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Chair: Michael Knoblauch 

 

Ion channels and transporters are present in membranes of all living cells. As integral membrane 

proteins, they can sense and transduce the chemical environment to other cells and cell 

compartments. Additionally, ion transport proteins affect membrane voltage, balance substrate 

and water flux, are involved in signaling processes, and help protect cells from damage. In the 

chloroplast, the plant organelle harboring the photosynthetic apparatus, knowledge about the 

physiological role of many ion transport proteins is limited. Due to the importance of 

photosynthesis, it is necessary to uncover the full potential of chloroplast transport proteins, 

particularly those that use the ion potassium (K+) as substrate. K+ is highly abundant in cells and 

fulfills many roles in plant and plastid physiology. This dissertation describes the roles of 

transport proteins inside chloroplasts of Arabidopsis thaliana. We characterized novel proteins, 

adding to the chloroplast transportome, discovered unidentified connections between protein 

families, and revisited the localization and function of another previously described transporter. 

First, we investigated putative K+-permeable ion channels in the chloroplast envelope membrane. 

Even though the mechanism has been described before, the molecular identity of these proteins 
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was unknown. Candidate proteins PLASTID ENVELOPE ION CHANNEL1/2 (PEC1/2) are 

localized to the plastid envelope and exhibit K+-permeability but are most likely not required for 

K+ homeostasis since pec1pec2 mutants displayed no apparent phenotypic abnormalities. 

However, we found that PEC1/2 play a crucial role in chloroplast Ca2+ signaling. Secondly, we 

examined the interplay of two different ion transport proteins implicated in osmoregulation of 

plastids, K+-EFFLUX ANTIPORTER1 (KEA1) and MscS-LIKE2 (MSL2). The simultaneous 

lack of both proteins in kea1msl2 mutants resulted in novel phenotypic anomalies, pointing to a 

concerted function of both proteins. Finally, we studied the localization and role of putative 

envelope Na+:H+ ANTIPORTER NHD1 and found evidence for a thylakoid membrane 

localization in different approaches. In addition, investigations of nhd1 mutants revealed the 

importance of the carrier NHD1 in acclimation to fluctuating light conditions. Overall, this 

dissertation advanced our understanding of chloroplast ion transport proteins, subcellular Ca2+ 

signaling, and chloroplast homeostasis. 

 

  



vii 

TABLE OF CONTENTS 

Page 

ACKNOWLEDGMENT................................................................................................................ iii 

ABSTRACT .....................................................................................................................................v 

LIST OF TABLES ....................................................................................................................... viii 

LIST OF FIGURES ....................................................................................................................... ix 

CHAPTER 

CHAPTER ONE: INTRODUCTION ..................................................................................1 

 

CHAPTER TWO: TWO PLASTID POLLUX ION CHANNEL-LIKE PROTEINS  

ARE REQUIRED FOR STRESS-TRIGGERED STROMAL CA2+ RELEASE ..............35 

 

ADDENDUM TO CHAPTER TWO: PHYSIOLOGICAL CONTEXT OF PEC1/2 .......83 

 

CHAPTER THREE: FUNCTIONAL OVERLAP OF INNER ENVELOPE KEA  

AND MSL PROTEINS IN CHLOROPLAST PHYSIOLOGY ........................................89 

 

CHAPTER FOUR: THE ION TRANSPORT PROTEIN NHD1 IS CRITICAL 

FOR PLANT ACCLIMATION TO FLUCTUATING LIGHT ......................................117 

 

CHAPTER FIVE: CONCLUSION..................................................................................154 

  



viii 

LIST OF TABLES 

Page 

Table 2.1 Leaf-level concentrations of elements .......................................................................... 49 

Supplemental Table S2.1 Oligonucleotide combinations used in genotyping PCRs. .................. 64 

Supplemental Table S2.2 List of oligonucleotides used in this study. ......................................... 64 

Supplemental Table S2.3 Constructs used in this study and their origin. ..................................... 66 

Table 3.1 Leaf-level concentrations of elements .......................................................................... 99 

Supplemental Table S3.1 List of oligonucleotides used in this study. ....................................... 111 

Supplemental Table S3.2 Accessions and oligonucleotide combinations used in            

genotyping PCRs in this study. ................................................................................................... 111 

Supplemental Table S4.1 Constructs used in this study and their origin. ................................... 144 

Supplemental Table S4.2 Accessions used in this study. ........................................................... 145 

Supplemental Table S4.3 List of oligonucleotides used in this study. ....................................... 145 

 

  



ix 

LIST OF FIGURES 

Page 

Figure 1.1 Model of K+ and Na+ exchange at the plasma membrane of roots.............................. 12 

Figure 1.2 Model of candidate plastid proteins investigated in the frame of this dissertation. .... 22 

Figure 2.1 Phylogenetic tree of PEC/CASTOR/ POLLUX family members. .............................. 42 

Figure 2.2 PEC1 and PEC2 functional protein characterization................................................... 46 

Figure 2.3 PEC Expression and loss-of-function mutant characterization. .................................. 48 

Figure 2.4 Stress-triggered stromal Ca2+ transients are diminished in pec1pec2. ........................ 51 

Figure 2.5 Working model of K+ and Ca2+ transport mechanisms across the outer and            

inner envelope (OE and IE) membrane of A. thaliana chloroplasts. ............................................ 53 

Supplemental Figure S2.1 Phylogeny of PEC, CASTOR, and POLLUX homologs.  ................. 67 

Supplemental Figure S2.2 PEC domains and construct information. ........................................... 68 

Supplemental Figure S2.3 Localization studies of PEC proteins in N. benthamiana and A. 

thaliana. . ...................................................................................................................................... 69 

Supplemental Figure S2.4 α-PEC1 antibody design and application in localization studies. ...... 70 

Supplemental Figure S2.5 Extended PEC expression information. . ........................................... 71 

Supplemental Figure S2.6 PEC locus information and pec single mutant characterization. ....... 72 

Supplemental Figure S2.7 Background AEQUORIN and additional cold shock        

measurements, single mutant readings, and complementation by backcross into the WT. .......... 73 

Supplemental Figure S2.8 Lack of stromal Ca2+ transients in pec1pec2 mutants does not 

correspond with additional growth defects under abiotic stress conditions. ................................ 74 

Addendum Figure 2.1 Expression analysis of AtPEC1 and COI1-dependency. . ........................ 84 

Addendum Figure 2.2 Model of the proposed function of AtPEC in JA biosynthesis. . .............. 87 

Figure 3.1 Locus of AtKEA1, AtMSL2, and isolation of insertion lines used in this work. .......... 95 

Figure 3.2 Cumulative loss of KEA1 and MSL2 leads to phenotypic and photosynthetic 

abnormalities. ................................................................................................................................ 97 



x 

Figure 3.3 Chlorophyll analysis reflects phenotypic deficiencies in kea1msl2. . ......................... 98 

Figure 3.4 Growth on exogenous salt leads to partial recovery of phenotypes in kea1msl2. ..... 101 

Supplemental Figure S3.1 Tissue-dependent expression profiles of plastid localized        

members of KEA and MSL families. ......................................................................................... 112 

Supplemental Figure S3.2 Immunoblot confirming the absence of KEA1 in kea1 single           

and kea1msl2 loss-of-function double mutants........................................................................... 113 

Supplemental Figure S3.3 Recovery of the photosynthetic efficiency of kea1msl2                   

loss-of-function double mutants does not require Cl-.  ............................................................... 114 

Figure 4.1 Complementation of the K+-transport defective E. coli mutant LB2003 with    

AtNHD1 cDNA.  ......................................................................................................................... 123 

Figure 4.2 Protoplasts of rdr6 loss-of-function and stable rdr6+NHD1-YFP ox lines. ............ 124 

Figure 4.3 Isolated protoplasts of transiently transformed N. benthamiana leaves. ................... 126 

Figure 4.4 Immunoblotting of subfractioned chloroplasts. ......................................................... 127 

Figure 4.5 Isolation of a novel nhd1 loss-of-function allele reveals no phenotype under      

control conditions........................................................................................................................ 129 

Figure 4.6 Chlorophyll fluorescence parameters under fluctuating light conditions.................. 131 

Figure 4.7 Heatmaps of photosynthetic parameters from DEPI measurements.  ....................... 133 

Figure 4.8 Model of the proposed function of AtNHD1 in acclimation to fluctuating light.  .... 138 

Supplemental Figure S4.1 Growth recovery of the K+-transport deficient E. coli mutant    

LB2003 in liquid culture.  ........................................................................................................... 146 

Supplemental Figure S4.2 Localization of NHD1 and controls in transiently transformed           

N. benthamiana leaves. ............................................................................................................... 147 

Supplemental Figure S4.3 Fv/Fm measured in DEPI at the beginning of each day. .................... 148 

  



xi 

 

 

 

Dedication 

 

For my father, 

who always wanted me to be greater  

than him, the greatest man I've ever known. 

 



1 

CHAPTER ONE: INTRODUCTION 

This dissertation revolves around the impact and interplay of ion transport proteins in the 

chloroplast, a highly important organelle in plants. In order to provide context for the reader, this 

introduction is divided into four major parts: (1.1) Introduction to the green revolution and plant 

nutrition, (1.2) the impact of climate change on soil conditions, (1.3) membrane proteins in 

nutrition and physiology, and (1.4) plastid signaling and ion transport. 

1.1 Introduction to the green revolution and plant nutrition. 

Agriculture and civilization. 

Life on planet earth as we know it has always depended on plants. However, the 

relationship between humans and plants has changed immensely. Even after the emergence of 

Homo sapiens approximately 200,000 years ago, it took many hundreds of generations until the 

earliest civilizations developed (Stringer and Andrews, 1988; Bar-Yosef, 1998; Boyden, 2004). 

Agriculture was an essential precondition that supported a sedentary lifestyle and gave rise to 

human civilizations (Boyden, 2004; Bocquet-Appel, 2011). Due to technological and agricultural 

improvements, the population working on fields and farms is steadily decreasing. In the late 19th 

century, half of the United States population worked in the agricultural sector (Lebergott, 1966), 

compared to 1.4% in 2020 (https://www.ers.usda.gov, accessed Oct 18, 2021). Indeed, the 

impact of machines during this period was immense, spanning the industrial revolution as well as 

two World Wars (Ayres et al., 2003). Nevertheless, the agricultural progress following World 

War II was also tremendous. The 'green revolution' beginning in the 1960s was highlighted by 

the breeding of high-yielding varieties and the development and application of pesticides and 

fertilizers (Evenson and Gollin, 2003). 
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Elements fuel plant growth. 

First applied in the middle of the 19th century, fertilizers revolutionized agriculture when 

scientists discovered the primary limiting nutrients of crops (Van Zanden, 1991). Nowadays, 

these complete fertilizers are called NPK, named after the three main ingredients – the elements 

nitrogen (N), phosphorus (P), and potassium (K, for kalium in Latin). Together with sulfur (S), 

calcium (Ca), and magnesium (Mg), they belong to the group of macronutrients. In plants, these 

elements occur in relatively large amounts of up to 15,000 parts per million (ppm, or 1.5%) of 

their dry weight, showcasing the physiological importance of macronutrients in all tissues and 

life stages (Maathuis, 2009). Additional elements essential to plants occurring at smaller 

concentrations of less than 100 ppm are grouped as micronutrients. Those include iron (Fe), 

manganese (Mn), copper (Cu), zinc (Zn), nickel (Ni), molybdenum (Mo), boron (B), and 

chlorine (Cl) (Marschner and Marschner, 2012). Even though plants assimilate micronutrients 

less abundantly than macronutrients, their presence is critical for overall plant health. 

Micronutrients are necessary for adequate growth due to their action as cofactors and activators 

in enzymatic reactions and roles in cell wall synthesis or detoxification (Maathuis, 2009; 

Marschner and Marschner, 2012).  

Nevertheless, humans thrived long before the invention of fertilizers or the discovery of 

plant nutrients. However, the sharp increase in the global population from 1.6 billion in 1900 to 

6.1 billion in 2000 would not have been possible without the application of fixed inorganic N 

(Smil, 2001). 
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1.2 The impact of climate change on soil conditions. 

Global consequences of large-scale agriculture. 

In the early 20th century, the Nobel-prize-winning Haber-Bosch process was invented. In 

this highly energy-consuming process, atmospheric N2 is fixed into ammonia (NH3), generating a 

source of nitrogen that can be taken up by plants (Smil, 2001). Thus, while fertilizers made 

large-scale agriculture possible in the first place, the downstream effects of N fertilization on 

ecological systems are considerable due to the increased demand for N fixation (Smil, 2001; 

Galloway et al., 2003). N fertilization results in substantial amounts of greenhouse gases 

(GHGs), specifically the potent GHG nitrous oxide (N2O) (Millar et al., 2010). N2O is a GHG 

298 times more potent than CO2. N2O makes up 7% of total US GHG emissions, 75% of that 

stemming from agricultural soil management practices (EPA, 2019). 

Consequences of GHG mass production, partially attributable to agriculture, confront the 

humanity of the 21st century with the biggest challenge to date – climate change. Climate change 

appears in different facets, contingent on the part of the world. For example, in coastal states in 

the US, rising sea levels will force residents to relocate and governments to spend taxpayer 

money on raising streets or building seawalls. In Washington State, the cost of keeping up with 

climate change is estimated at $24 billion by 2040, according to some prognoses 

(https://www.climatecosts2040.org/, accessed May 11, 2021). In developing countries such as 

Bangladesh, with its low elevation, high population density, and inadequate infrastructure, it is 

estimated that 18 million inhabitants will be displaced due to sea-level rise alone 

(https://ejfoundation.org/reports/climate-displacement-in-bangladesh, accessed May 20, 2021). 

Another effect of the rising sea levels is the salinization of coastal drinking water and once-
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fertile soil (Bhuiyan and Dutta, 2012). However, not only coastal regions are affected by climate 

change.  

Upcoming arid climates and drought will make farmers even more dependent on 

irrigation water for their crops. Artificial watering systems are considered wasteful, detrimental 

to soil health, and thereby plant growth (Organisation for Economic Co-operation and 

Development, 2017). Poor irrigation management results in excess water in the soil, leaving 

behind ions such as Na+ and Ca2+ once it evaporates (Eynard et al., 2005). Ions will accumulate 

in the soil and cause soil salinization, diminishing crop growth (Hanin et al., 2016). The majority 

of conventional crops are so-called glycophytes. By definition, glycophytes cannot tolerate more 

than 5 g/L total dissolved solids (TDS, 85 mM as sodium chloride (NaCl)). For reference, 

seawater contains approximately 40 g/L TDS, equivalent to 500 mM NaCl (Glenn et al., 1999). 

Beans and rice are staple crops least adapted to saline soils and are impacted by as little as 20 

mM external NaCl (H Greenway and Munns, 1980; Glenn et al., 1999).  

Climate change will have drastic effects on agriculture, and scientists are working on 

engineering crops productive under adverse conditions. 

Salt and drought stress in plants. 

Adverse ionic and osmotic conditions result in stress and trigger ionic or osmotic 

signaling, respectively. These signaling pathways affect cell division and expansion regulation in 

the plant, as well as detoxification signaling. The pathways themselves are triggered by injuries 

inflicted by salt and drought. Ion and osmotic homeostasis, inhibition of growth, osmotic control 

of the damaged areas of the plant, and repair mechanisms ultimately are all needed for plants to 

adapt to salt stress and develop tolerance (Zhu, 2002). Under continuous salt stress, as can be 

expected for many crops, detrimental effects can be observed at all growth stages. While 



5 

signaling and growth inhibition can take place on a timescale of minutes to hours, the 

accumulation of salt, especially in older tissues, leads to yellowing or death of the oldest leaves 

and a severe inhibition of growth of younger leaves over weeks to months. If the plant is still 

alive, so-called emergency shoots will start to appear, resulting in diminished seed production in 

the final life stage of annual plants (Kronzucker et al., 2013). This is the most economically 

devastating consequence as both humans and their livestock are dependent on calories from 

seeds and the surrounding tissue (Glover and Reganold, 2010). Therefore, designing crops that 

can withstand high salinity and drought will be critical in feeding the growing population, which 

will surpass 9 billion by 2050 and require 60-110% more food (Ray et al., 2013).  

An intriguing gene modification target for improving plant growth under hostile 

conditions are membrane proteins such as transporters and ion channels (Kim et al., 2012; 

Schroeder et al., 2013; Bailey-Serres et al., 2019). Transporters of the HIGH-AFFINITY K+ 

TRANSPORTERS (HKT) family, which will be alluded to in more detail later, have proven 

successful in this approach. When crossing a susceptible wheat strain with a salt-tolerant relative, 

yields on saline soil could be improved by up to 25%. The salt-tolerance trait was linked to the 

action of HKT1;5. This transport protein removes Na+ from the plant vascular tissue, reducing 

Na+ transport to leaves and systemic salt stress, leading to improved growth on saline soils 

(Munns et al., 2012). Amongst others, HKT proteins showcase the significance of membrane 

transport to plant physiology and productivity. 

1.3 Membrane proteins in nutrition and physiology. 

Semi-permeable membranes and integral proteins. 

Membranes are prerequisites of life and are ubiquitously present in all living organisms. 

Biological membranes constitute lipid bilayers with hydrophilic heads connected to hydrophobic 
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fatty acid tails pointing toward each other, creating a ~5 nm thick barrier between the inside of 

the cell and the environment or other parts of the cell (van Meer et al., 2008). Membranes are 

semi-permeable, meaning that only water or small, uncharged molecules like some gases can 

pass through the membrane unassisted. In order to sense environmental cues or facilitate the 

exchange of charged molecules, i.e., most nutrients, organisms have developed a variety of 

integral membrane proteins (IMPs). The variety and the abundance of IMPs are immense, which 

can comprise more than half of the mass of a membrane (Alberts, 2015). IMPs consist, like other 

proteins, of amino acids (AAs) with distinct properties. For example, hydrophobic AA stretches 

can insert into or pass the membrane creating transmembrane domains (TMs), connected by 

hydrophilic loops on either side of the membrane. Furthermore, the hydrophilic loops can also 

interact with external substrates leading to responses inside the organism, like some receptor 

proteins (Diallinas, 2014). However, uptake of charged molecules needs to be facilitated by 

transport proteins such as ion transporters or ion channels (Gouaux and Mackinnon, 2005; von 

Heijne, 2006). 

Transporters and ion channels are grouped as transport proteins. 

On a structural level, channels and transporters are distinct. Channels usually occur in 

multimers, in which several copies of identical or homologous proteins associate and form a 

functional unit. Ion channels can have 2-4 subunits with 2-10 TM stretches, with some 

exceptions (Diallinas, 2014). Channels can be activated (gated) by three main mechanisms: 

Voltage differential across the membrane, binding of ligands such as Ca2+, or by membrane 

tension in the case of mechanosensitive channels. After gating of the channel and opening of the 

pore, selectivity of the pore region will determine flux of substrate molecules that will passively 

cross the membrane (Hedrich, 2012). Some pore regions are more selective than others. For 
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instance, plant K+-selective channels carry a hallmark motif in the pore region, comprising the 

specific amino acid sequence TXGYGD/E (Aiyar et al., 1996; Lebaudy et al., 2007). At the same 

time, some channel proteins have evolved to be more broadly permeable to a group of molecules 

like cations and show selectivity for a variety of substrates in vitro (Charpentier et al., 2008). Ion 

channels facilitate ion movement by utilizing the concentration gradient or electrical potential 

differences (ΔΨ) of the substrate of interest. It is estimated that ion channels permit the flow of 

up to 108 ions/second. This large flux of charges can itself impact ΔΨ, leading to the gating of 

other channel proteins (Diallinas, 2014).  

Unlike channels that mostly facilitate ion or small solute flux, transporter substrates can 

vary. Substrates can range from small molecules like protons to bigger molecules like lipids and 

even proteins. Transporters can have 10-14 TM domains, may function in a monomeric state, 

and work at a much slower rate of 102-105 ions/s (Diallinas, 2014; Milo and Phillips, 2016). 

While uniporters permit flow down the concentration or electrochemical gradient and are 

classified as facilitated diffusion mechanisms, other transporters represent active flux carriers. In 

active transport, energy input is required to transport substrates across the membrane. Active flux 

carriers can make use of ATP (adenosine triphosphate, primary active) or the pH difference on 

either side of the membrane (secondary active), working in concert with Hydrogen (H+)-

ATPases which create the pH gradient at the cost of ATP (Gouaux and Mackinnon, 2005).  

As mentioned earlier, transport proteins represent prime targets for gene modifications to 

improve crop productivity. It is estimated that ~10% of the genome of the model organism 

Arabidopsis thaliana encodes transport proteins (Ward, 2001; Schwacke et al., 2003). The sheer 

amount of putative transport protein-encoding genes illustrates the significance of these proteins 

in plant physiology. However, the molecular identity and function of many such proteins in 
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planta remains unknown. This dissertation aimed to extend the knowledge about plant ion 

transport proteins. 

K+ transport proteins and root uptake. 

The macronutrient K+ is the most abundant cation in plants with up to 10% of the plants' 

dry weight (Leigh and Jones, 1984). Therefore, it is of significant importance in all tissues and 

throughout all stages of plant development. K+ plays major roles in ion and pH homeostasis, 

balancing charges and membrane polarization, as an enzymatic cofactor, and in controlling water 

content and gas composition through the opening and closing of stomata (Marschner and 

Marschner, 2012).  

Even though K+ is highly abundant in the earth's crust, most of it is not readily available 

to plants due to its dehydrated state (Maathuis, 2009). Concentrations in the rhizosphere are 

estimated to be in the micromolar range, while cytoplasmatic concentrations in healthy plants are 

usually kept around 100-200 mM (Chou et al., 2003; Maathuis, 2009). Since K+ carries a 

positive charge in the hydrated state and cannot pass membranes freely, plants have evolved 

various transport proteins that facilitate K+ uptake and homeostasis throughout the plant. In A. 

thaliana, identified K+ transport mechanisms have been grouped into two channel families and 

three transporter families (Sharma et al., 2013). The K+ channel proteins belong to the voltage-

gated Shaker, or the non-voltage gated TANDEM-PORE K+ (TPK) channel families, the latter of 

which include Kir (K inward-rectifier) channels only recently grouped with TPK proteins based 

on sequence similarity (Marcel et al., 2010; Voelker et al., 2010). Plant transporters are grouped 

into HAK/KUP/KT (K+ UPTAKE/HIGH AFFINITY K+/K+ TRANSPORTER), HKT-type 

proteins, and cation:H+ antiporter (CPA) families featuring the prominent Na+:H+ EXCHANGER 

(NHX), Na+:H+ ANTIPORTER (NHAD), and K+-EFFLUX ANTIPORTER (KEA) members 
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(Maser et al., 2001; Brett et al., 2005; Gierth and Maser, 2007; Aranda-Sicilia et al., 2012; 

Gomez-Porras et al., 2012). 

The uptake of K+ at root membranes is realized by H+:K+-cotransporter HAK5 and 

Shaker-like channel AKT1 that work in concert to import K+ against its concentration gradient 

into the cytoplasm (Fig. 1.1). The concept of high- and low-affinity K+ uptake was first presented 

by Epstein and colleagues almost 60 years ago (Epstein et al., 1963) and by now has been 

substantiated on a molecular level (Hirsch et al., 1998; Gierth et al., 2005; Gierth and Maser, 

2007; Rubio et al., 2008). While HAK5 is primarily responsible for K+ uptake at soil 

concentrations below 0.05 mM, both HAK5 and AKT1 are active between 0.01 mM and 0.05 

mM (Fig. 1.1). The channel, as a facilitated diffusion mechanism, is dependent on membrane 

polarization. It follows that uptake of positively charged K+ is only possible if the cytoplasmatic 

side is more negative than the outside of the cell, i.e., the apoplast, as is the case at K+ levels 

below 10 mM. Once soil K+ concentrations surpass 10 mM, an unidentified uptake mechanism 

contributes to AKT-mediated K+ uptake (Kronzucker et al., 2013). 

K+ homeostasis is vital to plant health. 

One of the many examples of the effect of K+ on plant physiology is its role in primary 

growth and water movement. Due to the absence of an endoskeleton, plants rely on cell walls 

and turgor pressure for mechanical support. Turgor pressure depends on the accumulation of 

solutes in the vacuole, first and foremost K+, and is a driving force for cell growth (Mengel and 

Arneke, 1982). In addition, also stoma opening and concomitant gas and H2O exchange with the 

atmosphere relies on K+ level and dynamic changes in cell turgor. The opening of stomata results 

from a cascade of signals within the plant, stemming from various factors, including blue light, 

lowered CO2 concentration within the leaf, or high humidity (Kim et al., 2010). It is partially 
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triggered by an influx of K+ ions into the vacuole of guard cells, a specialized cell type that 

constitutes the stoma pore. The shift in osmotic potential is balanced by H2O influx, causing 

guard cells to swell. This process opens the pore, allowing for H2O and CO2 exchange of the 

intercellular space with ambient air to maintain appropriate photosynthetic CO2 levels in the 

mesophyll (Kim et al., 2010).  

Additionally, several enzymes rely on K+ exclusively as their cofactor, and using Na+ 

would not be feasible in those cases. A striking example are cytosol- and plastid-localized 

pyruvate kinases which are involved in the glycolytic pathway present in nearly all life forms 

(Duggleby and Dennis, 1973). While the structural differences of cytosolic pyruvate kinase are 

subtle between Na+- and K+-bound forms (Larsen et al., 1998), the impact on enzyme function is 

tremendous, with only 7-8% activity in the presence of Na+ instead of K+ (Kayne, 1971; 

Guerrero-Mendiola et al., 2017). 

Finally, K+ is an effective charge balancer across the plasma and subcellular membranes 

due to its small size. For instance, this is critical in plant species engaging in beneficial root 

symbioses with fungi and bacteria. During the early steps of the formation of these symbiotic 

relationships, Ca2+ transients appear in the nucleus of root cells. These transients initiate 

downstream signaling processes and thereby allow for the symbiosis to take place. Forward 

genetics for Medicago truncatula mutants defective in establishing bacterial root symbioses 

resulted in the mapping of the DOES NOT MAKE INFECTIONS1 (DMI1) locus, encoding for a 

nuclear envelope cation channel (Ane et al., 2004). Homologs of MtDMI1 were identified in 

Lotus japonicus, which engages in root symbiosis with fungi, and were termed CASTOR and 

POLLUX (Charpentier et al., 2008). Plants lacking proteins of the CASTOR/POLLUX/DMI 

family cannot engage in the symbiotic relationship because they are unable to generate nuclear 
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Ca2+ spikes (Charpentier et al., 2008). By now, these channel proteins have been studied both in 

vivo and in vitro with the consensus that they are permeable to K+, Na+, and Ca2+, with highest 

conductivity for K+ (Charpentier et al., 2008; Kim et al., 2019). A few years later, another 

channel from the CYCLIC-NUCLEOTIDE-GATED CHANNEL (CNGC) family, MtCNGC15, 

was found to colocalize with MtDMI1 in the nuclear envelope membrane. It was proposed that 

CNGC15 is the Ca2+-permeable channel directly responsible for eliciting the Ca2+ transients 

(Charpentier et al., 2016). Comparable modes of action also exist in organelles like the 

chloroplast. The connection between subcellular K+ fluxes and Ca2+ transients is the focus of 

Chapter Two.  

These examples give a glimpse at the importance of K+ in plants. Disturbing K+ 

homeostasis, and thereby the processes mentioned above, is detrimental to plant health.  

Open questions on Na+ uptake and K+ exchange at root plasma membranes. 

Even though many detrimental effects of disturbed K+ homeostasis have been 

determined, researchers are still investigating concentrations at which Na+ becomes toxic 

(Kronzucker et al., 2013; Flowers et al., 2015). Similarly, molecular uptake mechanisms of Na+ 

into plants are still under debate. Proteins of different families have been identified as candidates 

for at least partial roles in the influx of Na+ into the root endodermis cytoplasm: HKT, LCT1 

(LOW-AFFINITY CATION TRANSPORTER1) (Schachtman et al., 1997; Amtmann et al., 

2001), KUP/HAK/KT (Santa-Maria et al., 1997; Amtmann and Sanders, 1999; Blumwald et al., 

2000; Golldack et al., 2003) and AKT (K+ TRANSPORTER) families, and in addition proteins 

of the family of non-selective cation channels (NSCCs) (Essah et al., 2003; Malagoli et al., 2008; 

Moller et al., 2009; Wang et al., 2009; Wetson and Flowers, 2010; Kronzucker et al., 2013). 

However, the similarity of physicochemical properties, such as ionic radius and hydration state, 
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and 'loose' binding sites within the pockets of transporters make discrimination between Na+ and 

K+ difficult. This lack of specificity can lead to the transport of either cation (Cotsaftis et al., 

2012; Benito et al., 2014) and may explain the presence of many K+ transport mechanisms in this 

list. 

The influx of Na+ can lead to 

depolarization of the membrane, resulting in 

the activation of K+ efflux proteins (Shabala 

et al., 2006). Extracellular Na+ can inhibit K+ 

uptake mechanisms, aggravating the disturbed 

K+ homeostasis in the cell, which can be 

observed in all parts of the plant (Fig. 1.1). 

The surplus of Na+ does not remain in root 

tissues but will be translocated to aerial 

tissues, where Na+ will accumulate in leaf 

apoplasts and vacuoles (Flowers et al., 1991). 

According to the Oertli hypothesis, osmotic 

stress, rather than ionic, is responsible for the 

salt-induced damage of leaves in Oryza sativa 

(rice) (Oertli, 1968). The accumulation of Na+ 

in the apoplast causes water to drain out of 

the cells, disrupting the osmotic balance of cells and leading to drought stress responses.  

Figure 1.1 Model of K+ and Na+ exchange at the 

plasma membrane of roots (from Kronzucker et al., 

2013). A) Under normal, non-stress conditions , 

KUP/HKT/KT transporters facilitate the transport from 

the outside (o) into the cell (c) at low K+, and AKT1 at 

high K+ concentrations, inhibited by Na+. At the same 

time, electrical potential ΔΨ forces outward flux of K+ by 

an NSCC, stimulated by Na+. B) Sudden salinity stress 

causes accumulation of Na+ in the apoplast, resulting in 

efflux of H2O and K+ out of cells. 
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Na+ is used in cellular processes. 

