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A. thaliana Arabidopsis thaliana 

AD Activation domain 

AT 3-Aminotriazol 

ATM ATAXIA TELANGIECTASIA MUTATED  

ATP Adenosintriphosphat 

ATR ATM AND RAD3-RELATED 

BD DNA-binding domain 

BT Basal thermotolerance 
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CHX Cycloheximide 
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dag days after germination 
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DDR DNA damage response 

DRM1 DOMAINS REARRANGED METHYLATRANSFERASE 1 

eEF1B Eukaryotic ELONGATION FACTOR 1B 

E. coli Escherichia coli 

EMS Ethylmethanesulfonate 

ERF115 ETHYLENE RESPONSE FACTOR 115 

FAS FASCIATA 

FDR False Discovery Rate 

gDNA Genomic DNA 

GDP Guanosindiphosphat 

GEF Guanine exchange factor domain 



GFP Green fluorescent protein 

GST Glutathione S-transferase 

GTP Guanosintriphosphat 

G3BP1 Ras GTPase-activating protein-binding protein 1 

h hour 

HIRA HISTONE REGULATOR A 

HIS Histidine 

HSG Heat stress granule 

HSP HEAT SHOCK PROTEIN 

HYG Hygromycin B 

H2O2 Hydrogen peroxide 

IDR Intrinsically disordered region 

IP-MS Immunoaffinity purification with following mass spectrometry 

kb kilobases 

kDa kilodalton 

LAT Long-term acquired thermotolerance 

LLPS Liquid-liquid phase separation 

MAIN MAINTENANCE OF MERISTEMS 

MAIL1 MAINTENANCE OF MERISTEMS-LIKE 1 

MES 2-(N-morpholino)ethanesulfonic acid 

5mC 5-methylcytosine 

min minute 

MORC MICRORCHIDIA 

MS Murashige and Skoog 

MV Methylviologen (N-,N’-dimethyl-4,-4’-bipyridinium dichloride) 

N. benthamiana Nicothiana benthamiana 

NIT1 NITRILASE 1 

NLS Nuclear localization signal 

PAB POLY-A-BINDING PROTEIN 
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PI Propidium iodide 

pI Isoelectric point 

PLTs PLETHORA transcription factors 
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PPP Phosphoprotein phosphatase 

PP7 PROTEIN PHOSPHATASE 7 

PP7L PROTEIN PHOSPHATASE 7-LIKE 

PRLD Prion-like domain 

QC Quiescent center 

qPCR Quantitative Real-Time PCR 

RBGD2 RNA-binding glycine rich D2 

RBP RNA-BINDING-PROTEIN 

RFP Red fluorescent protein 

RNA Ribonucleic acid 

ROS Reactive oxygen species 

RPs Ribosomal proteins 

RT Room temperature 

RT-PCR Reverse transcriptase PCR 

s Second 

S. cerevisiae Saccharomyces cerevisiae 

SAT Short-term acquired thermotolerance 

SCN Stem cell niche 

SCR SCARECROW 

SDS Sodium dodecyl sulfate 

SG Stress granule 

SHR SHORT-ROOT 



sHSP Small HEAT SHOCK PROTEIN 

SnRK1 SNF1-RELATED PROTEIN KINASE 1 

SOG1 SUPPRESSOR OF GAMMA RESPONSE 1 

TIA1 T-cell-restricted intracellular antigen-1 

TOR TARGET OF RAPAMYCIN 

TSN TUDOR-STAPHYLOCOCCUS-NUCLEASE 

UBP1b OLIGOURIDYLATE BINDING PROTEIN 1b 

UTR Untranslated region 

V Volt 

YFP Yellow fluorescent protein 

Y2H Yeast two-hybrid 
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1 Introduction 

Plants are sessile organisms, consequently they have to develop and survive at the place of their 

germination, no matter which environmental challenges are occurring. During embryonal and 

postembryonal development, plants are able to renew their cells. The replenishment of cells is 

conceived by a specific cell tissue, called meristem. A tight regulation of cell replenishment 

and maintenance of genome integrity are essential for correct growth and development. 

An essential process for plant growth is protein biosynthesis, which produces enzymes that are 

required to run the metabolism and catabolism. One important step during protein biosynthesis 

is the translation of the mRNA sequence into proteins. Translation is known as regulatory step, 

which is downregulated if plants are exposed to extreme conditions. Especially in times of 

climate change an adaption of plants to stress conditions like heat, drought or salt stress is 

required to ensure plant survival. Understanding the mechanisms of plant stress responses in 

greater detail will help in the long term to ensure sufficient crop yields for human food 

production.  

In the following, the development of plants including important factors for meristem 

maintenance will be introduced. Additionally, an overview of plant abiotic stress responses, 

especially focusing on oxidative stress, heat stress and the formation of stress-induced 

biomolecular condensates in regard of translational regulation will be given.  

1.1 Plant development and genome stability 

1.1.1 Embryo development 

All cells of the mature plant originate from the zygote, which is formed upon fertilization of the 

egg cell with the sperm. Through highly coordinated cell division and differentiation processes 

of the zygote cell lineages, tissue types and body axis are already established during 

embryogenesis (Capron et al. 2009; Armenta-Medina et al. 2021). Cell division and cell 

patterning is strongly influenced by domain-specific gene expression and cell-cell 

communication. The different stages of embryonal development are clearly distinguishable in 

Arabidopsis and are defined by expression of certain marker genes. These steps of 

embryogenesis are visualized in Fig. 1.  

