-a1 in microspores, which fits the evolutionary history 

of the a1-TD, is only one possibility to explain the observed defect of vha-a1 in pollen 

development. The other possibility is that VHA-a1 fulfills an essential role in the anther 

tissue. 

2.3.2 High amounts of VHA-a1 in the tapetum 

The tapetum is a cell layer with high secretory activity, which provides the developing 

microspores with molecules, such as enzymes, RNAs and pollen wall materials. It is the 

innermost layer of the anther wall (Ariizumi and Toriyama, 2011; Lei and Liu, 2020). 

Secretion by tapetal cells requires COPII-dependent trafficking. The COPII GTPase 

SAR1 was shown to be essential in the tapetum. Mutants of the gene encoding the 

SAR1B isoform are male sterile. Tapetum-specific expression of SAR1B was shown to 

partially rescue the defects in anthers in sar1b and to partially restore male fertility (Liang 

et al., 2020). Similarly, the mutant of the gene encoding the COPII coat component 

SEC31B shows reduced male fertility. Tapetum-specific expression of SEC31B rescued 

the sec31b mutant phenotype. Furthermore, a protein traveling via COPII vesicles 

showed a strong signal at the plasma membrane in tapetal cells in wildtype, while in 

sec31b only a weak signal of this protein was reported (Zhao et al., 2016). 
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Consequently, an explanation for why VHA-a3 cannot compensate for the lack of 

VHA-a1 in pollen development seemed likely to be due to its inability to substitute for 

VHA-a1 in tapetal cells. In support of this hypothesis, VHA-a1-GFP was found in high 

amounts in the tapetum when expressed under the control of its own promoter. However, 

tapetum-specific expression of VHA-a1 did not rescue male gametophyte development 

of vha-a1. VHA-a1-mScarlet was present in tapetal cells without rescuing pollen 

development of vha-a1. There is no reason to assume that VHA-a1-mScarlet is a 

non-functional VHA-a1 version. It showed the same localization in tapetal cells as 

VHA-a1-GFP, which was shown to rescue pollen development of vha-a1 when 

expressed under the control of its own promoter or the UBQ10 promoter. Also, the timing 

of the tapetum-specific VHA-a1 expression is no explanation for the inability to rescue. 

VHA-a1-mScarlet was expressed under the control of the A9 promoter, which was also 

used by Zhao et al., 2016 and Liang et al. 2020 to rescue pollen development of the 

COPII subunit mutants. Moreover, VHA-a1-mScarlet was observed throughout the 

lifetime of the tapetum in the tapetum.  

Hence, likely V-ATPases are required in high amounts in the tapetum, as suggested by 

the high amounts of VHA-a1-GFP when expressed under its own promoter, but likely 

also in the tapetum VHA-a3 is able to compensate for the lack of VHA-a1. VHA-a3-RFP 

expressed under its own promoter was also present at all developmental stages in 

tapetal cells. The vha-a1 mutant possesses normally looking tapetal cells, as was shown 

in CLSM and TEM analyses. This is in contrast to the sec31b mutant in which aberrant 

morphologies of tapetum organelles was reported (Zhao et al., 2016). Moreover, in the 

vha-a1 mutant tapetal cells undergo programmed cell death normally and there is no 

general defect in secretion from the tapetum. The timing of the dissolution of the callose 

wall, which requires secretion of callase from the tapetum, is the same in vha-a1 and 

wildtype.  

2.3.3 V-ATPases in microspores 

Analysis of the vha-A/+ mutant showed that V-ATPases are essential in pollen 

development (Dettmer et al., 2005). Moreover, it is clear from the examination of vha-A/+ 

that V-ATPases are critical in microspores. Ultrastructural analysis of vha-A microspores 

from heterozygous mutants showed aberrant Golgi morphologies (Dettmer et al., 2005). 

This suggests that endomembrane trafficking in microspores is disturbed when 
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V-ATPase activity is lacking. Another example of the importance of endomembrane 

trafficking in microspores was provided by the analysis of the mutant of the gene 

encoding the SNARE protein SEC22. SEC22 functions in vesicle trafficking between the 

ER and the Golgi. Ultrastructural analysis of sec22 microspores also revealed aberrant 

Golgi morphologies (El-Kasmi et al., 2011). In this work, I showed that the defect in pollen 

development of vha-a1 occurs at the tetrad stage. While in wildtype, microspores 

establish the primexine outside of their plasma membrane at this stage, which represents 

the beginning of pollen wall development, in the vha-a1 mutant microspores with 

abnormal surroundings were observed. Starting at the tetrad stage vha-a1 showed 

degenerated microspores. At the unicellular microspore stage most microspores in 

vha-a1 were degenerated, while wildtype microspores showed a prominent exine, which 

was not seen in vha-a1. Altogether, this suggests that the secretory activity of 

microspores could be required for primexine formation.  

2.3.4 Primexine formation – controlled by the gametophyte 

or sporophyte? 

Mutants of COPII components, which have reduced male fertility, as sec31b and 

sec23ad, or are male sterile, as sar1b, and the vha-a1 mutant have in common that they 

are defective in pollen wall formation. In all of these mutants, sporopollenin 

accumulations between the tapetum and the middle layer and at the surface of 

microspores were shown by TEM analyses (Aboulela et al., 2018; Liang et al., 2020; 

Tanaka et al., 2013; Zhao et al., 2016). The fact that sporopollenin accumulates outside 

of the tapetum means that the exit of sporopollenin from tapetal cells and arrival in the 

locule was accomplished. However, secretion of other components that are 

biosynthesized in the tapetal cells and could be essential for primexine formation could 

be impaired. An important difference between vha-a1 and COPII component mutants 

such as sar1b and sec31b is that the latter could be rescued by tapetum-specific 

expression (Liang et al., 2020; Zhao et al., 2016), while vha-a1 could not. This suggests 

that COPII-dependent trafficking is crucial in the tapetum as well as in the microspores. 

While in vha-a1 VHA-a3 might be able to compensate for the lack of VHA-a1 in the 

sporophytic tapetum, it might not be able to compensate in the gametophytes.  

Primexine formation could be under the control of the gametophyte or the sporophyte or 

both. Though assumed earlier that primexine formation is a microspore-controlled 
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process (Piffanelli et al., 1998), it was also proposed that primexine formation could be 

under the control of the sporophyte. This hypothesis was based on the heterozygous 

mutants’ phenotypes of mutants defective in primexine formation. dex1, nef1, ms1, tde1 

and rpg1 show defects in primexine formation, while the heterozygous mutants produce 

exclusively pollen with normal primexine and lack pollen with the mutant phenotype 

(Ariizumi and Toriyama, 2011). In the diploid cells of the sporophyte, the mutant and the 

wildtype allele are present in the heterozygous mutants. If the defect is due to an 

essential function of the sporophyte, the presence of the wildtype allele in the 

heterozygous mutants could prevent the defect.  

Based on the same observation that the heterozygous mutants upex1/+ and irx9l/+ 

produced exclusively wildtype-like pollen, it was suggested that the glycosyltransferases 

UPEX1 and IRX9L function in the sporophyte (Li et al., 2017).  

Although it is also true for vha-a1/+, that exclusively wildtype-like pollen are produced 

and aborted microspores are lacking, our results from the tapetum-specific expression 

of VHA-a1 argue against an essential role of VHA-a1 in the tapetum. Based on the results 

of this work, it is more likely that primexine formation is under the control of the 

gametophyte. No tapetum defect was detected in vha-a1, and still primexine formation 

is defective. This is in accordance with the results from analysis of the rpg1 mutant 

reported very recently by Zhang et al., 2022. RPG1 is a sugar transporter (Chen et al., 

2010) and the rpg1 mutant is defective in primexine formation. The primexine is strongly 

reduced in rpg1 and the exine pattern disturbed (Guan et al., 2008; Sun et al., 2013). 

(Zhang et al., 2022) found RPG1-GFP, expressed under the control of its own promoter, 

in microsporocytes and microspores but not in the tapetum. Additionally, RPG1 was 

shown to shuttle between the TGN/EE and the plasma membrane in microspores. 

Recycling of RPG1 from the TGN/EE to the plasma membrane was shown to be 

AP1-dependent and its impairment interferes with primexine formation (M. Xu et al., 

2022). 

2.3.5 Why is vha-a1/+ not defective in primexine formation? 

In the vha-a1/+ mutant, also the diploid microspore mother cells are a source of VHA-a1. 

The absence of the defect in primexine formation in vha-a1/+ can be explained by 

microspore mother cell-derived VHA-a1 protein or transcript, which remains long enough 

to prevent the defect in primexine formation. In plants in which VHA-a1-GFP was 
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segregating, VHA-a1-GFP was still detected in all microspores at the tetrad stage at 

which the defect in vha-a1 is visible. This indicates that also the lifetime of endogenous 

VHA-a1 could be long enough to be partitioned in heterozygous plants to all microspores 

in meiotic cytokinesis.  

Furthermore, also VHA-a1 transcript could be present after meiotic cytokinesis in all 

microspores. Germline specification and cycle progression are required to be integrated 

into pollen development. In animals, gametes directly develop from the haploid products 

of meiosis. On the contrary, in plants, the haploid products of meiosis undergo mitotic 

divisions to form reproductive structures. In contrast to early land plants, in which multiple 

mitotic divisions take place, in angiosperms, the male gametophyte is so reduced that 

germ cell specification needs to take place within only two mitotic divisions (Twell, 2010). 

In Arabidopsis, the transition to postmeiotic gametophyte differentiation involves 

inhibition of translation at the end of meiosis through recruitment of the translation 

initiation factor eIF4F into P-bodies. It is unclear if transcripts are degraded or persist 

(Cairo et al., 2022). In maize, it was shown that transcripts persist long, and biallelic 

expression continues for 11 days after meiosis, followed by a rapid switch to monoallelic 

expression at mitosis I (Nelms and Walbot, 2022). Consequently, in addition to the 

possibility of VHA-a1 protein remaining long enough to prevent the defect in primexine 

formation in vha-a1/+, potentially also translation of VHA-a1 transcripts could still take 

place after meiotic cytokinesis.  

2.3.6 The late defect in vha-a1/+  

Although the heterozygous mutant is not defective in primexine formation and lacks 

aborted microspores, there is no transmission of the mutant vha-a1 allele via the male 

gametophyte. This suggests that microspores that contain the vha-a1 allele are impaired 

in a late male gametophytic function which results in deficits compared to microspores 

with the wildtype allele before or during fertilization. At the time of pollen release from 

anthers, no difference was found between wildtype- and vha-a1-containing microspores 

in the vha-a1/+ mutant. Alexander staining showed no difference between vha-a1/+ and 

wildtype anthers and the exine morphology of pollen grains from vha-a1/+ anthers was 

normal. Either, despite having a normal exine pattern and wildtype appearance vha-a1 

pollen are already different from wildtype pollen at the time of pollen release, or VHA-a1 

is essential for a process after pollen release.  
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The late defect in vha-a1/+ could occur at pollen germination, pollen tube growth or 

fertilization.  

For the fast tip growth of pollen tubes high coordination of processes and tight regulation 

of conditions are required. Pollen tube growth requires massive vesicle trafficking to 

deliver cell wall material to the tube tip (Çetinbaş-Genç et al., 2022). Moreover, in pollen 

tube guidance male-female communication is crucial, in which molecules that are 

secreted from pollen tubes play a role and pollen tube plasma membrane-localized 

receptor-like protein kinases are required to perceive the female signals (Hafidh and 

Honys, 2021). A mutant that is defective in TGN/EE formation, the lot mutant, is defective 

in pollen tube growth. TGN/EE disruption in the lot mutant was reported to result in 

impaired post-Golgi trafficking and swelling of pollen tubes in the style but not in vitro, 

which suggests that the regulation of pollen tube-style interaction was disturbed (Jia et 

al., 2018). 

There is no visual differentiation between wildtype and vha-a1-containing microspores in 

the heterozygous mutant. Future analyses could therefore additionally be performed 

using homozygous vha-a1 mutants in which the rescuing VHA-a1-GFP is segregating. 

This way, via the GFP fluorescence, microspores with and without the rescuing 

VHA-a1-GFP could be told apart.  