Even though Na+ can have detrimental effects on plant growth in glycophytes, it can be 

accumulated by halophytes, and in some other plants is a substrate in cellular processes. C4 

plants in particular benefit from low internal Na+ concentration (Brownell and Crossland, 1972; 

Subbarao et al., 2003; Marschner and Marschner, 2012). In some C4 species, Na+ is involved in a 

cotransport reaction that supplies pyruvate to the chloroplast (Ohnishi et al., 1990). In others, like 

the C3 plant A. thaliana, pyruvate uptake is H+-dependent (Ohnishi and Kanai, 1990; Furumoto 

et al., 2011). Nevertheless, pyruvate is an essential substrate for different enzymatic reactions in 

primary and secondary metabolism in the chloroplast and is also taken up from the cytosol 

(Schwender et al., 2004). For example, in Flaveria trinervia, BILE ACID:SODIUM 

SYMPORTER FAMILY PROTEIN2 (BASS2) facilitates the co-transport of pyruvate and Na+ 

into the stroma at the inner envelope membrane. Na+ homeostasis was suggested to be balanced 

by NHAD-type Na+:H+ antiporter NHD1 to avoid the accumulation of Na+ in the stroma 

(Furumoto et al., 2011). However, at least in the C3 glycophyte A. thaliana, the exact localization 

of NHD1 within chloroplast membranes remains controversial. Localization of AtNHD1 and 

characterization of nhd1 loss-of-function mutants are the focus of Chapter Four.  

Ca2+ signals as a response to salt stress. 

The majority of crop plants are C3 glycophytes and therefore need to balance cellular Na+ 

content. In response to osmotic challenges, glycophytes try to control cell function and integrity 

by sensing salt and osmotic stress and employing signaling pathways to prime detoxification and 

aid plant survival (Hanin et al., 2016). For example, salt exposure causes a rapid spike in 

cytosolic Ca2+ levels ([Ca]cyt), which can be observed in many cell types, different 

compartments, and organelles throughout the entire plant (Knight et al., 1997; Nomura et al., 
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2012; Zhu et al., 2013; Stephan et al., 2016). Initially, the signal is generated in root cells and 

subsequently propagated towards shoot tissues (Choi et al., 2014). Among other players, the 

vacuole localized TWO PORE CHANNEL 1 (TPC1) is involved in the generation of rising 

[Ca]cyt after exposure to salt. Consequently, in tpc1 mutants, propagation of the Ca2+ wave was 

severely limited, and the systemic, genetic responses to salt stress were lacking (Choi et al., 

2014). The genetic responses include upregulation of several stress defense genes, including 

TPC1 itself. Surprisingly, tpc1 loss-of-function mutants did not exhibit a penalty to plant growth 

(Peiter et al., 2005). The Ca2+ signatures, in part generated by TPC1, are decoded by a toolkit of 

Ca2+ interacting proteins such as calmodulin (CaM), calcium-dependent protein kinases 

(CDPKs), and calcineurin B-like proteins (CBLs) with CBL-interacting protein kinases (CIPKs). 

These proteins may function as molecular switches, and their activity can result in changes in 

gene expression and protein activity (Weinl and Kudla, 2009; Boudsocq and Sheen, 2013). 

However, many players involved in the signaling cascades remain unknown and uncharacterized. 

Even though levels of free Ca2+ in most cellular environments are kept at nanomolar 

levels to avoid precipitation of phosphates, the importance of this ion on plant health and 

physiology should not be underestimated. Besides being able to bind to and gate channels, Ca2+ 

serves as a ubiquitous secondary messenger. Thus, in response to either developmental factors 

(Scheible and McCubbin, 2019) or biotic and abiotic stress (Nomura et al., 2012), subcellular 

Ca2+ concentrations can rise amplitudes higher than resting levels. Intriguingly, both amplitude 

and frequency of spikes are elicitor-specific.  

It is expected that plants precisely employ Ca2+ transients to encode and communicate 

different types of stress triggers, which have been observed in all parts of the cell and are distinct 

depending on the compartment or organelle (Resentini et al., 2021). Research has been done on 
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Ca2+ transients in the cytosol (Knight et al., 1996, 1997; Qudeimat et al., 2008; Tanaka et al., 

2010), mitochondria (Logan and Knight, 2003), endoplasmatic reticulum (Bonza et al., 2013), 

peroxisomes (Costa et al., 2010; Corso et al., 2018), nucleus (Charpentier et al., 2008; Leitao et 

al., 2019), and the plastid (Nomura et al., 2012; Pottosin and Dobrovinskaya, 2015). In most 

cases, Ca2+ transients in these compartments occur after the rise in [Ca]cyt. Therefore, it was 

suggested that these compartments act as sinks to shape the cytosolic Ca2+ transient. 

Interestingly, chloroplasts create their own Ca2+ signatures that do not transmit into the cytosol in 

the form of Ca2+ (Pottosin and Dobrovinskaya, 2015; Lenzoni and Knight, 2019), suggesting that 

chloroplasts function as a central hub in detecting and fending off various environmental 

stressors. 

1.4 Plastid signaling and ion transport. 

Plastid origin and integration into plants. 

The chloroplast, a specialized plastid type, is one of the defining features of plant cells. It 

is home to photosynthesis in which atmospheric CO2 is fixed and oxygen (O2) released, thereby 

providing the foundation for higher life on earth. Plastids are a group of organelles in plants that, 

like mitochondria, originated from an endosymbiotic event. In the case of mitochondria, a 

prokaryotic cell able to perform aerobic respiration was likely ingested via phagocytosis into a 

larger eukaryotic cell more than 1.45 billion years ago (Embley and Martin, 2006). The ancestor 

of today's plastids was a photoautotrophic cyanobacterium. This prokaryote was engulfed by a 

cell that already harbored mitochondria about 1.2 billion years ago (Gould et al., 2008). Over 

time, both endosymbionts became intertwined with the host cell, becoming organelles. As a 

result, mitochondria and plastids transferred most of their circular genome into the host's nuclear 
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genome, a process known as horizontal gene transfer. However, a strongly reduced genome 

remains in plant mitochondria and plastids until today (Timmis et al., 2004). 

Mitochondria and plastids lost the ability to reproduce independently (Andersson et al., 

2003; Richly and Leister, 2004). In the case of plastids, some genes involved in photosynthesis, 

gene expression, and genome duplication are encoded on the plastid genome (plastome). 

Nevertheless, even those genes are thought to be under nuclear control via anterograde signaling 

(Woodson and Chory, 2008). For instance, many plastid mRNA editing components are encoded 

in the nucleus and need to be imported into the organelle (DeTar et al., 2021). Similarly, the 

chloroplast also engages in retrograde signaling, controlling, or at least influencing, nuclear gene 

expression (Kleine and Leister, 2016). For example, reactive oxygen species (ROS) are formed 

in the chloroplast in response to pathogenic elicitors, leading to downregulation of nuclear-

encoded genes. Genes under the influence of the plastid include, for example, genes responsible 

for the biosynthesis of transcription factors or the various phytohormones that originate from the 

chloroplast (Nomura et al., 2012). In addition to influencing gene expression networks, 

chloroplasts are the primary source of cellular ROS and biosynthesize precursors of 

phytohormones, amino acids, and lipids. 

In contrast to other compartments inside the plant cell, organelles of endosymbiotic 

origin retained their original membranes, and therefore possess an outer and inner envelope 

membrane with an intermembrane space in between. In addition, chloroplasts harbor stacked, 

compressed internal membranes, the thylakoid. The outer envelope membrane is composed of 

the phospholipids phosphatidylcholine and phosphatidylglycerol. Besides this, the composition 

of these three membranes is very similar. They mainly consist of two types of lipids, 

monogalactosyldiacylglycerol (MGDG) and digalactosyldiacylglycerol (DGDG). Galactolipids 
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are synthesized in the plastid and, in healthy plants, rarely found outside of the organelle. In 

contrast, envelope and thylakoid membranes contain only trace amounts of phospholipids that 

represent the main component of all other plant membranes (Block et al., 2007). 

Because the plastid lost or transferred most of its genome into the nucleus, it must be 

supplied with thousands of different proteins to function properly. Therefore, plastids were 

outfitted with a protein import system called the TRANSLOCON AT THE OUTER 

CHLOROPLAST ENVELOPE - TRANSLOCON AT THE INNER CHLOROPLAST 

ENVELOPE (TOC-TIC) complex (Jarvis and Soll, 2001; Woodson and Chory, 2008). Most 

plastid-targeted proteins contain cleavable N-terminal plastid transit peptides (pTPs), which 

direct the proteins to the organelle after translation in the cytosol. The exceptions are integral 

proteins of the outer envelope membrane (outside of TOC75) which maintain their pTP in the 

mature protein. The multiprotein TOC complex recognizes pTPs, importing proteins into the 

intermembrane space. They are further processed into the stroma by the TIC under ATP 

consumption (Pain and Blobel, 1987; Kouranov and Schnell, 1997). IMPs of the inner envelope 

membrane are imported into the stroma in their entirety. These are processed to their mature 

forms by a stromal processing peptidase and then reinserted into the membrane they just passed 

(Schwenkert et al., 2011). This is different for thylakoid proteins which carry a bipartite pTP that 

directs them to the thylakoid membrane. Their processing is realized by a thylakoid processing 

peptidase (Richter and Lamppa, 2002). Discovery of chloroplast membrane proteins has been 

greatly simplified since the early 2000s through proteomics efforts and in silico prediction of 

pTPs (Ferro et al., 2002; Ferro et al., 2003; Sun et al., 2009). Nevertheless, many players 

involved in core chloroplast function, such as cation transport and ion homeostasis, have not 

been identified or characterized thus far and are the focus of this dissertation. 
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K+ exchange at chloroplast membranes is multifaceted. 

Even though K+ has significant implications for physiology, the identity of potential K+ 

transport mechanisms embedded in plastid membranes is under debate. Like in the rest of the 

plant, K+ plays a pivotal role in chloroplast biology. Early studies on isolated chloroplasts 

revealed that K+ transport across the inner envelope is accompanied by proton exchange 

(Demmig and Gimmler, 1983) and that the stroma is negatively charged (-70 to -110 mV) (Wu et 

al., 1991). This proton dependency is critical in the stroma, which exhibits a stark pH gradient 

(ΔpH) across the thylakoid membrane. Furthermore, the proton motive force (pmf), which drives 

ATP production via the F1F0-ATP synthase, relies on both the pH component ΔpH and electric 

component ΔΨ (Mitchell, 1966; Witt, 1979). Thus, chloroplast envelope membrane K+ transport 

is linked to pmf generation and ATP production, impacting carbon fixation via the Calvin-

Benson-Bassham cycle.  

Thirty years after the connection between plastid K+ and H+ exchange was established, 

K+ EFFLUX ANTIPORTER 1 and 2 (KEA1/2) of the CPA family were characterized (Aranda-

Sicilia et al., 2012; Zheng et al., 2013; Kunz et al., 2014). KEA1 and KEA2 were shown to 

facilitate the electroneutral antiport of K+ and H+ (Tsujii et al., 2019). Mutants lacking both 

copies of these inner envelope localized transporters are severely stunted, display variegated 

leaves, swollen chloroplasts with obvious deficiencies in development, photosynthesis, and 

osmoregulation (Kunz et al., 2014; DeTar et al., 2021). Surprisingly, light salt stress alleviates 

phenotypic defects in Arabidopsis seedlings, restoring development and photosynthesis. 

Intriguingly, similar morphological defects can be observed in plastids of mutants lacking both 

MscS-LIKE (MSL) plastid members, MSL2 and MSL3. In msl2msl3 double mutants, plastids 

are swollen, and plants are smaller than the wild-type. The plastid phenotype can also be restored 
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by adding external osmolytes, similar to the effect observed in kea1kea2 (Wilson et al., 2014). 

However, many aspects of this phenomenon remain vaguely understood. This emphasizes our 

lack of knowledge of chloroplast osmoregulation and ion transport proteins, which has 

substantial implications for overall plant health and physiology. The interaction between plastid 

envelope KEA and MSL members is the focus of Chapter Three. 

Apart from envelope transporters KEA1/2, much research has been done lately to 

understand the function of KEA3, the only thylakoid membrane member of the KEA family. 

Here, KEA3 imports K+ into the thylakoid lumen in exchange for protons, influencing both 

aspects of the pmf (Armbruster et al., 2014; Kunz et al., 2014; Armbruster et al., 2016). Increased 

light intensities lead to a high concentration of protons in the lumen, creating a steep ΔpH. A low 

luminal pH in the light is critical to activate non-photochemical quenching (NPQ) processes. 

NPQ protects photosystems by dissipating excess energy as heat. Activation of NPQ can be 

realized within seconds, while relaxation takes much longer (Muller et al., 2001). Cloud 

movement or shading of leaves creates sunflecks, leading to constant activation and inactivation 

of NPQ (Kaiser et al., 2018). While photosystem protection is vital in minimizing light-induced 

damage to plants, slow NPQ relaxation also reduces the amount of ATP or reducing power 

generated. When switching from high to low light, the lumen pH becomes more alkaline due to 

H+ efflux through ATP synthase, lowered activity of water-splitting reactions, and lowered 

cytochrome b6f activity (Tikhonov, 2014; Armbruster et al., 2017). Here, relaxation of NPQ is of 

high importance to maximize photosynthetic production of leaves. Consequently, the export of 

H+ facilitated by KEA3 is of particular interest in regulation of ΔpH in pmf, as loss-of-function 

kea3 mutants display a reduction in growth under fluctuating light conditions (Armbruster et al., 

2014; Aranda-Sicilia et al., 2016).  



20 

Outside of KEA transporters, only one protein associated with K+ transport, the ion 

channel TWO PORE K+ CHANNEL3 (TPK3), has been linked to the plastid thus far (Carraretto 

et al., 2013). Nevertheless, our extensive studies give strong evidence for a tonoplast localization 

of TPK3 (Höhner et al., 2019), which is in accordance with proteomics data (Sun et al., 2009; 

Tomizioli et al., 2014; Hooper et al., 2017). Chapter Two presents a novel family of K+-

permeable channel proteins localizing to the envelope membrane of chloroplasts (Völkner et al., 

2021). 

Plastid Ca2+ transients ask for uptake mechanisms. 

The role of chloroplasts in plant defense signaling has been under heavy investigation 

since discovering the CALCIUM-SENSING RECEPTOR (CaS) protein. Initially, AtCaS was 

thought to localize to the plasma membrane because of reduced [Ca]cyt transients after 

application of external Ca2+ (Chou et al., 2003). However, other studies have since presented 

strong evidence for a thylakoid membrane-localization of CaS (Nomura et al., 2008; Vainonen et 

al., 2008; Weinl et al., 2008). Since then, CaS activity has been connected to stomatal closure, 

phytohormone biosynthesis, and plant immunity via retrograde signaling (Nomura et al., 2008; 

Vainonen et al., 2008; Weinl et al., 2008; Nomura et al., 2012). Intriguingly, cas mutants lack 

any visible phenotypes and do not show strong stromal Ca2+ ([Ca]str) signaling alterations. Still, 

loss-of-function cas mutants display reduced transients in response to bacterial elicitors and 

light-to-dark transition. At the same time, higher [Ca]str transients in response to cold shock were 

reported, which makes CaS unlikely to be involved in stromal Ca2+ transport (Nomura et al., 

2012). The fast timescale of [Ca]str transients requires rapid uptake mechanisms, which indicates 

an involvement of unknown Ca2+-permeable ion channels. 
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Similar to K+ transport proteins, Ca2+ transport mechanisms in plastids are obscure. 

Initially, a study reported that the previously plasma-membrane localized Ca2+ channel 

GLUTAMATE-RECEPTOR LIKE3.4 (GLR3.4) (Meyerhoff et al., 2005; Vincill et al., 2012) 

has an alternative localization to chloroplasts, yet no data were presented showing if the lack of 

GLR3.4 affects [Ca]str (Teardo et al., 2011). Later, two previously characterized manganese (Mn) 

transporters, PHOTOSYNTHESIS-AFFECTED MUTANT71 (PAM71) (Schneider et al., 2016) 

and CHLOROPLAST MANGANESE TRANSPORTER1 (CMT1) (Wang et al., 2009), were 

again described as chloroplast Ca2+ transporters (Frank et al., 2019). Loss of inner envelope 

carrier BIVALENT CATION TRANSPORTER2 (BICAT2), previously CMT1, caused plants to die 

under short-day conditions while portraying severely stunted rosette and root growth under long-

day conditions (Frank et al., 2019). Besides affecting the chloroplast generated [Ca]str changes in 

response to light-to-dark transitions, no other effects were reported (Frank et al., 2019). Lastly, a 

protein from the MITOCHONDRIAL CALCIUM UNIPORTER (MCU) family was recently 

suggested to be dual targeted to mesophyll chloroplasts and mitochondria and termed cMCU 

(Teardo et al., 2019). cmcu loss-of-function mutants exhibited a lowered [Ca]str response after 

H2O2 application and osmotic stress. Nevertheless, neither bicat2 nor cmcu mutants showed a 

flatline response, indicating an involvement of other channel candidates contributing to the fast 

response of [Ca]str.  

As mentioned before, a variety of elicitors can elevate [Ca]str. These include bacterial 

peptide flg22, NaCl, sorbitol, and cold and heat shock, each substance causing distinct kinetic 

responses of Ca2+ elevation (Manzoor et al., 2012; Nomura et al., 2012; Sello et al., 2018; 

Lenzoni and Knight, 2019). A lack of knowledge about these mechanisms underpins the need for 

further studies into the chloroplast transportome.  
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Context of candidate proteins of this dissertation. 

The proteins studied in the frame of 

this dissertation all localize to chloroplast 

membranes of A. thaliana and function in 

ion transport. Beyond that, all candidate 

proteins have additional roles in 

maintaining chloroplast functions. Those 

roles were explored in Chapters Two, 

Three, and Four, using a variety of 

molecular, biochemical, and spectroscopy-

based approaches. This last section aims at 

giving specific context for each chapter (Fig. 1.2). 

The presence of K+ export mechanisms in the inner envelope membrane calls for a 

pathway to import K+ and other cations (Bernardi, 1999). Cation channel activity across the 

envelope membrane was measured independently in the past, using patches of isolated Spinacia 

oleracea (spinach) or Pisum sativum (pea) chloroplasts (Wang et al., 1993; Pottosin et al., 2005). 

Eventually, the identified protein was coined fast-activating chloroplast cation (FACC) channel. 

FACC showed little selectivity between the physiologically essential cations K+, Na+, Ca2+, and 

Mg2+ (Pottosin et al., 2005). Our studies of publicly available proteome data sets from pea 

chloroplast envelope fractions (Brautigam et al., 2008; Gutierrez-Carbonell et al., 2014) revealed 

distant homologs of the earlier mentioned CASTOR/POLLUX/DMI protein family in plastids of 

A. thaliana. We termed the proteins PLASTID ENVELOPE ION CHANNEL1 (PEC1) and 

PEC2. PEC1 and PEC2 share high homology, localize to the chloroplast envelope membrane, 

Figure 1.2 Model of candidate plastid proteins 

investigated in the frame of this dissertation.   

K+ illustrates the overlap between candidate proteins of 

Chapters Two, Three, and Four as a central aspect of this 

dissertation. OE=outer envelope membrane, 

IMS=Intermembrane space, IE=Inner envelope membrane 
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and possess K+ permeability in heterologous systems. While homologs are implicated in the 

formation of nuclear Ca2+ transients, we propose a similar role for PEC1/2 in the chloroplast. 

Our studies reveal that loss-of-function mutants show the most robust reduction in stress-induced 

[Ca]str transients reported thus far, tying in both K+ exchange at the inner envelope membrane 

and chloroplast Ca2+ signaling (Chapter Two). Chapter Two has recently been published in Plant 

Physiology (Völkner et al., 2021). 

As mentioned previously, KEA1/2 proteins are involved in K+ ion- and osmohomeostasis 

in the chloroplast. Similarly, two chloroplast envelope membrane-localized members of the MSL 

protein family, MSL2 and MSL3, were implied to function in this process (Haswell and 

Meyerowitz, 2006). Mechanosensitive channels are of prokaryotic origin and activated by 

membrane tension (Zhang et al., 2021). In bacteria, a sudden increase in the osmotic potential of 

the environment can lead to cell rupture due to water influx (Levina et al., 1999). Due to the 

myriads of processes happening simultaneously inside chloroplasts, content of solutes (and 

thereby osmotic potential) must be readily adjustable at all stages of chloroplast development. By 

crossing msl2 and kea1 single mutants, we tested whether a functional interaction between the 

two unrelated protein families exists. We were able to show that in an msl2 background, the loss 

of KEA1 resulted in mutants displaying disturbed plant growth, chlorophyll content, and 

photosynthetic efficiency. We thereby add to the knowledge about chloroplast ion- and 

osmohomeostasis (Chapter 3). 

Finally, a carrier of the NHAD transporter family, NHD1, has previously been localized 

to chloroplast envelope membranes (Furumoto et al., 2011; Muller et al., 2014). However, 

proteomics studies identified AtNHD1 in thylakoid membrane fractions, opening the possibility 

for another or a dual-localization of the carrier. Additionally, our studies of nhd1 loss-of-function 
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mutants revealed photosystem II (PS II) related alterations from WT during fluctuating light 

conditions, indicating a localization to the thylakoid membrane. Therefore, we decided to pursue 

localization studies using orthogonal approaches in two different systems. Indeed, our results 

suggest a thylakoid membrane localization for NHD1, connecting another ion transport protein 

to pmf modulation under fluctuating light (Chapter Four). 

The topic of this dissertation revolves around the role of ion transport proteins in 

chloroplast signaling, ion homeostasis, osmoregulation, and photosynthetic processes at the 

thylakoid membrane. This dissertation was broken down into the following aims: 1) Identify the 

role of CASTOR/POLLUX/DMI family proteins in plastid K+ homeostasis and Ca2+ signaling. 

2) Study interactions of KEA and MSL family proteins in osmoregulation of the chloroplast. 3) 

Investigate the localization of NHD1 and its role in photosynthesis during fluctuating light (Fig. 

1.2). Altogether, this dissertation adds important knowledge to chloroplast physiology and 

furthers our understanding of how plants use ion transport proteins and the K+ cation.  
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CHAPTER TWO: TWO PLASTID POLLUX ION CHANNEL-LIKE PROTEINS ARE 

REQUIRED FOR STRESS-TRIGGERED STROMAL CA2+ RELEASE 
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An addendum was added at the end of this chapter which contains noteworthy unpublished data 

on the putative role of the candidate proteins. 

2.1 Abstract 

Two decades ago, large cation currents were discovered in the envelope membranes of 

Pisum sativum L. (pea) chloroplasts. The deduced K+-permeable channel was coined fast-

activating chloroplast cation (FACC) channel but its molecular identity remained elusive. To 

reveal candidates, we mined proteomic datasets of isolated pea envelopes. Our search uncovered 

distant members of the nuclear POLLUX ion channel family. Since pea is not amenable to 

molecular genetics, we used Arabidopsis thaliana to characterize the two gene homologs. Using 

several independent approaches, we show that both candidates localize to the chloroplast 

envelope membrane. The proteins, designated PLASTID ENVELOPE ION CHANNELS 

(PEC1/2), form oligomers with regulator of K+ conductance (RCK) domains protruding into the 

intermembrane space. Heterologous expression of PEC1/2 rescues yeast mutants deficient in K+ 

uptake. Nuclear POLLUX ion channels cofunction with Ca2+ channels to generate Ca2+ signals, 

critical for establishing mycorrhizal symbiosis and root development. Chloroplasts also exhibit 

Ca2+ transients in the stroma, probably to relay abiotic and biotic cues between plastids and the 
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nucleus via the cytosol. Our results show that pec1pec2 loss-of-function double mutants fail to 

trigger the characteristic stromal Ca2+ release observed in wild-type plants exposed to external 

stress stimuli. Besides this molecular abnormality, pec1pec2 double mutants do not show 

obvious phenotypes. Future studies of PEC proteins will help to decipher the plant's stress-

related Ca2+ signaling network and the role of plastids. More importantly, the discovery of PECs 

in the envelope membrane is another critical step towards completing the chloroplast ion 

transport protein inventory. 

2.2 Introduction 

Land plants cannot escape from environmental challenges collectively known as abiotic 

and biotic stress. Consequently, evolutionary innovations in the molecular mechanisms to sense 

and respond to rapidly changing conditions likely played a key role in the success of land plants 

(Furst-Jansen et al., 2020). Leaf plastids are optimized for light harvesting, rendering the 

organelle a sensory hub to collect information about the plant's environment. Chloroplasts 

employ several mechanisms to transmit environmental information to the nucleus to adjust gene 

expression. These include changes in metabolite and hormone levels, redox potential, reactive 

oxygen species (ROS) production, and ion flux. Through the action of ion channels and carriers, 

signals - encoded as ion transients - can be relayed within seconds. The best-known ion signals 

are Ca2+ transients which exist in plastids and several other organelles, including the nucleus 

(Resentini et al., 2021). 

In the nuclear envelope, Ca2+ and K+ transport are coupled (Charpentier et al., 2016). The 

Ca2+ channel CYCLIC NUCLEOTIDE GATED CHANNEL 15 (CNGC15) functionally 

interacts with DMI, a member of the CASTOR/POLLUX/DMI ion channel family. Both 

channels work in concert to trigger Ca2+ transients critical for root development and in some 
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species mycorrhizal symbiosis (Charpentier et al., 2016; Leitao et al., 2019). In the plastid 

envelope, a similar system may exist as the organelle elicits stromal Ca2+ transients in responds 

to various triggers such as NaCl and osmotic shock (Nomura et al., 2012), temperature changes 

(Lenzoni and Knight, 2019), and circadian rhythms (Marti Ruiz et al., 2020). However, the 

inventory of ion transport proteins in the inner envelope (IE) membrane of plastids is still 

incomplete. Only recently, the dual-targeted ion channel cMCU was discovered, and reportedly 

plays a role in Ca2+ flux into mitochondria and mature chloroplasts (Teardo et al., 2019). Indeed, 

cmcu loss-of-function mutants show dampened stromal Ca2+ flux in response to osmotic but not 

salt-stress (Teardo et al., 2019). Because significant stromal Ca2+ transients remain in cmcu, 

other ion channels and/ or Ca2+ transporters are expected in the plastid IE membrane (Resentini 

et al., 2021). The CMT1/BICAT2 transporter was suggested as an alternative IE Ca2+ transporter 

as its absence impacts the shape of stromal Ca2+ release after dark transition (Frank et al., 2019). 

However, other data indicate that this particular carrier may primarily transport Mn2+ ions 

(Eisenhut et al., 2018; Zhang et al., 2018).  

Knowledge about plastid K+ flux across the IE is similarly limited. Thus far, only two 

K+/H+ exchangers from the KEA family have been characterized in more detail (Aranda-Sicilia 

et al., 2012; Kunz et al., 2014). Both carriers (KEA1 and KEA2) physiologically function in pH 

and ion homeostasis which is critical for plastid gene expression and development (Aranda 

Sicilia et al., 2021; DeTar et al., 2021). The IE membrane potential of at least -70 mV on the 

stromal side (Wu et al., 1991) makes K+/H+ valves such as KEA1/2 a necessity for 

osmoregulation to balance K+ influx and prevent rupture of plastids (Bernardi, 1999). To 

functionally describe IE cation channel(s) that aid in ion influx, reconstituted proteins from 

Spinacia oleracea L. (spinach) (Wang et al., 1993; Mi et al., 1994) or Pisum sativum L. (pea) 
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(Pottosin et al., 2005) chloroplasts were employed in electrophysiological studies; these efforts 

resulted in the characterization of the voltage-dependent FACC channel of pea chloroplasts 

(Pottosin et al., 2005). The channel exhibits conductivity for K+ > Na+ > Ca2+ ≥ Mg2+ ions. While 

the experimental setup seemed to assure that the channel(s)' activity originated from the IE 

membrane (Pottosin and Dobrovinskaya, 2015), it is not entirely clear if the currents came 

exclusively from a single channel type. Fifteen years later no FACC channel gene candidate(s) 

has emerged to explain what protein(s) may have caused the recorded K+ currents in patch-

clamped pea chloroplasts.  

In this study, we set out to identify first candidate proteins and their corresponding 

genetic loci that may explain the recorded K+ and other cation currents in the chloroplast IE 

membrane. By mining proteomic data on pea and A. thaliana leaf plastids, distant members of 

the CASTOR/POLLUX/DMI ion channel family emerged as potential FACC candidates. 

Therefore, the goal of this study was to a) determine if leaf plastids indeed possess members 

from the CASTOR/POLLUX ion channel family, b) gain initial insights into their physiological 

relevance through heterologous expression in yeast and the study of A. thaliana loss-of-function 

mutants, and c) test if plastid Ca2+ transients depend on the activity of CASTOR/POLLUX-like 

ion channels.  

2.3 Results and Discussion 

The family of CASTOR/POLLUX cation channels contains functionally similar members with 

plastid transit peptides 

To identify potential FACC candidates, we mined published pea chloroplast envelope 

proteome datasets (Brautigam et al., 2008; Gutierrez-Carbonell et al., 2014). Only four different 

protein types related to ion transport were found: PAA1 (copper transporting ATPase), 



39 

Glutathione-regulated potassium-efflux system protein (KEA), Voltage-dependent anion-

selective channel protein (VDAC), and probable ion channel CASTOR-like (Psat6g113560). 