First, the zygote elongates and an asymmetric cell division leads to formation of the apical and 

basal cell. The elongation and first division of the zygote is regulated by homeobox 

transcription factor family WUSCHEL-RELATED HOMEOBOX (WOX) (Haecker et al. 2004) 
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and the YODA-MPK pathway (Ueda et al. 2017). Both, WOX2 and WOX8, are expressed 

together in the zygote. Activation of WRKY2 through the YODA-MPK pathway leads to 

increased WOX8 expression and cell division. Afterwards, WOX2 is only expressed in the 

apical cell, while WOX8 is expressed solely in the basal cell.  

The apical cell will lead to formation of the embryo and later on to all above-ground tissues. 

Auxin-mediated coordination of cell division of the apical cell leads to radial patterning of the 

apical domain. Auxin efflux facilitator PINFORMED1 (PIN1) is expressed in the apical 

proembryo and establishes the apical-basal embryo axis. The basal cell will form the suspensor 

including hypophysis and the root cap (Capron et al. 2009). The suspensor is an extra-

embryonal structure that connects the embryo to the tissue of the mother cell. The uppermost 

suspensor cell is the hypophysis, which later forms the quiescent center (QC) and the central 

root cap initials in root apical meristem. This is largely determined by the expression of the 

transcription factor WOX5 in the hypophysis and later in the QC cells during embryogenesis 

and post-germination growth (Forzani et al. 2014). 

 

Figure 1: Embryo development in Arabidopsis. (A) Scheme of different developmental stages of embryo 

development from zygote to mature embryo with different colors showing the cell identity markers of the different 

stages. Hy: hypophysis, Su: suspensor, SAM: Shoot apical meristem, RAM: Root apical meristem. The figure has 

been adapted from (Armenta-Medina et al. 2021). 

In the ‘globular stage’, when the embryo contains 32 cells, the shoot apical meristem (SAM) 

and the root apical meristem (RAM) are being initiated (Jurgens et al. 1994). Upon localized 
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growth at the opposing apical regions, the embryo becomes triangular and reaches early ‘heart 

stage’, when it contains around 200 cells. At heart stage, the major organs, cotyledons, 

hypocotyl and primary root are recognizable and pattern formation is completed. Further 

growth elongates the hypocotyl and the cotyledons and brings the embryo to ‘torpedo stage’. 

Cotyledons start to fold over, when the embryo is in ‘bent stage’. The mature embryo contains 

full SAM and RAM and maturation ends with the fully desiccated seed (Armenta-Medina et al. 

2021).   

1.1.2 Root apical meristem and regulation of stem cell maintenance 

The root apical meristem (RAM) is located at the root tip and gives rise to all cells of the primary 

root (Fig. 2). In the center of the meristematic zone are four mitotically inactive cells, which 

are called ‘quiescent center’ (QC). The QC is surrounded by five sets of mitotically active stem 

cells (also known as initials), which divide asymmetrically and give rise to a self-replenishing 

daughter cell and a daughter cell that divides and after several rounds of cell division and 

differentiation builds distinct root cell types (van den Berg et al. 1995; Scheres 2007). The QC 

together with the stem cells form the stem cell niche (SCN) (van den Berg et al. 1995; Jiang 

and Feldman 2005). Distal of the QC are the columella initials, which later on will form the 

columella cells (Fig. 2B).  

 

Figure 2: Arabidopsis root architecture and root apical meristem. (A) Graphical overview of a longitudinal 

section of an Arabidopsis root. The root is structured in three zones, the meristematic zone (MZ), the transition 

zone (TZ) and the elongation zone (EZ). In the center of the meristematic zone is the stem cell niche (SCN). Above 

the SCN is the proximal meristem (PM) and below the SCN is the distal meristem (DM) and the columella (COL). 
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(B) Longitudinal section of the meristematic zone. The stem cell niche is circled in red. The figure has been adapted 

from (Lee, Lee, and Kim 2012). 

Proximal of the QC are the stele initials and pericycle initials, which will develop the 

vasculature tissues. Lateral of the QC are the cortex/endodermis initials, which divide 

asymmetrically to build a cortex and an endodermis daughter cell. Similarly, lateral to QC and 

dividing asymmetrically are the epidermis/lateral root cap initials (Dolan et al. 1993). At the 

root transition zone, cells exit the cell cycle and start to differentiate into the above-named tissue 

types (Dello Ioio et al. 2007). The differentiated cells do not divide anymore, but grow by cell 

elongation and are forming the so called elongation zone (Perilli, Di Mambro, and Sabatini 

2012).   

Similar to the formation of the RAM during embryogenesis, the maintenance of the stem cell 

niche in post-embryonic growth requires a tight and coordinated regulation to secure correct 

radial patterning and development of root tissues. A large network of different molecular 

factors, predominantly transcription factors and several phytohormones, act together as 

regulatory hub for stem cell maintenance (reviewed in (Di Mambro and Dello Ioio 2020; 

Strotmann and Stahl 2021; Lee, Lee, and Kim 2012). Transcription factor WOX5 is not only 

an important regulator for RAM formation during embryogenesis, but is also essential for stem 

cell maintenance. Mutants of WOX5 lose QC cell identity and QC cells become mitotically 

active (Sarkar et al. 2007). WOX5 controls the division rate in the QC by repressing the 

expression of cell cycle regulators including CYCLIND3;3 and CYCLIND1;1. WOX5 maintains 

the columella stem cells by controlling transcription factors including CYCLING DOF 

FACTOR4 (Forzani et al. 2014; Pi et al. 2015). Additionally, the PLETHORA (PLTs) 

transcription factors are induced through WOX5 activity. Through a highly balanced PLT 

protein gradient, which is coordinated with the auxin gradient within the root meristematic 

zone, stem cell proliferation and differentiation are regulated (Aida et al. 2004; Galinha et al. 