A further indication regarding the occurrence of the late defect of vha-a1/+ and a potential 

tool for its analysis are MSP1:VHA-a1-XFP expressing plants. Expression of VHA-a1 

driven by the MSP1 promoter (Honys et al., 2006) enabled the transmission of the vha-a1 

allele via the male gametophyte. It specifically rescued the late defect of vha-a1/+, but 

not the early defect of vha-a1.  

2.3.7 vha-A/+ anthers contain aborted microspores, while 

vha-a1/+ lacks aborted microspores 

In contrast to VHA-a1, VHA-A is a single gene encoded subunit. Lack of VHA-A means 

an overall lack of V-ATPase activity. Hence, CRISPR/Cas9 under the control of an 

egg-cell specific promoter targeting VHA-A is not expected to result in homozygous null 

mutants. VHA-E1 is essential for embryogenesis (Strompen et al., 2005), thus, plants 

that lack V-ATPase activity should not be found. Accordingly, no triple mutant vha-a1 

vha-a2 vha-a3 was obtained in this work (Chapter 1.2.2). However, theoretically, if pollen 
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development could be analyzed in a homozygous vha-A mutant, it should share the early 

defect (primexine defect) with vha-a1. 

Concerning the heterozygous mutants, vha-A/+ anthers have wildtype-looking and 

aborted microspores in a ratio of 1:1 (Dettmer et al., 2005), while vha-a1/+ lacks aborted 

microspores. Aberrant microspores were observed in vha-A/+ mutants after the first 

mitosis. Ultrastructural analysis of vha-A microspores showed microspores with a 

well-developed intine and exine, but misshaped Golgi stacks (Dettmer et al., 2005). A 

reason for the lack of the defect at this stage in pollen development in vha-a1/+, could 

be different protein lifetimes. In vha-a1 microspores in the vha-a1/+ mutant, VHA-a1 

could still be present around the first mitosis while VHA-A could be shorter lived. 

Alternatively, it is possible, although less likely, that the difference is caused by the 

presence of VHA-a2 and VHA-a3. V-ATPases could be required at the tonoplast at this 

stage in pollen development. However, the phenotype of the vha-a2 vha-a3 double 

mutant, which has no defect in pollen development, argues against it. Else, although also 

less likely, VHA-A could fulfill an additional function beyond proton pumping that is 

specific to VHA-A and essential for pollen development.  

2.3.8 Why is VHA-a3 not able to rescue pollen 

development of vha-a1? 

The question remains why VHA-a3 can replace VHA-a1 during vegetative growth but not 

during pollen development. I have shown in this work that the defect in pollen 

development is not due to the absence of VHA-a3. VHA-a3-RFP expressed under the 

control of its own promoter was present throughout pollen development in developing 

microspores and cells of the anther wall. In addition, complementation analysis using 

expression driven by the UBQ10 promoter revealed that VHA-a3 is not able to rescue 

pollen development of vha-a1, while VHA-a3-a1-TD can. As VHA-a3-a1-TD differs from 

VHA-a3 only in the 33 amino acids-containing region of the a1-TD, no other features of 

VHA-a1 that VHA-a3 does not have, are needed besides TGN/EE localization. 

Consequently, while in vha-a1 VHA-a3 could be able to travel to the TGN/EE during 

vegetative growth, during pollen development, it could not be able to reach the TGN/EE. 

This could be due to COPII isoform specificity of VHA-a3. The SEC24 subunit recognizes 

cargo proteins for incorporation into COPII vesicles (Miller et al., 2003). Arabidopsis 

possesses three SEC24 isoforms, SEC24A, SEC24B and SEC24C. It could be that 
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VHA-a3 is able to enter COPII vesicles only in the presence of a specific SEC24 isoform. 

It was reported that the three SEC24 isoforms are expressed at different times in the 

plant lifecycle. Promoter:GUS analysis showed no difference in expression between the 

three isoforms in seedlings, but in reproductive development, differences were shown. 

Concerning SEC24A, GUS activity was detected in ovules, pollen grains and embryos. 

Regarding SEC24B, GUS activity was found in sepals, petals, stamens with pollen 

grains, pistils as well as flower buds. For SEC24C, GUS activity was shown in sepals, 

stamens with pollen grains, pistils, flower buds and in parts of the silique (Tanaka et al., 

2013). Moreover, microarray expression analyses showed that the three isoforms are 

expressed at different stages in pollen development (Conger et al., 2011). Information 

about expression in the early stages of pollen development before the unicellular 

microspore stage is lacking. However, it might be that VHA-a3 enters COPII vesicles that 

contain a specific SEC24 isoform during vegetative growth and that this SEC24 isoform 

is not present early in pollen development.  
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Aims of chapter 3 

VHA-AP1, which is associated with the V-ATPase, has not been functionally 

characterized before. It is a potential essential component of Arabidopsis V-ATPase 

complexes. The objective was to investigate the function of VHA-AP1. 
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3.1 Introduction 

3.1.1 The V-ATPase-associated proteins VHA-AP1 and 

VHA-AP2 

Research on the structure of V-ATPase complexes of different organisms has shed light 

on the subunit composition and the functions of V-ATPase subunits. Electron 

cryomicroscopy (cryoEM) analyses were done with V-ATPase complexes of yeast 

(Benlekbir et al., 2012; Mazhab-Jafari et al., 2016; Oot et al., 2016; Roh et al., 2018; 

Vasanthakumar et al., 2022, 2019; Zhao et al., 2015), of the insect Manduca sexta 

(Muench et al., 2009), bovine (Gregorini et al., 2007; R. Wang et al., 2020), rat (Abbas 

et al., 2020) and human (L. Wang et al., 2020). Very recently, cryoEM analysis of the 

lemon V-ATPase added the structure of the first plant V-ATPase to the collection (Tan 

et al., 2022). 

The 3D structures shaped the understanding of V-ATPase composition, the rotary 

mechanism of proton pumping coupled to ATP hydrolysis, assembly and regulation of 

the enzyme. Insights were gained, for instance, into conformational changes during 

autoinhibition of the V1 subcomplex and during reversible dissociation of the V1 and VO 

sub-complexes (Oot et al., 2016; Vasanthakumar et al., 2022)  

Furthermore, differences between V-ATPase complexes of different organisms were 

revealed. A great difference between the yeast and the mammalian VO subcomplex is 

the absence of the protein ATP6AP2 in the yeast V-ATPase (Abbas et al., 2020). 

Moreover, the human ATP6AP1, which is also part of the VO subcomplex, differs from 

the yeast VOa1p, as it possesses a large luminal domain. Apart from the domain in the 

lumen, the transmembrane domain of human ATP6AP1 and yeast VOa1p are conserved 

in structure and sequence (Roh et al., 2018; L. Wang et al., 2020). ATP6AP1 and 

ATP6AP2 are both situated in the c-ring of VO (L. Wang et al., 2020). They both possess 

one transmembrane domain and belong to the type I transmembrane proteins. ATP6AP1 

is also called Ac45 and ATP6S1, while ATP6AP2 is also known as (pro)renin receptor 

(PRR). In the lemon V-ATPase VHA-AP1 does not have the large luminal domain which 

was observed for ATP6AP1 in the human V-ATPase, but was also absent in yeast 

VOa1p. In addition, the lemon V-ATPase lacks subunit f compared to yeast and 

mammalian V-ATPases and its subunit H has a different conformation, which might 
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prevent ATP synthesis in order to allow for the very low pH of the juice sac cell vacuole 

of lemon. VHA-AP2 is present in lemon (Tan et al., 2022).  

Consequently, the structural analyses of V-ATPases also added VHA-AP1 and 

VHA-AP2 to the picture which were missing in early descriptions of the V-ATPase 

complex composition (Nishi and Forgac, 2002; Sze et al., 2002) and are often called 

accessory subunits. This is how ATP6AP1 was introduced when it was first co-purified 

in biochemical purification of the V-ATPase from bovine cells (Supek et al., 1994). 

Biochemical purifications of the bovine V-ATPase also identified ATP6AP2 (Ludwig et 

al., 1998). ATP6AP1 and ATP6AP2 interact via their N-terminal parts (Rujano et al., 

2017).  

VOa1p functions in the assembly of the VO subcomplex in the ER in yeast (Ryan et al., 

2008). Drosophila ATP6AP2 was shown to be able to functionally replace VOa1p in yeast. 

In combination with Drosophila ATP6AP1, Drosophila ATP6AP2 compensated even 

more efficiently for the lack of Voa1p in yeast (Guida et al., 2018). This indicates that 

ATP6AP1 and ATP6AP2 function in V-ATPase assembly at the ER, as also suggested 

by (Jansen et al., 2016; Kinouchi et al., 2010; Rujano et al., 2017). However, ATP6AP1 

and ATP6AP2 are not only present at the ER. ATP6AP2 was found, for example, at the 

plasma membrane involved in the planar cell polarity (PCP) signaling pathway in 

Drosophila (Buechling et al., 2010; Hermle et al., 2013). Also, ATP6AP1 was found at 

different subcellular localizations (Jansen et al., 1998). CryoEM of human V-ATPase 

showed that ATP6AP1 is required for the assembly of VO as a scaffold for ATP6AP2, 

c-ring subunits and subunit d. As was shown for the yeast VOa1p (Roh et al., 2018), after 

assembly, human ATP6AP1 remains integrated in V-ATPase complexes (L. Wang et al., 

2020). Thus, it has the potential to fulfill more functions, for example, to act in signaling, 

as has been shown for ATP6AP2, which functions in PCP and Wnt signaling (Buechling 

et al., 2010; Cruciat et al., 2010; Hermle et al., 2013).  

Moreover, both ATP6AP1 and ATP6AP2 are cleaved (Cousin et al., 2009; Holthuis et 

al., 1999), and it is not yet known what consequences the cleavages have for the 

functions of the proteins. In plants, nothing had been elucidated about the functions of 

VHA-AP1 and VHA-AP2.  
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Figure 27. Structural models of VHA-AP1 and VHA-AP2. The 3D structures of 

VHA-AP1 and VHA-AP2 were created using AlphaFold (Jumper et al., 2021; Varadi et 

al., 2022) and visualized with UCSF Chimera (Goddard et al., 2018; Pettersen et al., 

2004). 

 

The Arabidopsis proteins VHA-AP1 and VHA-AP2, while only having 27% amino acid 

sequence identity (Röhrich Master Thesis, 2016), possess similar 3D structures (Figure 

27). VHA-AP1 is also known as VHA-AP2L1 (Röhrich Master Thesis, 2016; Hinterberger 

Master Thesis, 2019). VHA-AP1 and VHA-AP2 were found co-expressed with genes 

encoding V-ATPase subunits (Fink Master Thesis, 2012); Röhrich Master Thesis, 2016). 

Both genes were targeted using CRISPR/Cas9 (Röhrich Master Thesis, 2016). Different 

homozygous vha-ap2 mutants harboring independently generated mutant alleles that 

are likely null alleles showed no aberrant phenotype when grown under standard growth 

conditions (Rachel Röhrich, data not shown). In this work, the function of VHA-AP1 was 

investigated.  
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3.2 Results 

3.2.1 VHA-AP1 is localized at the tonoplast in wildtype, 

while detected at the ER in vha-a2 vha-a3 

The intracellular localization of VHA-AP1 was analyzed using VHA-AP1 tagged with 

mCherry expressed under the control of the UBQ10 promoter (UBQ10:VHA-AP1-

mCherry, Fabian Fink). In wildtype VHA-AP1 localized to the tonoplast and to punctate 

structures, which presumably are TGN/EE (Figure 28A). On the contrary, in 

vha-a2 vha-a3, which lacks V-ATPases at the tonoplast, while still present in punctae, 

VHA-AP1 was absent from the tonoplast and detected at the ER instead (Figure 28B 

and C). This suggests that VHA-AP1 travels in assembled V-ATPase complexes to its 

intracellular destinations. 

 

 

Figure 28. VHA-AP1-mCherry localizes to the tonoplast in wildtype but is retained 

in the ER in vha-a2 vha-a3. (A) VHA-AP1-mCherry localizes at the tonoplast and 

punctate structures, presumably TGN/EE, in wildtype. Root cells of the transition zone 

were imaged. (B and C) In vha-a2 vha-a3, which lacks V-ATPases at the tonoplast, 

VHA-AP1-mCherry is detected at the ER and punctate structures. Root cells of the 

transition zone were imaged in (B). (C) shows root cells of the meristematic zone 

displaying prominent ring-shaped ER signal. CLSM analysis of 7-day-old seedlings. 