PAA1 and KEA represent well-characterized carriers (Shikanai et al., 2003; Aranda-Sicilia et al., 

2012; Kunz et al., 2014; Tsujii et al., 2019) and are therefore unlikely responsible for FACC-

mediated currents. VDAC, a frequent contaminant in plastid proteomics, is an anion-selective 

channel in the mitochondrial outer membrane (Clausen et al., 2004). However, a protein 

annotated “probable ion channel CASTOR-like” was intriguing as CASTOR/POLLUX/DMI 

have been described as nuclear cation channels with conductance for K+, Rb+, Na+, and Ca2+ 

(Charpentier et al., 2008; Venkateshwaran et al., 2012; Kim et al., 2019). We designated the 

candidate plastid envelope ion channel, PEC. To understand the evolutionary history of PEC, 

POLLUX, and CASTOR, we performed a phylogenetic analysis (Fig. 2.1). We used: (i) 

POLLUX, CASTOR, and DMI proteins from Lotus japonicus, Medicago truncatula, Pisum 

sativum, and Oryza sativa; (ii) PEC proteins from Arabidopsis thaliana (At5g02940, At5g43745) 

as query in a BLASTp search against a dataset of 17 land plants, eleven streptophyte algae, and 

four chlorophyte algae. Among these 31 Chloroplastida, we detected 157 homologs with a 

minimum length of 700 amino acids. These long homologs were used in all following analyses; 

the topology stayed robust when we included shorter sequences (Suppl. Fig. S2.1). PEC's 

structural similarity to the SLO big potassium (BK) channel family (Roy et al., 2010), led us to 

add 13 animal SLO sequences as an outgroup. 

All homologs of PEC, POLLUX, and CASTOR fell into a fully-supported clade of 

diverse sequences from Chloroplastida (Fig. 2.1). In this large Chloroplastida clade, a few 

chlorophyte homologs branch sister to all other streptophyte sequences. The sequences from 

streptophytes (forming a sub-clade, bootstrap support of 87) were distributed over two major 
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clades: a PEC clade and a CASTOR/POLLUX clade. Homologs of PEC fell into a fully-

supported clade that included sequences spanning the diversity of streptophytes; we detected 

PEC homologs in all major classes of streptophyte algae—from those most divergent from land 

plants, represented by Chlorokybus atmophyticus and Mesostigma viride (Wang et al., 2020)—

and diverse land plants. Nested within this clade of putative streptophyte PEC proteins was an 

angiosperm-specific sub-clade, in which a PEC homolog from Amborella trichopoda (see 

(Amborella Genome, 2013)) branched sister to homologs from all other angiosperms—which is 

in line with its position in the species phylogeny. A duplication that gave rise to AtPEC1 and 

tPEC2 appears specific to the genus Arabidopsis.  

The large CASTOR/POLLUX clade (ultrafast bootstrap support of 91) also contained 

homologs from across the diversity of streptophytes; the topology of this clade largely followed 

the species phylogeny. Clear orthogroups of solely CASTOR and solely POLLUX first appeared 

in angiosperms; in each of these two clades, Amborella sequences branch sister to the other 

angiosperm sequences, suggesting a duplication event that occurred in a common ancestor of all 

extant angiosperms. It is noteworthy that, branching sister to the streptophyte 

CASTOR/POLLUX clade, we recovered a fully-supported clade that contained homologs from 

diverse non-vascular streptophytes (including representatives of all streptophyte algae); this 

suggests that there was another very early duplication of the CASTOR/POLLUX ortholog 

followed by a loss early during vascular evolution—or euphyllophyte evolution (see Suppl. Fig. 

S2.1, where a Selaginella homolog falls into this clade). 

In sum, it appears that there was a single PEC/CASTOR/POLLUX ortholog in the last 

common ancestor of Chloroplastida when the green lineage was in its infancy. At the base of 

Streptophyta, this ortholog duplicated, giving rise to the clade of PECs and the clade of 
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CASTOR/POLLUX proteins. During the course of evolution, there were some lineage-specific 

duplications in each of the orthogroups—including the duplication in a common ancestor of 

angiosperms that gave rise to the separate POLLUX and CASTOR clades. From a bird's eye 

view, the orthogroups of PEC and CASTOR/POLLUX are each likely as old as Streptophyta. 

We compared functional domains of AtPEC1/2 with the nuclear member DMI1 using 

InterPro (Suppl. Fig. S2.2A). All three proteins contain a well-conserved C-terminal 

CASTOR/POLLUX domain (IPR010420). This stretch includes a tandem RCK domain 

(IPR036721), previously determined as functionally relevant for the nuclear members (Kim et 

al., 2019). In the N-terminal regions the three members differ. Only PEC1/2 possess a voltage-

gated potassium channel superfamily domain (SSF81324) which was not identified in DMI1. 

Additionally, both PEC members contain a predicted plastid transit peptide (pTP)(Schwacke et 

al., 2003; Sun et al., 2009) and were identified in recent envelope proteomes from Arabidopsis 

(Bouchnak et al., 2019; Trentmann et al., 2020).  

 

 

 

 

Figure 2.1 Phylogenetic tree of PEC/CASTOR/ POLLUX family members. (Next page) A) Phylogenetic 

framework for the evolutionary history of PEC, CASTOR, and POLLUX. Homologs of PEC, CASTOR, and 

POLLUX were sampled from genomes of 17 land plants, seven streptophyte algae, and four chlorophytes. We 

further added in silico translated homologs from the transcriptomes of Spirogyra pratensis (de Vries et al., 2020), 

Coleochaete scutata and Zygnema circumcarinatum (de Vries et al., 2018), and Coleochaete orbicularis (Ju et al., 

2015). 13 animal SLO1 sequences were included as an outgroup (blue). Only protein sequences longer than 700 

amino acids were included in the analysis. A rooted maximum likelihood phylogeny of all 170 sequences was 

computed using LG+F+R7 as model for protein evolution (chosen according to BIC). 1000 ultrafast bootstrap 

(UFBoot2, (Hoang et al., 2018)) replicates were computed. Only ultrafast bootstrap values ≥50 are shown and full 

support (ultrafast bootstrap values of 1000) is depicted by a filled dot. PEC, CASTOR, and POLLUX sequences 

are found across the green lineage (fully-supported yellow clade) and were likely present as a single-copy 

ortholog in the last common ancestor of Chloroplastida. Early during streptophyte evolution, the PEC / CASTOR 

/ POLLUX ortholog duplicated, giving rise to the clade of streptophyte PECs (hues of orange) and CASTOR / 

POLLUX (hues of teal green). Scale bar length corresponds to 2.0 expected substitutions per site.  
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Heterologous expression of PEC1 and PEC2 rescues a K+ transport deficient yeast mutant 

Nuclear envelope members of the CASTOR/POLLUX cation channel family exhibit 

conductivity for K+, Rb+, Na+, and Ca2+ ions (Charpentier et al., 2008; Kim et al., 2019). 

Initially, we injected PEC1/2-YFP (-pTPs) cRNA into Xenopus oocytes to perform 

electrophysiology. However, oocytes did not synthesize the candidate proteins and PEC1/2-YFP 

was not detectable at the plasma membrane.  

Therefore, we employed yeast in which the plasma membrane K+-transportome is well-

established (reviewed in (Arino et al., 2019)) and that had been successfully used as a model to 

study POLLUX family channels (Charpentier et al., 2008). Heterologous expression of 

LjPOLLUX restored growth of MAB2d, a yeast mutant defective in K+ uptake and K+ efflux 

across the plasma membrane (Maresova and Sychrova, 2005), at low K+ (Charpentier et al., 

2008). PEC1/2 (-pTPs) were cloned into the constitutive expression yeast vector pYeT. As a 

control, we cloned DMI1, the closest Arabidopsis homolog to LjPOLLUX. Resulting strains 

were grown overnight in K+ supplemented media and washed extensively. OD600 was adjusted 

and cells were spotted side-by-side on media plates supplemented with increasing K+ amounts 

from 0 mM to 25 mM KCl (Fig. 2.2A). While the WT strain W303 showed strong growth at all 

K+ levels, MAB2d +pYeT-empty vector cells were severely growth limited below 25 mM KCl in 

the growth medium. DMI1, the Arabidopsis homolog of LjPOLLUX, did not robustly restore 

MAB2d mutant growth at low (<25 mM) KCl levels. In contrast, PEC1 and PEC2 transformed 

cells were able to grow on media even without additional KCl. PEC1/2 outperformed DMI1 in 

the MAB2d background, suggesting that PEC1 and PEC2 may possess higher K+ permeability 

than DMI1 in this setup. 



44 

Independent studies confirm PEC1 and PEC2 as proteins of the plastid envelope membrane 

 For subcellular localization studies, PEC1/2 full-length cDNA YFP fusions were co-

injected with plastid envelope marker TIC40-CFP into N. benthamiana leaves. The PEC1/2-YFP 

fluorescence signals appeared ring-shaped and overlayed with the IE marker TIC40-CFP (Fig. 

2.2B). Both signals surrounded the chlorophyll (Chl a) fluorescence from the thylakoids. Line 

plots for each fluorescence channel confirmed the spatial signal overlay (Suppl. Fig. S2.3A). 

Truncated PEC1/2 variants lacking pTPs did not exhibit YFP signal around chl fluorescence but 

at the cell periphery (Suppl. Fig. S2.3B). We also attempted to establish stable full-length 

PEC1/2-YFP overexpressor mutants in A. thaliana. In successfully isolated T1 individuals YFP 

signal co-localized with the chl fluorescence (Suppl. Fig. S2.3C). Unfortunately, both constructs 

underwent transgene silencing in the T2 generation.  

Next, we radiolabeled PEC1/2 and DMI1 proteins with 35S‐Met. Isolated intact 

chloroplasts were incubated with labeled proteins and half of each reaction thermolysin treated to 

degrade non-imported substrate. After electrophoresis, protein bands were visualized using a 

phosphorimager (Suppl. Fig. S2.3D). For the two candidate plastid proteins PEC1/2 an additional 

smaller sized band was detectable in the plus and minus thermolysin lanes (see asterisks) which 

was absent in DMI1 lanes. The results confirm that only PEC1/2 carry plastid transit peptides 

which are processed by the TOC-TIC complex after import into the organelle. In summary, 

independent assays led us to conclude that PEC1/2 reside in leaf plastids. It is noteworthy that 

the DMI homolog was initially also suggested as a plastid channel (Imaizumi-Anraku et al., 

2005). However, later it was shown that this was caused by a promoter artifact and that the 

nuclear membrane is the genuine CASTOR/POLLUX/DMI localization (Charpentier et al., 

2008).  
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The C-terminal RCK domains of PEC1 reside in the envelope intermembrane space 

To realize PEC1/2 immunolabeling studies we used the well-conserved C-terminal 

soluble stretch (≈ 64 kDa) harboring the RCK domain of PEC1 to raise serum (Suppl. Fig. S2.2B 

and S2.4A). The resulting α-PEC1 almost exclusively recognized PEC1, but not PEC2 or DMI1 

(Suppl. Fig. S2.4B). Initially, we produced suborganellar fractions from A. thaliana chloroplasts. 

immunoblotting of established marker proteins confirmed fraction purity (Fig. 2.2C, Suppl. Fig. 

S2.4C). A strong enrichment of PEC1 was identified only in the plastid envelope fraction. To 

probe the topology of PEC1 and the localization of the functionally critical RCK domain, intact 

chloroplasts were isolated from WT plants. Subsequently, isolated plastids were incubated with 

increasing amounts of trypsin (Fig. 2.2D, Suppl. Fig. S2.4D). Trypsin accesses the 

intermembrane space (IMS) but does not cross the IE as long as the plastids remain intact 

(Froehlich, 2011). TOC64, which expands from the outer envelope membrane into the cytosol, 

served as a control to monitor proper function of the peptidase at the cytosolic surface of the 

outer envelope, while KEA1/2 was used to show that trypsin entered the IMS. TIC40 is a plastid 

intactness indicator. The bulk of the TIC40 protein resides in the stroma and therefore only 

remains stable in the presence of trypsin if the IE membrane remains intact. In untreated 

chloroplasts, native PEC1 protein was detected at 75 kDa. In the presence of trypsin, TOC64, 

KEA1/2, and PEC1 were rapidly degraded while TIC40 signal remained unchanged. Because no 

stable PEC1 degradation product of ≈ 64 kDa accumulated, our results suggest that the long 

soluble PEC1 C-terminus harboring the RCK domain resides in the envelope IMS. In line with 

this, the heterologously expressed soluble PEC1 C-terminus was also trypsin-sensitive (Suppl. 

Fig. S2.4E). It follows that PEC1 monomers likely possess an uneven number of transmembrane 

domains.  
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In planta characterization of PEC1/2 genes and loss-of-function mutants 

Initially, we inserted 2 kB PEC1/2 promoter fragments directly upstream of a GUS 

reporter gene. Several independent Arabidopsis lines were tested for consistent staining patterns 

Figure 2.2 PEC1 and PEC2 functional protein characterization.  A) Complementation of K+-uptake deficient S. 

cerevisiae strain MAB2d with Arabidopsis POLLUX members. WT W303 cells transformed with empty pYeT 

vector show growth regardless of KCl concentration whereas MAB2d cells with empty pYeT vector cannot grow. 

PEC1 and PEC2 complement the K+ uptake deficient MAB2d strain, indicating K+ permeability for PEC1 and 

PEC2 proteins. Shown is OD 0.01 after 48 h at 30°C. B) Localization of PEC cDNA-YFP fusions to the chloroplast 

envelope membrane in N. benthamiana. Positive controls TIC40-CFP and Chl a confirm colocalization of PEC1 and 

PEC2 with the IE (scale bars = 10 μm). C) Immunoblotting of isolated chloroplast membrane fractions. Boxes 

indicate separate exposure time to account for relative protein abundance (Original figure Suppl. Fig. S2.4C). 

Chl=Entire chloroplast, Str=Stroma, Thy=Thylakoid membrane, Env=Envelope membranes D) Protease treatment 

of intact WT chloroplasts. Samples were treated with 0-1.5 mg trypsin*mg-1 chl. Samples corresponding to 10 µg 

chl were separated on SDS gels, blotted onto PVDF and individually immunolabeled with α-PEC1, α-KEA1(2), α-

Tic40, and α-Toc64. Molecular size markers are displayed on the left of the α-PEC1 blot. 
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to gain insights into what plastid types harbor PEC1 and PEC2, respectively (Fig. 2.3A). No 

unspecific blue GUS staining was observed when the WT plants were incubated with X-Glu, 

while the pUBQ10::GUS positive control line displayed dark blue GUS stain throughout all 

tissues. PEC1 and PEC2 were robustly expressed at plant ages 10, 28, and 35 days (Fig. 2.3A 

and Suppl. Fig. S2.5C). While PEC1 seemed exclusively expressed in aerial tissue, 

pPEC2::GUS reporter lines also showed staining in seedling roots. Both loci were expressed in 

mature leaf and flower tissue which is in line with the robust immunoblot signal we observed 

when probing isolated chloroplasts with α-PEC1 (Fig. 2.2C-D). The GUS tissue expression 

patterns were generally in line with publicly available transcriptomic data (Suppl. Fig. S2.5A-B 

(Kilian et al., 2007; Zhang et al., 2020)) although these suggest higher PEC1 expression in 

mature leaves compared to PEC2.  

Subsequently, we isolated T-DNA insertion mutants in PEC1 and PEC2 loci (Fig. 2.3B, 

Suppl. Fig. S2.6A-B). None of the independent pec1 and pec2 single mutants displayed obvious 

phenotypes (Suppl. Fig. S2.6C). Therefore, two independent pec1pec2 double mutant lines were 

isolated by crossing respective single mutants. In both double mutants the absence of detectable 

gene-specific transcripts and PEC protein was confirmed by means of RT-PCR and 

immunoblotting respectively (Fig. 2.3C-D). CASTOR/POLLUX/DMI form tetramers in in vivo 

(Kim et al., 2019). Thus, we probed the oligomeric state of PEC1 using isolated WT and 

pec1pec2 mutant chloroplasts separated on blue native (BN) page (Fig. 2.3E). Indeed, PEC1 

protein gave several higher molecular bands above the 440 kDa marker, suggesting that also the 

distantly-related POLLUX member PEC1 exists as a multimer in vivo and potentially in 

complex(es) with other binding partners. To characterize the pec single and double loss-of- 
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Figure 2.3 PEC Expression and loss-of-function mutant characterization. A) Promotor studies of 

pPEC1/2::GUS constructs indicate strong expression in A. thaliana tissues. Left panel shows 10-d-old seedlings, 

right panel leaves of 28-d-old plants. Experiments were repeated three times with similar results. Representative 

images are shown (scale bars = 5 mm). B) PEC1 and PEC2 locus information, including T-DNA insertion sites for 

all pec mutants isolated in this study. Border sequences of T-DNA insertion sites are provided in Supplemental Fig 

S2.6. C) Full length semi-quantitative reverse transcriptase PCR shows absence of PEC1 and PEC2 transcripts in 

the two independent pec1pec2 lines. D) Immunoblotting of WT and pec1pec2 mutant proteins validates lack of 

PEC1(2) in the mutant plastids. α-KEA1(2) and commassie are presented as loading controls, α-VDAC confirms 

absence of mitochondrial contamination in the isolated chloroplast fraction. E) BN-PAGE of WT and pec1-1pec2-

1 isolated chloroplasts. Specific signals in WT samples detected by α-PEC1 are marked with asterisks (*). An 

unspecific band appearing in WT and knockout lanes was marked with triangle (Δ), which was confirmed by 2D 

SDS-PAGE of the WT BN lane (striped border). F) RBG and false color panel of photosynthesis measurements of 

WT and two pec1pec2 double mutants. No obvious phenotypes could be detected when grown under long day 

conditions at 150 µmol m-2 s-1 (scale bar = 1 cm). G) Normalized chlorophyll values are unchanged when 

compared to the WT as determined by ANOVA and Dunn's multiple comparisons test (p>0.05, mean ± SEM, 

n=9). H) Loss of PEC1/2 does not affect plant fresh weight. Shown are pooled results of three independent 

experiments (Mean ± SEM, n=23). Photosynthetic parameters (Fv/Fm (I) and NPQ kinetics (J)) are unchanged in 

pec1pec2 mutants (Mean ± SD, n=8, a representative result of three experiments is shown). 
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function lines, mutant plants and WT controls were grown under long-day conditions (16h / 8h 

day-night cycle, 150 µmol photons m–2 s–1). While some mutant individuals appeared slightly 

smaller, no statistical differences from WT were found for fresh weight and chlorophyll content 

(Fig. 2.3F-H) Additionally, several basic photosynthesis parameters (Fv/FM, NPQ, and ΦPSII) 

were recorded by Pulse-Amplitude-Modulation (PAM) fluorometry (Fig. 2.3I-J). Again, we 

detected no differences from WT in any of the photosystem-II-related parameters. This indicates 

that the lack of PEC1 and PEC2 neither impacts photosynthesis nor chloroplast function under 

normal growth conditions – a striking difference from envelope K+/H+ exchanger mutants 

kea1kea2 (Kunz et al., 2014; DeTar et al., 2021) but also from Mn2+/Ca2+ carrier deficient 

cmt1/bicat2 lines (Eisenhut et al., 2018; Zhang et al., 2018; Frank et al., 2019). Because of the 

importance of plastid ion carriers and their impact on the leaf ionome, several mutants show 

aberrations from the WT in ionomics experiments (Shikanai et al., 2003; Eisenhut et al., 2018; 

Zhang et al., 2018; Höhner et al., 2019). Therefore, we analyzed leaf element levels but did not 

find significant changes between WT and the two pec1pec2 loss-of-function lines (Table 2.1). 

We reckoned that the lack of 

phenotypic abnormalities and 

quantitative changes of leaf elements 

along with intact photosynthesis 

may point towards a more 

specialized role for PEC1/2 channels 

such as in signaling pathways 

triggered by specific stress 

conditions. 

Table 2.1 Leaf-level concentrations of elements(mg*g DW -1) 

Mean leaf concentration of assorted elements normalized to dry 

weight (mg*g DW-1) (± SEM, n=6-7). No significance was 

determined using ANOVA and Tukey's multiple comparisons test 

(p>0.05). 

Element 

WT pec1-1pec2-1 pec1-2pec2-2 

Mean SEM Mean SEM Mean SEM 

P 10.233 0.305 10.432 0.247 10.369 0.205 

S 10.184 0.279 9.902 0.220 10.444 0.254 

Cl 0.101 0.007 0.104 0.01 0.144 0.013 

K 38.482 0.502 40.222 0.707 40.544 1.352 

Ca 49.014 1.231 51.130 0.87 51.160 2.282 

Mn 0.028 0.004 0.03 0.005 0.03 0.005 

Fe 0.083 0.006 0.08 0.006 0.079 0.004 

Cu 0.004 0.000 0.005 0.001 0.008 0.003 

Zn 0.097 0.003 0.095 0.003 0.108 0.004 

Rb 0.021 0.005 0.023 0.006 0.025 0.006 

Sr 0.143 0.014 0.15 0.016 0.147 0.016 

 



50 

 The loss of PEC1/PEC2 function affects stress induced stromal Ca2+ transients  

Chloroplasts harbor the Ca2+ sensor protein CaS and are therefore an integral part of 

cellular Ca2+ signaling (Weinl et al., 2008). Because of the involvement of CASTOR/POLLUX 

channels in the formation of nuclear Ca2+ transients, it was important to test if PEC proteins may 

function in plastid Ca2+ signaling.  

A homozygous WT reporter line expressing stromal targeted YFP-AEQUORIN 

(NADPH-DEPENDENT THIOREDOXIN REDUCTASE C (NTRC) pTP fused to YFP-

AEQUORIN, therefore NTRC-YA (Mehlmer et al., 2012)) was introgressed into pec1 and pec2 

single mutants and into both pec1pec2 double mutant lines. The same sensor line was also 

crossed into the cas-1 (Nomura et al., 2012) mutant to aid as an assay control. Proper stromal 

localization and homogenous expression of the stromal Ca2+ reporter was verified for all lines by 

microscopy (Fig. 2.4A, Suppl. Fig. S2.7C. Additionally, we verified similar YFP-AEQUORIN 

levels via RT-PCR and immunoblotting in isolated pec1pec2 double mutants (Fig. 2.4B-C). 

 A plate reader-based seedling assay was used to quantify free stromal Ca2+ levels 

through the bioluminescence signal emitted by AEQUORIN. After overnight dark incubation 

with the substrate coelenterazine, each well was measured to check for background luminescence 

which was negligible throughout (Supp. Fig. S2.7A). Under the assumption that pec single 

mutants are largely redundant, we first focused on characterizing pec1pec2 double mutants. 

Initially, we applied an equal volume of room temperature buffer to the seedlings to observe 

changes in Ca2+ levels merely triggered by the injection method. The result was a slight increase 

of free stromal Ca2+ similar in all genotypes tested (Fig. 2.4D). 

Next, we tested the two strong Ca2+ triggers NaCl and Mannitol, and observed large Ca2+ 

transients maxing out at about 550 nM in the WT. Interestingly, both independent pec1pec2  
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Figure 2.4 Stress-triggered stromal Ca2+ transients are diminished in pec1pec2. A) Plastid localization of the 

NTRC-YFP-AEQUORIN construct in WT and pec1pec2 backgrounds. Representative images are shown, (scale 

bars = 10 µm). B) Full length semi-quantitative reverse transcriptase PCR shows absence of either PEC transcript 

in the two independent pec1pec2 lines and shows similar expression of the YFP fragment attached to AEQUORIN.  

C) Immunoblotting of WT and pec1pec2 mutant total leaf proteins shows similar YFP-AEQUORIN levels and 

confirms absence of PEC in pec1pec2 mutants. Commassie and α-KEA1(2) validate similar loading for all 

samples. D-G) Ca2+ transients are decreased in plants lacking plastid PEC proteins. 6-d-old seedlings were 

triggered with room temperature (RT) buffer (D), 200 mM NaCl (E), 400 mM Mannitol (F) or ice-cold buffer (G). 

Shown in the kinetics are the mean Ca2+ concentrations (calculated according to Knight et. al, 1996) in the stroma 

of 12 individuals (± SEM in the shaded area, n=12). Bar graphs highlight changes in response to the respective 

elicitors, i.e., Ca2+ taken up into the chloroplast during the measurement (integration, relative to WT, left) and peak 

Ca2+ values of the corresponding seedlings (right). Statistical differences were determined by one-way ANOVA 

followed by Tukey's multiple comparisons test (Mean ± SEM, n=12 **p<0.01, ***p<0.001). Experiments were 

repeated multiple times with similar results. 
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double mutant lines exhibited a drastically lower Ca2+
 response upon elicitor application 

compared to WT but also compared to pec single mutants (Fig. 2.4E-F, Suppl. Fig. S2.7D-E). In 

addition to the time course, we further evaluated response parameters, such as total free stromal 

Ca2+ during our measurement in the form of Ca2+ integration and peak Ca2+ levels. Both double 

mutant lines showed nearly identical but significantly lower values compared to WT regardless 

of parameter or elicitor. As opposed to osmotic and salt stress, cold stress response was not as 

uniform in the WT. Only 4 of 12 seedlings showed a distinct peak in response to the addition of 

ice-cold buffer, ranging from 400-620 nM (Fig. 2.4G). In contrast, pec1pec2 double knockout 

lines never peaked higher than 390 nM in our tests (n=36, Suppl. Fig. S2.7B). In line with prior 

work (Nomura et al., 2012), the Ca2+ response in the cas-1 control was also dampened, yet not as 

extreme as reported previously. This could be explained by the differing specimen types 

employed (leaf discs, Nomura et al., 2012 vs seedlings, this study). Interestingly, the decrease in 

stromal Ca2+ transients in cas-1 was less pronounced than in pec1pec2. When the same pec1pec2 

double mutant lines were backcrossed to WT, resulting F1 progenies exhibited a clear but not 

full recovery of the Ca2+ (Suppl. Fig. S2.7F-G) transients, confirming that PEC proteins play a 

critical role in stromal Ca2+ kinetics. Interestingly, none of the tested stress elicitors affected 

homozygous pec1pec2 double mutant growth more severely than WT (Suppl. Fig. S2.8).  

Based on the obtained results, we compiled a working model which integrates PEC1/2's 

suggested function with previously described K+ and Ca2+ transport proteins in the plastid IE 

(Fig. 2.5). All our experiments confirmed PEC1/2 as an IE protein which is in line with several 

proteomics studies from pea and Arabidopsis. PEC1/2 expression rescues K+-uptake deficient 

yeast mutants. Consequently, we propose that PEC1/2 can facilitate K+ influx into the stroma. 

According to the literature chloroplasts have a membrane potential of at least -70 mV across the 
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IE (Wu et al., 1991), allowing for cation influx through an opened, cation-selective pore down 

the electrical gradient. KEA1/2 balance the K+ influx through K+/H+ exchange to avoid osmotic 

stress. Akin to the nuclear CASTOR/POLLUX/DMI cation channels, PEC1/2 function is highly 

relevant for organellar stress-triggered Ca2+ transients. Regardless of the elicitor, Ca2+ transients 

remained at a very low level in pec1pec2 double mutants. Comparing the here observed Ca2+ 

readings with the published data on cmcu and cmt1/bicat2 null mutants it appears that the loss of 

PECs has a more general and severe impact on stromal Ca2+ transients. This indicates two non-

mutually exclusive scenarios: Firstly, PEC proteins themselves might also facilitate Ca2+ flux. 

Secondly, PEC proteins may affect the activity of envelope Ca2+ transport proteins (cMCU, 

BICAT2 and/ or unknown ones). 

 

 

 

In regards to scenario 1: Independent studies suggest Ca2+ permeability for nuclear 

CASTOR-type cation channels albeit with different quantities. While two studies found 

Figure 2.5 Working model of K+ and Ca2+ transport mechanisms across the outer and inner envelope (OE 

and IE) membrane of A. thaliana chloroplasts. KEA1/2 facilitate K+-efflux across the IE membrane (Kunz et 

al., 2014). cMCU (Teardo et al., 2019) and potentially CMT1/BICAT2 (Eisenhut et al., 2018, Frank et al., 2019) 

aid in Ca2+ import. PEC1/2 possess K+-permeability and may impact Ca2+ transients in the stroma through a) 

having Ca2+ conductance themselves or b) their activity influences other envelope Ca2+ transport proteins. 
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moderate preference for K+ over Rb+, Na+, and Ca2+ (Charpentier et al., 2008; Venkateshwaran et 

al., 2012), a recent structural work suggested preference for Ca2+ over K+ ions (Kim et al., 2019). 

Each study had to overcome technical challenges; Charpentier and Venkateshwara et al. 

reconstituted in vitro translated protein, whereas Kim et al. expressed CASTOR/DMI without the 

first two membrane domains. These limitations make it difficult to draw strong conclusions 

regarding the in vivo substrate of CASTOR/POLLUX/DMI cation channels. This also pertains to 

their plastid homologs, the PEC proteins, for which we unsuccessfully attempted 

electrophysiology. However, the rescue of a K+ uptake deficient yeast mutant indicates that K+ 

can pass through the PEC pore. Given the very low level free Ca2+ in the cytosol and stroma (low 

nM) it seems reasonable that highly abundant K+ ions (50-100 mM) represent the main PEC1/2 

substrate in vivo. Notably, also the enigmatic FACC channel from pea exhibits K+ and Ca2+ 

conductivity (Pottosin et al., 2005). 

In regards to scenario 2: PEC function may control activity of envelope Ca2+ transport 

proteins. The mechanism proposed for the nuclear Ca2+ transients controlled by 

CASTOR/POLLUX/DMI cation channels is unlikely to occur at the IE. In the nucleus 

CASTOR/POLLUX/DMI cation channels were suggested to carry counterions for the inward 

rectifying Ca2+ flux. Given the literature values for the IE membrane potential of at least -70 mV 

the flux direction for chloroplasts should be different. Here, K+ and Ca2+ should both be drawn 

into the stroma by its negative voltage if facilitated by a cation channel. Therefore, the exact 

mechanism by which PEC activity may trigger Ca2+ influx via the two suggested and potentially 

additional envelope Ca2+ transport proteins, remains to be investigated in detail. Notably, while 

PEC1/2 and CMT1/BICAT2 were highly abundant in the plastid envelope proteome of 

Arabidopsis mesophyll chloroplasts, cMCU was not identified (Bouchnak et al., 2019; 
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Trentmann et al., 2020). Because of cMCU's suggested cell-specific dual-targeting, the highly 

abundant PEC1/2 may not exert a strong impact on cMCU activity. In the future, detailed co-

localization studies using endogenous promoter-driven fluorescence protein fusions and native 

antibodies for respective membrane proteins are needed to resolve this question. 