2007; Mähönen et al. 2014). Another important pathway for correct positioning of QC and the 

regulation of QC maintenance is dependent on the two GRAS transcription factors, SHORT-

ROOT (SHR) and SCARECROW (SCR) (Sabatini et al. 2003). SHR activates SCR forming an 

SHR/SCR protein complex, whose concentration and localization regulates the division of 

cortex/ endodermis initials and QC cells (Clark et al. 2020). 

1.1.3 Genome stability and cell death 

Since all below-ground cells originate from the root stem cell niche, it is essential to ensure 

genomic stability within the stem cells. Cells are permanently exposed to DNA damaging 
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agents, e.g. UV light or reactive oxygen species (ROS) resulting from metabolic processes or 

abiotic stresses. To counteract the DNA damage, plants have evolved a highly sophisticated 

network of DNA repair mechanisms, called DNA damage response (DDR); (reviewed in (Nisa 

et al. 2019)). This process is dependent on the two checkpoint kinases, ATAXIA 

TELANGIECTASIA MUTATED (ATM) and ATM AND RAD3-RELATED (ATR); (Fulcher 

and Sablowski 2009; Furukawa et al. 2010). ATM phosphorylates the transcription factor 

SUPPRESSOR OF GAMMA RESPONSE 1 (SOG1), which is an important regulator of cell 

cycle progression, DNA repair activation and induction of stem cell death (Yoshiyama et al. 

2013). If possible, the DDR induces repair of DNA single or double strand breaks and thereby 

ensures continued cell cycle activity. Upon more severe DNA damage either endoreduplication 

(Adachi et al. 2011) or, most severely, programmed cell death (PCD) is induced to avoid 

proliferation of cells with damaged DNA (Furukawa et al. 2010). Consequently, stem cells and 

their early descendants are selectively entering cell death under DNA damaging conditions. To 

replenish the damaged stem cells in the meristem, cell division of QC cells is initiated by the 

transcription factor ETHYLENE RESPONSE FACTOR 115 (ERF115), which is 

transcriptionally upregulated in cells in direct contact to dead cells (Heyman et al. 2013; 

Heyman et al. 2016).  

1.1.4 MAINTENANCE OF MERISTEMS (MAIN) protein family 

Meristem function strongly relies on genome integrity, as several DDR mutants are also 

affected in meristem organization (Nisa et al. 2019). The gene MAINTENANCE OF 

MERISTEMS (MAIN) is an important factor for the post-embryonic development and 

maintenance of the RAM in Arabidopsis. Loss-of-MAIN leads to a strong short-root phenotype 

associated with accumulation of dead cells within the meristem, increased DNA damage and 

the up-regulation of DNA damage-induced transcripts (Wenig et al. 2013). MAIN belongs to a 

protein family of in total four proteins (MAIN, MAINTENANCE OF MERISTEMS-LIKE 1 

(MAIL1), MAIL2 and MAIL3). All four MAIN family proteins contain an aminotransferase-

like, ‘plant mobile domain’ (PMD) and a ‘nuclear localization signal’ (Fig. 3B). Indeed, MAIN 

family proteins were found to be expressed exclusively in the nucleus (Wenig et al. 2013; 

Uhlken et al. 2014). The phylogenetic tree in Fig. 3A shows all proteins belonging to the MAIN 

protein family from thirty different eudicots indicating that the MAIN protein family is 

conserved (Nicolau et al. 2020). The highest similarity to MAIN has MAINTENANCE OF 

MERISTEMS-LIKE 1 (MAIL1), which shares 68% protein sequence identity in Arabidopsis. 

MAIL2 is also relatively similar, whereas MAIL3 belongs to another subclade in the 
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phylogenetic tree (Fig. 3A). MAIL3 contains, in addition to the PMD domain, a 

‘serine/threonine protein phosphatase’ (PPD)-domain at the C-terminus (Fig. 3B).  

In depth analysis of T-DNA insertion lines of MAIN family proteins revealed that main and 

mail1 mutants show highly similar short root phenotypes, whereas mail3 mutants resemble the 

WT plant phenotype. RNAi-lines of MAIL2 did show a minor developmental defect in leaf 

formation, but no defects in primary root development (PhD thesis, Christine Ühlken, 2014). 

mail1 mutants display accumulation of damaged DNA and cell death in the root meristem 

starting at 2-3 dag, similar to main. Both mutants are able to survive and to reproduce due to 

formation of adventitious roots compensating for defects in the primary root and anchor root 

formation (Uhlken et al. 2014; Uhlken, Hoth, and Weingartner 2014). Double mutant analysis 

of main mail1 showed that both proteins act redundantly in the same signaling pathway as the 

double mutant phenotype mirrors the single mutant phenotype (Uhlken et al. 2014).  

 

 

Figure 3: Conservation of PMD domains and structures of Arabidopsis MAIN family proteins. (A)  

Phylogenetic tree showing the PMD motif containing proteins from 30 representative Eudicot species. The major 

clades MAIL2/MAIL2-like (including MAIN and MAIL1) and MAIL3 are indicated. Genes containing both, a 

PMD and a PPD motif, are marked in red. The image was taken from (Nicolau et al. 2020). (B) Protein structures 
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of Arabidopsis MAIN, MAIL1, MAIL2 and MAIL3. PMD: Plant mobile domain, PPD: Protein phosphatase 

domain, NLS: Nuclear localization signal. 