Scale bars = 10 µm. 
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3.2.2 VHA-AP1 is essential for male gametophyte 

development 

To analyze if VHA-AP1 is required for V-ATPase function, CRISPR/Cas9 was used to 

generate vha-ap1 mutant alleles. CRISPR constructs were cloned (CRISPR VHA-AP1 I, 

Röhrich Master Thesis, 2016; CRISPR VHA-AP1 II, this work) in which Cas9 expression 

is driven by an egg cell-specific promoter (Wang et al., 2015). Wildtype plants were 

transformed with the CRISPR constructs targeting VHA-AP1 at different target sites. 

Examples of the independent alleles that were obtained are vha-ap1-1 and vha-ap1-2. 

vha-ap1-1 contains a 1 bp insertion, leading to a frameshift and an early stop codon. 

vha-ap1-2 has a 4 bp deletion which also leads to a frameshift and a premature stop 

codon (Figure 29). According to their sequences, they are likely null alleles. Analysis of 

T1 generation plants showed that only heterozygous and no homozygous or bi-allelic 

mutants were present. In the T2, a vha-ap1/+ (Cas9-) plant was selected and segregation 

of the mutant allele was monitored by genotyping of its progeny in the T3. Again, no 

homozygous plants were present (Figure 30A). Reciprocal crosses of vha-ap1/+ and 

wildtype were performed next. Analysis of the F1 progeny of these crosses revealed that 

vha-al1 is transmitted via the female gametophyte but not via the male gametophyte 

(Florian Hinterberger, (Hinterberger Master Thesis, 2019); Figure 30B), suggesting that 

VHA-AP1 is required for V-ATPase function. Subsequently, I wanted to show that the 

lack of transmission is indeed due to a lack of VHA-AP1. Moreover, I intended to 

establish homozygous lines vha-ap1 expressing VHA-AP1-mCherry. Therefore, vha-

ap1-1/+ (Cas9-) was crossed with UBQ10:VHA-AP1-mCherry carrying wildtype plants. 

In the F1 generation, a vha-ap1-1/+ mutant expressing VHA-AP1-mCherry was identified 

via genotyping and CLSM analysis, respectively. I aimed to identify homozygous 

vha-ap1-1 mutants carrying the transgene in the F2 generation. Therefore, I performed 

genotyping of plants that had been grown on hygromycin-containing plates to select for 

the UBQ10:VHA-AP1-mCherry containing T-DNA. However, no homozygous mutants 

were identified (Figure 30C), which indicates that UBQ10:VHA-AP1-mCherry does not 

rescue. 
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Figure 29. vha-ap1 alleles that were generated using CRISPR/Cas9. Positions of the 

gRNA target sites in the coding sequence of VHA-AP1 are shown. vha-ap1-1 (A) and 

vha-ap1-2 (B) are examples of alleles that were obtained in two independent CRISPR 

approaches. No homozygous mutants were identified. The chromatograms show the 

results of sequencing PCR amplicons of the targeted regions of heterozygous mutants. 

The reverse primers were used for sequencing. vha-ap1-1 harbors a 1 bp insertion 

leading to a frameshift and an early stop codon (*). vha-ap1-2 contains a 4 bp deletion 

which also causes a frameshift and an early stop codon. Δ marks the deletion site. 
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Figure 30. vha-ap1 is not transmitted via the male gametophyte, and 

UBQ10:VHA-AP1-mCherry does not rescue. (A) In the progeny of a vha-ap1/+ mutant 

no homozygous mutants were present. Only heterozygous mutants and wildtype plants 

were identified. n = 29. (B) Reciprocal crosses vha-ap1/+ x wildtype revealed lack of 

transmission of the mutant allele via the male gametophyte. For vha-ap1-1/+ x wildtype 

n = 41, for wildtype x vha-ap1-1/+ n = 39, n=40 for vha-ap1-2 x wildtype and n = 17 for 

wildtype x vha-ap1-2. (C) Analysis of the progeny of the cross vha-ap1/+ x 

UBQ10:VHA-AP1-mCherry in the F2 generation shows the lack of homozygous mutants, 

indicating that UBQ10:VHA-AP1-mCherry is not able to rescue. n = 33. The analysis 

shown in (B) was performed by Florian Hinterberger. Part (B) of this figure was made by 

Florian Hinterberger (Hinterberger Master Thesis, 2019) and was modified for this thesis.  

 

3.2.3 Inducible knock-down of VHA-AP1 leads to reduced 

cell expansion 

As homozygous knock-out mutants seemed to be not viable, an inducible knock-down 

approach was performed to further analyze the function of VHA-AP1. Dexamethasone 

(Dex)-inducible artificial microRNA (amiR) constructs against VHA-AP1 under the control 

of the pOp6/LhGR system (Craft et al., 2005) were cloned and wildtype plants were 

transformed. Induction of amiRs targeting VHA-AP1 led to a reduction in cell expansion 

in the case of both amiR-vha-ap1 1 and amiR-vha-ap1 2 (Figure 31 and Hinterberger, 

Master Thesis, 2019). The cell expansion defect suggests once more that VHA-AP1 is 

required for V-ATPase function. UBQ10:VHA-AP1-mCherry is not targeted by 

amiR-vha-ap1 1 and amiR-vha-ap1 2, as they target sites in the 3’ untranslated region 

of VHA-AP1 which UBQ10:VHA-AP1-mCherry does not contain (Figure 31A). Hence, it 
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did not require introducing mutations to make UBQ10:VHA-AP1-mCherry resistant 

against the amiRs to analyze whether it rescues the cell expansion defect of the 

amiR-mediated knock-down. I crossed amiR-vha-ap1 lines with plants with segregating 

UBQ10:VHA-AP1-mCherry and analyzed root length of F1 seedlings. No difference in 

root length was found between UBQ10:VHA-AP1-mCherry expressing plants and plants 

without UBQ10:VHA-AP1-mCherry upon amiR induction. This indicates that 

UBQ10:VHA-AP1-mCherry does not rescue, which is in accordance with the 

transmission results of the vha-ap1/+ crossed with UBQ10:VHA-AP1-mCherry.  
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Figure 31. artificial microRNA-mediated inducible knock-down of VHA-AP1 leads 

to reduced cell expansion. (A) The target sites of the dexamethasone (Dex)-inducible 

artificial microRNAs (amiR) targeting VHA-AP1 are displayed. The bases shown in red 

in the reverse complement sequence of the amiRs are not complementary to the target 

site. (B) Seedlings grown on dimethyl sulfoxide-containing control plates. (C) Seedlings 

were grown on plates containing 60 µM Dex. 13-day-old plants are shown that were 

grown under long-day conditions (16 h of light and 22 °C). 
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3.2.4 VHA-AP1-GSL-phGFP shows a different localization 

than VHA-AP1-mCherry and VHA-AP1-GSL-

mNeongreen 

Considering that the mCherry tag could hamper the function of VHA-AP1, an untagged 

VHA-AP1 construct was made again using the UBQ10 promoter. Moreover, a construct 

for expression of VHA-AP1 connected via a linker to a fluorescent protein was 

constructed, UBQ10:VHA-AP1-GSL-phGFP. vha-ap1/+ and wildtype plants were 

transformed with the new constructs, as well as the TGN/EE marker line 

VHA-a1:VHA-a1-RFP (Fecht-Bartenbach et al., 2007) and the tonoplast marker line 

VHA-a3:VHA-a3-RFP (Brüx et al., 2008). CLSM analysis revealed a different localization 

for VHA-AP1-GSL-phGFP than for VHA-AP1-mCherry. While in wildtype 

VHA-AP1-mCherry had shown tonoplast localization and punctate signal, presumably 

due to TGN/EE localization, VHA-AP1-GSL-phGFP showed ER signal exclusively. It did 

neither co-localize with VHA-a1-RFP, nor with VHA-a3-RFP (Figure 32). The observed 

ER localization could either represent the true localization of endogenous VHA-AP1, or 

could result from retaining VHA-AP1-GSL-phGFP at the ER, for instance, due to not 

passing ER quality control, e.g., due to misfolding, possibly due to the GSL-phGFP tag.  
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Figure 32. VHA-AP1-GSL-phGFP localizes to the ER. CLSM analysis of plants 

expressing UBQ10:VHA-AP1-GSL-phGFP in the TGN/EE marker background 

VHA-a1:VHA-a1-RFP and the tonoplast marker background VHA-a3:VHA-a3-RFP, 

respectively. Exclusively ER localization and no co-localization with VHA-a1-RFP or 

VHA-a3-RFP was found for VHA-AP1-GSL-phGFP. Root cells of the transition zone are 

shown. Scale bars = 10 µm. 

 

As ER localization might stem from non-functionality resulting from the phGFP tag, a 

fourth VHA-AP1 construct was made, VHA-AP1-GSL-mNeongreen (Fabian Fink), again 

under the control of the UBQ10 promoter. A vha-a2 vha-a3 mutant generated via 

CRISPR/Cas9, CR vha-a2 vha-a3-1 (Konopatzki Bachelor Thesis, 2021), as well as 

wildtype were transformed (Fabian Fink). The localization of VHA-AP1-GSL-

mNeongreen was analyzed using CLSM and was found to be identical to the localization 

of VHA-AP1-mCherry (CLSM analysis Fabian Fink). In wildtype, it localized to the 

tonoplast and to punctate structures and in CR vha-a2 vha-a3-1 it was detected at the 

ER and punctae (Figure 33).  
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Figure 33. VHA-AP1-GSL-mNeongreen localizes to the tonoplast in wildtype and 

is retained in the ER in CR vha-a2 vha-a3 -1 as VHA-AP1-mCherry.CLSM analysis 

of plants expressing UBQ10:VHA-AP1-GSL-mNeongreen. (A) In wildtype, VHA-AP1-

GSL-mNeongreen is localized at the tonoplast and at punctate structures, which are 

presumably TGN/EE. (B) In contrast, in CR vha-a2 vha-a3 -1 VHA-AP1-GSL-

mNeongreen was detected at the ER and at punctate structures. Root cells of the 

transition zone are shown. Scale bars = 10 µm. This analysis was performed by Fabian 

Fink. 
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3.3 Discussion 

3.3.1 Is VHA-AP1 required for V-ATPase function? 

In yeast, V-ATPase subunit mutants have in common that they are able to grow on acidic 

media of pH 5, while they are unable to grow at pH 7.5 in 60 mM CaCl2 (Sambade et al., 

2005). In Arabidopsis, a characteristic of decreased V-ATPase activity at the TGN/EE is 

reduced cell expansion (Brüx et al., 2008; Luo et al., 2015). This work showed that 

inducible knock-down of VHA-AP1 results in reduced cell expansion, suggesting that 

VHA-AP1 could be an essential component of V-ATPase complexes.  

VHA-AP1-mCherry and VHA-AP1-GSL-mNeongreen were not detected at the tonoplast 

in vha-a2 vha-a3 that lacks V-ATPases at the tonoplast. This suggests that VHA-AP1 

exits the ER with V-ATPases. VHA-AP1-mCherry and VHA-AP1-GSL-mNeongreen were 

also found in punctate structures, presumably TGN/EE, the other destination of 

V-ATPase complexes in Arabidopsis. It remains to be investigated if the role of VHA-AP1 

is restricted to a function at the ER or if it fulfills functions at the TGN/EE and the 

tonoplast. Functions outside the ER could be limited to representing a structural 

component of the V-ATPase complex or be beyond, such as acting in signaling through 

protein-protein interactions.  

In contrast, VHA-AP1-GSL-phGFP was only detected at the ER, indicating that VHA-AP1 

does not leave the ER. It needs to be determined which behavior reflects the behavior 

of the endogenous protein. As only the GSL-phGFP-tagged VHA-AP1 is unable to leave 

the ER, while the mCherry and the GSL-mNeongreen-tagged proteins both localize to 

the tonoplast and punctate structures, it is more likely that the latter represents the 

localization of the endogenous protein. The GSL-phGFP tag could hamper ER exit.  