2.4 Conclusions 

In this study, we set out to find candidate genes encoding for the enigmatic FACC 

channel. While we cannot say with certainty that PEC1/2 represent FACC it is likely that they 

contribute to the measured FACC conductance. PEC1/2 reside in the IE membrane of pea and 

Arabidopsis chloroplasts and possess all characteristic functional domains of an ion channel. 

Similar to their homologs, the nuclear CASTOR/POLLUX/DMI cation channels, PEC1/2 restore 

K+ flux in yeast mutants and affect the formation of organellar Ca2+ transients. PEC1/2 might 

have Ca2+ conductance themselves or their activity influences other envelope Ca2+ transport 

proteins and thus impact stromal Ca2+ transients indirectly. To resolve this, electrophysiology on 

reconstituted PEC proteins, colocalization, and interaction studies are needed. The discovery of 

PEC1/2 adds members to the chloroplast transportome and enables the understanding of Ca2+ 

signaling in future work.  

2.5 Materials and Methods 

Phylogenetic analysis 

We downloaded protein data from (i) genomes of seventeen land plants: Anthoceros 

agrestis as well as Anthoceros punctatus (Li et al., 2020), Amborella trichopoda (Amborella 

Genome, 2013), Arabidopsis thaliana (Lamesch et al., 2012), Arabidopsis lyrata (Hu et al., 

2011), Brachypodium distachyon (International Brachypodium, 2010), Brassica rapa (Brassica 
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rapa FPsc v1.3, DOE-JGI, http://phytozome.jgi.doe.gov/), Gnetum montanum (Wan et al., 2018), 

Lotus japonicus (Li et al., 2020), Marchantia polymorpha (Bowman et al., 2017), Oryza sativa 

(Ouyang et al., 2007), Physcomitrium patens (Lang et al., 2018), Pisum sativum (Kreplak et al., 

2019), Selaginella moellendorffii (Banks et al., 2011), and Sphagnum fallax (Sphagnum fallax 

v0.5, DOE-JGI, http://phytozome.jgi.doe.gov/); protein data for Spinacia oleracea were obtained 

from (Dohm et al., 2014); (ii) the genomes of seven streptophyte algae: Chlorokybus 

atmophyticus (Wang et al., 2020), Chara braunii (Nishiyama et al., 2018), Klebsormidium nitens 

(Hori et al., 2014), Mesotaenium endlicherianum (Cheng et al., 2019), Mesostigma viride (Wang 

et al., 2020), Penium margaritaceum (Jiao et al., 2020), Spirogloea muscicola (Cheng et al., 

2019)—additionally, we included sequences found in the transcriptomes of Spirogyra pratensis 

(de Vries et al., 2020), Zygnema circumcarinatum and Coleochaete scutata (de Vries et al., 

2018), and Coleochaete orbicularis (Ju et al., 2015); (iii) the genomes of four chlorophytes: 

Chlamydomonas reinhardtii (Merchant et al., 2007), Coccomyxa subellipsoidea (Blanc et al., 

2012), Micromonas pusilla (Worden et al., 2009), Ulva mutabilis (De Clerck et al., 2018).  

We used (i) seed sequences from Lotus japonicus, Medicago truncatula, Pisum sativum 

and Oryza sativa and (ii) animal Slo1 protein homologs from Caenorhabditis elegans, 

Acanthaster planci, Danio rerio, Nematostella vectensis, Pomacea canaliculate, Echinococcus 

granulosus, Parasteatoda tepidariorum, Lingula anatine, Biomphalaria glabrata, Homo sapiens, 

Drosophila mojavensis, and Mus musculus as a query sequence for a BLASTp against this 

dataset. Initially, we considered all homologs recovered at a cutoff level of 10-5 Alignments were 

generated using MAFFT v7.475 (Katoh and Standley, 2013) with an L-INS-I approach. 

Alignments are provided in Supplemental Datasets S1 and S2. We computed maximum 

likelihood phylogenies using IQ-TREE 2.0.3 (Minh et al., 2020), with 1000 ultrafast (UFBoot2; 
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(Hoang et al., 2018)) bootstrap replicates. To determine the best model, we used ModelFinder 

(Kalyaanamoorthy et al., 2017) and picked LG+F+R7 for Figure 2.1 (Le and Gascuel, 2008) and 

WAG+R8 (Whelan and Goldman, 2001) for Supp. Fig. S2.1 as the best models based on the 

Bayesian Information Criterion. 

Alignment and domain structure 

Full-length amino acid sequences of PEC1, PEC2, and DMI1 were submitted to the 

InterPro protein families and domains database (https://www.ebi.ac.uk/interpro/). Figures were 

created using Affinity Designer (serif). 

Plant growth and isolation of Arabidopsis thaliana mutant lines 

Wild-type (WT) and mutant seeds from accession Columbia-0 (Col-0) were surface-

sterilized, stratified in the dark (48 h at 4°C), and then germinated for seven days on ½ strength 

Murashige & Skoog (MS) 0.8% (w/v) phytoagar plates (pH 5.8) at 150 µmol photons m–2 s–1 in 

long day conditions (16 h/8 h at 22ºC). On day seven seedlings were transferred to soil (Sungro 

Professional Growing Mix #1, Sun Gro Horticulture, Agawam, MA, USA) and grown under 150 

µmol photons m–2 s–1 illumination in 16 h / 8 h day-night cycle at 22ºC. Rosettes of 3-week-old 

plants were used for all experiments if not stated differently, except for chloroplast isolation 

where seeds were sown directly onto soil. All T-DNA insertion mutants were ordered from the 

ABRC stock center. Homozygous genotypes were confirmed by PCR using primers detailed in 

Supplemental Tables S1 and S2.  

Yeast complementation assay 

For Saccharomyces cerevisiae assays, we used the MAB2d mutant (Maresova and 

Sychrova, 2005) and the corresponding WT strain W303. PEC1, PEC2 and DMI1 coding 

sequences without stop codon were cloned into the yeast expression vector pYeT, harboring a 
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GAP promoter for strong expression and a C-terminal YFP and were transformed according via 

lithium acetate method (Gietz and Woods, 2001). To minimize mislocalization, the N-terminal 

plastid transit peptide of PEC1 and PEC2 were truncated. According to predictions of the plant 

proteome database (Sun et al., 2009) 44 amino acids (AAs) were truncated in the case of PEC1 

and 50 AAs for PEC2, respectively. We observed more consistent localization of DMI1 to the 

plasma membrane in yeast cells, which prompted us to use the putative DMI1 signal peptide (SP, 

70 AAs) as an N-terminal fusion to the PEC1/2 CDS. Strains were grown overnight in K+-

supplemented dropout media, washed extensively, and shaken at 30°C for 30 min in K+-free 

media. OD600 was adjusted to 0.1 in water and cells were spotted side-by-side on media plates 

supplemented with increasing K+ amounts. 

Transient Nicotiana benthamiana infiltration and confocal microscopy for protein localization 

studies 

For localization studies in N. benthamiana, Agrobacterium tumefaciens strains carrying 

respective vectors (Supplemental Table S3) were co-injected with the 19k vector (Voinnet et al., 

2003) according to (Waadt et al., 2014). Images were taken on a Leica SP8 Confocal Laser 

Scanning Microscope equipped with a supercontinuum laser and hybrid detectors. In co-

localization experiments employing YFP and chlorophyll autofluorescence (chl a), both 

fluorophores were excited at 514 nm and recorded at 524-560 nm and 627-700 nm, respectively. 

CFP was excited with a pulsed laser at 405 nm and emission was sequentially recorded at 465 -

492 nm.  

Promoter-GUS-activity staining 

For GUS promoter fusion constructs (Supplemental Table S3), 2000 bps 5' fragments 

upstream from the respective ATG were amplified from gDNA and cloned into pGreenII 0179-
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derived vectors harboring the GUS reporter gene (Pratt et al., 2020). Agrobacterium containing 

the respective plasmids were transformed into WT plants according to (Clough and Bent, 1998). 

GUS staining was performed as described in (Höhner et al., 2019). Representative images are 

shown, experiments were carried out three times with similar results.  

Generation of α-PEC1(2) immunoglobulin 

To maximize chance of recognition of the antibody against PEC1, the entire soluble 

domain (M244 until stop codon, ≈ 64 kDa) was cloned into pET16b and transformed into BLR 

21 for expression in Escherichia coli. Purification of the antigen was performed as described in 

(Höhner et al., 2021). An antigen solution at 0.49 mg/mL was flash-frozen on dry ice and sent 

for antibody generation. The PEC1 antiserum was raised in rabbits (YenZym Antibodies, San 

Francisco, CA, USA).  

Immunoblotting 

Arabidopsis leaf tissue frozen in liquid N2 was powderized using mortar and pestle. Total 

protein was extracted in extraction buffer (200 mM tris pH 8.0, 4% (w/v) sodium dodecyl sulfate 

(SDS), 20 mM dithiothreitol (DTT)) to 0.5 g fresh weight/mL, followed by heating at 80°C for 

10 min and removing insoluble debris by centrifugation at 21,000g for 8 min. Supernatant was 

mixed with Laemmli buffer and loaded on 8-10% (w/v) acrylamide gels. A voltage of 120 V was 

applied until the loading dye had left the gel. Gels were either commassie stained or 

electroblotted onto PVDF or nitrocellulose membranes (0.45 µm pore size) by applying 70 V for 

45 min. Subsequently, the membrane was incubated with blocking buffer (tris-buffered saline 

with 0.05% (w/v) tween (TBS-T), 5% (w/v) nonfat dry milk) for up to one hour at RT and 

incubated overnight in blocking buffer plus primary antibody at indicated dilutions, gently 

rocking at 4°C. Primary antibodies used in this study were α-PEC1 (this study), α-KEA1(2) 
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(Bolter et al., 2020), α-LHCP, α-VDAC (both (Clausen et al., 2004)), α-FPBase (Benz et al., 

2009), α-TIC40 (Stahl et al., 1999), α-TOC64 (Sohrt and Soll, 2000) and a commercial α-GFP 

antibody (Roche, Basel, Switzerland). The membrane was washed 4 times for 5 min in TBS-T 

and subsequently incubated with HRP conjugated secondary antibody (goat-anti-rabbit 

(Proteintech Cat# SA00001-2) or goat-anti-mouse in case of anti-GFP), diluted 1:10,000 in 

blocking buffer for 1 h at room temperature. The blot was rinsed 4 times with TBS-T, 10 min 

each, and then developed with Biorad clarity ECL substrates (Cat#1705060) for 2-5 min. Signal 

was detected using a ImageQuant LAS 4000 (GE Healthcare, Chalfont St Giles, UK) with the 

precision setting and automatic exposure. 

Chloroplast subfractionation 

Initially, chloroplasts were isolated according to (Bolter et al., 2020). Chloroplast 

subfractionation was performed as described in (Flores-Perez and Jarvis, 2017), with slight 

modifications. Intact chloroplasts were isolated, then incubated in 10 mM HEPES/KOH, 5 mM 

MgCl2 plus complete protease inhibitor (cpi) at a concentration of 1mg/ml chl for 30 min on ice 

and then ruptured by 50 strokes in a dounce homogenizer. The homogenate was loaded onto a 

step sucrose gradient (0.46 M, 1.0 M, 1.2 M sucrose in lysis buffer) and centrifuged at 58,000g 

for 2 h at 4°C. Stroma was collected from the top and directly used for SDS PAGE. The 

envelope fraction was taken from the interface between 0.46 M and 1.0 M sucrose, diluted 1:4 

with lysis buffer and centrifuged for 30 min at 256.000g at 4°C. The resulting pellet was 

resuspended in loading buffer. Thylakoids were recovered from the pellet of the gradient, 

washed 5 times in lysis buffer. Loading was adjusted to total protein. 
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Protease treatments of chloroplasts 

For trypsin treatment of intact chloroplasts an equivalent of 100 µg chl was pelleted and 

resuspended in 100 µl wash buffer supplemented with 0.5 mM CaCl2. Trypsin was added in the 

indicated amounts per mg chl and incubated for 45 min at 23°C. The treatment was terminated 

by addition of 1 × cpi, chloroplasts were reisolated by centrifugation and washed once with wash 

buffer + 1 × cpi. The final pellet was solubilized in Laemmli loading buffer containing 2 M urea 

and 1 × cpi, heated at 65°C for 5 min and plastids equivalent to 10 µg chl were loaded onto an 

SDS gel followed by immunoblotting as described above. All experiments were at least done in 

triplicates giving the same results. Shown here are representative blots. 

Blue-native PAGE 

BN-PAGE experiments of total enriched chloroplast membrane fractions were carried out 

as described by (Nickel et al., 2016), with minor modifications. Samples equal to 15 µg chl were 

solubilized with 5% β-dodecylmaltoside for 15 min and separated on a 5-15% acrylamide 

gradient overnight. For subsequent western blotting, lanes were incubated in Towbin buffer (25 

mM Tris pH 8.3, 192 mM glycine, 0.1% (w/v) SDS, 20% (v/v) MeOH) with additional 0.9% 

(w/v) SDS for 1 h prior to blotting. For 2D experiments, the respective BN gel lane was 

incubated for 30 min in BN-denaturation buffer (1% (w/v) SDS, 50 mM DTT, 25 mM Tris, 192 

mM glycine), washed, and afterwards assembled on top of an SDS-PAGE. Total enriched 

chloroplast membrane fractions equal to 15 µg chl were loaded as a control and separated on the 

same SDS-PAGE. 

Photosynthetic parameters and chlorophyll quantification  

Plants were dark-adapted for 20 min. Subsequently, chlorophyll a fluorescence was 

measured with a Walz IMAGING-PAM M-Series MAXI version (Walz, Effeltrich, Germany). 
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False-color images were exported using the ImagingWinGigE software. Total chlorophyll was 

extracted from 5–10 mg of N2-frozen powderized plant material in prechilled reaction tubes. 

After addition of 1 mL 80% (v/v) acetone, samples were incubated for at least 30 min on ice in 

the dark interrupted by occasional vortexing. Samples were centrifuged at 10,000g for 5 min at 

4°C to pellet debris. Chlorophyll determination was performed trough photometry on the clear 

supernatant (Porra et al., 1989). Obtained values were normalized to fresh weight, and then to the 

WT. A representative result of three independent experiments is shown. 

Generation of stable Aequorin reporter mutants and Ca2+ assays 

Aequorin lines were generated by using the floral dip method with Agrobacterium 

tumefaciens strains harboring the plasmid pBINU-CHYA(K) (Mehlmer et al., 2012). 

Homozygous T3 individuals were introgressed into mutant lines and homozygosity of the 

reporter lines was confirmed in the F3 generation. Aequorin assays were performed according to 

(Tanaka et al., 2013), with minor changes to the CTZ buffer. In brief, five days old seedlings 

were transferred from ½ MS plates to white 96-well plates filled with 50 µl CTZ buffer (1.4 mM 

CaCl2, 20 mM KCl, 5 mM MES pH5.7) containing 10 µM coelenterazine (NanoLight 

Technologies, USA, CAS#55779-48-1). Seedlings were kept in the dark overnight at 22ºC. 

Luminescence was recorded in a TECAN SPARK plate reader (Tecan, Männedorf, Switzerland) 

with 500 ms integration time (400 ms in supplementary experiments). Total, reconstituted 

AEQUORIN amounts were calculated by discharging with 10% (v/v) ethanol and 1 M CaCl2. 

Calibrations were performed according to (Knight et al., 1996). Graphs were plotted with 

GraphPad Prism. A representative result of at least three experiments is shown. Statistical 

significance was tested using ANOVA followed by Tukey's multiple comparisons test. 
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Elemental analysis  

Leaf elements analyzed by Total Reflection X-ray Fluorescence (TXRF) spectroscopy. 

All procedures were previously described in detail (Höhner et al., 2016). In brief, 21 days old 

plants were harvested, pooled in groups of three, and dried completely in an oven at 80°C. To 

avoid elemental contamination, tissue was ground into fine powder using a zirconia mortar and 

pestle (Stanford Advanced Materials, Lake Forest, USA). 5-10 mg dry weight tissue was 

digested by boiling in 1 mL 70% (v/v) HNO3 (analytical grade). 100 μL of the digested tissue 

was mixed with internal quantitative Ga and Sc standards to final concentrations of 1 ppm Ga 

and 50 ppm Sc. 10 μL of the mixture was spotted onto quartz disc carriers and dried before 

measuring on a S4 T-STAR TXRF spectrometer (Bruker, Berlin, Germany). 

Accession numbers 

PEC1 (At5g02940), PEC2 (At5g43745), DMI1 (At5g49960), TIC40 (At5g16620), NTRC 

(AT2G41680), pec1-1 (SAIL_300_A10, CS72537), pec1-2 (SALK_045095, CS72538), pec2-1 

(SALK_102200, CS72539), pec2-2 (SAIL_839_E05, CS72540), pec1-1pec2-1 (CS72541), pec1-

2pec2-2 (CS72542), cas-1 (SALK_070416).  
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2.6 Supplemental Material 

Supplemental Data and Tables 

Supplemental Datasets S1 and S2 can be accessed from the following link: 

https://academic.oup.com/plphys/advance-article/doi/10.1093/plphys/kiab424/6365950 

Supplemental Table S2.1 Oligonucleotide combinations used in genotyping PCRs. 

Line  

name: 

Stock nr.: WT PCR primers WT 

product 

size 

KO PCR 

primers 

~KO 

product 

size 

pec1-1 SAIL_300_A10 HKPP336/HKPP337 2335 HKP10/HKP337 1500 

pec1-2 SALK_045095 HKP336/HKP337 2335 HKP366/HKP370 1500 

pec2-1 SALK_102200 HKP419/HKP339 1904 HKP366/HKP339 780 

pec2-2 SAIL_839_E05 HKP419/HKP339 1904 HKP419/HKP10 1700 

cas-1 SALK_070416 HKP350/HKP351 1650 HKP366/HKP351 1500 

 

Supplemental Table S2.2 List of oligonucleotides used in this study. 

Primer name Oligonucleotide sequence Used for: 

Sail LB3 tagcatctgaatttcataaccaatctcgatacac genotyping 

Venus as  gtttacgtcgccgtccag genotyping/sequencing 

pUBQ10_SeqF gtcgaataattactcttcgatttg genotyping 

Salk LBb1.3 attttgccgatttcggaac genotyping 
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PEC1 fwd + BamHI 

(HKP334) 

ggatccaaaatggtggctgttcagttgtttac genotyping, full length cDNA 

clone and RT-PCR 

PEC1 rev + XmaI 

(HKP337) 

cccgggtagtgtgataacttggtctccttc genotyping, full length cDNA 

clone and RT-PCR 

PEC2 fwd + BamHI 

(HKP338) 

ggatccaaaatgatggtggctgttcagttg genotyping, full length cDNA 

clone and RT-PCR 

PEC2 rev + XmaI 

(HKP341) 

cccgggtagtgtgattggttggtctcc genotyping, full length cDNA 

clone and RT-PCR 

PEC1 fwd 5 

(HKP336) 

gatggaatccatcccaacc genotyping 

PEC2 rev 5 

(HKP339) 

cggacatgagcagaagtc genotyping 

PEC1 rev 6 

(HKP370) 

gtcgacaatttcagaggctag genotyping 

PEC1 fwd + XmaI 

(HKP419) 

cccccgggatgagagggaccttcaaagtc genotyping 

CaS fwd + BamHI ggatccaaaatggctatggcggaaatg cas-1 genotyping 

CaS rev + XmaI cccggggtcggagctaggaaggaact cas-1 genotyping 

DMI1 fwd + SalI gagtcgacaaaatgccgattcatacccctag full length cDNA clone 

AtDMI1 

DMI1 rev + XmaI cccgggctgacttgaggcgatgacaac full length cDNA clone 

AtDMI1 

DMI1 Gibson Frag 

Fwd 

gccatggccgcgggatatcactagtatgccgattc

atacccc 

in vitro expression vector 

pGEM-5Zf 

DMI1 Gibson Frag 

Rev 

ttgggagctctcccatatggtcgacttactgacttga

ggcgatgac 

in vitro expression vector 

pGEM-5Zf 

PEC2 Gibson Frag 

Fwd 

gccatggccgcgggatatcactagtatgatggtgg

ctgttcag 

in vitro expression vector 

pGEM-5Zf 

PEC2 Gibson Frag 

Rev 

ttgggagctctcccatatggtcgactcatagtgtgat

tggttggtct 

in vitro expression vector 

pGEM-5Zf 

PEC1 Gibson Frag 

Fwd 

gccatggccgcgggatatcactagtatggtggctg

ttcagttg 

in vitro expression vector 

pGEM-5Zf 

PEC1 Gibson Frag 

Rev 

ttgggagctctcccatatggtcgactcatagtgtgat

aacttggtctcc 

in vitro expression vector 

pGEM-5Zf 

PEC1P + pG2.0 

fwd 

cgaaattaccctttgttgaaaagtctcaataacttctg

ggagagaagccaggg 

Gibson pPEC1 into pG2.0 

PEC1P + 

pG2.0_GUS rev 

ggggtttctacaggacgtaacatcctttcttaatcttc

tccttgatttatcttacgctc 

Gibson pPEC1 into 

pG2.0_GUS 

PEC2P + pG2.0 

fwd 

cgaaattaccctttgttgaaaagtctcaataagagct

gcacaggtttctatatgatcattac 

Gibson pPEC2 into pG2.0 

PEC2P + 

pG2.0_GUS rev 

gttggggtttctacaggacgtaacatcttatctcttct

cctcgctctctctttgtttc 

Gibson pPEC2 into 

pG2.0_GUS 

DMI1SP Gibson 

pYeT fwd 

ggcgcgccactagtggatccatgccgattcatacc gibson DMI1SP to pYe-T (for 

both PEC1 and PEC2) 
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DMI1SP_gibson_P

EC1 rev 

gaagtttttattaggggattgactcggcaccgg gibson DMI1SP to PEC1 

DMI1SP_gibson_P

EC1 fwd 

gtgccgagtcaatcccctaataaaaacttcaaagat

ttaaattcc 

gibson DMI1SP to PEC1 

PEC1 cDNA 

Gibson mVenus rev 

cgcccttgctcaccatcccgggtagtgtgataactt

gg 

gibson PEC1 to mVenus 

DMI1SP_gibson_P

EC2 rev 

cactagaagaaggggattgactcggcac DMI1SP-PEC2 clone 

DMI1SP_gibson_P

EC2 fwd 

caatccccttcttctagtgtcaacctgaatgatttcag

ttcc 

DMI1SP-PEC2 clone 

PEC2 rev gibson 

mVenus 

gcccttgctcaccatcccgggtagtgtgattggttg DMI1SP-PEC2 clone 

PEC1+pET16b fwd aggtcgtcatatgaaaaaagtgagggaaggggca

catatg 

Gibson primer PEC1noTMs 

into pET16b 

PEC1+pET16b rev cggatcctctcatagtgtgataacttggtctccttca

agctctgatataaca 

Gibson primer PEC1noTMs 

into pET16b 

pET16b+PEC1 fwd acactatgagaggatccggctgctaacaaag Gibson primer for PEC1 noTMs 

into pET16b 

pET16b+PEC1 rev acttttttcatatgacgaccttcgatatggcc Gibson primer for PEC1 noTMs 

into pET16b 
 

Supplemental Table S2.3 Constructs used in this study and their origin. 

Name External source (if not this work) 

pHygIIUT-YFP (Kunz et al., 2014) 

19K (Voinnet et al., 2003) 

W303 (Wallis et al., 1989) 

Mab2D yeast strain (Maresova and Sychrova, 2005) 

pYe-T-YFP empty Kudla lab (University Münster) 

pBINU-CHYA(K) (Mehlmer et al., 2012) 

pG2.0_GUS (Pratt et al., 2020) 

DMI1 cDNA-stop + pYe-T-YFP 

This work 

P3SP + PEC1cDNA-stop chimera + pYe-T-YFP 

P3SP + PEC2cDNA-stop chimera + pYe-T-YFP 

PEC1-stop cDNA + pHygIIUT-YFP 

PEC2-stop cDNA + pHygIIUT-YFP 

PEC1 cDNA noTP -stop + pHygIIUT-YFP 

PEC2 cDNA noTP -stop + pHygIIUT-YFP 

pPEC1 + pG2.0_GUS 

pPEC2 + pG2.0_GUS 

pUBQ10 + pG2.0_GUS 

PEC1 cDNA + pGEM5zf+ 

PEC2 cDNA + pGEM5zf+ 

DMI1 cDNA + pGEM5zf+ 

PEC1noTMs+pET16b 
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Supplemental Figures 
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Supplemental Figure S2.1 Phylogeny of PEC, CASTOR, and POLLUX homologs (previous page). Homologs 

of PEC, CASTOR, and POLLUX were sampled from genomes of 17 land plants, seven streptophyte algae, and 

four chlorophytes. We further added in silico translated homologs from the transcriptomes of Spirogyra pratensis 

(de Vries et al., 2020), Coleochaete scutata and Zygnema circumcarinatum (de Vries et al., 2018), and Coleochaete 

orbicularis (Ju et al., 2015). 13 animal SLO1 sequences were included as an outgroup (blue). A rooted maximum 

likelihood phylogeny of all 211 sequences was computed using WAG+R8 as model for protein evolution (chosen 

according to BIC). 1000 ultrafast bootstrap (UFBoot2, Hoang et al., 2018) replicates were computed. Only ultrafast 

bootstrap values ≥50 are shown and full support (ultrafast bootstrap values of 1000) is depicted by a filled dot. 

Scale bar length corresponds to 2.0 expected substitutions per site. 

Supplemental Figure S2.2 PEC domains and construct information. A) PEC architecture and annotated 

domains according to InterPro. Shown in green are predicted transit peptides, recognized by the plastid protein 

import machinery. PEC1 and PEC2 possess an annotated voltage gated potassium channel (yellow box, VKGC) 

superfamily domain (SSF81324). All POLLUX family members share the CASTOR-POLLUX domain (blue box, 

IPR036721). B) Alignment of PEC1 and PEC2 and construct information. Amino acids with dark blue backdrop 

are identical, light blue backdrop indicates similar amino acids. Predicted transit peptide from S1A is marked in 

green, the start of the 'noTP versions' marked with a red arrow and the epitope used α-PEC antibody creation is 

marked with a yellow bar above the amino acid sequence of PEC1 
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Supplemental Figure S2.3 Localization studies of PEC proteins in N. benthamiana and A. thaliana.  

A) Regions of interest overlayed over Fig. 2.2B. Line plots indicate fluorescence intensity along the ROI (scale 

bars = 5 μm). B) Transient infiltration of truncated PEC-YFP fusions into N. benthamiana leaves. (scale bars = 20 

μm). C) PEC-cDNA-YFP constructs localize to guard cell chloroplast envelope membranes in A. thaliana T1 

transformants (scale bars = 5 μm). D) Radiolabelled proteins imaged with a phoshoimager. Shown are total 

translation product after 25 minutes (TL), chloroplast suspension without thermolysin (-) and with thermolysin 

treatment (+). # marks the preprotein including transit peptide, * marks the mature, cleaved protein that was 

processed by the TOC-TIC complex. 
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Supplemental Figure S2.4 α-PEC1 antibody design and application in localization studies. A) Commassie-

stained SDS page of E. coli lysates taken during purification of the antigen. Shown are E. coli lysate before mixing 

with Ni-NTA (Input), unbound proteins after incubation with Ni-NTA (Flow) and eluates. B) N. benthamiana 

protein extracts probed with α-PEC1 (1:1000) and α-GFP (1:2000) primary antibodies and labelled with a 

secondary antibody with conjugated horseradish peroxidase. C) Immunoblotting of isolated chloroplast fractions. 

Chl=Entire chloroplast, Str=Stroma, Thy=Thylakoid membrane, Env=Envelope membranes. Original image from 

Fig. 2.2C. Dotted boxes indicate longer exposure time during detection. D) Intact WT chloroplasts were treated 

with 0, 0.5, 1 or 10 mg trypsin/mg chlorophyll. Samples corresponding to 10 µg chl were separated on SDS gels, 

blotted onto PVDF and individually immunolabeled with α-PEC1, α-KEA1(2), α-Tic40, and α-Toc64. Markers for 

molecular sizes are displayed on the left. E) Heterologous expression of the PEC1 soluble c-term (M244 through 

stop-1, 64.4 kDa) in E. coli and digest with increasing amounts of trypsin. Commassie stained SDS-PAGE (left) 

and α-PEC1 labelled western blot (right) reveal trypsin sensitivity. 
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Supplemental Figure S2.5 Extended 

PEC expression information. A) RNA-

seq data sets showing expression of 

AtPEC1 (blue), AtPEC2 (green), AtDMI1 

(red), and AtUBQ10 (purple) (Zhang et 

al., 2020) show in fragments per kilobase 

of transcript per Million mapped reads 

(FKPM). Boxplot indicates upper and 

lower quartile with median as center line. 

Whiskers go from min to max, showing all 

individual experiments. B) In-silico 

microarray expression data as shown on 

weigelworld.org (accessed May 2019, 

(Kilian et al., 2007)). C) Additional GUS 

stained images from 35d old plants. 

Representative images are shown (scale 

bars = 5 mm). 
 



72 

 

  

Supplemental Figure S2.6 PEC locus information and pec single mutant characterization. A) PEC locus and 

T-DNA insertion site information. Borders were sequenced using NGS and commercial T-DNA LB primers. B) 

Genotyping PCRs on indicated pec1pec2 double mutants. The pipetting scheme marked on the first lanes carries on 

through the entire gel. Thermo Fischer's 1kb+ ladder was used and a few bands were marked with their respective 

sizes. C) RBG and false color panel of photosynthesis measurements of all pec single and pec1pec2 double 

mutants. No obvious phenotypes could be detected when grown under long day conditions at 150 µmol m -2 s-1 

(scale bar = 1 cm). 
 