In addition to the function in primary root development and genome integrity in the RAM, 

MAIN and MAIL1 were identified in independent studies as important factors for silencing of 

transposable elements (Ikeda et al. 2017; Nicolau et al. 2020). Both main and mail1 mutants 

show release of transposon silencing, mainly of loci that are located in the pericentromeric 

heterochromatin associated with partial decondensation of the pericentromeric heterochromatin 

(Ikeda et al. 2017). The mechanism leading to release of TE silencing as consequence of loss 

of MAIN or MAIL1 is still unsure. MAIL1 was described to act independently of the most 

common pathways for TE silencing, DNA methylation and siRNA-mediated silencing pathway 

(Ikeda et al. 2017). For MAIN, it was suggested to act in a complex ‘multiple layer’ regulation 

network together with factors involved in DNA methylation and other epigenetic regulatory 

pathways (Nicolau et al. 2020). Overall, it is also unknown, whether the observed release of 

TEs in main and mail1 is connected to the defects in primary root growth and genome integrity. 

1.1.5 PROTEIN PHOSPHATASE 7-LIKE  

Our group and another independent group from France searched for protein interaction partners 

of MAIN and MAIL1 and we both identified PROTEIN PHOSPHATASE 7-LIKE (PP7L) as 

being part of a MAIN-MAIL1-PP7L complex (de Luxan-Hernandez et al. 2020; Nicolau et al. 

2020). PP7L belongs to the plant-specific serine/threonine protein phosphatase family of 

PROTEIN PHOSPHATASE 7 (PP7) together with MAIL3 (Farkas et al. 2007; Uhrig, 

Labandera, and Moorhead 2013). PP7 is involved in phytochrome signaling (Genoud et al. 

2008) and has been associated with the regulation of HEAT SHOCK PROTEIN (HSP) 

expression under heat stress (LIU et al. 2007). In comparison to PP7, PP7L also contains a PP7-

like protein phosphatase domain, but which contains several mutations within the catalytic 

center and is therefore designated as being inactive (Goldberg et al. 1995). Additionally, PP7L 

contains an N-terminal domain, which includes the NLS (Fig. 4). 

 

Figure 4: Structures of Arabidopsis PROTEIN PHOSPHATASE 7 (PP7) protein family members. PMD: 

Plant mobile domain, PPD: Protein phosphatase domain, NLS: nuclear localization signal. 
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Analysis of pp7l mutants mirrored the phenotype of mail1. pp7l mutants showed normal 

embryogenesis, but showed impaired primary root growth and accumulated dead cells in the 

RAM at 3 dag. This was associated with an increased expression of several DNA repair genes. 

Interestingly, the induction of DNA damage response in pp7l mutants was not dependent on the 

main DDR regulator SOG1 (de Luxan-Hernandez et al. 2020). A similar set of TEs was released 

from silencing in pp7l as had been shown for main and mail1 mutants (de Luxan-Hernandez et 

al. 2020; Nicolau et al. 2020). Analysis of main pp7l and mail1 pp7l double mutants underlined 

that PP7L acts in the same signaling pathway as MAIN and MAIL1 (de Luxan-Hernandez et 

al. 2020). Nonetheless, it still remains unknown in which pathway the MAIN-MAIL1-PP7L 

complex is involved. 

Another study found a function for PP7L in chloroplast biogenesis (Xu et al. 2019). It was 

shown that pp7l mutants are defective in chloroplast ribosomal RNA (rRNA) biogenesis and 

therefore also in messenger RNA (mRNA) translation. Additionally, seed germination of pp7l 

was impaired under salt and high light, whereas overexpression of PP7L increased tolerance to 

these stresses. This implied a possible role of PP7L in abiotic stress responses (Xu et al. 2019).  

1.2 Protein biosynthesis 

Plant growth and development strongly rely on proper and coordinated gene expression. 

Proteins are involved in a multitude of cellular processes. Thus, maintenance of protein 

homeostasis is essential for plant survival. Translation describes the process of translating the 

genetic information from mRNA into a polypeptide chain and production of the final protein. 

The process of translation is a highly conserved mechanism, including the three steps, initiation, 

elongation and termination, with a consequent recycling step. The most important factors 

involved in translation are mRNAs, tRNAs, ribosomes and translation factors. Based on the 

high conservation of translation mechanisms between different species, conserved translation 

factors have been identified in plants and Arabidopsis. Despite the high conservation, there are 

several plant-specific translation factors (Browning and Bailey-Serres 2015; Moore, Gossmann, 

and Dietz 2016; Wu, Jen, and Hsu 2023).  

The process of translation is highly energy-dependent and cost-intensive, so it has to be tightly 

regulated. Especially in response to adverse environmental conditions, translation needs to be 

adapted quickly to conserve energy and prevent damage (Advani and Ivanov 2019). Therefore, 

it is not surprising that many translation factors have been shown to play a role in abiotic stress 

responses in plants (Castellano and Merchante 2021).  
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1.2.1 Canonical translation initiation, elongation and termination 

Canonical initiation of translation is dependent on the 5’ m7Gppp cap structure of the messenger 

RNA (mRNA) and occurs during favorable conditions. The 5’ cap is bound by the eukaryotic 

INITIATION FACTOR COMPLEX 4F, which is formed by the subunits, eIF4E, eIF4G and 

eIF4A. The 3’ poly-(A)-tail of the mRNA is bound by POLY-A-BINDING PROTEINS 

(PABs). Simultaneously, the GTP-bound eIF2 binds to an initiator tRNA (Met-tRNAi
Met) and 

further assembles with 40S ribosomal subunits, eIF1, eIF3 and eIF4A to form the 43S pre-

initiation complex (43S PIC). 43S PIC binds eIF4F, consequently bringing mRNA and initiator 

tRNA together. Consequently, scanning of the mRNA for a start codon can begin at the 5’UTR. 