Targeted mutagenesis using CRISPR/Cas9 and analysis of vha-ap1 alleles unveiled that 

vha-ap1 is not transmitted via the male gametophyte. This further argues that VHA-AP1 

is needed for V-ATPase function. V-ATPases are essential for pollen development 

(Dettmer et al., 2005; Chapter 2), and also vha-a1 and vha-A are only transmitted via the 

female gametophyte to the next generation (Dettmer et al., 2005); this work). In contrast 

to VHA-a1, only heterozygous and no homozygous mutants were identified when 

targeting VHA-AP1 using egg cell-controlled CRISPR/Cas9. This indicates that no other 
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protein functions redundantly with VHA-AP1 (or if another protein functions redundantly, 

it is not expressed at a stage at which it would be required).  

To show that the cell expansion defect and the transmission defect via the male 

gametophyte indeed are due to missing VHA-AP1, the knock-down and knock-out lines 

should be rescued with a construct expressing VHA-AP1. The results of this work 

suggest that UBQ10:VHA-AP1-mCherry is not able to rescue. A reason for this could be 

that the UBQ10 promoter does not provide for expression at a critical stage in 

development. Thus, a rescue approach in which VHA-AP1 is driven by its own promoter 

could be performed. However, UBQ10:VHA-AP1-mCherry did not rescue the inducible 

knock-down of VHA-AP1 which argues against absence of VHA-AP1 at a critical stage 

when driven by the UBQ10 promoter. UBQ10:VHA-AP1-mCherry did not rescue the cell 

expansion defect, despite CLSM analyses showed the presence of VHA-AP1-mCherry 

in roots of seedling. Hence, it seems more likely, that mCherry that is fused with 

VHA-AP1 without a linker could represent a steric hindrance. The transmission of 

vha-ap1 via the male gametophyte can be tried to be rescued by expressing a transgene 

encoding untagged VHA-AP1 in vha-ap1/+, potentially resulting in homozygous vha-ap1 

mutants.  

Furthermore, it remains to be elucidated what the consequences of cleavage of 

VHA-AP1 (Hinterberger Master Thesis, 2019) are. Concerning ATP6AP2, Guida et al., 

2018 reported that for the rescue of the yeast mutant lacking VOa1p with Drosophila 

ATP6AP2, the full length protein is required. In Drosophila, an uncleavable version of 

ATP6AP2 did not lead to obvious effects (Guida et al., 2018). However, before and after 

cleavage, VHA-AP2 and VHA-AP1 could fulfill different functions.  
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4 Conclusion 

This study revealed the functional redundancy of tonoplast-destined V-ATPases and 

those dedicated to the TGN/EE in Arabidopsis. VHA-a1 seems not to have acquired 

novel functions during evolution aside from its specialization in localization at the 

TGN/EE. The TGN/EE localization of VHA-a1 is determined by the a1-TD in the 

N-terminal half of the protein (Lupanga et al., 2020) and the evolution of the a1-TD 

coincided with the evolution of non-motile sperm of seed plants. This work elucidated 

that VHA-a2/VHA-a2-containing V-ATPases are able to compensate for the lack of 

VHA-a1 during vegetative growth. It further uncovered that during pollen development, 

VHA-a3 is not able to rescue, but VHA-a3 containing the a1-TD can compensate for the 

lack of VHA-a1. Analysis of the vha-a1 mutant contributed to the understanding of the 

process of primexine formation. vha-a1 is defective in primexine formation. Pollen 

development of vha-a1 could not be rescued by tapetum-specific expression of VHA-a1 

and no difference between the tapetum in vha-a1 and wildtype was found. This argues 

for a largely gametophytic-controlled formation of the primexine and against a scenario 

in which primexine formation is mainly under the control of the sporophyte. Moreover, 

microscopy of fluorescently tagged VHA-a1, VHA-a3 and SRβ in microsporocytes, 

microspores and cells of the anther wall gave a detailed picture of the rapid remodeling 

of endomembranes in the anther.  

Furthermore, the potential pH sensing function of the V-ATPase was analyzed and 

site-directed mutagenesis of histidine residues in the C-terminal half of VHA-a1 revealed 

potentially essential histidines and histidines that seem to be not essential for the function 

of VHA-a1. The results of this work suggest that VHA-a1 H738 is required for proton 

translocation. Additionally, VHA-a1 H434 and VHA-a1 H613 are potentially relevant for 

a function of VHA-a1, as they might not rescue pollen development in vha-a1. Moreover, 

site-directed mutagenesis of VHA-a1 H788 and VHA-a1 H793 to arginine led to the 

retention of the proteins at the ER in Nicotiana benthamiana and no detection in 

Arabidopsis. It remains to be determined if the V-ATPase has the capacity to sense pH 

via a conformational change triggered by differential protonation of histidine residues. In 

vegetative growth, VHA-a2/a3-containing V-ATPases compensate for the lack of 

VHA-a1. Thus, this study showed that the potential pH sensing function cannot be limited 
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to VHA-a1-containing V-ATPases. In future investigations, histidine residues that are 

conserved between the VHA-a1 and the VHA-a3 clade should be analyzed.  

Finally, analysis of VHA-AP1 showed that it is essential for the male gametophyte, and 

its inducible knock-down demonstrated that it is required for cell expansion, suggesting 

that it could be an essential component of V-ATPases.  
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5 Materials and methods  

5.1 Plant material 

Arabidopsis thaliana ecotype Columbia-0 was used in this work. Transgenic lines which 

were used in this study are listed in Table 1. CRISPR/Cas9-based Cas9 - lines are shown 

in Table 2 and Table 3.  

Table 1: Transgenic lines used in this work 

Name Reference 

VHA-a1:VHA-a1-GFP Dettmer et al., 2006 

VHA-a3:VHA-a3-RFP Brüx et al., 2008 

VHA-a1:VHA-a1-RFP Fecht-Bartenbach et al., 2007 

UBQ10:SRβ-mTurquoise by Dr. Jana Askani 

VHA-a3:VHA-a3-RFP x VHA-a1:VHA-a1-GFP F2 by Dr. Jana Askani,  

Askani Dissertation, 2022 

UBQ10:SRβ-mTurquoise x  

(VHA-a3:VHA-a3-RFP x VHA-a1:VHA-a1-GFP) 

F1 

this work 

UBQ10:VHA-a1-GFP this work, Lupanga et al., 2020 

UBQ10:MpVHA-a-GSL-mVenus by Dr. Upendo Lupanga, 

Lupanga et al., 2020 

UBQ10:VHA-a3-mScarlet  by Dr. Upendo Lupanga, 

Lupanga et al., 2020 

UBQ10:VHA-a3-GFP by Dr. Melanie Krebs 

UBQ10:VHA-a3-a1-TD-GFP by Dr. Upendo Lupanga, 

Lupanga et al., 2020 

VHA-a1:VHA-a1-RFP  

UBQ10:VHA-a1-GSL-mVenus 

this work 

VHA-a1:VHA-a1-RFP  

UBQ10:VHA-a1 H434R-GSL-mVenus 

this work 
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VHA-a1:VHA-a1-RFP  

UBQ10:VHA-a1H494R-GSL-mVenus 

this work 

VHA-a1:VHA-a1-RFP  

UBQ10:VHA-a1 H613R-GSL-mVenus 

this work 

VHA-a1:VHA-a1-RFP  

UBQ10:VHA-a1 H713R-GSL-mVenus 

this work 

VHA-a1:VHA-a1-RFP  

UBQ10:VHA-a1 H738R-GSL-mVenus 

this work 

VHA-a1:VHA-a1-RFP  

UBQ10:VHA-a1 H788R-GSL-mVenus 

this work 

VHA-a1:VHA-a1-RFP  

UBQ10:VHA-a1 H793R-GSL-mVenus 

this work 

UBQ10:VHA-a1 H3A-GSL-mVenus this work 

vha-a2 SALK_142642, Krebs et al., 2010 

vha-a3 SALK_29786, Brüx et al., 2008 

vha-a2 vha-a3 Krebs et al., 2010 

vha-a2 vha-a3 UBQ10:VHA-a1 ΔEEI-GSL-

mVenus 

this work 

vha-a2 vha-a3 UBQ10:VHA-a1 ΔEEI H3A-GSL-

mVenus 

this work 

vha-a2 vha-a3 UBQ10:VHA-a1 L159T-GSL-

mVenus 

this work 

vha-a2 vha-a3 UBQ10:VHA-a1 L159T H3A-GSL-

mVenus 

this work 

vha-a1 (Cas9+) UBQ10:VHA-a3-GFP this work 

vha-a1 (Cas9+) UBQ10:VHA-a3-mScarlet this work 

vha-a1 (Cas9+) MSP1:VHA-a1 this work 

vha-a1 (Cas9+) MSP1:VHA-a1 

A9:VHA-a1-mScarlet 

by Fabian Fink 

vha-a1 (Cas9+) UBQ10:VHA-a1-GFP this work, Lupanga et al., 2020 

vha-a1 (Cas9+) this work, Lupanga et al., 2020 

vha-a1/+ (Cas9+) this work, Lupanga et al., 2020 

vha-a1 (Cas9+) vha-a2/+ vha-a3/+ this work, Lupanga et al., 2020 

vha-a1/+ (Cas9+) vha-a2/+ vha-a3/+ this work, Lupanga et al., 2020 
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vha-a2/+ vha-a3/+ this work, Lupanga et al., 2020 

vha-a1/+ (Cas9+) vha-a2 vha-a3/+ this work, Lupanga et al., 2020 

vha-a1/+ (Cas9+) vha-a2/+ vha-a3 this work, Lupanga et al., 2020 

vha-a1 (Cas9+) vha-a2 vha-a3/+ this work, Lupanga et al., 2020 

vha-a1 (Cas9+) vha-a2/+ this work, Lupanga et al., 2020 

vha-a1 (Cas9+) vha-a3/+ this work¸ Lupanga et al., 2020 

UBQ10:VHA-AP1-mCherry by Fabian Fink,  

Hinterberger Master Thesis, 2019 

vha-a2 vha-a3 

UBQ10:VHA-AP1-mCherry 

by Fabian Fink 

UBQ10:VHA-AP1-GSL-mNeongreen by Fabian Fink 

CR vha-a2 vha-a3 -1 

UBQ10:VHA-AP1-GSL-mNeongreen 

by Fabian Fink 

VHA-a1:VHA-a1-RFP  

UBQ10:VHA-AP1-GSL-phGFP 

this work 

VHA-a3:VHA-a3-RFP  

UBQ10:VHA-AP1-GSL-phGFP 

this work 

amiR-vha-ap1 1 this work,  

Hinterberger Master Thesis, 2019 

amiR-vha-ap1 2 this work,  

Hinterberger Master Thesis, 2019 

 

Table 2: vha-a1 (Cas9 -) lines that were generated and used in this work 

Name 

vha-a1-1 UBQ10:VHA-a1-GFP 

vha-a1-2 UBQ10:VHA-a1-GFP 

vha-a1-1 UBQ10:VHA-a1-GSL-mVenus 

vha-a1-1 UBQ10:VHA-a1 H494R-GSL-mVenus 

vha-a1-1 UBQ10:VHA-a1 H713R-GSL-mVenus 

vha-a1-1 UBQ10:VHA-a1 H738R-GSL-mVenus 

vha-a1-1 UBQ10:VHA-a3-a1-TD-GFP 

vha-a1-1/+ 
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vha-ap1-1/+ 

vha-ap1-2/+ 

vha-a1-1/+ x wildtype F1 

wildtype x vha-a1-1/+ F1 

vha-ap1-1/+ x wildtype F1 

wildtype x vha-ap1-1/+ F1 

vha-ap1-2/+ x wildtype F1 

wildtype x vha-ap1-2/+ F1 

 

Table 3: CRISPR vha-a2 vha-a3 (Cas9 -) line 

Name Reference 

CR vha-a2 vha-a3 -1 Konopatzki Bachelor Thesis, 

2021 

 

5.2 Standard growth conditions 

Plates were prepared using ½ Murashige and Skoog (MS) medium (Duchefa 

Biochemie), 0.5% sucrose and 0.55% phytoagar (Duchefa Biochemie) adjusted to pH 

5.8 with KOH. Seeds were sterilized in 70% ethanol for 15 min and 99% ethanol for 5 

min in 1.5 or 2 ml tubes on a rotating device. In the sterile hood, they were dried on filter 

paper and subsequently sown on plates. Plates were put at 4 °C into the dark for 

stratification for 2 days. Subsequently, plates were placed into growth chambers 

providing long-day conditions (16 h of light, 8 h of darkness) at 22 °C. After 9 to 11 days 

plants were transferred to soil if required and grown in growth rooms at long-day 

conditions, with the exception of vha-a2 vha-a3 mutants, which were grown in growth 

chambers in constant light. 
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5.3 Plasmid and transgenic plants generation 

Constructs were cloned using the GreenGate system, which allows the insertion of six 

entry modules into a destination vector in a defined order based on specific overhangs 

(Lampropoulos et al., 2013).  