73 



74 

 

 

 

 

 

 

 

  

Supplemental Figure S2.7 Background AEQUORIN and additional cold shock measurements, single 

mutant readings, and complementation by backcross into the WT (previous page). A) Representative 

AEQUORIN background readings from WT and pec1pec2 double mutants. Shown are means of 12 individuals, 

shaded areas indicate SEM. B) Combined results from three independent cold shock treatments as shown in and 

including Fig 2.4G. Shown are mean ± SEM of 36 individuals. No significant difference was determined by one-

way ANOVA and Tukey's multiple comparisons test (p>0.05). C) Localization of NTRC-YA in pec1-1, pec2-2, 

and cas-1 mutants (scale bar = 5 µm). D-G) Ca2+ transients in pec1-1, pec2-2, cas-1 mutants (D+E), and pec1pec2 

x WT F1 backcrosses (F+G). Shown is the mean Ca2+ concentration in the stroma of 8-12 individuals, shaded areas 

indicate SEM. Bar graphs (Mean ± SEM) highlight changes of responses to the respective elicitors, i.e. total Ca2+ 

taken up into the chloroplast during the measurement (integration, relative to WT, bottom) peak Ca2+ values of the 

corresponding seedlings (top). Experiments with backcrosses were repeated twice with similar results. Different 

letters indicate different levels of significance (p<0.05) as determined by one-way ANOVA and Tukey's multiple 

comparisons test. C) RBG and false color panel of photosynthesis measurements of all pec single and pec1pec2 

double mutants. No obvious phenotypes could be detected when grown under long day conditions at 150 µmol m-2 

s-1 (scale bar = 1 cm). 

Supplemental Figure S2.8 Lack of stromal Ca2+ transients in pec1pec2 mutants does not correspond with 

additional growth defects under abiotic stress conditions. Arabidopsis seedlings were germinated and grown 

for 7 days on solid 1/2 MS media and then transferred to control or effector plates (50 mM Mannitol, 75 mM NaCl 

or 75 KCl). Plates were grown either at 22°C or 4°C. Shown are false-color images of Fv/Fm after 1 week. 
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2.8 Addendum: Physiological context of PEC1/2 

Connection of PEC proteins to jasmonic acid signaling 

In our publication in Plant Physiology (Chapter 2, Völkner et al., 2021), we provided first 

characterization of PLASTID ENVELOPE ION CHANNEL1/2 (PEC1/2) proteins. We 

presented PEC1/2 plastid envelope localization in a multi-pronged approach and found evidence 

for K+-permeability of the proteins in a heterologous system. Surprisingly, the two independent 

pec1pec2 double mutants used in this study did not reveal any phenotypes when grown under 

standard long-day conditions or challenged by salt, osmotic, and cold stress. However, while the 

WT displayed a sharp increase in stromal Ca2+ after application of specific elicitors, pec1pec2 

mutants lacked such a response even though these triggers did not result in mutant-specific 

growth phenotypes. Therefore, the physiological role of PEC1/2 in the chloroplast envelope 

remains to be understood. Here, we update on recent, unpublished findings that may give context 

to PEC1/2 function and the generation of plastid Ca2+ signals.  

In publicly available transcriptomics and co-expression studies, we noticed a strong 

PEC1/2 gene expression induction in response to jasmonic acid (JA) treatments. Additionally, 

the Electronic Fluorescent Pictograph (eFP) browser revealed a substantial increase in PEC1/2 

expression after wounding (Add. Fig. 2.1A (Winter et al., 2007)). A co-expression analysis using 

atted.jp found a correlation of PEC1 to wounding- and JA-induced genes CORI1 

(CHLOROPHYLLASE1), LOX2 (LIPOXYGENASE2), DDE2 (ALLENE OXIDE SYNTHASE) 

(Add. Fig. 2.1B, atted.jp, (Obayashi et al., 2018)). Intriguingly, LOX2 and AOS are directly 

involved in the plastid-localized biosynthesis of the JA precursor OPDA (Wasternack and Hause, 

2013). Lastly, transcriptome analysis indicated that CORONATINE-INSENSITIVE1 (coi1) 

mutants could not initiate PEC1 expression to the same degree WT controls can (Add. Fig. 2.1C, 
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(Hruz et al., 2008). coi1 mutants are defective in the sensing of JA by the SCFCOI1 ubiquitin-

ligase due to the lack of the F-Box motif protein (Wasternack and Hause, 2013). In plants, the 

SCFCOI1 complex ubiquitinates JASMONATE-ZIM-DOMAIN PROTEIN1 (JAZ1), a repressor 

of wounding induced gene transcription, after binding of JA, which is then degraded by the 

proteasome (Wasternack and Hause, 2013).  

 

 

Addendum Figure 2.1 Expression analysis of AtPEC1 and COI1-dependency. A) Co-expression network of 

AtPEC1 (atted.jp, accessed October 20, 2021, Obayashi et al., 2018). PEC1 in yellow is co-expressed with genes 

involved in the α-linolenic acid pathway AOC2, AOS, LOX2, and HPL1 (AT4G15440). Noteworthy is co-

expression with CLH1 (AT1G19670, encoding CHLOROPHYLLASE1). B) Induction of PEC1 expression 

according to eFP browser (accessed October 20, 2021, Winter et al., 2007). C) Analysis of AtPEC1 (red dots) and 

AtPEC2 (blue dots) expression in different mutant backgrounds or after treatment. Only highly significantly 

changed expression values are shown (accessed October 24, 2015, Hruz et al., 2008). Note the upregulation in 

salicylic acid-free free backgrounds (pad4, npr1, sid2, pad2) compared to coi1 (first four rows), upregulation after 

JA/OPDA treatment (^), and downregulation in coi1 background when compared to the Col-0 wild-type (*). D) 

Immunoblotting of with α-PEC1 antibody reveals lower PEC1 protein levels in leaf tissue of 28-d-old coi1 mutants 

compared to the WT. Two independent experiments are shown. CBB=commassie brilliant blue. 
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To investigate PEC1/2 expression control by the SCFCOI1 complex, we ordered two 

independent coi1 mutant alleles, coi1-16 and coi1-30 (Ellis and Turner, 2002; Yang et al., 2012). 

We then extracted protein extracts of wild-type Col-0 (WT), coi1-16, coi1-30, and two pec1pec2 

double mutant lines. After adjusting protein concentration, we separated the proteins on an SDS-

PAGE and transferred the proteins to a PVDF membrane which we probed with the α-PEC1 

antibody (Völkner et al., 2021). While the WT tissue consistently gave a strong signal when 

treated with α-PEC1, the signal in extracts of both independent alleles of coi1 was much fainter 

in comparison (Add. Fig. 2.1D). This result confirms the transcriptomics studies mentioned 

above on a protein level. Furthermore, as shown previously, the PEC1 signal was absent in both 

pec1pec2 double mutants. Our finding points to expression control of PEC1 via the SCFCOI1 

complex, linking plastid K+-flux and the generation of Ca2+ transients to JA signaling.  

Indeed, the chloroplast has received increasing attention as a hub for detecting and 

fending off various plant stress factors (Littlejohn et al., 2021). Additionally, a link between 

cation flux and increased levels of JA has been described in the past. When screening a 

mutagenized seed pool for mutants with higher rates of LOX activity, a mutant labeled fou2 

(fatty acid oxygenation upregulated2) was identified (Bonaventure et al., 2007). Surprisingly, 

fou2 possesses a point mutation (D454N) in the vacuole-localized cation channel TWO PORE 

CHANNEL1 (TPC1). This mutation renders the channel insensitive to vacuolar Ca2+, leading to 

significantly increased vacuolar Ca2+ and decreased K+ concentrations (Beyhl et al., 2009). 

Wound-induced systemic Ca2+ signals have been well characterized in the past (Glauser et al., 

2008; Mousavi et al., 2013; Kiep et al., 2015). Intriguingly, cytosolic Ca2+ levels are decreased in 

fou2 compared to the WT but display similar kinetics upon wounding, consistent with the 

suggested impermeability of TPC1 to Ca2+ (Lenglet et al., 2017). While fou2 plants had slightly 
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increased levels of JA under normal conditions compared to the WT, wounding led to JA 

accumulation five times higher than the WT (Bonaventure et al., 2007). While it has been 

suggested that endomembrane cation fluxes might control JA pathway activity (Lenglet et al., 

2017), the increase in basal and wound-induced accumulation of JA in fou2 has not been fully 

understood thus far. PEC1 proteins might represent the missing link between endomembrane 

cation fluxes and increased JA biosynthesis.  

Considering the localization of PEC, co-regulation, and COI1/JA dependency of PEC1, 

we propose a critical role of PEC1 in the generation of stromal Ca2+ transients, leading to 

biosynthesis of JA precursors with the involvement of LOX2.  

 

Addendum Figure 2.2 Model of the proposed function of AtPEC in JA biosynthesis. After wounding, 

cytosolic Ca2+ levels are elevated, leading to increased activation of PEC proteins via the RCK domain and 

subsequent Ca2+ influx into the chloroplast. In the stroma, elevated Ca2+ may interact with and activate LOX2, 

leading to increased biosynthesis of α-linolenic acid (α-LeA), the JA precursor OPDA. Conversion of JA to JA-

isoleucine (JA-Ile) by JAR1 leads to degradation JAZ proteins by the SCFCOI1 complex in the nucleus and 

expression of JA responsive genes. fou2 mutants display deregulated subcellular cation flux even when not 

wounded. This might lead to activation of PEC, elevated stromal Ca2+ concentration and increased OPDA 

biosynthesis, comparable to the wound-induced JA biosynthesis in the WT. Nuclear processes are presented with 

modifications from (Ruan et al., 2019).  
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Following this working model, in a fou2 background, we suggest activation of PEC1 by 

increased subcellular cation/K+ fluxes, leading to increased stromal Ca2+ (Add. Fig. 2.2). 

Homology modeling revealed the presence of a putative regulator of K+ conductance (RCK) 

domain in PEC1/2, which is associated with Ca2+-dependent gating of K+-permeable channels 

(Kim et al., 2019, Völkner et al., 2021). In animals, LOXs interacted with Ca2+ via the C2 

domain (Oldham et al., 2005). Intriguingly, AtLOX2 also harbors a similar C2 domain 

(Bonaventure et al., 2007), and increased plastid Ca2+ could also affect the 'wounding 

lipoxygenase' LOX2. The increase in stromal Ca2+ would result in a higher concentration of α-

linolenic acid and rates of OPDA synthesis. Therefore, the absence of PEC1/2 may diminish the 

fou2 phenotype since our data point to the critical importance of PEC1/2 channel activity in 

generating plastid Ca2+ transients. More importantly, this mode of action would also provide 

insight into PEC1/2 in a WT background. Here, subcellular Ca2+ transients appear after 

wounding. These transients could similarly trigger PEC1/2, leading to LOX2 activation and the 

biosynthesis of JA. Additional Ca2+ transport proteins or other players might also be involved in 

the potential activation of LOX2. 
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CHAPTER THREE: FUNCTIONAL OVERLAP OF INNER ENVELOPE KEA AND MSL 

PROTEINS IN CHLOROPLAST PHYSIOLOGY 

This chapter was formatted in a style suitable for submission in Journal of Experimental 

Botany with co-authors Katinka Bünger and Hans-Henning Kunz. 

3.1 Abstract 

Metabolic and developmental activities inside living cells result in dynamic 

concentrations of solutes. These changes in osmotic pressure result in water flux across 

membranes, critical for plant growth and shape. However, our knowledge of how cells or 

organelles regulate and coordinate the response to dynamic osmotic conditions is limited. This is 

also true for plastids. Thus far, two different envelope protein families impacting plastid 

osmoregulation have been described in Arabidopsis thaliana: K+-EFFLUX ANTIPORTER1 

(KEA1) and KEA2, and MSCS-LIKE2 (MSL2) and MSL3. Interestingly, in both families, the 

plastid-localized members seem to be redundant under ideal growth conditions. Therefore, only 

the simultaneous loss of both copies in kea1kea2 and msl2msl3 double mutants affects 

chloroplast size and morphology. Additionally, kea1kea2 mutant plants grow slower, displaying 

virescent leaves, delayed plastid development, and low rates of plastid gene expression. On the 

other hand, MSL2 and MSL3 are involved in chloroplast division. Mutants show reduced growth 

and different developmental defects in leaves. Even though a functional interaction between K+-

carriers KEA1/2 and ion channel proteins MSL2/3 within the same membrane seems logical, the 

genetic overlap of both protein families has not been investigated so far. In this work, we present 

the isolation of two independent kea1msl2 mutants. These mutants display distinct phenotypic 

and photosynthetic abnormalities not observed in either kea1 or msl2 loss-of-function single 

mutant. Interestingly, kea1msl2 phenotypes are partially recovered under external salt stress. Our 
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data suggest that KEA1 and MSL2 function in concert to maintain chloroplast osmoregulation 

and are needed for proper chloroplast development and organelle function. 

3.2 Introduction 

Due to their sessile nature, plants need to adapt to changing environmental conditions 

continuously. In order to grow and reproduce, plants need to fend off pathogens, pests, and 

herbivores, known as biotic stress factors—abiotic stress factors, such as varying temperatures, 

light conditions, and humidity further impact plant performance. Additionally, drought or sudden 

rain can lead to varying water availability and water use over a single day. As a result, plants 

have evolved to become champions of adaptation to these challenges. 

Maintaining proper solute concentrations, i.e., sugars, amino acids, and ions, is critical 

for plants, which rely on internal water pressure for cell shape and expansion (Verslues and 

Sharma, 2010). In nature, biotic or abiotic stress can challenge plant osmolyte content. 

Specifically, stress factors such as drought or soil salinity put a significant burden on global food 

production (Boyer, 1982). During these osmotic stress conditions, plants invest many resources 

into the biosynthesis of specialized metabolites such as proline, glycine betaine, or Myo-inositol 

(Yancey, 2005). These so-called compatible osmolytes do not interfere with other biological 

processes and can therefore accumulate in the cytoplasm to aid cellular function (Cushman, 

2001). Subcellular adjustments are required as well, for example, in organelles that themselves 

produce high amounts of osmolytes and proteins, such as the chloroplast. 

Chloroplasts are specialized plastids and represent the organelle in plant cells that harbor 

the photosynthetic apparatus. Besides assimilating atmospheric carbon into sugars, chloroplasts 

also aid in nitrogen fixation and synthesize fatty acids, amino acids, and precursors for several 

phytohormones. Furthermore, chloroplasts contain their own genome, DNA-replication and -
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reparation, and protein synthesis mechanisms (Lopez-Juez and Pyke, 2005). These processes are 

highly dynamic and result in constantly changing osmotic potentials inside chloroplasts. 

Therefore, the chloroplast has to balance solute and water content to keep from bursting due to 

hypoosmotic shock (Veley et al., 2012). Membrane proteins like ion transport proteins have been 

assigned this function, mainly inferred by their mode of action in bacteria (Haswell and 

Meyerowitz, 2006; Hamilton et al., 2015).  

In prokaryotes, a sudden increase in environmental osmotic potential can accelerate water 

influx, causing the cell to burst. In Escherichia coli, mechanosensitive channel of large 

conductance (MscL) and mechanosensitive channel of small conductance (MscS) work in 

concert to prevent cellular rupture (Levina et al., 1999). Mechanosensitive (MS) channels are 

gated (opened) by mechanical force (Hamilton et al., 2015). Recent crystal structures show that 

membrane lipids associate with transmembrane residues and block pore domains of the channel 

in a closed state, causing opening of the pore in response to membrane tension (Zhang et al., 

2021). This way, MS channels transduce physical force into a chemical signal (Hamilton et al., 

2015).  

While MscL homologs are not found in the plant kingdom, the model plant Arabidopsis 

thaliana encodes ten different MscS-LIKE (MSL) genes, MSL1-10 (Hamilton et al., 2015). Two 

of those genes, MSL2 and MSL3, encode proteins that localize to the plastid inner envelope 

membrane (Haswell and Meyerowitz, 2006). Intriguingly, heterologously expressed MSL3 

protein complements osmotic-shock defective E. coli mutants, implying a function as MS 

channel (Haswell and Meyerowitz, 2006). Complementation with MSL2 was not pursued due to 

the lethal effect of the transformation of MSL2 cDNA into E. coli. Nevertheless, it was inferred 

that MSL2 also acts as an MS channel since overall similarity to MSL3 on amino acid level is 
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high (50%), particularly in the pore region aligning to the bacterial MscS (91% identical to 

MSL3) (Haswell and Meyerowitz, 2006). The cargo substrates for MSL2 or MSL3 proteins have 

not been experimentally confirmed thus far (Szabo and Spetea, 2017). However, plasma 

membrane-localized homolog AtMSL10 has been measured using electrophysiology approaches, 

and a slight preference for anions over cations was determined (Maksaev and Haswell, 2012). At 

the same time, it was suggested that MSLs generally act as nonselective ion channels (Hamilton 

et al., 2015).  

MSL2 and MSL3 were suggested to be involved in osmoregulation of the organelle based 

on phenotypes observed in msl2msl3 double mutants. In msl2msl3, chloroplasts appear enlarged 

and thylakoid membranes misshaped (Haswell and Meyerowitz, 2006). Initially, only 

experiments on double mutants were attempted due to the lack of an msl2 null mutant. 

Nevertheless, after isolation of the null allele msl2-3, it was observed that loss-of-function msl2 

mutants also carry defects in plastid morphology and plant growth, albeit much less pronounced 

than in the double mutant (Jensen and Haswell, 2012). While msl2 mutants are slightly smaller 

than the wild-type (WT), they are homogenously green. The leaves, however, display rumpled 

edges, indicating developmental complications (Haswell and Meyerowitz, 2006; Jensen and 

Haswell, 2012). Still, no msl3 null mutant has been identified thus far (Hamilton et al., 2015). 

Additionally, based on their distinct localization at plastid poles, both proteins have been 

implicated to be involved in plastid division (Wilson et al., 2011). 

Another ion transport family connected to chloroplast osmoregulation are the family of 

K+-EFFLUX ANTIPORTERS (KEA). AtKEA1 and AtKEA2 localize to the inner chloroplast 

envelope membrane and export K+ from the stroma in exchange for H+. kea1 or kea2 single loss-

of-function mutants show no phenotypic differences from the WT, pointing to partially 
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redundant functions. However, loss of both proteins results in swollen chloroplasts, but 

otherwise, the phenotypes of the mutants are clearly different (Kunz et al., 2014; Aranda-Sicilia 

et al., 2016). While msl2(msl3) mutants are slightly smaller than the WT and green, kea1kea2 

mutants display a strong reduction in growth and a delayed-greening phenotype (Kunz et al., 

2014). Furthermore, studying the leaf ionome of kea1kea2 revealed that these younger leaves 

possess significantly increased K+ (Höhner et al., 2016), explained by the lack of K+-export from 

chloroplasts leading to disturbed K+ homeostasis in the cell. More recent research noticed the 

virescent, delayed greening phenotype as a common feature of mutants compromised in plastid 

gene expression (PGE). The authors were able to show that loss of both KEA1 and KEA2 results 

in defects in ribosome assembly and activity, impaired PGE, and plastid development (DeTar et 

al., 2021). Intriguingly, both MSL2/MSL3 and KEA1/2 have been observed to localize to patchy 

spots in mature chloroplasts (Aranda-Sicilia et al., 2016). Since MSL2/3 also have a suggested 

role in plastid division, it was proposed that KEA1/KEA2 might share a similar localization in 

the inner plastid envelope and that both protein families work together in a pathway that links 

plastid division and osmoregulation (Aranda-Sicilia et al., 2016). 

Still, studies researching the functional overlap between plastid KEA and MSL proteins 

are lacking. In this work, we present initial evidence for such partial functional overlap through 

the generation of kea1msl2 loss-of-function double mutants. kea1msl2 mutants display a patchy, 

chlorotic phenotype not observed in either kea1 or msl2 single mutant. In addition to reduced 

growth, a significant loss in chlorophyll content and disturbed leaf ion concentrations became 

apparent. Finally, we were able to show that these phenotypes can be partially recovered when 

seedlings are grown on salt-supplemented media. 
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3.3 Results 

Isolation of kea1msl2 loss-of-function double mutants  

Past research has focused on generating mutants lacking transport proteins in KEA or 

MSL protein families separately. However, no apparent phenotype is visible in kea1 or kea2 

single mutants, which led to the assumption that these proteins function redundantly. While that 

may be the case, expression of KEA1 is much higher (Suppl. Fig. S3.1 (Bolter et al., 2020; Zhang 

et al., 2020)), implying that the low amounts of KEA2 present in leaf plastids is sufficient for 

normal function under the tested growth conditions (Kunz et al., 2014; Bolter et al., 2020). 

Therefore, we chose two previously identified kea1 loss-of-function mutant lines to investigate 

the interaction between both families (Fig. 3.1A). 

In A. thaliana, the MSL protein family consists of ten members, two of which, MSL2 and 

MSL3, localize to plastids (Hamilton et al., 2015). Due to the absence of any phenotype in the 

tested msl3 mutants, most research has been done using msl2 loss-of-function mutants. In msl2, 

two mutant alleles have been identified thus far: msl2-1 and msl2-3 (Fig. 3.1B). While msl2-1 is 

regarded only as a partial knock-down and does not have an obvious phenotype (Haswell and 

Meyerowitz, 2006), msl2-3 appears different from WT plants (Wilson et al., 2011). Loss-of-

function msl2-3 mutants are smaller than the WT and possess wrinkled leaves with obvious 

deformations (Jensen and Haswell, 2012). Here, we present the successful isolation of another 

msl2 loss-of-function T-DNA insertion line, msl2-4 (Fig. 3.1B, SALK_058329). Because the loss 

of MSL3 does not seem to affect plant growth, we focused on the interaction of highly-expressed 

KEA1 and MSL2 in this work.  

Both KEA and MSL proteins have previously been suggested to aid in chloroplast 

osmoregulation (Codjoe et al., 2021). Therefore, we aimed to gain insight into possible 

functional overlap through creating loss-of-function double mutants. After isolating the novel 
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msl2-4 allele, we introgressed kea1-1 and kea1-2 mutants into msl2-4 and msl2-3, respectively. 

As expected, F1 plant individuals appeared WT-like (not shown). After confirming T-DNA 

borders in both genes in the F1, the F2 generation was screened by PCR genotyping on genomic 

DNA (gDNA) extracts. We were able to confirm homozygous kea1-1msl2-4 (Fig. 3.1C) and 

kea1-2msl2-3 (Fig. 3.1D) loss-of-function mutants using oligonucleotide combinations indicated 

in Fig. 3.1A-B and Suppl. Tables S3.1, S3.2. Additionally, through immunoblotting (Bolter et 

al., 2020), we further confirmed the absence of KEA1 on protein level (Suppl. Fig. 3.2).  

 

 

Mutants lacking both KEA1 and MSL2 reveal distinct phenotypes 

Homozygous kea1msl2 were fertile and produced seeds that were used to grow seedlings 

for further experiments. To our surprise, plants lacking both KEA1 and MSL2 proteins were 

smaller than both respective kea1 and msl2 single mutant controls. Furthermore, kea1msl2 

mutants displayed deformed leaves reminiscent of msl2 single mutants, if less strongly 

pronounced. Interestingly, we also observed phenotypes exclusive to the loss-of-function double 

Figure 3.1 Locus of AtKEA1, AtMSL2, and isolation of insertion lines used in this work. A) Locus of AtKEA1, 

modified from (Kunz et al., 2014). B) Locus of AtMSL2, including newly isolated T-DNA insertion line msl2-4. 

Primers used for amplifications of products (Suppl. Table S3.1) are indicated at their respective positions. C-D) 

Genotyping of homozygous loss-of-function double mutants kea1-1msl2-4 (C) and kea1-2msl2-3 (D). 

Oligonucleotide combinations can be accessed from Suppl. Table S3.2. Pipetting scheme indicated for the first four 

wells continued for the entirety of the gel. * indicates the 1 kb band of the DNA ladder. 
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mutants. kea1msl2 plants were much brighter in color with chlorotic leaves, most prominent in 

younger tissues and on the edges of older leaves (Fig. 3.2A). 

In order to analyze photosynthetic parameters in kea1msl2 mutants, we subjected 28-d-

old 12 h/12 h-grown plants to pulse-amplitude modulation (PAM) fluorometry measurements. 

As reported previously, the maximum quantum efficiency of PS II (Fv/Fm) of kea1 mutants was 

not different from WT controls (Kunz et al., 2014). Surprisingly, we recorded altered chlorophyll 

fluorescence parameters in msl2 mutants (Fig. 3.2B), which had not been studied in the past. 

Here, a slight but significant reduction in Fv/Fm became obvious. More importantly, deficiencies 

of kea1msl2 revealed even more drastic differences than the independent kea1 and msl2 single 

mutants. A significant drop in Fv/Fm was observed in both kea1-1msl2-4 and kea1-2msl2-3. (Fig. 

3.2B-D). In our analysis, it became apparent that the brighter leaves also displayed the lowest 

Fv/Fm. 

Non-photochemical quenching (NPQ) describes the regulated dissipation of a surplus in 

excitation energy as heat (Klughammer and Schreiber, 2008). Arabidopsis mutants defective in 

H+ homeostasis, like kea1kea2, can exhibit drastically altered NPQ due to a disturbance in ΔpH 

across the thylakoid membrane. However, deficiency in other plastid ion transporter proteins can 

also affect NPQ. One example is the chloroplast envelope Ca2+/Mn2+ carrier BIVALENT 

CATION TRANSPORTER2 (BICAT2). bicat2 loss-of-function mutants display elevated NPQ, 

pronounced at high-light (Frank et al., 2019).  

Transient NPQ of WT is represented as the sharp, initial rise in NPQ after exposure to 

ambient light (Fig. 3.2C-D, ~40-120 s). The following decrease in NPQ in WT plants correlates 

to activation of the ATPase which consumes protons on the lumenal side, diminishing ΔpH 

(Kalituho et al., 2007). Consistently, kea1msl2 mutants display the highest and kea1 mutants the 
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lowest NPQ throughout the course of the measurement. Interestingly, kea1 and msl2 display 

WT-like steady-state NPQ. In kea1msl2 mutants, on the other hand, the prolonged transient NPQ 

never reaches steady-state WT levels. As mentioned earlier, NPQ is a protective mechanism, 

which prevents oxidative damage in plants. Therefore, less energy is being used for 

photochemical purposes and may result in generation of fewer reducing equivalents.  

 

 

Determination of chlorophyll levels reflects the chlorotic phenotype of kea1msl2 

Next up, we wanted to investigate the chlorotic phenotype in a quantifiable way. To that 

end, we extracted chlorophyll from tissue and analyzed pigments with a spectrophotometer. So 

far, pigments have not been analyzed for any of the loss-of-function lines. As expected, both 

Figure 3.2 Cumulative loss of KEA1 and MSL2 leads to phenotypic and photosynthetic abnormalities.  

A) Representative RGB and Fv/Fm images of 28-d-old plants grown in 12 h light/12 h darkness. Both images reveal 

distinct growth phenotypes in kea1msl2 mutants. B-D) PAM analysis reveals drop in photosynthetic parameters in 

kea1msl2. Shown are Fv/Fm (B) and NPQ (C+D). NPQ graphs have been split between the independent mutant lines 

out of spatial reasons. A representative result of three independent experiments is shown. Data are presented as 

mean ± standard error of the mean (SEM), n=20. In B), different letters indicate different levels of significance 

(p<0.05) as determined by one-way analysis of variance (ANOVA) and Tukey's multiple comparisons test. 
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kea1 mutants did not show differences in chlorophylls a or b, nor in total chlorophyll content 

compared to the WT. Surpisingly, chlorophyll a content in msl2 mutants was significantly 

reduced without the presence of chlorotic anomalies in the plants. At the same time, kea1msl2 

mutants display chlorotic younger leaves and pronounced bright green spots in older tissue. 

While kea1msl2 has significantly lower chlorophyll amounts than WT and kea1, statistical 

analysis between msl2 and kea1msl2 did not reveal a significant difference among the 

independent mutants (Fig. 3.3A-B).  

 

 

The leaf ionome is disturbed in kea1msl2 mutants 

Mutations in ion transport proteins can result in leaf ionome changes, giving insights into 

potential substrates. In order to study the leaf ionome, we harvested whole rosettes which were 

dried and digested with nitric acid (HNO3). We employed total x-ray reflection fluorescence 

(TXRF) for analysis, a highly sensitive method used for accurate quantification of selected leaf 

elements in A. thaliana (Höhner et al., 2016). 

Figure 3.3 Chlorophyll analysis reflects phenotypic deficiencies in kea1msl2. Chlorophyll analysis in kea1-

1msl2-4 and controls (A), and kea1-2msl2-3 and controls (B). Chlorophyll was extracted with 80% (v/v) acetone 

and calculated according to (Porra et al., 1989). Data are presented as mean ± SEM, n=9. Experiment was repeated 

three times with similar results. Statistical analysis was determined by ANOVA followed by Tukey's multiple 

comparisons test (p*<0.05, p**<0.01, p***<0.001). 
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In general, mutants in this study that are disturbed in growth also reflect defects in their 

respective leaf ionome. Consequently, loss-of-function kea1 mutants again appeared WT-like 

while msl2 and kea1msl2 mutants displayed abnormalities in some leaf ions (Table 3.1). 

Intriguingly, the loss of msl2-3 or msl2-4 led to significantly lower leaf K+ amounts. This trend 

was observed in both kea1msl2 loss-of-function double mutants as well. However, in contrast to 

the chlorotic phenotype present after loss of both MSL2 and KEA1, this phenotype was not 

exacerbated by the additional loss of KEA1. Furthermore, kea1-2msl2-3 portrayed a low-Ca2+ 

phenotype which was not present in any other tested mutant. Surprisingly, Cl- levels were 

increased in msl2-3 compared to WT and other single mutants but not compared to kea1-2msl2-

3. This might point towards a specific effect of the msl2-3 allele (Table 3.1).  

 

 

Genotype 

K Ca Cl 

Mean SEM Mean SEM Mean SEM 

WT 51.183 a 1.144 36.954 a 1.708 0.663 ab 0.085 

kea1-1 49.94   ab 1.329 37.876 ab 2.558 0.486 ab 0.057 

msl2-4 42.13   bc 2.125 34.538 ab 2.983 0.797 ab 0.08 

kea1-1msl2-4 43.069 bc 1.617 37.526 ab 2.235 0.694 ab 0.06 

kea1-2 50.538 a 1.38 37.252 a 1.824 0.496 ab 0.053 

msl2-3 38.781 c 0.721 34.122 ab 1.281 1.486 c 0.128 

kea1-2msl2-3 43.424 bc 1.427 29.302 bc 0.805 1.074 bc 0.194 

 

Partial recovery of kea1msl2 mutant phenotypes by exogenously applied salt 

MSL2 belongs to a family of MS channels. In E. coli, MscS, closest homolog to plant 

MSL2, promotes survival of cells after exposure to hypoosmotic shock (Levina et al., 1999). 