Start codon recognition leads to recruitment of 60S ribosomal subunits. Once several eIFs are 

released, the fully assembled ribosome, called 80S ribosome, can begin translation elongation. 

Translation elongation is dependent on the delivery of aminoacyl-tRNAs to the ribosome. The 

start codon paired with the initiator tRNA is placed in the P-site of the ribosome. The following 

codon is placed in the A-site of the ribosome and the appropriate anticodon containing 

aminoacyl-tRNA has to be delivered. This is mediated by the eukaryotic TRANSLATION 

ELONGATION FACTOR 1A (eEF1A). eEF1A binds aminoacyl-tRNAs and releases them to 

the A-site upon codon:anticodon pairing. A peptide-bond between initiator tRNA and the 

aminoacyl-tRNA is formed. The transfer of the aminoacyl-tRNA from eEF1A to the A-site is 

energy-dependent and requires the hydrolysis of GTP to GDP, which is bound to eEF1A. For 

eEF1A to be able to deliver a new aminoacyl-tRNA, it has to be recharged with GTP. This 

GDP/GTP exchange is promoted by the eukaryotic TRANSLATION ELONGATION 

FACTOR COMPLEX 1B (eEF1B). Subsequently, the mRNA is translocated by one codon, 

which shifts the peptidyl-tRNA to P-site and the deacylated tRNA to the E-site of the ribosome. 

The translocation is mediated by eEF2 and also requires GTP hydrolysis. Afterwards, the A-

site of the ribosome is again free for the next aminoacyl-tRNA and a new round of elongation 

cycling. An overview of the translation elongation cycle is demonstrated in Fig. 5.  
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Figure 5: Overview of translation elongation. Once the initiation-tRNA is bound to the AUG of the mRNA, 

translation elongation starts. GTP-bound eEF1A delivers aminoacyl-tRNAs to the ribosome. Upon correct 

codon:anticodon pairing a peptide bond is formed and the mRNA is translocated by three nucleotides, which shifts 

the peptidyl-tRNA to the P-site, the deacylated tRNA to the E-site and frees the A-site for the next aminoacyl 

tRNA. The figure has been adapted from (Browning and Bailey-Serres 2015).  

The elongation cycle is stopped, when a stop codon is encountered in the A-site. The eukaryotic 

RELEASE FACTORS 1 and 3 (eRF1 and eRF3) mediate translation termination in a GTP-

dependent manner and lead to the release of the peptide from the ribosome. To completely 

finish the translation cycle and to be able to start a new round of translation, the ribosomal 

subunits are recycled by the ATP-binding cassette subfamily E member 1 (ABCE1) (Pisarev et 

al. 2010). 

1.2.2 Translation elongation factor complex eEF1B  

The translation elongation factor complex is highly conserved among yeast, metazoa and plants, 

although the number and composition of the subunits within the eEF1B complex are diverse 

between different species. In the following, the nomenclature suggested by Le Sourd et al. will 

be used to describe the eEF1B complex subunits. In plants, the eEF1B complex is composed of 

three subunits: alpha (), beta () and gamma (); (Le Sourd et al. 2006). Two genes are 

encoding for each subunit in Arabidopsis, which produce highly similar proteins (Browning 

and Bailey-Serres 2015). Yeast eEF1B is composed of only two subunits, alpha and gamma 

(Miyazaki et al. 1988), while metazoa contain alpha, gamma and delta subunits. The beta 

subunit is plant-specific (Le Sourd et al. 2006). The canonical functions of the subunits are 

described based on the high sequence homology of plant eEF1B subunits to their corresponding 

homologs in yeast and metazoa. Table 1 shows the accessions numbers and the assigned 

functions of the subunits in Arabidopsis. 
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Table 1: Subunits of the Arabidopsis eEF1B complex: Functions, protein isoforms and gene identifiers. 

eEF1B subunit Function Protein isoform Gene identifier 

alpha  GDP/GTP exchange eEF1B1 

eEF1B2 

AT5G12110 

AT5G19510 

beta GDP/GTP exchange eEF1B1 

eEF1B2 

AT1G30230 

AT2G18110 

gamma Structural component and 

possible GST activity 

eEF1Bγ1 

eEF1Bγ2 

AT1G09640 

AT1G57720 

 

The plant eEF1B and eEF1B subunit possess guanine exchange factor activity, which is 

necessary for recharging eEF1A. The eEF1B subunit is supposedly a structural subunit, which 

keeps the complex together. Besides these canonical functions, additional non-canonical 

functions have been described for the eEF1B complex of different organisms, including cell 

cycle regulation, virus replication, DNA repair, alternate splicing and stress responses 

(Sasikumar, Perez, and Kinzy 2012; Negrutskii 2020). In Arabidopsis, eEF1B is playing a role 

in plant development and cell wall biosynthesis (Hossain et al. 2012). Several studies indicate 

that eEF1B is inflicted in oxidative stress. Loss of eEF1B in yeast results in altered oxidative 

stress response (Olarewaju et al. 2004; Esposito and Kinzy 2010). eEF1B mutants of 

Aspergillus fumigatus are more sensitive towards oxidative stress (O'Keeffe et al. 2013). 

eEF1B from Phanerochaete chrysosporium has been shown to be an active Glutathione-S-

transferase (GST) and to interact with other GSTs (Bchini et al. 2020). 