Entry modules that were generated in this work are described in 5.4 and 5.5. The 

components used for GreenGate reactions are listed in Table 4 and the thermocycler 

program used is shown in Table 5. After the GreenGate reaction, 5 µl of the reaction 

were used to transform Escherichia coli (E. coli) (5.9 Transformation of bacteria). 

Subsequently, plasmids were isolated from liquid cultures via miniprep and restriction 

endonuclease digestion was performed to test if the correct plasmid was obtained. For 

Agrobacterium-mediated transformation of Arabidopsis, the Agrobacterium tumefaciens 

(A. tumefaciens) strain ASE1 was used if the GreenGate construct possessed the 

destination vector pGGZ001 or pGGZ003 (Lampropoulos et al., 2013). If the GreenGate 

construct contained the destination vector pGGZ004 (Lupanga et al., 2020) the 

Agrobacterium tumefaciens strain GV3101 was used (5.9 Transformation of bacteria). 

pGGZ001 and pGGZ003 each confer resistance against spectinomycin, pGGZ004 

mediates kanamycin resistance. 

Primers used in this work were ordered from Eurofins Genomics and enzymes which 

were used were from Thermo Fisher Scientific. Restriction endonuclease digestion, 

isolation of plasmids from liquid cultures, polymerase chain reactions (PCRs), ligations, 

agarose gel electrophoresis and DNA purification from agarose gels were performed 

according to standard protocols. The Geneious 10.2.3 software (Biomatters inc., San 

Diego, California, USA) was used for in silico plasmid construction and alignment of 

sequences.  
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Table 4: GreenGate reaction components 

Components Volume 

A module ~100 ng/µl 1.5 µl 

B module ~100 ng/µl 1.5 µl 

C module ~100 ng/µl 1.5 µl 

D module ~100 ng/µl 1.5 µl 

E module ~100 ng/µl 1.5 µl 

F module ~100 ng/µl 1.5 µl 

Destination vector ~100 ng/µl 1 µl 

10 x Fast Digest buffer  1.5 µl 

Eco31I Fast Digest  1.5 µl 

T4 DNA Ligase 30 U/µl  1 µl 

ATP 10 mM  1 µl 

Table 5: Cycler program used for GreenGate reactions 

Temperature  Time Number of cycles 

37 °C 3 min ] 50  
16 °C 3 min 

50 °C 5 min 1 

80 °C 5 min 1 

16 °C hold  

 

GreenGate constructs that were assembled in this work are specified in Table 6. 

GreenGate constructs that were assembled by others are shown in Table 7.  
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Table 6: GreenGate constructs assembled in this work 

UBQ10:VHA-a1-GFP ° 

A  
module 

B 
module  

C 
composite 

D 
module 

E 
module 

F 
module 

Destination 
vector 

pGGA006
* 

pGGB003
* 

assembl.° pGGD011 

ψ 
pGGE001
* 

pGGF007
* 

pGGZ001* 

UBQ10  
promoter 

B-dummy VHA-a1 
intron 10 

GFP 
A206K 

RBCS 
terminator 

pNOS:Ka
nR:tNOS 

 

UBQ10:VHA-a1-GSL-mVenus z 

A  
module 

B 
module  

C 
composite 

D 
module 

E 
module 

F 
module 

Destination 
vector 

pGGA006
* 

pGGB003
* 

assembl.° p2456 ° pGGE001
* 

pGGF005
* 

pGGZ001* 

UBQ10  
promoter 

B-dummy VHA-a1 
intron 10 

GSL-
mVenus 

RBCS 
terminator 

pUBQ10: 
HygrR:tO
CS 

 

UBQ10: VHA-a1 L159T (H3A)-GSL-mVenus 

A  
module 

B 
module  

C 
composite 

D 
module 

E 
module 

F 
module 

Destination 
vector 

pGGA006
* 

pGGB003
* 

L159T °, 
intron 10 ° 
(H3A x ) 

p2456 ° pGGE001
* 

pGGF005
* 

pGGZ001* 

UBQ10  
promoter 

B-dummy VHA-a1 
159T intron 
10 (H3A) 

GSL-
mVenus 

RBCS 
terminator 

pUBQ10: 
HygrR:tO
CS 

 

UBQ10: VHA-a1 ΔEEI (H3A)-GSL-mVenus 

A  
module 

B 
module  

C 
composite 

D 
module 

E 
module 

F 
module 

Destination 
vector 

pGGA006
* 

pGGB003
* 

ΔEEI °, 
intron 10 ° 
(H3A x ) 

p2456 ° pGGE001
* 

pGGF005
* 

pGGZ001* 

UBQ10  
promoter 

B-dummy VHA-a1  
ΔEEI intron 
10 (H3A) 

GSL-
mVenus 

RBCS 
terminator 

pUBQ10: 
HygrR:tO
CS 

 

MSP1:VHA-a1 

A  
module 

B 
module  

C 
composite 

D 
module 

E 
module 

F 
module 

Destination 
vector 

p4187 x pGGB003
* 

assembl.° pGGD002
* 

pGGE001
* 

pLB012 § pGGZ004° 

MSP1  
promoter 

B-dummy VHA-a1 
intron 10 

D-dummy RBCS 
terminator 

OLE1-
mCherry 
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MSP3:VHA-a1 

A  
module 

B 
module  

C 
composite 

D 
module 

E 
module 

F 
module 

Destination 
vector 

p4184  x pGGB003
* 

assembl.° pGGD002
* 

pGGE001
* 

pLB012 § pGGZ004° 

MSP3  
promoter 

B-dummy VHA-a1 
intron 10 

D-dummy RBCS 
terminator 

OLE1-
mCherry 

 

UBQ10:VHA-AP1 

A  
module 

B 
module  

C 
module 

D 
module 

E 
module 

F 
module 

Destination 
vector 

pGGA006
* 

pGGB003
* 

p2637 ǂ pGGD002
* 

pGGE001
* 

pLB012 § pGGZ004° 

UBQ10  
promoter 

B-dummy VHA-AP1 
(AT3G 
13410) 
ORF 

D-dummy RBCS 
terminator 

OLE1-
mCherry 

 

UBQ10:VHA-AP1-GSL-pHGFP 

A  
module 

B 
module  

C 
module 

D 
module 

E 
module 

F 
module 

Destination 
vector 

pGGA006
* 

pGGB003
* 

p2637 ǂ p3267 ¥ pGGE001
* 

pLB012 § pGGZ004° 

UBQ10  
promoter 

B-dummy VHA-AP1 
(AT3G 
13410) 
ORF 

GSL-
phGFP  

RBCS 
terminator 

OLE1-
mCherry 

 

* Lampropoulos et al., 2013 

° Lupanga et al., 2020 

ǂ by Fabian Fink 

¥ by Dr. Rainer Waadt 
§ A. Maizel lab 
ψ J. Lohmann lab 
x  this study 
z The eight constructs of the VHA-a1 histidine mutants (VHA-a1 H434R, H494R, H613R, 

H713R, H738R, H788R, H793R and H3A were assembled accordingly. The only 

difference: C, harboring the mutations.  
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Table 7: GreenGate constructs assembled by others 

A9:VHA-a1-GSL-mScarlet cloned by Fabian Fink 

A  
module 

B 
module  

C 
module 

D 
module 

E 
module 

F 
module 

Destination 
vector 

p4353 ǂ pGGB003
* 

assembl ° p1324° pGGE001
* 

pGGF007 
* 

pGGZ004
° 

A9  
promoter 

B-dummy VHA-a1 
intron 10 

GSL-m 
Scarlet 

RBCS 
terminator 

pNOS:Ka
n 
R:tNOS 

 

UBQ10:SRβ-mTurquoise cloned by Dr. Jana Askani 

A  
module 

B 
module  

C 
module 

D 
module 

E 
module 

F 
module 

Destination 
vector 

pGGA006
* 

pGGB003
* 

p1637 ۷ p2553 ¥  p1296 ^ pGGF001
* 

pGGZ003
* 

UBQ10  
promoter 

B-dummy SRβ 
(AT2G 
18770) 
ORF 

mTur-
quoise 

tHSP 
18.2M 

BastaR  

UBQ10:VHA-AP1-mCherry cloned by Fabian Fink 

A  
module 

B 
module  

C 
module 

D 
module 

E 
module 

F 
module 

Destination 
vector 

pGGA006
* 

pGGB003
* 

p2637 ǂ  pGGD010 

ψ 
pGGE001
* 

pGGF005
* 

pGGZ001
* 

UBQ10  
promoter 

B-dummy VHA-AP1 
(AT3G13
410) 
ORF 

mCherry  RBCS 
terminator 

pUBQ10: 
HygrR:tO
CS 

 

* Lampropoulos et al., 2013 

° Lupanga et al., 2020 

^ Waadt et al., 2017 
ψ J. Lohmann lab 

ǂ by Fabian Fink 

¥ by Dr. Rainer Waadt 

۷ by Dr. Jana Askani 
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5.4 Cloning of pGGA modules containing the 

MSP1/MSP3 promoter 

The MSP1 and MSP3 promoter sequences were amplified from wildtype gDNA 

according to Honys et al., 2006 using the primers listed in Table 8. The resulting PCR 

product (1047 bp in the case of the MSP1 promoter and 1035 bp for the MSP3 promoter) 

was subjected to agarose gel electrophoresis, purified, digested with Eco31I Fast Digest, 

again run on an agarose gel, purified and subsequently ligated into the backbone of 

Eco31I digested pGGA000 (Lampropoulos et al., 2013, ampicillin resistance). The 

plasmids were multiplied in E. coli and checked via test digest and sequencing.  

Table 8: Primers used for cloning of pGGA-MSP1 and pGGA-MSP3 

Cloning of Primer name Primer sequence 

pGGA-MSP1 

forward primer 

KS-q4787 AAC AGG TCT CAA CCT CAG TTA GCA TGA 

AAA ATT GTA TG 

reverse primer KS-q4788 AAC AGG TCT CTT GTT CGT GCA ATG TGA 

AGA TTT TGT TG 

pGGA-MSP3  

forward primer 

KS-q4789 AAC AGG TCT CAA CCT GCT GGT TGT GAT 

ATA ATA GG 

reverse primer KS-q4790 AAC AGG TCT CTT GTT TGC AAA CCC AAG 

TTT CAG CT 

 

5.5 Site-directed mutagenesis of VHA-a1 histidine 

residues 

VHA-a1 intron 10 as C-module was assembled from three parts: the coding sequence of 

the VHA-a1 N-terminal half, VHA-a1 intron 10 and the VHA-a1 C-terminal half coding 

sequence according to Lupanga et al., 2020. All parts were released from pJet1.2 prior 

to the GreenGate reactions by digestion with BglII, subjected to agarose gel 

electrophoresis, excised and purified. Site-directed mutagenesis of VHA-a1 C-terminal 

histidine residues was performed using pJet1.2 containing the VHA-a1 C-terminal half 

(p1251, Dr. Upendo Lupanga) as template and primers as indicated in Table 9 and 

according to (Wang and Malcolm, 1999). For the generation of VHA-a1 H3A (VHA-a1 



5 Materials and methods 

99 

H434A, H494A and H613A), three consecutive rounds of site-directed mutagenesis were 

performed. The plasmids were multiplied in E.coli and the presence of the desired 

mutations was monitored via sequencing after miniprep. 