During a sudden rise in environmental osmotic potential, MscS channels open in response to the 

swelling of cells because of water influx. With this mechanism, solutes can exit cells and reduce 

Table 3.1 Leaf-level concentrations of elements (mg*g DW-1). Mean leaf concentration of indicated elements 

from 28-d-old plants normalized to dry weight (mg* g DW-1) (mean ± SEM, n=12). Data are averaged across three 

independent experiments. Different letters indicate different levels of significance (p<0.05) as determined by 

ANOVA and Tukey's multiple comparisons test. 
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tension on the membrane by subsequent water efflux (Booth and Louis, 1999; Levina et al., 

1999). In plastids, similar mechanisms exist. Indeed, loss of MSL2/3 or KEA1/2 resulted in 

swollen chloroplasts in loss-of-function double mutants (Haswell and Meyerowitz, 2006; Kunz 

et al., 2014, Aranda-Sicilia et al., 2016). Interestingly, these phenotypes were complemented 

independently by the addition of external osmolytes. In kea1kea2, for example, growing 

seedlings in the presence of 75 mM NaCl partially restored growth and plastid morphology 

(Kunz et al., 2014), while msl2msl3 mutants saw a reversion of the swollen chloroplasts after 

growth on 82 mM NaCl (Veley et al., 2012; Wilson et al., 2014).  

To test whether exogenously applied salt would affect the growth of kea1msl2 mutants, 

we grew seedlings on agar plates and transferred 7-d-old seedlings onto media containing or 

lacking exogenous salt. On 1/2 MS media, both kea1msl2 mutants again displayed the typical 

bright, chlorotic leaves and stunted growth (Fig. 3.4A) as previously overserved on soil (Fig. 

3.2A). In contrast to growth on soil, both msl2 mutant alleles were also very strongly affected in 

growth under these conditions. However, no obvious penalty to color became apparent even 

though Fv/Fm was decreased similarly to growth on soil. kea1-1 and kea1-2 again were no 

different from WT controls (Fig. 3.4A). Astonishingly, kea1msl2 mutants lost their chlorotic 

phenotype on media supplied with either NaCl or KCl (Fig. 3.4B-C). The overall plant size was 

still impacted, i.e., kea1msl2 mutants were much smaller than WT and kea1 loss-of-function 

mutants. Nevertheless, loss-of-function double mutants resembled msl2 single mutants in size 

and color when grown on 75 mM NaCl (Fig. 3.4B). When grown on 75 mM KCl, WT and kea1 

mutants suffered growth penalties as well. Again, kea1msl2 mutants displayed recovered leaf 

color and growth (Fig. 3.4C). 
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The strong photosynthetic defects of the kea1msl2 loss-of-function double mutant 

became more apparent in a statistical analysis of Fv/Fm values. On, 1/2 MS media, Fv/Fm of 

kea1msl2 was significantly lower than msl2. It is noteworthy that loss of MSL2 alone had a 

measurable negative effect on photosynthetic performance. Interestingly, Fv/Fm of kea1msl2 

recovered to msl2-like values after supplementation of NaCl and KCl, regardless of the cation. 

Nevertheless, Fv/Fm
  of double mutants were still significantly lower than WT or kea1 (Fig. 

3.4D). On KCl plates, WT or kea1 mutants both displayed visual growth deficits along with a 

Figure 3.4 Growth on exogenous salt leads to partial recovery of phenotypes in kea1msl2. 7-d-old seedlings 

were transferred onto solid 1/2 MS (A) or 1/2 MS supplemented with either NaCl (B) or KCl (C). RGB images and 

PAM measurements were taken 7 d later. Representative plates are shown D) Statistical analysis of Fv/Fm in all lines 

tested. Different letters indicate different levels of significance by treatment (p<0.05) as determined by ANOVA 

and Tukey's multiple comparisons test. Values are presented as mean ± SEM, n=9. Experiment was repeated three 

times with similar results. 
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reduction in Fv/Fm, while the growth of kea1msl2 recovered even though to a lesser degree than 

on NaCl. The msl2-3 mutants no longer exhibited a significantly reduced Fv/Fm compared to the 

WT and kea1 mutants on KCl, which was still observed in msl2-4 (Fig. 3.4D).  

MSL proteins have been suggested to transport anions and cations non-selectively 

(Hamilton et al., 2015). Therefore, we wanted to test whether the increased Cl- concentrations in 

NaCl- or KCl-supplemented media impacted Fv/Fm. To this end, we also transferred seedlings to 

plates containing either 75 mM sodium gluconate or 75 mM potassium gluconate. Surprisingly, 

we did not find significant differences between any of the mutants or the WT (Suppl. Fig. S3.3). 

At the same time, overall Fv/Fm values and growth were decreased across all lines compared to 

1/2 MS or NaCl-supplemented media.  

3.4 Discussion 

The focus of this study was investigating functional overlap in plastid homeostasis 

between two plastid ion transport protein families, KEA and MSL. While both families have 

previously been connected to plastid osmohomeostasis, a connection has not been established 

thus far. Based on the newly observed phenotypes described in this study, we present evidence 

for a possible interaction using independent kea1msl2 loss-of-function double mutants. We 

characterized chlorophyll and ion content, in addition to in-depth chlorophyll fluorescence 

measurements of plants grown on regular and salt-supplemented media, showcasing the 

importance of KEA1 and MSL2 on plastid homeostasis. 

We started by isolating an independent msl2 allele since msl2-3 was the only loss-of-

function line available at the time (Wilson et al., 2011; Jensen and Haswell, 2012). We 

confirmed homozygous T-DNA insertions in msl2-4 individuals, accompanied by phenotypic 
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deficiencies typical for loss-of-function of MSL2. Compared to WT plants, msl2 displays smaller 

growth and rumpled leaf edges, visible in both msl2-3 and msl2-4 (Fig. 3.1A).  

Next up, we crossed both msl2 loss-of-function lines into kea1 single mutants. 

Surprisingly, in both independent kea1xmsl2 crosses, the F2 pool gave rise to individuals with a 

unique phenotype. We identified homozygous kea1msl2 double mutants (Fig. 3.1C-D, Suppl. 

Fig. S3.2). When grown on soil, these individuals were much smaller than either kea1 or msl2 

single mutants with wrinkled, patchy yellow leaves (Fig. 3.2A). The discoloration of kea1msl2 

leaves was accompanied by a reduction in the maximum quantum efficiency of PS II, Fv/Fm. 

This phenotype became particularly visible in Fv/Fm false-color images from PAM 

measurements in the edges of leaves of older tissue. Overall, Fv/Fm of both independent 

kea1msl2 mutants was significantly compared to kea1 or msl2 loss-of-function single mutants. 

This indicates that KEA1 and MSL2 proteins functionally interact, maintaining chloroplast 

plasticity and photosynthetic performance.  

In contrast to previous assumptions that KEA1/2 and MSL2/3 function redundantly 

(Haswell and Meyerowitz, 2006; Kunz et al., 2014), we find that the presence of KEA2 and 

MSL3 cannot compensate for the loss of KEA1 and MSL2, respectively. Indeed, MSL2 was 

shown to interact with itself and MSL3, while MSL3 could not form homomers and strictly 

interacted with MSL2 (Lee et al., 2019). It follows that plastid MSLs are multimeric channels, 

indicating distinct functions of MSL2 and MSL3. Further evidence for non-redundancy between 

MSL2 and MSL3 came from chlorophyll fluorescence studies. Here, Fv/Fm was significantly 

reduced in msl2-3 and msl2-4 compared to the WT, which could explain the chloroplast 

morphology phenotypes observed previously, i.e., misshaped thylakoids and swollen 

chloroplasts resulting in plastid osmotic stress (Wilson et al., 2014).  



104 

In addition to decreased Fv/Fm, kea1msl2 mutants displayed altered non-photochemical 

quenching. Both kea1msl2 mutants displayed prolonged transient NPQ that did not reach WT-

like steady-state levels, even towards the end of our 5-minute measurement (Fig. 3.2C-D). 

Prolonged transient NPQ may indicate decreased activity of the Calvin-Benson-Bassham cycle 

(CBBC). Under ambient light, as is the case in our measurements, the initiation of CO2 fixation 

consumes ATP. This allows for ATP production via the ATP-synthase, which helps in 

diminishing ΔpH and NPQ (Kalituho et al., 2007; Höhner et al., 2021). The inability of kea1msl2 

to reduce NPQ may stem from delayed CBBC activity initiation and CO2 fixation, which could 

contribute to the growth deficits in mutants. Comparing CO2 assimilation of kea1msl2 to WT 

plants would provide much needed insight into the CBBC activity. 

Next up, we wanted to quantify the chlorotic, patchy yellow leaf phenotype. After 

chlorophyll extraction, we identified significantly decreased chlorophyll a, but not chlorophyll b, 

in both kea1-1msl2-4 and kea1-2msl2-3. Surprisingly, chlorophyll a was also significantly 

decreased in msl2-3 and msl2-4 loss-of-function mutants. Even though only kea1msl2 double 

mutants display the chlorotic phenotype, msl2 single mutants seem disturbed in chlorophyll 

content even when KEA1 is present (Fig. 3.3A-B). Extended investigations using high-

performance liquid chromatography (HPLC) might give insight into the profiles of xanthophylls 

and b-carotenes, which are altered in kea1kea2 (Aranda-Sicilia et al., 2016). 

The chlorotic, virescent phenotype of kea1kea2 double mutants correlates with an 

increased K+ content possibly originating from disturbed plastid osmoregulation (Kunz et al., 

2014; Höhner et al., 2016). Mutants lacking MSL2, on the other hand, trended towards lowered 

K+ content (Table 3.1). In the two msl2 single and kea1msl2 double mutants, we noticed a 

decrease in K+, possibly due to disturbed plastid osmohomeostasis. This ties into the 



105 

photosynthetic deficiencies observed with chlorophyll fluorescence measurements, showcasing 

the importance of the K+ ion in photosynthetic tissue. Unfortunately, the TXRF method cannot 

quantify Na+ content. Further information into the makeup of the mutant's ion profile could come 

from inductively coupled plasma (ICP)-mass spectrometry (MS) studies (Baxter et al., 2007). 

Additionally, measurements of the osmoticum proline, which was significantly increased in 

msl2-3 mutants (Wilson et al., 2014), will be needed to resolve possible osmoregulation 

deficiencies in kea1msl2. 

Finally, we wanted to investigate the effect of external osmolytes on msl2 single and 

kea1msl2 double mutants. In studies employing msl2msl3 mutants, previous research has 

demonstrated that decreasing the osmotic potential of the growth substrate and potentially the 

cytoplasm can ameliorate the enlarged-plastid phenotype by drawing water from plastids (Veley 

et al., 2012; Wilson et al., 2014). This may overcome the need for a molecular valve in the form 

of MSL proteins. A similar recovery is observed in kea1kea2 mutants, which harbor populations 

of enlarged plastids under normal conditions (Aranda-Sicilia et al., 2016). However, when grown 

on media with 75 mM NaCl, plastid size shrinks, and mutants gain chlorophyll and fresh weight 

(Kunz et al., 2014).  

Even though the phenotype of kea1msl2 mutants differs from that of msl2msl3 and 

kea1kea2, we wanted to investigate if the same mechanism can recover photosynthetic 

deficiencies or size. First, we analyzed growth on 1/2 MS media and found that msl2 mutants had 

stronger growth deficits than observed from soil growth (Fig. 3.4A). Still, Fv/Fm was similarly 

disturbed in msl2 single mutants and kea1msl2 double mutants. The addition of 75 mM NaCl 

(Fig. 3.4B) or 75 mM KCl (Fig. 3.4C) reduced growth in WT and kea1 seedlings while slightly 

increasing growth of kea1msl2. Growth of msl2 mutants was improved in the presence of 
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osmotic support as well, confirming data from Wilson and colleagues (Wilson et al., 2014). More 

importantly, deficits in Fv/Fm of kea1msl2 mutants recovered and reached msl2-like values, 

which still were significantly lower than both WT and kea1. This indicates additional 

developmental problems in msl2 that the addition of osmolytes cannot recover. Intriguingly, 

Fv/Fm values of kea1msl2 mutants did not deviate from any other tested line when grown on Na-

gluconate or K-gluconate. This rescue of photosynthetic efficiency in these mutants implies that 

Cl- ions are not the main ionic player and points towards recovery by either cation, the osmotic 

support, or a combination of both factors. Even so, the growth defects observed in kea1msl2 may 

stem from altered plastid development. Germinating seedlings in the presence of osmolytes 

could give further insight into this phenomenon.  

As mentioned, the involvement of both MSL2/3 and KEA1/2 in plastid development has 

been suggested previously (Wilson et al., 2011; Aranda-Sicilia et al., 2016). The developmental 

defects might have independent origins; MSL2/3 are needed for correct z-ring placement and aid 

in the division of chloroplasts, while KEA1/2 are critical for plastid gene expression and 

chloroplast-to-nucleus signaling, leading to disturbed plastid development and delayed leaf 

greening. Interestingly, the kea1msl2 phenotype differs from the kea1kea2 phenotype, even 

though both display disturbed plastid osmoregulation. This could be explained by the presence of 

KEA2 being sufficient for partially functional chloroplast gene expression.  

It is intriguing why kea1kea2 mutants are disturbed in plastid osmohomeostasis even with 

MSL2 and MSL3 intact. Therefore, it is plausible that MSL2 could support KEA1 function, and 

vice versa, under control conditions. On media with osmotic support, the osmotic valve MSL2 is 

no longer needed, yet defects in plastid division might persist. If both proteins are absent, KEA2 

and MSL3 can only partially cover for KEA1 and MSL2, respectively, resulting in the kea1msl2 
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phenotypic abnormalities. Likewise, in msl2msl3 mutants, disturbed osmoregulation could also 

lead to the malfunction of KEA1/2, impacting K+/H+ transport or RNA-binding capabilities. 

Our studies add new insight into plastid osmoregulation and ion homeostasis. We show 

that the absence of KEA1 in an msl2 mutant background impairs photosynthetic performance, 

even when supposedly redundant proteins KEA2 and MSL3 are present. The partial 

photosynthetic recovery of kea1msl2 mutants on salt-supplemented media points toward 

disturbed osmoregulation under normal conditions associated with a disturbed leaf ionome. Our 

experiments indicate a concerted functional interaction of KEA1 and MSL2 in maintaining 

plastid osmoregulation and development. 

3.5 Materials and Methods 

Plant growth conditions 

For plant growth, seeds were sown directly onto soil. The pots were stratified in a humid 

environment at 4°C in the dark for 3d. Then, pots were placed directly into growth chambers and 

grown at 150 μmol photons m-2 s-1 in a 12 h light/12 h darkness regime. After 7 d, seedlings were 

separated into individual pots. 28-d-old plants were used for characterization unless otherwise 

indicated. 

gDNA extraction and genotyping 

Isolation of gDNA was performed by grinding leaf material in extraction buffer (200 mM 

Tris pH 7.5, 250 mM NaCl, 25 mM EDTA, and 0.5% SDS (w/v). If not indicated otherwise, all 

consumables were ordered from Roth, Carl Roth, Karlsruhe, Germany). In order to remove cell 

debris, the suspension was centrifuged for 5 minutes (min) at 15000g. Next, DNA was pelleted 

by rigorous mixing of the supernatant with isopropanol followed by centrifugation at 20000g for 

10 minutes (min). The pellet was washed with 70% (v/v) EtOH and pelleted again by 
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centrifugation. Then, the supernatant was discarded, and the pellet was dried at RT for 30 min. 

DNA was rehydrated in H2O and used for polymerase chain reactions (PCR). Primers used in 

genotyping reactions are listed in Suppl. Table S3.1. PCR products were generated using primer 

combinations from Suppl. Table S3.2. 

Chlorophyll fluorescence measurements 

Chlorophyll fluorescence was determined with pulse amplitude modulation (PAM) 

fluorometry using a WALZ IMAG K7 MAXI (WALZ, Walz, Effeltrich, Germany). After dark-

adaption of at least 20 min, plants were placed onto the imaging platform, and the built-in 

induction curve program was run with a photosynthetically active radiation intensity of 185 μmol 

photons m-2 s-1. Maximum quantum efficiency of photosystem II Fv/Fm was calculated at the start 

of each measurement. 

Immunoblotting 

9 mm diameter leaf stamps were ground in 100 µl protein extraction buffer (200 mM 

dithiothreitol (DTT, added fresh), 100 mM Tris/HCl pH 8.5, 2% (w/v) sodium dodecyl sulfate 

(SDS) with plant protease inhibitor (PPI, self-made)) and centrifuged for 10 min at 4°C and 15000 

g. Then, the supernatant was mixed with 6x SDS loading dye and heated at 80°C for 8 min. Protein 

extracts were adjusted to total protein and loaded alongside prestained protein ladder (Thermo 

Scientific, Waltham, USA) on a 10 % SDS gel in SDS running buffer (25 mM Tris, 384 mM 

glycine, 0.1 % (w/v) SDS) in a Bio-Rad Mini-PROTEAN system (Bio-Rad, Hercules, USA). 120 

V was applied until the samples reached the separating gel, after which 150 V was applied until 

the loading dye front ran off the gel. Proteins were transferred in a wet-blot system (BioRad) onto 

a PVDF membrane (0.45 µm pore size) for 1 h at 100 V. After transfer, the membrane was blocked 

in blocking buffer containing tris-buffered saline (50 mM Tris pH 7.6, 150 mM NaCl with 0.05% 

tween (TBS-T)) and 5% skim milk for 1 h at room temperature (RT). Then, the membrane was 

https://www.google.com/search?newwindow=1&rlz=1C1GCEA_enDE957DE957&sxsrf=AOaemvJNvAsLDOGUWys7lm4c5gVVc_Puow:1633035297940&q=Hercules,+California&stick=H4sIAAAAAAAAAOPgE-LSz9U3MC4wzDVPUeIAsQsrCwu1tLKTrfTzi9IT8zKrEksy8_NQOFYZqYkphaWJRSWpRcWLWEU8UouSS3NSi3UUnBNzMtPyi_IyE3ewMgIAvXOlk14AAAA&sa=X&ved=2ahUKEwid99rGyqfzAhXqhf0HHVmFBbgQmxMoAXoECEwQAw
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gently shaken overnight at 4°C in α-KEA1(2) (Bolter et al., 2020) diluted 1:1.000 in blocking 

buffer. The next day, the membrane was washed three times for 10 min in TBS-T, followed by 

incubation in secondary antibody (goat-anti-rabbit, Proteintech Cat# SA00001-2, Proteintech, 

Rosemont, USA)) diluted 1:10.000 in blocking buffer at RT for 1 h. Membranes were washed 

three times for 10 minutes and then incubated for up to 5 min in Bio-Rad clarity ECL substrates 

(Cat#1705060). Signal was detected using an ImageQuant LAS 4000 (GE Healthcare, Chalfont St 

Giles, UK) with the precision setting and automatic exposure. 

Chlorophyll extraction and determination 

For chlorophyll determination, tissue was ground in liquid N2 and extracted using 80% 

(v/v) acetone. Samples were kept at -20°C in the dark overnight, interrupted by multiple rounds 

of rigorous vortexing. Then, tubes were spun down for 15 min at 20000g and 4°C, and 

absorption of the supernatant was measured on a spectrophotometer (Thermo Scientific 

GENESYS UV-Vis, Thermo Fisher). Chlorophyll amounts were calculated according to (Porra 

et al., 1989). 

Leaf ion determination 

Leaf ion levels were determined according to (Höhner et al., 2016). In short, 28-d-old 

rosettes were harvested and dried out completely. The tissue was ground using a zirconium 

mortar and pestle to avoid contamination (Stanford Advanced Materials, Lake Forest, USA). 5-

10 mg were weighed and completely digested with ultra-pure 70% (v/v) HNO3 (Merck, 

Darmstadt, Germany). Samples were diluted 10-fold with deionized water and mixed with 

internal standards Scandium and Gallium to a final concentration of 50 parts per million (ppm) 

and 1 ppm, respectively. Then, samples were spotted on silicone-coated blanked quartz carriers 

and dried. Carriers were measured in a Bruker S4 T-STAR TXRF spectrometer (Bruker, 

Billerica, United States). 
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Sterile growth of seedlings on saline media 

For complementation assays with salts, seeds were surface-sterilized with two rounds of 

70% (v/v) ethanol (EtOH), followed by a round of 95% (v/v) EtOH. Seeds were then pipetted 

onto autoclaved paper and dried before sowing onto 1/2-strength Murashige & Skoog (1/2 MS, 

(Murashige and Skoog, 1962) and 0.5 g/L 2-(N-morpholino) ethanesulfonic acid (MES) pH5.7) 

media containing 0.8% Phyto agar (Duchefa, Haarlem, Netherlands). Plates were stratified for 3 

d at 4°C wrapped in tinfoil. Then, plates were placed upright into a plate growth chamber and 

grown at 150 μmol photons m-2 s-1 in a 16 h/8 h light regime. After 7 d, seedlings were carefully 

transferred onto effector plates under sterile conditions. Effector plates were prepared like 

regular 1/2 MS plates, except salts were added before autoclaving. The pH of the media was 

controlled again after the addition of salts. 

Accession numbers 

The WT used was Col-0 (CS70000, ordered from the Arabidopsis Biological Resource 

Center (ABRC)). Other lines used were msl2-3 (CS69611, kind gift of E. Haswell, Washington 

University in St. Louis), msl2-4 (SALK_058329), kea1-1 (CS875131), kea1-2 (CS842660). loss-

of-function Double mutants kea1-1msl2-4 and kea1-2msl2-3 were created in this work. 
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3.6 Supplemental Material 

Supplemental Tables 

Supplemental Table S3.1 List of oligonucleotides used in this study. Binding sites of bolded primers are shown 

in Fig. 3.1. 

 

Supplemental Table S3.2 Accessions and oligonucleotide combinations used in genotyping PCRs in this study. 

Line name: Stock nr.: WT PCR 

primers 

WT product 

size 

KO PCR 

primers 

~KO product 

size 

kea1-1 SAIL_586_D02 HK46/HK32 1290 HK46/HK10 400 

kea1-2 SAIL_1156_H07 HK46/HK32 1290 HK10/HK32 200 

msl2-3 GK-195D11 HK354/HK355 1094 HK69/HK355 600 

msl2-4 SALK_058329 HK649/HK355 1656 HK366/HK355 1300 

 

  

Oligonucleotide Name Sequence Used in 

HK46 kea1 s1 ccctcaaactcctacaatttctatg Genotyping 

HK32 kea1 as5  gcaattattgcagtaatagccactgc Genotyping 

HK649 msl2 fwd 1 ggtttcgtctggttttcatgagg Genotyping 

HK354 msl2(a) fwd + BamHI ggatccaaaatggccctttatggtacattgc Genotyping 

HK355 msl2(d)  aacatggtacgtaccactcttcttcc Genotyping 

HK10 Sail LB3  tagcatctgaatttcataaccaatctcgatacac Genotyping Sail lines 

HK366 Salk LBb1.3  attttgccgatttcggaac Genotyping Salk line 

HK69 GABI-LB cccatttggacgtgaatgt Genotyping msl2-3  
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Supplemental Figures  

 

 

 

 

  

Supplemental Figure S3.1 Tissue-dependent expression profiles of plastid localized members of KEA and 

MSL families. Shown are AtKEA1 (At1g01790, green), AtKEA2 (At4g00630, red), AtMSL2 (At5g10490, light 

brown), and AtMSL3 (At1g58200, black. Data were taken from (Zhang et al., 2020). Ticks represent individual 

RNA-seq experiments.  
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Supplemental Figure S3.2. Immunoblot confirming the absence of KEA1 in kea1 single and kea1msl2 loss-of-

function double mutants. Total protein of leaf tissue was extracted, ran on an SDS-PAGE, and transferred to a 

PVDF membrane. The membrane was then blocked and probed with the α-KEA1(2) antibody (Bolter et al., 2020). 

Commassie brilliant blue (CBB) stained SDS-PAGE is presented as loading control. A representative result of three 

independent experiments is shown. 
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Supplemental Figure S3.3. Recovery of the photosynthetic efficiency of kea1msl2 loss-of-function double 

mutants does not require Cl-. 7-d-old seedlings were transferred to control plates (A, from Fig 3.4D) or plates 

supplemented with 75 mM Na-gluconate (B) or 75 mM K-Gluconate (C). Values are presented as mean ± SEM, 

n=9. Different letters indicate different levels of significance (p<0.05) as determined by ANOVA and Tukey's 

multiple comparisons test. No significance (ns.) between the genotypes was determined in Na-Gluconate or K-

Gluconate treatments. Experiment was repeated three times with similar results. 



115 

3.7 References 

Aranda-Sicilia MN, Aboukila A, Armbruster U, Cagnac O, Schumann T, Kunz HH, Jahns 

P, Rodriguez-Rosales MP, Sze H, Venema K (2016) Envelope K+/H+ Antiporters 

AtKEA1 and AtKEA2 Function in Plastid Development. Plant Physiol 172: 441-449 

Baxter I, Ouzzani M, Orcun S, Kennedy B, Jandhyala SS, Salt DE (2007) Purdue Ionomics 

Information Management System. An integrated functional genomics platform. Plant 

Physiology 143: 600-611 

Bolter B, Mitterreiter MJ, Schwenkert S, Finkemeier I, Kunz HH (2020) The topology of 

plastid inner envelope potassium cation efflux antiporter KEA1 provides new insights into 

its regulatory features. Photosynth Res 145: 43-54 

Booth IR, Louis P (1999) Managing hypoosmotic stress: aquaporins and mechanosensitive 

channels in Escherichia coli. Curr Opin Microbiol 2: 166-169 

Boyer JS (1982) Plant productivity and environment. Science 218: 443-448 

Codjoe JM, Miller K, Haswell ES (2021) Plant Cell Mechanobiology: Greater Than the Sum of 

Its Parts. Plant Cell  

Cushman JC (2001) Osmoregulation in plants: Implications for agriculture. American Zoologist 

41: 758-769 

DeTar RA, Barahimipour R, Manavski N, Schwenkert S, Höhner R, Bölter B, Inaba T, 

Meurer J, Zoschke R, Kunz H-H (2021) Loss of inner-envelope K+/H+ exchangers 

impairs plastid rRNA maturation and gene expression. The Plant Cell  

Frank J, Happeck R, Meier B, Hoang MTT, Stribny J, Hause G, Ding H, Morsomme P, 

Baginsky S, Peiter E (2019) Chloroplast-localized BICAT proteins shape stromal calcium 

signals and are required for efficient photosynthesis. New Phytol 221: 866-880 

Hamilton ES, Schlegel AM, Haswell ES (2015) United in diversity: mechanosensitive ion 

channels in plants. Annu Rev Plant Biol 66: 113-137 

Haswell ES, Meyerowitz EM (2006) MscS-like proteins control plastid size and shape in 

Arabidopsis thaliana. Curr Biol 16: 1-11 

Höhner R, Day PM, Zimmermann SE, Lopez LS, Krämer M, Giavalisco P, Correa Galvis 

V, Armbruster U, Schöttler MA, Jahns P, Krueger S, Kunz H-H (2021) Stromal 

NADH supplied by PHOSPHOGLYCERATE DEHYDROGENASE3 is crucial for 

photosynthetic performance. Plant Physiology  

Höhner R, Tabatabaei S, Kunz H-H, Fittschen U (2016) A rapid total reflection X-ray 

fluorescence protocol for micro analyses of ion profiles in Arabidopsis thaliana. 