1.3 Abiotic stress responses 

Throughout their life cycle, plants are exposed to different kinds of abiotic stress including heat, 

drought, cold, nutrient deficiencies, excess salt or toxic metal stress. Under stress conditions, 

growth, development, yield and metabolism of plants are severely affected. In regard of climate 

change, plants are confronted with more extreme weather conditions. Recently, it was shown 

that the occurrence of combined heat and drought during growing season of the most important 

crop plants (wheat, maize, soybean, rice), which leads to severe yield reduction, significantly 

increased from 1980 to 2009 (Heino et al. 2023). Another study indicated that the ‘primary 

climatic driver’ influencing crop yields in the future is temperature increase (Ortiz-Bobea et al. 

2019). Therefore, it is of utmost importance to understand the plant stress signaling pathways 
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and response mechanisms to be able to ensure plant survival and sufficient crop yields in the 

future.  

Plants stress responses can be non-adaptive or adaptive (Zhang et al. 2022). Non-adaptive 

responses mirror the damage resulting from stress and include changes in membrane fluidity, 

protein structure or disorder of enzyme kinetics. Adaptive responses are responsible for 

increased stress tolerance and are therefore most interesting for engineering of more stress 

robust plants. Adaptive responses include repair of stress-induced damage, rebalancing of 

cellular homeostasis and adaption of growth and development (Zhang et al. 2022). This implies 

that plants have to constantly balance their growth rate and their stress responses resulting in a 

growth-stress response-trade-off (Zhang, Zhao, and Zhu 2020).  

Plant stress responses can be divided into general stress response mechanisms, which are 

induced in response to any kind of stress, and stress-specific response mechanisms, which are 

dependent on the type of stress. Stress responses are induced via various cellular processes 

including: stress sensing, signal transduction, transcription, transcript processing, translation 

and post-translational modifications (Zhang et al. 2022). In the following, the specific responses 

to oxidative and heat stress will be introduced with special emphasis on the regulation of 

translation. Another potential factor for regulating stress responses is the subcellular 

localization of mRNA and proteins in cytoplasmic biomolecular condensates, which will also 

be introduced.  

1.3.1 ROS act as signaling molecules and as inducers of oxidative stress response 

ROS are built as side-products during photosynthesis and aerobic processes. The most often 

generated ROS are singlet oxygen, hydrogen peroxide, superoxide anion and hydroxyl radical 

(Mittler 2002). In low concentrations, ROS are dynamic and important signaling messengers 

regulating plant growth, development and abiotic stress responses. Coordinated oxygen and 

ROS signaling is required for correct function and patterning of the stem cell niche (Considine 

and Foyer 2021). Various stresses, including heat, cold, drought or heavy metal stress, can 

induce high concentrations of ROS (reviewed in (Huang et al. 2019)). High concentrations of 

ROS can cause cellular damage through oxidation of proteins, lipids and other metabolites. But 

high ROS levels can also induce programmed cell death, which can be required for survival 

during stress conditions. Different pathways are scavenging ROS and help to maintain ROS 

homeostasis. Many of these pathways include the scavenging enzymes, superoxide dismutase, 

ascorbate peroxidase or catalase (Mittler 2002). Furthermore, antioxidants like ascorbate and 

glutathione are important for removal of ROS (Noctor and Foyer 1998). Loss of glutathione 
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synthase enzymes can be embryo-lethal or induce strong developmental defects (Vernoux et al. 

2000; Cairns et al. 2006). Glutathione is a low-molecular weight thiol and can exist in two free 

forms, reduced or oxidized form. Reduced glutathione is required for detoxification of ROS 

and needs to be transferred to ROS. This is mediated by glutathione-S-transferases (GSTs). 

Plants have 14 classes of GSTs, which have canonical catalytic activity, but are also involved 

in mediating biotic and abiotic stress resistance and plant development (reviewed in (Nianiou-

Obeidat et al. 2017).  

1.3.2 Response to elevated temperatures 

Plants are highly responsive to changes of temperature, even differences of 1°C can be sensed 

(Jung et al. 2016). High temperatures lead to several physiological changes in plants that are 

recognized by different sensors (reviewed in (Zhang et al. 2022)). During high temperatures 

membrane fluidity is altered (Sangwan et al. 2002) and free cytosolic Ca2+ concentration is 

increased. This might be due to alterations of membrane-bound cyclic nucleotide-gated ion 

channels, which regulate Ca2+ signaling and confer heat tolerance in rice (Cui et al. 2020). 

Temperature stress also leads to decreased protein stability, which is recognized for example 

by the temperature-dependent switch phyB. At elevated temperatures, phyB switches to 

inactive state and releases the transcription factor PIF4. Increased PIF4 activity leads to 

thermomorphogenesis, including elongation of growth of petioles, hypocotyl and primary root 

as well as increased expression of heat-responsive genes (Franklin et al. 2011; Jung et al. 2016). 

Thermomorphogenesis occurs mainly in response to moderately elevated temperatures. During 

extremely high temperatures, the heat stress response is mediated through the Heat Shock 

Transcription Factor (HSF)-Heat Shock Protein pathway (Zhou et al. 2022). In Arabidopsis, 

HSFA1 has been described as main regulator of heat stress response at the transcriptional level. 

Mutants lacking multiple HsfA1 genes display altered morphology and retarded growth under 

control conditions and reduced expression of several heat responsive genes and increased heat 

sensitivity during heat stress (Liu, Liao, and Charng 2011).  

At the translational level, two main regulatory mechanisms are initiated upon heat stress. One 

of the two main mechanisms is the global repression of general protein biosynthesis. In 

Arabidopsis seedlings, only 50% of bulk mRNAs are associated with polysomes after heat 

stress (Yanguez et al. 2013). This is mainly regulated through inhibition of translation initiation. 