Table 9: Primers used for site-directed mutagenesis of VHA-a1 histidine residues 

Mutation in VHA-a1 Primer name Primer sequence 

H434R forward KS-q3759 TTT GGT GAT TGG GGT CGT GGT CTA 

TGC TTG CTG 

reverse KS-q3760 CAG CAA GCA TAG ACC ACG ACC CCA 

ATC ACC AAA 

H713R forward KS-q3761 GTA CAT CAA TTG ATT CGC TCC ATA GAA 

TTT GTT 

reverse KS-q3762 AAC AAA TTC TAT GGA GCG AAT CAA TTG 

ATG TAC 

H738R forward KS-q3763 GCT CTT AGT TTG GCT CGT TCG GAA TTG 

TCA ACA 

reverse KS-q3764 TGT TGA CAA TTC CGA ACG AGC CAA 

ACT AAG AGC 

H788R forward KS-q3765 CTA AGT GCA TTT CTC CGT GCT CTG CGT 

CTT CAC 

reverse KS-q3766 GTG AAG ACG CAG AGC ACG GAG AAA 

TGC ACT TAG 

H793R forward KS-q3767 CAT GCT CTG CGT CTT CGC TGG GTA 

GAA TTC ATG 

reverse KS-q3768 CAT GAA TTC TAC CCA GCG AAG ACG 

CAG AGC ATG 

H494R forward KS-q3769 TTC TCT GTT CCT TTC CGC ATC TTT GGT 

GGT TCA 

reverse KS-q3770 TGA ACC ACC AAA GAT GCG GAA AGG 

AAC AGA GAA 

H613R forward KS-q3771 CAA GCA GAC TTG TAT CGT GTA ATG ATC 

TAC ATG 
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reverse KS-q3772 CAT GTA GAT CAT TAC ACG ATA CAA GTC 

TGC TTG 

H434A forward KS-q3818 TTT GGT GAT TGG GGT GCT GGT CTA 

TGC TTG CTG 

reverse KS-q3819 CAG CAA GCA TAG ACC AGC ACC CCA 

ATC ACC AAA 

H494A forward KS-q3828 TTC TCT GTT CCT TTC GCC ATC TTT GGT 

GGT TCA 

reverse KS-q3829 TGA ACC ACC AAA GAT GTG GAA AGG 

AAC AGA GAA 

H613A forward KS-q3830 CAA GCA GAC TTG TAT GCT GTA ATG ATC 

TAC ATG 

reverse KS-q3831 CAT GTA GAT CAT TAC ATG ATA CAA GTC 

TGC TTG 

 

5.6 Cloning of CRISPR/Cas9 constructs 

CRISPR target sites were selected using CHOPCHOP (https://chopchop.cbu.uib.no; 

(Labun et al., 2016) and CCtop; (https://crispr.cos.uni-heidelberg.de, (Stemmer et al., 

2015). The selected gRNAs have at least 4 bp mismatch with every other region in the 

Arabidopsis thaliana genome as a precaution against off-target mutations. gRNA 

sequences were inserted into the plasmid pHEE401E between two BsaI (Eco31I) 

cleavage sites according to the authors’ description (Wang et al., 2015). For CRISPR 

constructs for the expression of one gRNA, forward and reverse oligonucleotides 

containing the gRNA sequence and the cloning overhangs were annealed (Table 10 and 

Table 11) 10 µl of 100 µM of forward and reverse oligonucleotide, each, were incubated 

in 5 µl 5x annealing buffer (5 M NaCl, 0.5 M ethylenediaminetetraacetic acid (EDTA), 

1 M tris(hydoxymethyl)aminomethane (Tris)-HCl pH 7.5) at 95 °C for 5 min and let cool 

down at room temperature subsequently. The mix was diluted 1:100 in ddH2O and a 

GreenGate reaction (Table 4 and Table 5) with 4 µl of this dilution and 2 µl 100 ng/µl 

pHEE401E was performed. For the CRISPR construct containing two gRNA sequences, 

the plasmid pHEE2E-TRI (Wang et al., 2015) was used as a template for a PCR with 

primers containing the gRNA sequences (Table 11). The purified PCR product was 

https://chopchop.cbu.uib.no/
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ligated into previously Eco31I digested and purified pHEE401E. pHEE401 carries a 

kanamycin resistance for bacterial selection and hygromycin resistance as plant 

selection marker.  

Table 10: CRISPR/Cas9 target sites 

Gene Construct gRNA CRISPR/Cas9 target site 

VHA-a1 CRISPR VHA-a1 I gRNA 1 TCTCATGTCAGTTGTCGAC  

VHA-a1 CRISPR VHA-a1 I gRNA 2 AGCTCGCCGAGATAAGTGA 

VHA-a1 CRISPR VHA-a1 II gRNA 3 ATCACCTGCTCAAGTAAAG  

VHA-a1  CRISPR VHA-a1 III gRNA 4 AATTGCTATCCTGTCCCCG 

VHA-AP1 CRISPR VHA-AP1 I gRNA 1 AAGATTCAAATTGGTGCGG 

VHA-AP1 CRISPR VHA-AP1 II gRNA 2 CTTTTGGAGGGCATACTAG 

 

Table 11: Primers used for cloning CRISPR constructs 

Construct  Purpose Primer 
name 

Sequence 

CRISPR VHA a1 I PCR KS-q4259 ATA TAT GGT CTC GAT TGA GCT 
CGC CGA GAT AAG TGA GTT 
TTA GAG CTA GAA ATA GC 

CRISPR VHA a1 I PCR KS-q4260 ATT ATT GGT CTC TAA ACG TCG 
ACA ACT GAC ATG AGA CAA TCT 
CTT AGT CGA CTC TAC 

CRISPR VHA-a1 II annealing KS-q4345 ATT GAT CAC CTG CTC AAG TAA 
AG 

CRISPR VHA-a1 II annealing KS-q4346 AAA CCT TTA CTT GAG CAG GTG 
AT 

CRISPR VHA-a1 III annealing KS-q4347 ATT GAA TTG CTA TCC TGT CCC 
CG 

CRISPR VHA-a1 III annealing KS-q4348 AAA CCG GGG ACA GGA TAG 
CAA TT 

CRISPR VHA-AP1 I annealing KS-q3582 ATT GGA AGA TTC AAA TTG GTG 
CGG 

CRISPR VHA-AP1 I annealing KS-q3583 AAA CCC GCA CCA ATT TGA ATC 
TTC 

CRISPR VHA-AP1 II annealing KS-q3954 ATT GCT TTT GGA GGG CAT ACT 
AG 

CRISPR VHA-AP1 II annealing KS-q3955 AAA CCT AGT ATG CCC TCC AAA 
AG 
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5.7 Cloning of artificial microRNAs 

Target sites for amiRs were selected using the Web MicroRNA Designer (WMD3, 

http://wmd3.weigelworld.org/cgi-bin/webapp.cgi, (Schwab et al., 2006), and are shown 

in Table 12. According to the online tool’s description, the amiR sequence containing 

precursor was generated in three PCRs using pRS300 as a template and primers A, B 

and the target-specific primers I to IV (Table 13). The purified PCR products a, b, c 

served as a template for a fourth PCR with primers A and B 

(http://wmd3.weigelworld.org/cgi-bin/webapp.cgi). The final PCR product was purified 

and ligated into pGGI000 (Lampropoulos et al., 2013) and the resulting plasmid was 

multiplied in E. coli and sequenced. Next, the GreenGate intermediate vector pGGN was 

cloned that was assembled with the intermediate vector pGGM-UBQ10:GR-LhG4 

(Lupanga et al., 2020) into the destination vector pGGZ003 (Lampropoulos et al., 2013) 

in a GreenGate reaction (Table 4 and Table 5). The pGGN module was created in a 

GreenGate reaction composed of the HA adapter (Lampropoulos et al., 2013), pOp6 

(pGGAA016; (Schürholz et al., 2018), pGGI-amiRap1 (this work), RBCS terminator 

(pGGE001; Lampropoulos et al., 2013), pNOS:HygR (p1317; (Waadt et al., 2017) and 

pGGN000 (Lampropoulos et al., 2013). The intermediate vectors pGGN and pGGM 

possess kanamycin resistance for bacterial selection, and the final vector pGGZ003 has 

spectinomycin resistance.  

Table 12: Artificial microRNAs target sites 

Target site amiR-vha-ap1 1 TTGTGCATAGTGCGCATTGTG 

Target site amiR-vha-ap1 2 CTGGAGAACGGATTACATTCT 

Table 13: Primers used for cloning artificial microRNAs 

Construct  Purpose Primer 
name 

Sequence 

amiR-vha-ap1 1 Primer I KS-q4016 GAT ACA ATG CGC ACT ATG CCC 
AAT CTC TCT TTT GTA TTC C 

 Primer II KS-q4017 GAT TGG GCA TAG TGC GCA TTG 
TAT CAA AGA GAA TCA ATG A 

 Primer III KS-q4018 GAT TAG GCA TAG TGC CCA TTG 
TTT CAC AGG TCG TGA TAT G 

 Primer IV KS-q4019 GAA ACA ATG GGC ACT ATG CCT 
AAT CTA CAT ATA TAT TCC T 

http://wmd3.weigelworld.org/cgi-bin/webapp.cgi
http://wmd3.weigelworld.org/cgi-bin/webapp.cgi
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amiR-vha-ap1 2 Primer I KS-q4024 GAT GAA TGT AAT CCG TTC TGC 
AGT CTC TCT TTT GTA TTC C 

 Primer II KS-q4025 GAC TGC AGA ACG GAT TAC ATT 
CAT CAA AGA GAA TCA ATG A 

 Primer III KS-q4026 GAC TAC AGA ACG GAT AAC ATT 
CTT CAC AGG TCG TGA TAT G 

 Primer IV KS-q4027 GAA GAA TGT TAT CCG TTC TGT 
AGT CTA CAT ATA TAT TCC T 

5.8 Bacteria growth conditions 

Bacteria were grown in LB medium composed of 1% (v/w) BactoTM Tryptone (Becton 

Dickinson), 0.5% (w/v) yeast extract (Carl Roth), (w/v) 1% NaCl, 0.1% glucose in H2O of 

pH 7 adjusted with NaOH, supplemented with the appropriate antibiotics for selection. 

To get solid plates, 1% (w/v) BactoTM Agar (Becton Dickinson) was added. The final 

concentrations of antibiotics which were used are listed in Table 15.  

5.9 Transformation of bacteria  

E. coli of the strain NEB 5α F’Iq (New England Biolabs) that were chemically competent 

were transformed with the respective plasmids. Approximately 2 µg DNA was added to 

bacteria after gently unfreezing them. After 30 min on ice, heat-shock was performed at 

42 °C for 45 sec, followed by 5 min on ice. 1 ml LB was added and incubated for 1h at 

37 °C while shaking. Bacteria were distributed on plates containing antibiotics for 

selection and grown at 37 °C for about 15 h.  

A. tumefaciens of the strains GV3101 and ASE1 were used. Chemically competent cells 

supplemented with approximately 2 µg DNA were incubated for 10 min on ice after 

unfreezing them. Then, they were kept for 5 min in liquid nitrogen, followed by 5 min at 

37 °C. 800 µl LB was added and 3 h incubation at 28 °C followed, after which bacteria 

were distributed on plates containing antibiotics for selection (Table 14). They were 

grown for about 40 h at 42 °C.  