Spectrochimica Acta Part B: Atomic Spectroscopy 125: 159-167 

Jensen GS, Haswell ES (2012) Functional analysis of conserved motifs in the mechanosensitive 

channel homolog MscS-Like2 from Arabidopsis thaliana. PLoS One 7: e40336 

Kalituho L, Beran KC, Jahns P (2007) The transiently generated nonphotochemical quenching 

of excitation energy in Arabidopsis leaves is modulated by zeaxanthin. Plant Physiol 143: 

1861-1870 

Klughammer C, Schreiber U (2008) Complementary PS II quantum yields calculated from 

simple fluorescence parameters measured by PAM fluorometry and the Saturation Pulse 

method. PAM application notes 1: 201-247 



116 

Kunz HH, Gierth M, Herdean A, Satoh-Cruz M, Kramer DM, Spetea C, Schroeder JI (2014) 

Plastidial transporters KEA1, -2, and -3 are essential for chloroplast osmoregulation, 

integrity, and pH regulation in Arabidopsis. Proc Natl Acad Sci U S A 111: 7480-7485 

Lee JS, Wilson ME, Richardson RA, Haswell ES (2019) Genetic and physical interactions 

between the organellar mechanosensitive ion channel homologs MSL1, MSL2, and MSL3 

reveal a role for inter-organellar communication in plant development. Plant Direct 3: 

e00124 

Levina N, Totemeyer S, Stokes NR, Louis P, Jones MA, Booth IR (1999) Protection of 

Escherichia coli cells against extreme turgor by activation of MscS and MscL 

mechanosensitive channels: identification of genes required for MscS activity. EMBO J 

18: 1730-1737 

Lopez-Juez E, Pyke KA (2005) Plastids unleashed: their development and their integration in 

plant development. International Journal of Developmental Biology 49: 557-577 

Maksaev G, Haswell ES (2012) MscS-Like10 is a stretch-activated ion channel from Arabidopsis 

thaliana with a preference for anions. Proc Natl Acad Sci U S A 109: 19015-19020 

Murashige T, Skoog F (1962) A Revised Medium for Rapid Growth and Bio Assays with 

Tobacco Tissue Cultures. Physiologia Plantarum 15: 473-497 

Porra RJ, Thompson WA, Kriedemann PE (1989) Determination of accurate extinction 

coefficients and simultaneous equations for assaying chlorophylls a and b extracted with 

four different solvents: verification of the concentration of chlorophyll standards by atomic 

absorption spectroscopy. Biochimica et Biophysica Acta (BBA) - Bioenergetics 975: 384-

394 

Szabo I, Spetea C (2017) Impact of the ion transportome of chloroplasts on the optimization of 

photosynthesis. J Exp Bot 68: 3115-3128 

Veley KM, Marshburn S, Clure CE, Haswell ES (2012) Mechanosensitive channels protect 

plastids from hypoosmotic stress during normal plant growth. Curr Biol 22: 408-413 

Verslues PE, Sharma S (2010) Proline metabolism and its implications for plant-environment 

interaction. Arabidopsis Book 8: e0140 

Wilson ME, Basu MR, Bhaskara GB, Verslues PE, Haswell ES (2014) Plastid osmotic stress 

activates cellular stress responses in Arabidopsis. Plant Physiol 165: 119-128 

Wilson ME, Jensen GS, Haswell ES (2011) Two mechanosensitive channel homologs influence 

division ring placement in Arabidopsis chloroplasts. Plant Cell 23: 2939-2949 

Yancey PH (2005) Organic osmolytes as compatible, metabolic and counteracting cytoprotectants 

in high osmolarity and other stresses. Journal of Experimental Biology 208: 2819-2830 

Zhang H, Zhang F, Yu Y, Feng L, Jia J, Liu B, Li B, Guo H, Zhai J (2020) A Comprehensive 

Online Database for Exploring approximately 20,000 Public Arabidopsis RNA-Seq 

Libraries. Mol Plant 13: 1231-1233 

Zhang YX, Daday C, Gu RX, Cox CD, Martinac B, de Groot BL, Walz T (2021) Visualization 

of the mechanosensitive ion channel MscS under membrane tension. Nature 590: 509-514 

 

 

 



117 

CHAPTER FOUR: THE ION TRANSPORT PROTEIN NHD1 IS CRITICAL FOR PLANT 

ACCLIMATION TO FLUCTUATING LIGHT 

This chapter was formatted in a style suitable for submission in Plant Physiology with co-

authors Dunia Velazquez, Bettina Bölter, Ute Armbruster, David M Kramer, and Hans-

Henning. 

4.1 Abstract 

Under natural light, plants need to precisely adjust photosynthetic energy absorption and 

dissipation mechanisms to maximize growth. In Arabidopsis thaliana, several ion transport 

proteins embedded in the thylakoid membrane aid in such a function. VCCN1 and CLCe, for 

example, are responsible for thylakoid Cl- uptake in the light to balance the positively charged 

lumen. Simultaneously, H+-export is realized in exchange with K+ ions by the carrier KEA3. 

Altogether, transporters are crucial for efficient photosynthesis under fluctuating light (FL). 

Additional mechanisms of K+-transport in the thylakoid membrane are expected. Here, we 

present evidence for the localization of AtNHD1 in thylakoid membranes using fluorescence 

microscopy and immunoblotting studies. NHD1, as a member of the NHaD family, had been 

linked to K+(Na+):H+ antiport previously. We show that heterologously expressed NHD1 is 

capable of complementing K+-defective Escherichia coli mutants. Therefore, K+-transport via 

NHD1 might be linked to proton motive force (pmf) regulation in dynamic light. Indeed, nhd1 

loss-of-function mutants show severe growth deficits when exposed to FL. Chlorophyll 

fluorescence measurements reveal progressing photosystem II (PS II) damage and decreased 

transient non-photochemical quenching (NPQ) after continued exposure. Complementary 

experiments in a dynamic environmental photosynthetic imaging (DEPI) chamber show 

additional NPQ phenotypes in nhd1 mutants. After the shift to FL, seedlings display increased 
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NPQ component qE but interestingly reduced photoinhibition component qI. This study settles 

the previous localization uncertainty of NHD1 and thereby adds another ion transport protein to 

the thylakoid ion transportome capable of modifying the pmf and impacting energy conversion. 

4.2 Introduction 

On the largest scale imaginable, plants in temperate climates seem to only adapt 

throughout the different seasons. Spring annuals, for example, need to germinate, grow, and 

flower over the course of the warmer months (Preston and Sandve, 2013). On the other hand, 

deciduous trees shed their leaves over the fall and winter months and grow new ones the 

following spring (Taiz et al., 2015). While these changes appear over months, much faster 

adaptations take place inside of the photosynthetic apparatus. This is because the quality and 

quantity of light used to drive the electron transport chain (ETC) can change drastically within 

fractions of seconds (Mullineaux et al., 1994). Reasons for such a change can be cloud 

movement in front of the sun, shading of the canopy, or movement of leaves in the wind. Under 

these dynamic light conditions, irradiance can change up to 100-fold, creating so-called 

sunflecks (Pearcy, 1990; Reinhardt et al., 2010). Such is the reality for most outdoor plants. 

Therefore, understanding the plants' molecular adjustment mechanisms is highly important to 

maximize crop yield (Kaiser et al., 2018). 

On one side, plants will try to use every photon available to drive photosynthetic electron 

transport (PET) (Demmig-Adams et al., 2012). On the other side, a surplus in excitation will 

result in reactive oxygen species (ROS) formation. Accordingly, plants need to precisely fine-

tune responses to fluctuating light (FL) conditions to minimize photodamage, i.e., damage in 

their photosynthetic apparatus. Under high-light stress, accumulation of ROS can lead to 

oxidative photodamage and, eventually, photoinhibition (Demmig-Adams et al., 2012). Indeed, 
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plants have evolved mechanisms to adapt to challenging conditions and maintain ideal 

performance. 

A prevalent short-term mechanism for the dissipation of excess energy is called non-

photochemical quenching (NPQ). The primary and fastest component of NPQ is feedback-

deexcitation, also called high-energy state quenching qE (Muller et al., 2001; Li et al., 2002), 

activated by a high concentration of H+ in the lumen. Besides a low lumenal pH, qE requires the 

action of VIOLAXANTHIN DE-EPOXIDASE (VDE) and involves protonation of photosystem 

II (PS II) subunit S (PsbS) (Pascal et al., 2005). VDE realizes the conversion of violaxanthin to 

zeaxanthin in the xanthophyll cycle, which acts as an alternative acceptor site for excitons. 

Protonation of PsbS induces conformational changes in LHCII, leading to increased rates of 

quenching and dissipation as heat (Gjindali et al., 2021). These quenching mechanisms take 

place on a timescale of seconds to minutes. Meanwhile, NPQ relaxation can take much longer 

and has been identified as a potentially critical target in optimizing photosynthesis (Zhu et al., 

2004). After a switch from high to low light, the sluggish qE turnoff kinetics lower 

photosynthetic efficiency. Indeed, biotechnological approaches to improve NPQ kinetics showed 

promising results towards boosting crop yield in the field (Kromdijk et al., 2016). 

An exciting target for protein modifications that result in enhanced photosynthetic 

efficiency are ion transport proteins. For example, the thylakoid-localized K+-EFFLUX 

ANTIPORTER3 (KEA3) was implicated in NPQ relaxation (Armbruster et al., 2014). Ion 

transporters and channels can modulate the proton motive force (pmf), which drives ATP 

synthesis at the ATP synthase (Armbruster et al., 2017). pmf consists primarily of a ΔpH 

component and the electric field component ΔΨ (Mitchell, 1966), generated over the thylakoid 

membrane. KEA3 is responsible for the electroneutral export of H+, which provides a H+ valve 



120 

lowering ΔpH to allow for faster NPQ relaxation (Armbruster et al., 2014). The simultaneous 

import of K+ into the lumen supports pmf and ATP synthesis, which can also be driven by ΔΨ 

(Cruz et al., 2001). Loss-of-function kea3 plants display slight growth deficits when grown under 

fluctuating light conditions, showcasing the importance of this mechanism on plant health 

(Armbruster et al., 2016).  

In addition, thylakoid cation and anion channels have been implicated in charge 

balancing for the light-driven H+ transport into the lumen (Schonknecht et al., 1988; Tester and 

Blatt, 1989). Several gene candidates have been investigated in this context in the last years. 

Arabidopsis mutants overexpressing the thylakoid-localized VOLTAGE-DEPENDENT 

CHLORIDE CHANNEL1 (VCCN1) display altered pmf partitioning, supposedly due to 

dissipation of ΔΨ (Herdean et al., 2016). The authors argued that the increased influx of Cl- 

anions into the lumen was involved in this process. Accordingly, vccn1 loss-of-function mutants 

displayed a lower NPQ after transfer to high light, consistent with a smaller ΔpH portion of the 

pmf (Herdean et al., 2016). In addition, the Cl- CHANNEL/TRANSPORTER (CLCe) may work 

in maintaining Cl- homeostasis and re-establishing ΔpH after a shift to high light (Herdean et al., 

2016; Dukic et al., 2019). However, the overall contribution of CLCe seems to be minor or not 

well understood (Li et al., 2021). 

In addition to the VCCN1-mediated uptake of Cl- anions, a countermovement of K+ 

cations from the lumen can likewise balance H+ uptake into the lumen and similarly fine-tune 

photosynthesis (Pottosin and Shabala, 2016). Indeed, K+-movement across the thylakoid 

membrane has been measured independently in the past (Hind et al., 1974; Tester and Blatt, 

1989). The TWO-PORE-DOMAIN K+ CHANNEL3 (TPK3) was suggested to fulfill the long-

sought K+-conductance (Carraretto et al., 2013). In immunoblotting and fluorescence microscopy 
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studies, TPK3 was found to localize to the thylakoid membrane. Additionally, photosynthetic 

measurements obtained from RNAi knock-down lines indicated a higher ΔΨ fraction and 

lowered NPQ (Carraretto et al., 2013), reminiscent of vccn1 loss-of-function mutants. However, 

extensive localization studies using immunoblotting, fluorescence microscopy, and chloroplast 

import studies performed in our group and others could not confirm TPK3 localization to 

chloroplast or thylakoids (Höhner et al., 2019). Furthermore, loss of function tpk3 T-DNA 

insertion lines did not replicate findings from the previously analyzed TPK3RNAi line 

concerning the impact of TPK3 on photosynthesis (Höhner et al., 2019). In summary, our results 

agree with a previously reported localization of TPK3 in vacuoles (Voelker et al., 2006) which 

was further confirmed by two other studies (Jaslan et al., 2019; Tang et al., 2020). It follows that 

the molecular identity of the thylakoid-localized K+-transport protein remains unknown. 

To reveal a candidate K+-transport protein in thylakoid membranes, we pursued in-depth 

studies on the previously published inner envelope Na+/H+ carrier. We found evidence for a 

thylakoid localization of AtNHD1, a member of the NHaD family. Like other carrier proteins of 

this family, NHD1 complemented K+-defective Escherichia coli mutants. Additionally, we were 

able to confirm the presence of NHD1 in thylakoids of different organisms employing different 

microscopy and biochemical approaches. Moreover, loss-of-function nhd1 mutants display a 

severe growth deficit and progressing PS II damage when grown under fluctuating light 

conditions. Interestingly, the additional loss of KEA3 did not seem to impact plant performance 

in the nhd1 background indicating a possible overlap in function between the two thylakoid-

localized K+-transporters or very distinct protein regulation. This functional overlap needs to be 

dissected in the future. 
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4.3 Results 

NHD1 is K+-permeable in a heterologous system. 

Highly similar proteins compared to NHD1 are present in Physcomitrella patens, 

PpNHAD1, and PpNHAD2, with 84.5% and 85% protein similarity, respectively. Members of 

the NHaD family are permeable to both Na+ and K+ (Barrero-Gil et al., 2007; Ruiz-Lau et al., 

2017). Truncated versions of the PpNHAD1/2 proteins lacking the putative chloroplast transit 

peptide complemented Na+- and K+-transport defective E. coli mutants EP432 (melBLid, nhaA1, 

nhaB1, lacZY, thr1 (Pinner et al., 1993)) and TKW4205 (thi rha lacZ nagA recA Sr::Tn10 

kdpABC5 trkA405 Kup1 (Schleyer and Bakker, 1993)), respectively. Furthermore, K+-substrate 

specificity was predominant at a low pH, pointing towards some form of proton dependency in 

this system (Ruiz-Lau et al., 2017). 

In order to study the possible substrates of NHD1, we performed rescue assays on the K+-

defective E. coli strain LB2003 (F-, thi, lacz, gal, rha, ∆kdpFABC5, trkD1, ∆trkA, (Schlosser et 

al., 1995)). The same mutant strain was successfully employed recently to confirm K+-transport 

activities for all six Arabidopsis members of the KEA carrier family (Tsujii et al., 2019). 

Consequently, we included the thylakoid localized KEA3 carrier as a positive control, which we 

cloned side by side using Gibson assembly (Gibson et al., 2009). Since uncontrolled expression 

of ion transport proteins can be toxic to bacterial cells (Wilson and Haswell, 2012), we employed 

pBAD expression vectors that allow for tight expression induction by feeding the sugar 

arabinose. At the same time, glucose can repress the expression (Guzman et al., 1995).  
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As shown in the past, E. coli mutant strain LB2003 displayed growth deficiencies on 

minimal medium without supplemented K+ transformed with empty vector only (Fig 4.1A). 

Confirming results from Tsujii et al., 2019, KEA3 cDNA-transformed cells showed robust 

growth recovery on low K+. Intriguingly, the NHD1 cDNA construct-transformed cells grew 

well without K+ addition, similar to the KEA3 control (Fig. 4.1A). At the same time, the growth 

of empty vector-transformed strain was indistinguishable from KEA3 and NHD1 on plates 

supplemented with 30 mM KCl (Fig. 4.1B). Additionally, we were able to confirm plate growth 

with overnight growth curves in a liquid system. Here, the recovery of NHD1-transformed cells 

was more robust than that of KEA3, and cells reached the exponential phase faster than the 

KEA3 transformed strain (Suppl. Fig. S4.1). In conclusion, the growth recovery phenotypes 

indicate that AtNHD1 also possesses K+-permeability, as found for KEA3.  

Localization of AtNHD1 to thylakoid membranes in N. benthamiana and A. thaliana 

Next up, we revisited the suborganellar localization for AtNHD1. Previous publications 

claiming a chloroplast envelope membrane localization relied only on microscopy approaches 

(Cosentino et al., 2010; Muller et al., 2014) Interestingly, proteomics studies from The Plant 

Figure 4.1 Complementation of the K+-transport defective E. coli mutant LB2003 with AtNHD1 cDNA. 

LB2003 strains transformed with either the empty pBAD vector, or AtNHD1 or AtKEA3 cDNA were washed, and 

adjusted to an OD600 of 0.125. 5 ul of each strain were streaked onto selective plates. A) Agar plates with minimal 

medium containing 0.2% arabinose without supplemented KCl. B) Same plate recipe but supplemented with 30 mM 

KCl. Pictures were taken after 24h at 37°C.  



124 

Proteome Database (PPDB, Cornell, (Sun et al., 2009)), in addition to a study analyzing 

thylakoid sub-compartment fractions, indicated NHD1 could also or exclusively be present in the 

thylakoid membrane (Tomizioli et al., 2014). To follow up on the proteomics studies, we chose 

different approaches: First, we generated stable overexpressor (ox) lines of NHD1-YFP (yellow 

fluorescent protein) constructs to study the localization of NHD1 in A. thaliana. Since wild-type 

(WT) transformations failed, we transformed flowers of rdr6-11 mutants to enhance transgene 

expression of our construct. Loss-of-function mutants of RNA-DEPENDENT POLYMERASE6 

(RDR6) are deficient in post-transcriptional RNA silencing (Peragine et al., 2004) and have been 

employed successfully in the past (Liu et al., 2020). Additionally, we investigated the 

localization through transiently expressing NHD1-YFP constructs in Nicotiana benthamiana 

leaves. Due to the complexity of studying suborganellar localization using confocal laser 

scanning microscopy (CLSM) images, we employed a variety of established chloroplast 

membrane controls in co-injections:  

 

 

Figure 4.2 Protoplasts of rdr6 loss-of-function and stable rdr6+NHD1-YFP ox lines. Protoplasts of rdr6 loss-

of-function mutants rdr6+NHD1-YFP overexpressor were isolated and imaged with confocal microscopy at 100x 

magnification. Chl a = Chlorophyll a autofluorescence, BF= bright field. Scale bars are 5 µm. 
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TRANSLOCON AT THE INNER ENVELOPE MEMBRANE OF CHLOROPLASTS40 

(TIC40)-RFP (red fluorescent protein) fusions in the inner chloroplast envelope membrane (Stahl 

et al., 1999), and CALCIUM SENSING RECEPTOR (CAS)-RFP fusions (Vainonen et al., 2008; 

Weinl et al., 2008), as well as chlorophyll (Chl) a autofluorescence as thylakoid controls. In 

order to minimize background signal, we isolated protoplasts of infiltrated leaves and subjected 

the protoplasts to in-depth CLSM studies.  

In the A. thaliana rdr6 background, as expected, no unspecific YFP signal or background 

noise could be detected. However, in stably transformed rdr6+NHD1-YFP overexpressors, YFP 

signal was easily detectable. Furthermore, merged images show the overlap between Chl a 

fluorescence and YFP, indicating co-localization of the two signals (Fig. 4.2). Confirming our 

initial results, we made similar observations in isolated protoplasts of transiently transformed N. 

benthamiana leaves. Here, co-injected controls TIC40-RFP and CAS-RFP provided further 

insights into the localization of NHD1. While protoplasts from uninfiltrated tissue did not give 

an unspecific signal in the RFP or YFP channels, NHD1-YFP localized to spots colocalizing 

with Chl a signal (Suppl. Fig. S4.2A). In addition, TIC40-RFP formed round signals around Chl 

a fluorescence, indicative of localization in the chloroplast envelope. In contrast to the TIC40-

RFP signal, NHD1-YFP again localized to locations inside the circular chloroplast boundary 

(Fig. 4.3, Suppl. Fig. S4.2B). CAS-RFP, on the other hand, showed similar, spot-like localization 

overlapping with Chl a fluorescence. Moreover, RFP and YFP signals seem to overlap in a 

merged image, indicating a similar sub-organellar localization (Fig. 4.3). These results suggest 

that NHD1 localizes to the thylakoid membrane. Nevertheless, microscopy studies employing 

protein-fluorophore fusions cannot exclude a dual-localization of proteins. 
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Subfractionation of chloroplasts supports an exclusive localization of NHD1 in thylakoids 

In addition to CSLM studies, we wanted to study the suborganellar localization of 

NHD1-YFP using immunoblotting of transiently transformed tissues. To that end, we isolated 

chloroplasts and subjected these to subfractionation using sucrose gradients (Bolter et al., 2020). 

Subsequently, we employed an α-GFP antibody (Roche, Switzerland) to detect YFP attached to 

NHD1. To probe the purity of the collected membrane fractions, we included controls probing 

against KEA1/2 in the inner envelope and LIGHT-HARVESTING CHLOROPHYLL A/B 

PROTEINS (LHCP) in the thylakoid membrane. As expected and in line with previous 

experiments, the α-KEA1/(2) antibody gave distinct signal only in the envelope fraction (Fig. 

Figure 4.3 Isolated protoplasts of transiently transformed N. benthamiana leaves. Aside from uninfiltrated 

leaves, all other leaves were co-infiltrated with the NHD1-YFP construct. YFP, RFP, and merged channels are 

shown of each image. Scale bars are 5 µm. 
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4.4) (Bolter et al., 2020; Völkner et al., 2021) while probing with the α-LHCP antibody 

confirmed the purity of our thylakoid fractions. Nevertheless, weak LHCP signal was also 

detected in the envelope fraction of both uninfiltrated and infiltrated tissue. The α-GFP antibody 

gave no signal in the uninfiltrated tissue. Interestingly, on top of a band in the fraction for the 

entire chloroplast, we detected a specific signal with the α-GFP antibody in the thylakoid 

membrane, but not in the envelope or stroma fractions (Fig. 4.4).  

In conclusion, our CSLM studies and immunoblotting of chloroplast subfractions 

strongly suggest a thylakoid membrane localization for AtNHD1.  

 

 

Isolation of new nhd1 loss-of-function mutant alleles 

Thus far, previous studies on nhd1 loss-of-function lines have only been realized in one 

T-DNA line thus far: nhd1-1 (SALK008491) (Kunz et al., 2014; Muller et al., 2014). However, a 

follow-up study in our lab found that nhd1-1 carries a 16 kilobase pair (kb) deletion starting in 

the 8th exon of NHD1 (Fig. 4.5A, Lopez et al., in prep.). This deletion spans six reading frames in 

total, including that of chloroplast localized protein PHOSPHOGLYCERATE 

DEHYDROGENASE3 (PGDH3). Recently, PGDH3 was shown to be critical in balancing 

Figure 4.4 Immunoblotting of subfractioned chloroplasts. Chloroplasts of transiently transformed N. 

benthamiana were isolated and subfractioned. Samples for entire chloroplast (Chl), envelope membranes (Env), 

stroma (Str), and thylakoid (Thy) were loaded, adjusted to total protein. Chloroplast lanes were cut off before 

exposure to adjust for differing intensity of signal. 
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chloroplast redox state and maintaining proper photosystem I (PS I) acceptor side oxidation. 

Consequently, pgdh3 loss-of-function mutants are impaired in photosynthetic processes (Höhner 

et al., 2021). Therefore, photosynthetic defects in homozygous nhd1-1 lines reported earlier 

(Muller et al., 2014) cannot be solely accredited to loss-of-function of NHD1 but a cumulative 

loss of five genes on chromosome 3, most importantly PGDH3. Thankfully, efforts at the Max-

Planck Institute in Cologne made an independent nhd1 loss-of-function line available to us 

(kindly donated by Imre E. Somssich). Subsequent allele-designated genotyping and 

backcrossing in our lab confirmed an insertion in exon four (Fig. 4.5A-B) that segregated like a 

recessive mutation. Under normal medium-day (12 h light/12 h darkness) conditions, the 

homozygous nhd1-MPI individuals were indistinguishable from WT plants (Fig. 4.5C). 

Next up, we were interested in studying the possible functional link between NHD1 and 

KEA3 as our results indicate that both are transport proteins localized to the thylakoid membrane 

and may function in K+-transport. kea3 loss-of-function mutants have been extensively studied 

due to their well-characterized response to fluctuating light (Armbruster et al., 2014; Kunz et al., 

2014; Armbruster et al., 2016; Correa Galvis et al., 2020; Uflewski et al., 2021). Due to the lack 

of lumenal proton export in kea3, mutants show prolonged transient NPQ and delayed NPQ 

deactivation after light exposure. Therefore, we crossed nhd1-MPI with kea3-1 mutants and 

isolated homozygous F2 individuals for propagation. Genotyping confirmed the loss of nhd1 and 

kea3 in loss-of-function single and double mutants (Fig. 4.5A). Under control conditions, 

mutants did not display a visible phenotype, appearing WT-like in size and maximum efficiency 

of PS II (Fv/Fm) values (Fig. 4.5C). The elevated transient NPQ phenotype of KEA3 loss was 

visible in both kea3 and kea3nhd1-MPI mutants (Fig. 4.5D).  
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NHD1 is required for photoacclimation to fluctuating light conditions 

In order to study fluctuating light responses in nhd1 mutants, we built a commercially 

available 2000 W LED panel into a Percival growth chamber. Plants were grown at 50 µmol 

photons m-2 s-1 in a 12 h light/12 h darkness cycle. The LED panel was controlled by an Arduino 

microcontroller which activates every five minutes (min) during the light cycle to illuminate the 

plants with an additional 1000 µmol photons m-2 s-1 for one min (Schneider et al., 2019). Control 

Figure 4.5 Isolation of a novel nhd1 loss-of-function allele reveals no phenotype under control conditions. 

A) Locus information of AtNHD1 (At3g19490). Black boxes represent exons and lines represent introns. Shown 

are left borders of T-DNA insertions used or mentioned in this work. *nhd1-1 is a large deletion line, beginning at 

the indicated T-DNA insertion and shaded box, spanning 16 kb in total. †nhd1-2 is homozygous lethal (Muller et 

al., 2014). B) Genotyping of nhd1-MPI and kea3nhd1-MPI mutants. The indicated pipetting scheme from the 

kea3nhd1-MPI line continues through the entire gel. Thermo Fischer Gene Ruler 1kb ladder was used. Ghost 

bands appear in the double as well as in single mutants, which indicates contamination in the DNA C) nhd1-MPI 

and kea3nhd1-MPI do not display growth penalties or PS II damage (Fv/Fm) under control conditions. D) NPQ 

kinetics of 21-d-old plants. The transient NPQ phenotype is visible under control conditions in kea3 and kea3nhd1, 

while nhd1 has WT-like NPQ. Values are presented as mean ± SEM, n=6. 
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plants were grown in the same Percival chamber on a higher shelf so that growth conditions 

besides the fluctuating light were comparable. After growing seedlings for one week in control 

(C) light, seedlings were transplanted, combining all genotypes into the same pot and split into C 

and fluctuating light (FL) groups. We measured the plants twice per week for two weeks to study 

photosynthetic fluorescence parameters using pulse amplitude modulation (PAM) fluorometry 

(WALZ, MAXI IMAGING-PAM Walz, Effeltrich, Germany). 

PAM measurements record fluorescence emitted from chlorophyll molecules located in 

closed PS II reaction centers after excitation. After a dark incubation of at least 15 min, all 

reaction centers of healthy, unstressed plants are open. In addition, no ΔpH and thus NPQ is 

present at this timepoint. A saturating light pulse allows measuring the maximum quantum 

efficiency of PS II, Fv/Fm, which can reach values of up to 0.83 in healthy plants (Bjorkman and 

Demmig, 1987). Under control light, none of the phenotypes recorded any changes in growth or 

Fv/Fm over 14 days of treatment (Fig. 4.6A, solid lines). In stark contrast, all genotypes recorded 

a substantial drop in Fv/Fm after four days of fluctuating light conditions. Interestingly, while the 

WT and kea3 mutants displayed an Fv/Fm of ~0.7, nhd1-MPI and kea3nhd1-MPI showed a more 

pronounced drop in PS II capacity. All genotypes acclimated to the conditions to some degree 

and displayed higher Fv/Fm values after seven days of treatment. 

Strikingly, the two mutant lines lacking NHD1 never caught up to WT values, and all 

showed significantly lower Fv/Fm than control plants after 14 days of treatment (Fig. 4.6B). In 

line with this observation, plant growth was heavily affected in nhd1-MPI single and double 

mutants (Fig. 4.6D). Furthermore, it seems as though the additional loss of nhd1-MPI in a kea3 

background overwrote the kea3 phenotype. The dominance of the loss NHD1 of under continued 

fluctuating light became apparent not only in lowered Fv/Fm values of plants under FL but also in 
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NPQ kinetics (Fig. 4.6C). Here, kea3nhd1-MPI mutants did not show the characteristic 

prolonged transient NPQ, which has been reported before for kea3 and is visible under control 

light (Fig. 4.5D). kea3nhd1-MPI resemble nhd1-MPI mutants with lowered NPQ after 

illumination.  

 

 
 

 
 

Quantum yields (Y) of PS II can be broken down into the individual parameters Y(II), 

Y(NPQ), and Y(NO). Y(II) describes the quantum yield of photochemical energy conversion in 

PS II, equivalent to the electron transfer rate (ETR). At the same time, Y(NPQ) and Y(NO) 

depict the quantum yields of regulated and unregulated non-photochemical energy loss in PS II, 

respectively. In sum, these values will equal 1 (Kramer et al., 2004; Klughammer and Schreiber, 

Figure 4.6 Chlorophyll fluorescence parameters under fluctuating light conditions. A) Fv/Fm was measured 

twice weekly after start of treatment. Dotted and solid lines refer to plants grown under fluctuating or control light 

conditions, respectively. B) Plot of Fv/Fm values after 14 d of treatment under control (C) or fluctuating light (FL) 

conditions. Statistical significance was tested using analysis of variance followed by Tukey's multiple comparisons 

test (*p < 0.05, ***p < 0.001). C) NPQ of FL-treated plants at day 14 of treatment. Shown in all graphs is mean ± 

SEM. At day 0, only 1 representative value was recorded, after which n = 7/15, for C/FL, respectively. D) RBG 

image and false color panel of a representative pot. Shown are quantum yields in PS II of: photosynthetic energy 

conversion (Y(II)), regulated non-photochemical energy loss (Y(NPQ)), and non-regulated non-photochemical 

energy loss (Y(NO)) at the 80s time point from Fig. 4.6C. *Even though nhd1-1 was included in the pot, it was not 

included in data evaluations due to genetic complexities discussed earlier, and is focus of Lopez et al., in prep.  
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2008). Loss-of-function mutants lacking NHD1 appear to be deficient in initiating photosynthetic 

energy conversion in PS II (Y(II)) after continued FL treatment, as the false-color images only 

show black spots in place of leaves (Fig. 4.6D). Accordingly, the regulated (Y(NPQ) but 

especially non-regulated (Y(NO)) energy loss appeared to be higher compared to WT or kea3.  

Dynamic measurements reveal accumulation of photosynthetic defects 

The ability of plants to modulate pmf is crucial for proper photosynthesis in plants under 

dynamic light conditions. Using the dynamic environmental photosynthetic imaging (DEPI) 

platform (Cruz et al., 2016), this has recently been demonstrated, among others, in loss-of-

function mutants kea3 and vccn1 (Höhner et al., 2019). DEPI successfully reveals phenotypes of 

mutants defective in fluctuating light acclimation due to continuous monitoring of photosynthetic 

performance under dynamic conditions (Dutta et al., 2017). In an earlier study, we were able to 

show that vccn1 mutants showed decreased capability of induction of qE/NPQ during higher 

light intensities (Höhner et al., 2019). These results were confirmed in a self-made fluctuating 

light imitation growth rack (Schneider et al., 2019). 