In mammalian cells, the phosphorylation of translation initiation factor eIF2 through a specific 

protein kinase is the main regulatory switch leading to downregulation of translation initiation 

(Lu, Han, and Chen 2001). In plants, eIF2 is not phosphorylated in response to heat stress 
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(Gallie et al. 1997; Zhigailov et al. 2020). Instead, other mechanisms including those involved 

in control of the formation of the eIF4F complex, often depending on the activity of the central 

signaling hub TARGET OF RAPAMYCIN (TOR) and its antagonist SNF1-related protein 

kinase 1 (SnRK1), were suggested to lead to inhibition of translation initiation in response to 

various stresses in plants (Bruns et al. 2019; Nukarinen et al. 2016; Scarpin, Leiboff, and 

Brunkard 2020; Son and Park 2023; Castellano and Merchante 2021).  

The second of the two main mechanisms at the translational level is the induction of stress-

specific gene expression. HSFs and other heat-specific transcription factors induce the 

expression of HEAT SHOCK PROTEINS (HSPs) in response to heat stress. HSPs act as 

molecular chaperones, which support correct protein folding and prevent aggregation of nascent 

polypeptide chains. Heat stress leads to an increased number of misfolded proteins, whose 

refolding is supported by HSPs or which are targeted by HSP and other co-chaperones for 

degradation (Zhang and Qian 2011). Thereby, HSPs help to maintain protein homeostasis. 

There are five families of HSP proteins, which are clustered according to their molecular 

weight: HSP60, HSP70, HSP90, HSP100 and small HSPs (Bascos and Landry 2019; Ul Haq et 

al. 2019). Arabidopsis mutants lacking several HSP70 genes show severe developmental 

defects under control conditions and are hypersensitive to heat stress (Leng et al. 2017). Targets 

of HSC70/HSP70 are degraded in co-translational decay through the exoribonuclease XRN4 

(Merret et al. 2013; Merret et al. 2015). HSC70/HSP70 also mediates the downregulation of 

general translation rates at the translation elongation step. The heat-induced increase of 

misfolded proteins leads to reduced availability of HSC70/HSP70, which provokes ribosome 

pausing during translation elongation (Merret et al. 2015). This shows that translation 

elongation plays a role for global translational repression during heat stress.  

HSP101 is an important protein disaggregase in Arabidopsis, which confers heat stress 

resistance. hsp101 mutants do show minor developmental defects under control conditions, but 

are strongly heat sensitive (Hong and Vierling 2001; Tiwari et al. 2021). Therefore, hsp101 

mutants are often used as control line for heat stress experiments (McLoughlin et al. 2016; 

Zhang, Liu, et al. 2017). HSP101 has been shown to act together with HSP70 and small HSPs 

(sHSPs) to solubilize proteins that aggregate in response to heat. The group of proteins, which 

are re-solubilized by HSP101 included translation initiation factor eIF4A, translation elongation 

factors eEF1B, eEF1B and eEF1B as well as an RNA helicase (McLoughlin et al. 2016). It 

was suggested that the re-solubilization of these factors might be important for recovery of 

translation rates after stress relief. Indeed, hsp101 mutants show a defect in polysome recovery 
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after heat stress-recovery. Additionally, hsp101 is defective in the disassembly of heat-induced 

cytoplasmic biomolecular condensates, called stress granules (Merret et al. 2017).  

1.3.3 Stress-induced biomolecular condensate formation  

Biomolecular condensates are microscopically observable, membrane-less sites containing 

increased numbers of specific mRNAs and proteins. High numbers of low-affinity interactions 

between multivalent molecules lead to liquid-liquid phase separation (LLPS), which is essential 

for biomolecular condensate formation (Banani et al. 2017). Multivalent molecules known to 

enhance LLPS are on the one hand RNAs with specific properties, e.g. secondary structures or 

chemical modifications (Tauber, Tauber, and Parker 2020; Campos-Melo et al. 2021). On the 

other hand are RNA-binding proteins (RBPs), especially proteins containing intrinsically 

disordered regions (IDRs), prion-like domains (PLDs) or low complexity domains (LCDs), 

enhancing biomolecular condensate formation (Wiedner and Giudice 2021). Proteins, that are 

driving the process of biomolecular condensate formation and that are found at the core of 

biomolecular condensates, are called ‘scaffolds’. Proteins, that are only associating with the 

shell of biomolecular condensates, are called ‘clients’.   

Upon stress conditions different types of biomolecular condensates are formed within cells. 

Two types of cytosolic biomolecular condensates have predominantly been described in 

mammalian, yeast and plant cells: stress granules (SGs) and processing bodies (PBs). Upon 

stress conditions, translation is downregulated and polysomes are released from mRNAs. Free 

untranslated mRNAs are a prerequisite for SG and PB formation. PBs are present within the 

cytosol prior to stress conditions, but their quantity and size increase upon stress. Untranslated, 

deadenylated mRNA and mRNA decay factors like decapping enzymes and exoribonucleases 

have been identified as components of PBs (Teixeira et al. 2005; Zheng  et al. 2008). Therefore, 

it was initially assumed that PBs are active sites of mRNA decay and mRNAs are targeted to 

PBs for their degradation. But different studies challenged this hypothesis. Currently, it is not 

finally cleared up in which way PBs are regulating mRNA translation, both, selective 

stabilization or decay of mRNA, are possible. Such a dual function of PBs has been proposed 

(Aizer et al. 2014). Interestingly, PBs and SGs can share or exchange their components 

(Kedersha  et al. 2005).  

SGs form quickly after stress initiation. Key components of SGs are untranslated poly(A)-

mRNAs, specific translation initiation factors and 40S ribosomal subunits (Kedersha et al. 