Table 14: Antibiotics used for selection of Agrobacteria 

A. tumefaciens Antibiotics  Selection for 

GV3101 rifampicin chromosome 

 gentamycin Ti plasmid 
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ASE1 chloramphenicol chromosome 

 kanamycin Ti plasmid 

 tetracycline pSOUP  

 

Table 15: Concentrations of antibiotics/herbicides used in this study 

Antibiotics  Final concentration 

(µg/ml) 

Solvent  Manufacturer 

ampicillin  150  H2O Carl Roth 

spectinomycin 100  H2O Duchefa 

Biochemie 

rifampicin 5  DMSO Carl Roth 

gentamycin 15 H2O Carl Roth 

chloramphenicol 25 ethanol Carl Roth 

kanamycin 50 H2O Carl Roth 

tetracycline  10 ethanol Carl Roth 

hygromycin 25 H2O Merck 

Basta (glufosinate 

ammonium) 

10 H2O Merck 

 

5.10 Transformation of Arabidopsis thaliana 

Agrobacterium-mediated transformation of Arabidopsis thaliana was performed using 

the floral dip method (Clough and Bent, 1998). 5 ml LB medium supplemented with the 

appropriate antibiotics was inoculated with A. tumefaciens carrying the desired construct 

and incubated for about 15 h at 28 °C whilst shaking. 400 µl of this culture were used to 

inoculate 200 ml LB medium with the respective antibiotics in a 1 l flask. After incubation 

for about 15 h at 28 °C whilst shaking, the cultures were centrifuged at 5000 rpm for 15 

min at 4 °C. The bacterial pellet was resuspended in 200 ml solution composed of 5% 

(w/v) sucrose, 0.05% (v/v) Silwet L-77 (Lehle Seeds) and a few crystals MgSO4. The 

inflorescences of approximately 6-week-old plants were dipped into the infiltration 

solution. Plants were placed into trays and covered with plastic bags for about 15 h and 

grown as before after unwrapping. 
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5.11 Transient expression in Nicotiana benthamiana  

Nicotiana benthamiana leaves were infiltrated with A. tumefaciens-containing solution 

for transient expression. Plants that were grown at 25 °C, long-day conditions (16 h of 

light, 8 h of darkness) were used at the age of about 4 weeks. 5 h before infiltration plants 

were sprinkled with water in a tray which was then covered with a transparent cover. 

Agrobacteria carrying the desired constructs were grown in 10 ml LB containing the 

respective antibiotics in a 100 ml flask at 28 °C for about 15 h. After centrifugation at 

4500 rpm at 4 °C for 15 min, the pellet was resuspended in 2 ml infiltration solution (10 

mM 2-(4-morpholino)-ethanesulphonic acid (MES) adjusted to pH 5,6 with KOH, 10 mM 

MgCl2 and 150 µM acetosyringone (Merck)). OD600 was adjusted to 0.7 with infiltration 

solution. Agrobacteria carrying the P19 silencing suppressor that had been processed in 

the same way were mixed with agrobacteria containing the construct of interest in a ratio 

of 1:1. Incubation at room temperature for 2 h 45 min followed. The lower sides of 

Nicotiana benthamiana leaves were infiltrated with a 1 ml syringe. 3 days after infiltration, 

small pieces of the leaves were excised and subjected to CLSM analysis (Leica TCS 

SP5II microscope). 

5.12 Crossing Arabidopsis thaliana 

For crossing Arabidopsis thaliana, flower buds at stage 12 (Smyth et al., 1990) were 

emasculated using a Zeiss Stemi 2000-CS dissecting microscope at a magnification of 

50x. Flowers at stage 13 (Smyth et al., 1990) were used as pollen donors. A flower was 

picked and its anthers were brought in contact with the stigma of the emasculated flower 

at the dissecting microscope.  

5.13 Extraction of genomic DNA 

Extraction of genomic DNA (gDNA) was performed according to (Edwards et al., 1991). 

Leaf tip tissue was harvested and macerated in a 1.5 ml tube at room temperature for 10 

sec with a sterile plastic pestle. 400 µl extraction buffer (250 mM NaCl, 25 mM 

ethylenediaminetetraacetic acid (EDTA), 200 mM tris(hydoxymethyl)aminomethane 

(Tris) adjusted to pH 8 with HCl, 0.5% sodium dodecyl sulfate (SDS)) was added, 

followed by vortexing of the sample for 5 sec. Centrifugation at 13 000 rpm for 5 min in 

a tabletop centrifuge followed. Fresh 1.5 ml tubes were filled with 300 µl isopropanol and 
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300 µl of the supernatant was added. After 2 min at room temperature, centrifugation at 

13 000 rpm for 5 min was performed. The supernatant was discarded by inverting the 

tube and the pellet was washed with 700 µl 70% ethanol. Centrifugation at 13 000 rpm 

for 5 min was performed, after which the supernatant was thoroughly removed by 

pipetting and the pellet was vacuum dried. The pellet was dissolved in 50 µl ddH2O. The 

gDNA was stored at -20 °C.  

5.14 Genotyping of mutant alleles 

For the genotyping of mutant alleles, gDNA was extracted and PCRs amplifying the 

relevant regions were performed (Table 16). PCR products were submitted for 

sequencing (Eurofins Genomics) or genotyping was performed using agarose gel 

electrophoresis (in the case of vha-a1-1). The 260 bp deletion in vha-a1-1 causes a 

visible band shift compared to the wildtype allele (Figure 4). In the case of vha-ap1-1 

sequencing or restriction digest using Fast digest SsiI (Thermo Scientific) followed by 

agarose gel electrophoresis was used. The 1 bp insertion in vha-ap1-1 abolishes a 

recognition site of SsiI, leading to two instead of three fragments as for the wildtype allele 

upon digestion with SsiI. 

5.15 Sequencing of PCR products and plasmid DNA 

DNA for sequencing was submitted to Eurofins Genomics. Unpurified PCR products of 

300 to 1000 bp were submitted at a concentration of about 10 ng/µl as recommended by 

the company. Plasmid DNA was sent at a concentration of 50 to 100 ng/µl. The sample 

volume was 15 µl plus 2 µl (10 µM) primer (in case primers were sent; otherwise, primers 

were selected from the company’s list). 

Table 16: Primers used for genotyping PCRs 

Genotyping PCR Forward primer Reverse primer PCR 
product 
length (bp) 

CRISPR site 1 and 2  
(VHA-a1 specific) 

CCACCAGACTT 
ATACCGGACG 

GCAACACCAATT 
GAAATCCGC 

635 

CRISPR site 2  

(VHA‑a1-GFP specific) 

CTGAGTTTTTCT 
GATTAACAAACA 

CGTGGTGAACAT 
CTTAGACC 

329 

CRISPR site 2  GACGGGAACAAA GCAACACCAATTG 546 
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(VHA‑a1 specific) AACTGAACTC AAATCCGC 

CRISPR site 3 (VHA-a1) CCTTGTCTCAAGT 
AATACTCATG 

GATGTTGAAGGAT 
CCATGATTTC 

358 

CRISPR site 4 (VHA-a1) GAAATCATGGATC 
CTTCAACATC 

TTAAGCTATAGCC 
AACAGAATTAAG 

553 

CRISPR site 1 (VHA-
AP1) 

TGAATTTGCTGA 
TTGTTTCGTT 

TATCACAAGTCC 
CAGGCTTTTT 

286 

CRISPR site 2 (VHA-
AP1) 

GAAATTGCTACT 
GGCTGTGATG 

CAGCAAAGTCCA 
CTGATCAAGATG 

295 

Cas9 specific AACCCCATTAAT 
GCGTCAGGCG 

GTCAATGTACCCA 
GCGTAGCCG 

498 

VHA-a2 specific* CTCTCTCCATGA 
TCGTCTCTCTCG 

GCGGTAGCACTTC 
TATGGGCTG 

898 

vha-a2 specific* GCGTGGACCGCT 
TGCTGCAACT 

GCGGTAGCACTTC 
TATGGGCTG 

678 

VHA-a3 specific* GAACGAACGATG 
GCGGAAAG 

TGAATGTACCTGT 
GCTGCGT 

565 

vha-a3 specific* GAACGAACGATG 
GCGGAAAG 

GCGTGGACCGCT 
TGCTGCAACT 

264 

* designed by Dr. Melanie Krebs 

5.16 Hypocotyl length measurement of etiolated seedlings 

For hypocotyl length measurements of etiolated seedlings, seeds were sown on agar 

plates made with ddH2O without nutrients containing 2.5 mM 2-(4-morpholino)-

ethanesulphonic acid (MES), pH 5.8 adjusted with KOH, 0.8% phytoagar and 125 nM 

Concanamycin A (Santa Cruz Biotechnology) dissolved in DMSO. The plates were 

placed for 2 days into the dark at 4 °C for stratification. A light stimulus for 4 h at 22 °C 

followed. Subsequently, plates were wrapped in aluminum foil and seedlings were grown 

for 4 days in the dark at 22 °C. Seedlings grown on horizontally oriented plates were laid 

on overhead transparency sheets in drops of water which were then placed on a scanner 

for image acquisition. Seedlings grown on vertically oriented plates were photographed 

with a digital single-lens reflex camera. Quantification of hypocotyl length was done with 

Fiji (Fiji is just image J) (Schindelin et al., 2012). 

5.17 Quantification of rosette areas 

For quantification of rosette areas, plants were grown for 3.5 weeks under long-day 

conditions (16 h of light and 22 °C) and were photographed with a digital single-lens 

reflex camera. Quantification of rosette area was performed with the ImageJ plug-in 

Rosette Tracker (De Vylder et al., 2012).  
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5.18 Prediction of pKa values 

Calculation of pKa values was done using PROPKA3.0 (Olsson et al., 2011) with a 

specification of pH 5.6. The calculations were based on the 3D model of the VHA-a1 

C-terminal half obtained via homology modeling by Dr. Upendo Lupanga (Lupanga 

Dissertation, 2017).  

5.19 Confocal laser scanning microscopy 

CLSM analyses were performed either with a Leica TCS SP5II microscope or a Leica 

STELLARIS 8 microscope. For analyses at the Leica TCS SP5II a Leica HCX PL APO 

lambda blue 63x/1.20 water immersion objective and the Leica Application Suite 

Advanced Fluorescence software were used. Analyses at the Leica STELLARIS 8 

microscope were performed with a HC PL APO CS2 63x/1.20 water immersion objective 

and the Leica Application Suite X software. Excitation and emission wavelengths used 

are shown in Table 17.  

Table 17: Fluorescence microscopy excitation and emission wavelengths 

Settings used at the TCS SP5II microscope:  

Fluorophore/dye Excitation (nm) Emission (nm) 

DAPI (imaged alone) 405 440 - 572 

DAPI (imaged together with 
aniline blue) 

405 410 - 437 

aniline blue (imaged together 
with DAPI) 

405 585 - 600 

mVenus 514 520 - 550 

GFP, phGFP 488 498 - 545 

mNeongreen 488 525 - 590 

RFP, mCherry 561 578 - 650 

mScarlet 561 580 - 620 

FM4-64 561 650 - 770 

Settings used at the STELLARIS 8 microscope:  

Fluorophore/dye Excitation (nm) Emission (nm) 

mTurquoise (together with 
GFP and RFP) 

440 478 - 485 

GFP (together with 
mTurquoise and RFP) 

489 500 - 520 

RFP (together with 
mTurquoise and GFP) 

585 595 - 615 

GFP (together with RFP) 488 495 - 520 

RFP (together with GFP) 590 603 - 623 

DAPI 405 425 - 490 



5 Materials and methods 

109 

5.20 CLSM analysis of Arabidopsis anthers 

For CLSM analysis, anthers were fixed and cleared using ClearSee solution adapted 

from Kurihara et al., 2015. Flower buds were dissected using a Zeiss Stemi 2000-CS 

stereomicroscope at a magnification of 50x. Anthers at the desired developmental stages 

(Sanders et al., 1999) were kept attached to the pedicel and all other flower parts were 

removed. Anthers were fixed in 4% (w/v) paraformaldehyde in phosphate-buffered saline 

(PBS) for about 1h at room temperature in a volume of 1 mL in 24-well plates. Afterwards 

they were washed twice in PBS for 1 min and cleared in ClearSee solution (10% (w/v) 

xylitol, 25% (w/v) urea, 15% (w/v) sodium deoxycholate) for 6 to 9 days at room 

temperature in the dark. After 3 days the ClearSee solution was replaced by new 

ClearSee solution. For 4′,6-diamidino-2-phenylindole (DAPI, Carl Roth) staining of 

anthers, post-clearing, anthers were incubated in DAPI (10 µg/ml) in ClearSee solution 

for about 20 h in the dark. Before imaging, anthers were washed for 30 min in ClearSee 

solution. For imaging, anthers were mounted in 50 µl ClearSee solution on a microscope 

slide and covered with a cover slip sized 22 x 22 mm. CLSM analyses were performed 

with a Leica TCS SP5II microscope and a Leica STELLARIS 8 microscope.  