In order to study the effects of the loss of nhd1 in a DEPI chamber, we sent nhd1-MPI 

and F1 seeds of an nhd1-1nhd1-2 mutant cross to MSU. The nhd1-1nhd1-2 line is heterozygous 

for the 16 kb deletion of nhd1-1 but has lost NHD1 entirely (Muller et al., 2014). Although this is 

not an ideal mutant allele, it was the closest independent line available at the time since nhd1-2 is 

homozygous lethal (Fig. 4.5A, (Muller et al., 2014)). When exposed to constant light of 150 

µmoles m-2 s-1, the mutants did not differ from WT, indicated by black-colored bars. However, 

under sinusoidal or sinusoidal plus superimposed high light fluctuations, nhd1 mutant lines, but 

not kea3, show a drop in Fv/Fm (Suppl. Fig. S4.3A).  
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Nevertheless, these results partially reflect the data of the fluctuating light treatment in 

our Percival (Fig. 4.6). Furthermore, DEPI re-confirmed the increase in NPQ in kea3 mutants 

that we saw under steady-state conditions (Fig. 4.6C, after 240s). In nhd1 mutants, on the other 

hand, NPQ was lower only on the first day of high light phases, after which the mutants 

acclimated and showed a slight increase in NPQ (Fig. 4.7A). qE, as the fastest part of NPQ, 

seemed to behave similarly in nhd1. These effects seemed to accumulate and were prominent in 

the latter days of high light fluctuations (Days 5-7) but more pronounced in kea3 (Fig. 4.7B). 

Interestingly, photoinhibitory component qI behaved oppositely. qI refers to long-term 

photoinhibition of PS II, partially due to D1 protein damage through high light (Bjorkman and 

Demmig, 1987). In kea3, qI is greatly increased, specifically during high light periods. Both 

nhd1 loss-of-function mutants, on the other hand, show reduced qI during those periods (Fig. 

4.7C). Still, the decrease of qI in nhd1 does not positively affect the quantum yield of PS II Y(II), 

which is decreased across all mutants compared to the WT (Fig. 4.7D).  

Figure 4.7 Heatmaps of photosynthetic parameters from DEPI measurements. Bars at the top represent light 

regime during the indicated day of measurement. Shown are NPQ (A), ΔpH component qE (B), photoinhibitory 

component qI (C), and photosynthetic efficiency Y(II) (D). Data from A-C are presented in changes from the WT, 

black areas indicate no change, while D) is presented as log-fold changes from the WT. 
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4.4 Discussion 

This study focused on investigating a potential link between transport protein NHD1 and 

photosynthetic processes at the thylakoid membrane. To that end, we employed a variety of 

approaches to study substrate specificity, suborganellar localization, and photosynthesis studies 

in loss-of-function mutants. Our results indicate that NHD1 also accepts K+ as a substrate, 

localizes to thylakoid membranes, and may work in balancing the ΔΨ component of pmf during 

fluctuating light conditions. 

NHD1 belongs to the family of NHaD transporters, initially described as Na+:H+ 

antiporters in bacteria (Dibrov, 2005). In Vibrio cholerae, for example, Vc-NHaD mediates 

efflux of Na+ and Li+ (Dzioba et al., 2002; Habibian et al., 2005). In previous studies, closely 

related NHaD proteins from P. patens were able to rescue Na+- and K+-defective E. coli mutant 

strains EP432 and TKW4205, respectively (Barrero-Gil et al., 2007; Ruiz-Lau et al., 2017). 

Identifying possible substrates is crucial in order to draw conclusions for the physiological 

context of AtNHD1. In our studies employing the routinely used E. coli strain LB2003 (Schlosser 

et al., 1995; Tanudjaja et al., 2017), we confirmed the previously reported recovery of the growth 

penalty with KEA3 under low K+ conditions (Tsujii et al., 2019). Using the thylakoid localized 

K+:H+ antiporter KEA3 as a positive control, we saw that transformation with NHD1 cDNA 

similarly rescued the growth penalty at low K+ media concentration (Fig. 4.1A, Suppl. Fig. 

S4.1A). In an earlier study, reconstitution of his-tagged NHD1 into liposomes pointed towards 

Na+-transport of NHD1 while being unable to transport K+ in the same system. An explanation 

for this could be that our groups employed different systems. However, comparing the growth of 

KEA3-transformed LB2003 to the NHD1-transformed strain seemed to produce similar results in 

our hands, leading us to the conclusion that NHD1 can also accept K+ as substrate in vivo. 
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Moreover, Na+:H+ antiporters of the NHX family have previously displayed a similar lack of 

substrate specificity, using either substrate depending on the circumstance (Barragan et al., 

2012). 

After substrate analysis, we explored the suborganellar localization of NHD1 since 

NHD1 could be critical for photosynthetic processes, including PET, if localized to the thylakoid 

membrane. While previous studies (Barrero-Gil et al., 2007; Cosentino et al., 2010; Muller et al., 

2014) suggested a chloroplast envelope localization for AtNHD1 and homologs from 

Mesembryanthemum crystallinum and P. patens, other proteomics studies point to a thylakoid 

membrane localization (Sun et al., 2009; Tomizioli et al., 2014). In order to study this, we first 

transformed NHD1-YFP into A. thaliana. After isolating protoplasts of plants of the T2 

generation, we were able to identify YFP signal from distinct spots inside the chloroplast. This 

signal was absent in untransformed control plants and overlapped with Chl a fluorescence (Fig. 

4.2), indicating a thylakoid localization. Furthermore, we transiently injected the same construct 

alongside controls into N. benthamiana leaves. Using both microscopy on isolated protoplasts 

and immunoblotting against the fluorophore, we determined that NHD1-YFP localizes to the 

thylakoid membrane (Figs. 4.3-4.4, Suppl. Fig. S4.2). While the TIC40-RFP control localized to 

the envelope membrane in a ring-like structure (Fig. 4.3, Suppl. Fig. S4.2), investigation of CAS-

RFP revealed a spotty pattern reminiscent of NHD1-YFP (Fig. 4.3, Suppl. Fig. S4.2A). 

Consistently, NHD1-YFP overlapped with Chl a fluorescence and CAS-RFP (arrows in Suppl. 

Fig. S4.2A). Employing YFP and RFP has distinct advantages over other fluorophores. Since we 

recorded YFP at wavelengths lower than the excitation wavelength of RFP (< 555 nm) and 

excited RFP at > 560 nm, crosstalk was abolished. This combination of fluorophores allows us to 

conclude that distinctly overlapping signals between CAS-RFP and NHD1-YFP stem from their 
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respective fluorophores. Our immunoblotting approaches confirmed these CSLM observations. 

No YFP signal could be detected in chloroplast envelope membrane fractions, whereas clear 

bands were found only in thylakoid fractions. These results are in accord with the proteomics 

studies mentioned above and lead us to the conclusion that NHD1 is localized to the thylakoid 

lumen.  

Correct localization of NHD1 is critical because, depending on localization, the 

availability of substrates can drastically vary in vivo. A previous study presented a model 

connecting the Na+:H+ exchange of NHD1 to pyruvate uptake across the chloroplast envelope in 

C4 plants (Furumoto et al., 2011). However, in C4 plants, a Na+ valve is necessary for 

establishing a gradient for the Na-driven uptake of pyruvate through BILE ACID:SODIUM 

SYMPORTER FAMILY PROTEIN (BASS) 2. Nevertheless, the C3 plant A. thaliana uses a 

proton gradient for pyruvate uptake, established by light-driven H+ uptake from the stroma 

through the plastoquinone (PQ) pool or envelope localized H+ exporters like KEA1/2, among 

other players (Furumoto et al., 2011). Since NHD1 localizes to thylakoids, the primary transport 

substrate in vivo is likely the more abundant K+ ion (Demmig and Gimmler, 1983; Robinson and 

Downton, 1984), similar to KEA3 using K+ to modulate pmf via K+:H+ exchange. Therefore, K+ 

deserves strong consideration for its role in charge balancing across chloroplast membranes and 

as a substrate of NHD1. Either way, the possible K+(Na+) export implies the involvement of 

NHD1 in the partitioning of pmf. 

Studying the impact of NHD1 on thylakoid processes was, therefore, the main focus of 

this study. After isolation of nhd1 and kea3nhd1 mutants (Fig. 4.4), we set out to measure 

chlorophyll fluorescence parameters that would allow us to find out more about photosynthetic 

performance and thylakoid processes. Since all mutants were indistinguishable from the WT 
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under control light, we investigated the impact of fluctuating light on nhd1 mutants. As recent 

research has shown, mutant plants lacking specific thylakoid ion transport proteins are defective 

in pmf composition and display distinct phenotypes in regards to photosynthesis and growth 

under fluctuating light conditions (Carraretto et al., 2013; Armbruster et al., 2016; Herdean et al., 

2016; Armbruster et al., 2017). Indeed, both nhd1 and kea3nhd1 mutants revealed severe defects 

in maximum quantum efficiency, Fv/Fm, and were drastically smaller (Fig. 4.6). Although KEA3 

and NHD1 proteins likely use the same substrate (K+) in vivo, NPQ kinetics of kea3 and nhd1 

mutants are shifted in different directions. As reported previously, kea3 mutants display 

increased transient NPQ due to their inability to export H+ (Fig. 4.6C). At the same time, 

initiation of NPQ is lower than that of the WT after two weeks of exposure to FL.  

These results were partially confirmed by data from large-scale phenotyping in DEPI 

chambers. Here, photosynthetic parameters are continuously measured over multiple days during 

dynamic light conditions. In contrast to our continuous FL treatment, NPQ in nhd1 was 

decreased only during the first sinusoidal plus superimposed high light day (Fig. 4.7B). Re-

exposure to high light after a day of low light-triggered qE alongside NPQ. At this point, these 

differences can be explained by different setups: While we exposed seedlings as young as 7 d to 

FL conditions for up to two weeks, DEPI measurements are taken on healthy adult plants grown 

under long-day conditions (16 h light/8 h darkness). Therefore, measurements in our self-made 

setup plants differ from DEPI due to the sustained damage of the treatment. Astonishingly, nhd1 

mutants displayed decreased inhibitory NPQ, expressed as qI. These values are in stark contrast 

to the substantial increase of qI in kea3, which we could replicate from a previous study (Höhner 

et al., 2019). Considering the growth impairment and significantly reduced Fv/Fm of nhd1 in 

growth under FL, this comes as a surprise and warrants further research. Since qI is a slower 
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component of photoinhibition, D1 protein turnover studies should give further insight into the 

decreased qI values in nhd1.  

 

 

 

Taken together, NHD1 might function as a dissipation mechanism of ΔΨ, exporting K+ 

out of the lumen and thereby dissipating ΔΨ (Fig. 4.8), a mechanism proposed by (Pottosin and 

Shabala, 2016). Excess ΔΨ results in increased rates of charge recombination within PS II, 

damaging photosystems in the process (Davis et al., 2016). Accumulation of damage to PS II 

could result in the phenotypes we observe in nhd1 mutants, including low PS II quantum yield 

(Y(II)) and Fv/Fm, leading to severe growth penalties under fluctuating light (Fig. 4.8). A similar 

regulation of pmf can be observed in mutants of the thylakoid Cl- channel VCCN1 (Herdean et 

al., 2016). VCCN1 reduces ΔΨ through the influx of Cl- anions into the positively charged 

lumen, allowing for increased ΔpH. This shift leads to decreased activation of qE, resulting in 

Figure 4.8 Model of the proposed function of AtNHD1 in acclimation to fluctuating light.  A) Our data on 

nhd1 mutants grown under steady light points towards a minimal impact of NHD1 on photosynthesis and 

photosystem II (PS II). B) Under fluctuating light, accumulation of positive charges inside of the lumen can be 

alleviated by NHD1-mediated export of K+ (or Na+) into the stroma and support PS II function. C) In nhd1 loss-of-

function mutants, fluctuating light can have detrimental effects on PS II function due to the lack of a ΔΨ 

dissipation mechanism. The elevated ΔΨ results in increased charge recombination within PS II, leading to 

photodamage and inhibition of photosynthetic processes at the thylakoid membrane. 
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lowered NPQ. Loss-of-function mutants lacking VCCN1 display NPQ kinetics similar to nhd1, 

and both proteins might function similarly. In wild-type plants, NHD1 reduces ΔΨ by efflux of 

lumenal cations, while VCCN1 is responsible for the reduction of ΔΨ through influx of anions in 

the form of Cl-. However, vccn1 displays a slight increase in qI (Höhner et al., 2019) while it is 

decreased in nhd1. An nhd1vccn1 loss-of-function double mutant should give more insight into 

the overlap of both proteins in establishing ΔΨ and protection of PS II. Studying growth under 

fluctuating light conditions and more precise measurements of pmf by electrochromic shift (ECS) 

will give much-needed insight into the regulatory function of NHD1. 

4.5 Materials and Methods 

Plasmid creation and E. coli complementation assays 

If not otherwise indicated, consumables used were purchased from Roth (Carl Roth, 

Karlsruhe, Germany). TOP10 cells (Invitrogen, Waltham, USA) were routinely used for the 

propagation of plasmids. Information about constructs used in this study can be found in 

Supplemental Table S1. pBAD vectors were transformed into LB2003 (kindly provided by 

Nobuyuki Uozumi, Tohoku University) using the electroporation method at 2.5 kV. Selection 

took place overnight on lysogeny broth (LB) agar plates containing 25µg/mL chloramphenicol. 

Complementation of LB2003 was performed according to (Sato et al., 2014). In short, cells were 

shaken overnight in LBK medium (LB containing 100 mM KCl instead of NaCl) at 37°C. The 

following day, the culture was spun down and washed twice in modified M9 medium (46 mM 

Na2HPO4, 23 mM NaH2PO4, 8 mM (NH4)2SO4, 0.4 mM MgSO4, 0.6 µM FeSO4, 0.1 mM CaCl2). 

OD600 was adjusted to 0.125 in modified M9 medium, and 5 µl of the cell suspension was 

streaked on LB agarose plates with or without KCl and containing either 0.2% (w/v) arabinose or 

0.2% (w/v) glucose. Alternatively, cells were added to liquid LB in a 48-well plate. The plates 



140 

were shaken every 5 min for 1 min in a TECAN (Tecan, Männedorf, Switzerland) plate reader to 

keep cells from settling, and OD600 was determined every 20 min. Experiments were repeated 

multiple times with similar results. 

Generation of stable NHD1-YFP overexpressor lines 

In order to reduce transgene silencing, flowers of rdr6 mutants were dipped with 

Agrobacterium tumefaciens strains carrying the UBQ10::NHD1-YFP construct. Floral dip was 

performed according to (Clough and Bent, 1998). T1 transformants were selected on Hygromycin 

at 50µg/mL, followed by confirmation of the fluorophore by fluorescence microscopy. In T2, the 

strongest expressors were selected. Experiments were performed on T3 individuals. 

Protoplast isolation 

For isolation of A. thaliana protoplasts, the 'Tape-Arabidopsis Sandwich' method was 

chosen (Wu et al., 2009). The protocol was followed and produced great results. In the case of N. 

benthamiana, leaves were cut into 1cm*1cm pieces. Outside of this, the protocol was not 

changed. Macerozyme R-10 and cellulase were purchased from Serva (Serva, Heidelberg, 

Germany).  

Transient N. benthamiana infiltration and confocal microscopy for protein localization studies 

Transient transformation of N. benthamiana was realized according to (Waadt et al., 

2014). Agrobacterium tumefaciens strains carrying the respective vectors (Suppl. Table S4.1) 

were co-injected with the anti-silencing strain p19 (Voinnet et al., 2003). 28-d-old N. 

benthamiana were placed into a humid environment 2 h before infiltration. Then, bottom sides of 

leaves were infiltrated, and N. benthamiana were placed into a greenhouse for 3-5 days before 

imaging. Images were acquired using a Leica SP5 confocal microscope (Leica, Wetzlar, 

Germany). Fluorophores were excited using a white light laser (WLL) and recorded with hybrid 
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photodetectors (HyD). YFP was excited at 514 nm and recorded at 522-555 nm. RFP was 

excited at 561 nm and recorded at 579-629 nm. Chlorophyll a was excited with a UV laser at 405 

nm and recorded at 714-750nm. Images were processed with LAS X (Leica) and Affinity 

Designer (serif) software. 

Chloroplast subfractionation 

Initial chloroplast isolation was performed according to (Bolter et al., 2020). 

Subfractionation of isolated chloroplasts was performed as described in (Flores-Perez and Jarvis, 

2017) with slight modifications. Chloroplasts were incubated in lysis buffer (10 mM 

HEPES/KOH, 5 mM MgCl2), and complete protease inhibitor (cpi, Roche, Basel, Switzerland) 

was added at a concentration of 1mg/ml chlorophyll. The suspension was placed on ice for 30 

min followed by rupturing of 50 strokes in a Dounce homogenizer. The resulting homogenate 

was loaded onto a step sucrose gradient (0.46 M, 1.0 M, 1.2 M sucrose in lysis buffer) and 

centrifuged for 2 h at 58,000g and 4°C. The stroma was pipetted off the top and processed for 

sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE). The envelope fraction 

was collected from the interface between 0.46 M and 1.0 M sucrose. After 1:4 dilution with lysis 

buffer, this fraction was centrifuged at 256.000g for 30 min and 4 °C. The resulting pellet was 

resuspended in loading buffer containing a final conc. of 4% (w/v) SDS, 20% (w/v) glycerin, 

0.004% bromophenol blue, and 125 mM Tris-HCl. Dithiothreitol (DTT) was added freshly to a 

final conc. of 20 mM. Thylakoids recovered from the pellet of the sucrose gradient were washed 

five times in lysis buffer. Loading of samples was adjusted to total protein.  

Immunoblotting and SDS-PAGE 

Chloroplast subfractions were run on a 10% SDS-PAGE in a Bio-Rad Mini-PROTEAN 

(Bio-Rad, Hercules, USA). The gel was run at 120 V until proteins reached the resolving gel and 

https://en.wikipedia.org/wiki/Bromophenol_blue
https://www.google.com/search?newwindow=1&rlz=1C1GCEA_enDE957DE957&sxsrf=AOaemvJNvAsLDOGUWys7lm4c5gVVc_Puow:1633035297940&q=Hercules,+California&stick=H4sIAAAAAAAAAOPgE-LSz9U3MC4wzDVPUeIAsQsrCwu1tLKTrfTzi9IT8zKrEksy8_NQOFYZqYkphaWJRSWpRcWLWEU8UouSS3NSi3UUnBNzMtPyi_IyE3ewMgIAvXOlk14AAAA&sa=X&ved=2ahUKEwid99rGyqfzAhXqhf0HHVmFBbgQmxMoAXoECEwQAw
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then run at 150 V until the loading dye front ran out of the gel. The gel was rinsed and blotted 

onto a PVDF membrane (0.45 µm pore size) in Towbin buffer (25 mM Tris pH 8.3, 192 mM 

glycine, 1% (w/v) SDS, 20% (v/v) methanol) in a wet blot apparatus (Bio-Rad). The membrane 

was blocked in tris-buffered saline containing 50 mM Tris pH 7.6, 150 mM NaCl with 0.05% 

tween (TBS-T), and 5% skim milk for 30 min at room temperature (RT). Then, the membrane 

was then incubated with specific antibodies in 1:1.000 dilution in TBS-T overnight at 4 °C. 

Primary antibodies used were α-KEA1(2) (Bolter et al., 2020), α-LHCP (Clausen et al., 2004), 

and a commercial α-GFP antibody (Roche). Secondary horseradish peroxidase (HRP) coupled 

antibodies against α-KEA1(2), and α-LHCP were goat-anti-rabbit (Proteintech Cat# SA00001-2) 

or goat-anti-mouse in case of anti-GFP. After washing three times with TBS-T, secondary 

antibodies were diluted 1:10.000 in TBS-T + 5% skim milk and incubated with membranes for 1 

h at RT. Membranes were washed thrice with TBS-T and then incubated with Agrisera ECL 

Bright solutions (Agrisera, Vännäs, SWEDEN). Finally, signal was detected with an ImageQuant 

LAS 4000 (GE Healthcare Bio-Sciences AB, Uppsala, Sweden). 

Genotyping  

Genomic DNA (gDNA) was isolated by grinding leaf material in extraction buffer (200 

mM Tris/HCl pH 7.5, 250 mM NaCl, 25 mM EDTA, and 0.5% SDS (w/v)). Cell debris was 

removed by centrifuging for 5 min at 15000g. The supernatant was mixed with isopropanol, and 

DNA was pelleted by centrifugation at 20000g for 10 minutes. The pellet was washed with 70% 

(v/v) EtOH and pelleted again before drying at RT for 30 minutes. DNA was resuspended in 

H2O and used for polymerase chain reactions (PCR). Primers used in genotyping reactions are 

listed in Suppl. Table S4.3. 
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Plant growth conditions 

For fluctuating light experiments, A. thaliana seeds were sown on soil and stratified for 2 

days at 4°C in the dark. Then, the pots were placed into the Percival growth chamber (Percival 

Scientific, Perry, USA) set to 12 h light at 100 µmol photons m-2 s-1/12 h darkness, 23°C, and 50% 

relative humidity. 7-d-old seedlings were separated and placed under a 2000 W LED panel 

(Phlizon, Guangdong, China) or on a shelf above for control conditions. The panel was controlled 

by an Arduino microcontroller, turned on for one min every five minutes, and added 1000 µmol 

photons m-2 s-1 according to (Schneider et al., 2019). Pots were shuffled daily underneath the LED 

panel to ensure even exposure. 

DEPI experiments 

For DEPI experiments, Col-0 WT, nhd1-MPI, and nhd1-1nhd1-2 (n=15 per genotype) 

were grown under a regime of 16 h light at 100 µmoles m-2 s-1/8 h darkness and 21°C. After three 

weeks, plants were placed into a DEPI chamber and treated as described in (Cruz et al., 2016). 

Accession numbers 

Col-0 (WT, CS70000), nhd1-MPI (AT3G19490, kindly provided by Imre E. Somssich 

MPIZ Cologne), kea3-1 (AT4G04850, SAIL_556_E12 (Kunz et al., 2014)), kea3nhd1-mpi 

(AT4G04850 AT3G19490, created during this work), nhd1-1 (AT3G19490, AT3G19480, 

AT3G19470, AT3G19460, AT3G19450, AT3G19440, SALK_0084911), rdr6 (AT3G49500). 
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4.6 Supplemental Material 

Supplemental Tables 

Supplemental Table S4.1. Constructs used in this study and their origin. 

 

 

  

Name Source 

LB2003 ((F-, thi, lacz, gal, rha, ∆kdpFABC5, trkD1, 

∆trkA (Schlosser et al., 1995)) 

Kind donation from Nobuyuki 

Uozumi, Tohoku University 

Kea3 cDNA -Stop + pBAD_His This work 

Nhd1 cDNA -Stop + pBAD-His This work 

p19 (Voinnet et al., 2003) 

KEA3.1 + pB7FWG2 GFP c-term (Armbruster et al., 2014) 

KEA3.3 + p B7FWG2 GFP c-term (Armbruster et al., 2014) 

Nhd1cDNA+Stop + pHygIIUT clone 1 via SpeI/XmaI Lab stock 

AtNhd1 cDNA - Stop + pHygIIUT-Venus via 

SpeI/XmaI 

Lab stock 

Tic40cDNA + pBARIIUT-mCherry-Cterm Lab stock 

Cas cDNA -Stop + BamHI/XmaI overhangs pBAR-

mCherry cterm 

Lab stock 

pGGZ-RW104 - pGGZ003-pUBQ10-NTRC-

mNectarine_ATG-GSL-mTurquoise-tHSP18.2M-hygR 

Kind donation of Rainer Waadt, 

WWU Münster 
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Supplemental Table S4.2. Accessions used in this study. 

Name Locus Origin/Source 

Arabidopsis thaliana - WT accession CS70000, Lab stock 

nhd1-mpi AT3G19490 Kindly provided by Imre E. Somssich 

(MPIZ Cologne) 

nhd1-4 AT3G19490 SALK_118891 

kea3-1  AT4G04850 SAIL_556_E12 (Kunz et al., 2014) 

kea3nhd1-mpi AT4G04850 AT3G19490 Created during this work 

doi AT3G19490 AT3G19480 

AT3G19470 AT3G19460 

AT3G19450 AT3G19440 

Formerly nhd1-1 (SALK_0084911) 

Kindly provided by Laura Lopez 

Rdr6-nhd1-YFP AT3G49500, AT3G19490 Created during preliminary lab work 

Nicotiana benthamiana - Lab stock 

 

Supplemental Table S4.3. List of oligonucleotides used in this study. Bolded oligonucleotides are marked in 

Fig. 4.5A. 

 

  

Oligonucleotide Name Sequence Used in 

Sail LB3 tagcatctgaatttcataaccaatctcgatacac Genotyping sail line 

HK102 Kea3 s 1 caccatggcaattagtactatgttagg Genotyping 

HK103 Kea3 as 5 caggccttgaatgaaagaggaattc Genotyping 

HK186 Nhd1 cDNA s + SpeI actagtaaaatggcggtgtttcctatcgg Genotyping 

HK189 Nhd1 as5 cactaccacacctcctagaagt Genotyping 

HK366 Salk LB1.3 attttgccgatttcggaac Genotyping Salk line 

HK688 FISH2 (nhd1-MPI LB)) cagtcatagccgaatagcctctcca Genotyping MPI line 

HK689 NHD1-143s ctcgacgaggttatccaaacatggtg Genotyping 
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Supplemental Figures  

 

 

 

  

Supplemental Figure S4.1 Growth recovery of the K+-transport deficient E. coli mutant LB2003 in liquid 

culture. A) Cells transformed with KEA3 or NHD1 cDNA, but not with empty vector pBAD alone, show a clear 

growth recovery in medium without supplemented KCl . B) The growth deficiency of LB2003 is restored in 

medium supplied with 15 mM KCl. 
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Supplemental Figure S4.2 Localization of NHD1 and controls in transiently transformed N. benthamiana 

leaves. A)Shown are single NHD1-YFP infiltrated leaves and co-injections with chloroplast inner envelope protein 

TIC40-RFP and thylakoid localized CAS-RFP construct. Arrows point to distinct overlaps in signal between 

thylakoid membrane localized Chl a autofluorescence or CAS-mCherry signal. B) MAX projection of a z-stack 

(stack size 1 µm) of a protoplast. Scale bars are 5 µm. 
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Supplemental Figure S4.3 Fv/Fm measured in DEPI at the beginning of each day. Bars at the top represent light 

regime during the indicated day of measurement. Data are presented in log-fold changes from the WT, black areas 

indicate no change. A representative result from three experiments is shown. 
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CHAPTER FIVE: CONCLUSION 

This dissertation investigates the roles and interplay of chloroplast ion transport proteins 

on the organelle's physiology. By characterizing novel proteins, uncovering functional 

interactions between previously characterized families, and revisiting the localization and role of 

another transport protein in plastids, we add significant knowledge to the plastid ion 

transportome. All protein candidates investigated in this dissertation share the common substrate 

K+, yet we illustrate the different roles these seemingly similar proteins can play inside the 

plastid. All proteins seem to have in common that their functions are relevant for the plants' 

biotic and abiotic stress response, albeit under different predispositions.  

Chapter Two characterized proteins capable of K+-uptake into plastids. Nevertheless, the 

lack of specific phenotypic traits suggests that PEC1/2 are not primarily necessary for K+-uptake. 

Instead, they are required for plastid Ca2+ signaling. In the Addendum to Chapter Two, we show 

that PEC1 expression is controlled by the jasmonic acid (JA) receptor complex SCFCOI1. We 

attempt to provide context for stromal Ca2+ transients by proposing that PEC1 may function 

upstream of JA biosynthesis enzymes LOX2 and AOS, both co-expressed with PEC1, and 

impact their function through Ca2+ signaling. In fou2 mutants, deregulated suborganellar cation 

fluxes lead to the over-accumulation of JA. Future work will investigate this possible link 

between PEC1 and over-accumulation of JA in fou2 mutants. Chapter Three describes the 

interplay of two separate protein families in plastid osmoregulation. In the past, plastid KEA and 

MSL protein families have been investigated separately, yet a link has never been established. 

Both are critical for regulating the plastid water content, which is visibly disturbed in kea1kea2 

and msl2msl3 double mutants. We provide initial evidence for the functional interaction between 

the two highest expressed family members, namely KEA1 and MSL2. In kea1msl2 double 
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mutants, growth, pigment accumulation, and photosynthesis are strongly disturbed. This link was 

unknown before and showcases the interplay of different protein families with similar tasks in 

plant ion- and osmohomeostasis. Follow-up work will need to investigate the interaction of all 

four members of plastid envelope KEA and MSL proteins to decipher possible redundancies. 

This includes the additional generation and characterization of kea1msl3, kea2msl2, and 

kea2msl3 double mutants. Doing so will further our understanding of the importance of ion 

transport proteins for organellar development and ion- and osmohomeostasis. Lastly, we 

revisited the localization and function of NHD1. We provide evidence for the thylakoid 

membrane localization of NHD1 and employ variable light conditions to showcase the need for 

the transporter in acclimation to fluctuating light. In nature, plants are subject to constantly 

changing growth regimes. Understanding proteins involved in partitioning of pmf was suggested 

to be critical for designing crops with higher productivity in the field. Future experiments will 

need to employ an additional loss-of-function line, either provided by the Arabidopsis Biological 

Resource Center (ABRC) or designed through CRISPR/Cas9-induced deletions, established 

recently in our laboratory. Additionally, creating a new antibody specific to NHD1 will give 

more insights into the localization and structure of the NHD1 carrier inside of thylakoid 

membranes. 

In conclusion, work in this dissertation underscores the importance of plastid ion 

transport proteins in many aspects of plastid physiology and plant growth. We lay important 

groundwork for future studies in the realm of plastid Ca2+ signaling, osmohomeostasis, and 

fluctuating light acclimation in plants. 