Staining of anthers with aniline blue and DAPI was performed based on (Tsuchimatsu et 

al., 2020). Flower buds were dissected using a Zeiss Stemi 2000-CS stereomicroscope 

at a magnification of 50x. Anthers were kept attached to the pedicel while removing all 

other flower parts. They were fixed in 3:1 (vol:vol) ethanol:acetic acid for 16 h at room 

temperature. Subsequently, anthers were rehydrated in 99%, 70% and 50% ethanol for 

30 min each and incubated in 1N NaOH for 3 h at room temperature in the dark. 

Incubation in DAPI (10 µg/ml) in 100 mM K2HPO4 for 1 h followed. After that, anthers 

were mounted in DAPI (10 µg/ml) and aniline blue (0.1%) (Merck) in 100 mM K2HPO4 on 

microscope slides and incubated for about 3h at room temperature in the dark. CLSM 

was performed with a Leica TCS SP5II microscope and a Leica STELLARIS 8 

microscope. 

5.21 Alexander staining of Arabidopsis anthers 

According to Alexander et al., 1969 staining of Arabidopsis thaliana anthers was 

performed. Flower buds at stage 12 (Smyth et al., 1990) were dissected using a Zeiss 

Stemi 2000-CS stereomicroscope at a magnification of 50x. Stamens were mounted onto 
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microscope slides by slightly pressing the filaments against the glass to bring and keep 

the anthers in the desired orientation. Staining solution (Table 18) was added and 

incubation for about 20 h at room temperature followed. Brightfield images were acquired 

using a Zeiss Axio Imager M1 microscope.  

Table 18: Staining solution used for Alexander staining of anthers 

1 ml 95% ethanol  

200 µl Malachite Green (1% solution in 95% ethanol) 

(Thermo Fisher Scientific) 

4 ml ddH2O 

2,5 ml glycerol 

500 µl Fuchsin, acid (1% solution in ddH2O)  

(Thermo Fisher Scientific) 

50 µl Orange G (1% solution in ddH2O) 

(Thermo Fisher Scientific) 

400 µl glacial acetic acid 

0,5 g chloral hydrate 

5 µl phenol 

up to 10 ml with ddH2O 

 

5.22 CLSM analysis of exine morphology 

The autofluorescence properties of the exine were used for the analysis of exine 

morphology. Pollen were dipped into liquid ½ MS, pH 5.8 adjusted with KOH, on a 

microscope slide and covered with a cover slip. CLSM analysis was performed at a Leica 

TCS SP5II microscope equipped with a Leica HCX PL APO lambda blue 63.0x/1.20 

water immersion objective. For excitation, a laser line of 488 nm was used and emission 

was recorded between 505 and 550 nm.  

5.23 FM4-64 staining 

For FM4-64 staining, seedlings were incubated for 7 min at room temperature in liquid 

½ MS media, pH 5.8 adjusted with KOH, containing 1 µM FM4-64 (Thermo Fisher 
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Scientific) in a volume of 1 ml in 24-well plates. Seedlings were washed for 30 sec in 

liquid ½ MS media (pH 5.8 adjusted with KOH), mounted in liquid ½ MS on microscope 

slides and imaged with a Leica TCS SP5II microscope.  

5.24 Transmission electron microscopy 

Flower buds were dissected using a stereomicroscope and high-pressure freezing of 

anthers was performed by Dr. Stefan Hillmer as described in (Scheuring et al., 2011). 

Freeze substitution using a Leica EM AFS2 freeze substitution device followed as 

detailed in (Hillmer et al., 2012). The samples were further processed by Dr. Stefan 

Hillmer and Steffi Gold by embedding in resin, cutting ultrathin sections with a Leica 

Ultracut S microtome and performing microscopy analysis using a JEM1400 

transmission electron microscope. Micrographs were taken using a TVIPS TemCam 

F416 digital camera.  

5.25 Image processing using Fiji 

Image processing post-acquisition was performed using Fiji (Fiji is just image J; 

Schindelin et al., 2012). Generally, brightness and contrast were adjusted and 

background subtraction and Gaussian blur were used.  

5.26 Data analysis using OriginPro 

Quantitative data analysis and plotting were conducted with the OriginPro 2020b 

software (OriginLab Corporation, Northampton, Massachusetts, USA). 

5.27 Generation and visualization of 3D models 

Structural models of proteins were generated with the AlphaFold Monomer v2.0 pipeline 

(Jamper et al., 2021; Varadi et al., 2021) developed by DeepMind and EMBL-EBI and 

analyzed with the tool University of California, San Francisco (UCSF) Chimera 1.11rc 

(Goddard et al., 2018; Pettersen et al., 2004). 
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5.28 Creation of figures in Adobe Illustrator 

Images were assembled and figures were created in Abobe Illustrator CS4 (Adobe inc., 

San Jose, California, USA).  

5.29 Specification of genes 

The accession numbers of genes relevant to this work are shown in Table 19. 

Table 19: Accession numbers of genes  

Gene Accession number 

VHA-a1 AT2G28520 

VHA-a2 AT2G21410 

VHA-a3 AT4G39080 

VHA-AP1 AT3G13410 

VHA-AP2 AT3G24160 

SRβ AT2G18770 

UBQ10 AT4G05320 

COPT3 (MSP1) AT5G59040 

WRKY34 (MSP3) AT4G26440 

A9 AT5G07230 

MpVHA-a MP3G15140 
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6 Supplementary material  

 

Supplementary Figure 1. Plant and silique phenotype of vha-a1. (A) Wildtype and 

vha-a1 mutant plants. 6-week-old plants are shown, which were grown under long-day 

conditions (16 h of light and 22 °C). (B) Siliques of wildtype, vha-a1 and vha-a1 

expressing UBQ10:VHA-a1-GFP. 
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Supplementary Figure 2. Rosette sizes of vha-a1 vha-a2/+ and vha-a1 vha-a3/+ are 

reduced. vha-a1 (Cas9+) was crossed with the vha-a2 and the vha-a3 single mutant and 

the F1 progeny was analyzed. vha-a1 vha-a2/+ and vha-a1 vha-a3/+ had reduced 

rosette sizes. Plants were grown for 5 weeks under long-day conditions (16 h of light and 

22 °C). This figure was created by Dr. Upendo Lupanga and myself, is published in 

Lupanga et al., 2020, and has been modified for this thesis.  

 

 

Supplementary Figure 3. vha-a1 vha-a2/+ vha-a3/+ is small and stressed. Upper leaf 

side (A) and lower leaf side (B) of wildtype and vha-a1, vha-a2 vha-a3 and vha-a1 

vha-a2/+ vha-a3/+ mutants. While vha-a2 vha-a3 has yellow leaf tips, several leaves of 

vha-a1 vha-a2/+ vha-a3/+ show purple color, especially at the lower leaf side. Plants 

were grown for 4.5 weeks under long-day conditions (16 h of light and 22 °C). 
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Supplementary Figure 4. Protonation states of histidine residues. Histidine 

microspecies at different pH conditions. The histidine imidazole ring can be singly 

protonated and neutral or doubly protonated and positively charged. The figure was 

made using Chemicalize (https://chemicalize.com) from ChemAxon 

(http://www.chemaxon.com).  

 

 

https://chemicalize.com/
http://www.chemaxon.com/
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Supplementary Table 1: Predicted pKa values of VHA-a1 C-terminal half histidines 

with PROPKA3.0 (Olsson et al., 2011):  

 

 

VHA-a1 histidine residue Predicted pKa 

H434 3.31 

H494 6.57 

H613 6.25 

H665 7.06 

H696 6.18 

H697 6.45 

H709 7.24 

H713 4.07 

H738 5.34 

H788 5.61 

H793 3.59 
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Supplementary Figure 5. VHA-a1-GFP and VHA-a3-RFP in early stages of pollen 

development. Anthers were harvested from plants expressing VHA-a1-GFP and 

VHA-a3-RFP under the control of their own promoters. CLSM analysis was performed 

using cleared anthers. E, epidermis; En, endothecium; ML, middle layer; T, tapetum; Me, 

meiocyte; scale bars = 10 µm. 
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Supplementary Figure 6. Autofluorescence control for imaging VHA-a1-GFP and 

VHA-a3-RFP in anthers – late tetrad and unicellular microspore stage. Anthers from 

plants expressing VHA-a1:VHA-a1-GFP and VHA-a1:VHA-a3-RFP were treated and 

imaged with the same conditions as non-transgenic wildtype plants. In this way, 

VHA-a1-GFP and VHA-a3-RFP signal can be distinguished from autofluorescence. 

CLSM analysis was performed using cleared anthers. E, epidermis; En, endothecium; 

ML, middle layer; T, tapetum; M, microspore; scale bars = 10 µm. 
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Supplementary Figure 7. Autofluorescence control for imaging VHA-a1-GFP and 

VHA-a3-RFP in anthers – bicellular and tricellular microspore stage. Anthers from 

plants expressing VHA-a1:VHA-a1-GFP and VHA-a1:VHA-a3-RFP were treated and 

imaged with the same conditions as non-transgenic wildtype plants. In this way, 

VHA-a1-GFP and VHA-a3-RFP signal can be distinguished from autofluorescence. 

CLSM analysis was performed using cleared anthers. Scale bars = 10 µm. 
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Supplementary Figure 8. UBQ10:VHA-a3-GFP in vha-a1. (A) Anther at meiosis of 

vha-a1 expressing UBQ10:VHA-a3-GFP. (B) Close-up of the anther shown in A. (C) 

Mature anther of vha-a1 expressing UBQ10:VHA-a3-GFP. (D) Close-up of the anther 

shown in C. CLSM images of cleared anthers were taken. Scale bars in A and C = 25 µm, 

and scale bars in B and D = 10 µm.  
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Supplementary Figure 9. UBQ10:MpVHA-a-mVenus does not rescue pollen 

development of vha-a1. Alexander staining of anthers shows aborted microspores in 

vha-a1 UBQ10:MpVHA-a-mVenus. Scale bars = 100 µm. The results of this figure are 

published in Lupanga et al., 2020. Different images were used for this thesis. All images 

were acquired by myself.  
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Supplementary Figure 10. Anther at the stage of meiosis expressing VHA-a1-GFP, 

VHA-a3-RFP and SRβ-mTurquoise. An anther from an F1 plant expressing 

VHA-a1:VHA-a1-GFP, VHA-a3:VHA-a3-RFP and UBQ10:SRβ-mTurquoise is shown. 

VHA-a1-GFP signal was found in the meiocytes as well as in the sporophytic cells of the 

anther wall. CLSM images of cleared anthers were taken. Scale bar = 25 µm.  
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Supplementary Figure 11. Anthers expressing VHA-a1-GFP, VHA-a3-RFP and 

SRβ-mTurquoise. Anthers were harvested from F1 plants with segregating 

VHA-a1:VHA-a1-GFP, VHA-a3:VHA-a3-RFP and UBQ10:SRβ-mTurquoise. CLSM 

images of cleared anthers of the developmental stages from meiosis to the tricellular 

microspore stage were taken. Scale bars = 10 µm. 
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Supplementary Figure 12. Pollen development in wildtype. Pollen development in 

wildtype from meiosis to the tricellular microspore stage. DAPI staining enabled to 

distinguish the different stages during meiosis and to find microspores that were 

undergoing mitosis. Anthers were cleared prior to staining with DAPI. CLSM images are 

shown. Scale bars = 10 µm. 
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Supplementary Figure 13. Pollen wall formation is defective in vha-a1. Wildtype and 

vha-a1 anthers at the late tetrad stage. In wildtype microspores are evenly surrounded 

by developing pollen walls. In vha-a1 many microspores show abnormal surroundings. 

Degenerated microspores are visible in vha-a1. CLSM images of cleared anthers that 

were stained with DAPI are shown. Scale bars = 10 µm. 

 

 

Supplementary Figure 14. Multinucleated cells were observed in vha-a1 at a low 

frequency. Wildtype and vha-a1 anthers at the early tetrad stage. A binucleated cell is 

visible in vha-a1 (white arrow). Anthers that were cleared and stained with DAPI were 

analyzed using CLSM. Scale bars = 10 µm. 
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