1999). Important examples of SG scaffold proteins from mammalian cells are Ras GTPase-

activating protein-binding protein 1 (G3BP1), T-cell-restricted intracellular antigen-1 (TIA1) 
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and TIA1-related (TIAR) (Yang et al. 2020; Rayman and Kandel 2017; Kedersha et al. 2000). 

Upon stress relief, SGs are disassembled with the help of different chaperones, like HSP101 

(Merret et al. 2017). Thus, it was suggested that SGs play a role in storage and protection of 

mRNAs and proteins during stress conditions. A simplified overview of the formation of SGs 

and PBs in response elevated temperatures is shown in Fig. 6.  

 

 

Figure 6: Stress Granules and Processing Bodies assemble upon polysomal mRNA run-off in response to 

heat stress. In response to heat stress, polysomes disassemble from the translated mRNA. Untranslated mRNAs 

and proteins are reversibly stored in stress granules and processing bodies. Upon stress relief, proteins and mRNAs 

are released from stress granules and can re-enter the translation. The figure has been adapted from (Chantarachot 

and Bailey-Serres 2018).  

The details of assembly, disassembly, composition and function of mammalian SGs and PBs in 

response to different stresses have been thoroughly reviewed in mammalian cells (Hofmann et 

al. 2021; Glauninger et al. 2022; Millar et al. 2023). Mis-regulated biomolecular condensation 

was shown to lead to severe diseases in humans (Baradaran-Heravi, Van Broeckhoven, and van 

der Zee 2020; Niu et al. 2023; Silva et al. 2023). The analysis of biomolecular condensates is 

an active research area in plants. Newest insights on SG and PB characteristics in plants have 

been reviewed recently (Maruri-Lopez et al. 2021; Kearly et al. 2022; Londoño Vélez et al. 

2022; Solis-Miranda et al. 2023; Yan et al. 2022). While many aspects of SGs and PBs are 

shared between mammalian, yeast and plant cells, there are also differences. One of which is 

that in plants, an additional class of biomolecular condensate has been proposed in response to 
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heat stress. While SGs assemble quickly in response to heat stress and lack HSPs, plant heat-

stress granules (HSGs) assemble only under long-term heat stress, contain HSPs and are not 

dependent on untranslated RNAs (Weber, Nover, and Fauth 2008). The distinct separation of 

SGs and HSGs has later on been questioned, because at least some HSP-containing condensates 

contain mRNA (McLoughlin et al. 2016). 

1.3.3.1 Scaffold proteins in heat-induced stress granules 

Stress granules in plants are formed in response to diverse stress conditions, but high 

temperature is one of the most commonly used conditions for induction of stress granule 

assembly in plants. Thereby, important scaffold proteins of heat-induced stress granules have 

been identified. OLIGOURIDYLATE BINDING PROTEIN 1b (UBP1b), a homolog of 

mammalian SG-scaffold protein TIA1, is a SG-nucleating protein, whose overexpression 

promotes thermotolerance (Sorenson and Bailey-Serres 2014; Nguyen et al. 2016). It was 

suggested that mRNAs associated with UBP1b-SGs are protected from degradation during heat 

stress (Nguyen et al. 2016). Direct evidence for this hypothesis is missing so far.  

RBP47, plant homolog of mammalian TIAR, is also essential for SG formation upon heat stress 

(Weber, Nover, and Fauth 2008; Bhasin and Hülskamp 2017). RBP47 was used as bait to 

identify the first heat-induced SG proteome in plants (Kosmacz et al. 2019) and revealed an 

overlap of 28% with human SG proteome (Jain et al. 2016). It was shown that similar to 

mammalian SGs, many RBPs are localizing to plant SGs (Kosmacz et al. 2019).  

RNA-binding glycine rich D2 and 4 (RBGD2 and RBGD4) are RBPs that confer 

thermotolerance and localize to heat-induced SGs. A low complexity domain that is capable of 

LLPS in vitro and in vivo after heat stress is present in both proteins and is required for heat 

stress resistance (Zhu et al. 2022).  

Tudor Staphylococcal Nuclease (TSN) is another scaffold protein in heat-induced SGs, which 

contains an intrinsically disordered region (Gutierrez-Beltran et al. 2015; Gutierrez-Beltran et 

al. 2021). The analysis of the TSN interactome showed that 70% of TSN interactors form a 

preassembled interaction network already at control conditions, whereas 30% of the TSN 

interactome are recruited to SGs de novo upon heat induction. So, TSN might act as docking 

platform for SG-associated proteins and could thereby support early steps of SG formation 

(Gutierrez-Beltran et al. 2021). 
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1.3.3.2 Translation elongation factors in heat-induced biomolecular condensates 

While the presence of translation initiation factors has long been established, the occurrence of 

translation elongation factors in biomolecular condensates has been discovered more recently. 

In yeast, the translation elongation factor subunit eEF1B has been found in heat-shock induced 

SGs (Grousl et al. 2013). Several lines of evidence indicated that subunits of the translation 

elongation factor complex eEF1B are also present in heat-induced SGs in Arabidopsis. First, 

all eEF1B subunits do colocalize with HSP101 in heat-induced cytoplasmic condensates 

(McLoughlin et al. 2016). Second, in the proteomic analysis of the RBP47 interactors in SGs, 

all three eEF1B subunits have been identified (Kosmacz et al. 2019). Third, the SG scaffold 

protein TSN does interact with eEF1B in a heat-dependent manner (Gutierrez-Beltran et al. 

2021). This led to the hypothesis that the subcellular localization of the eEF1B subunits might 

play a role in response to heat stress. Thus, the analysis of the changes in the subcellular 

localization of eEF1B complex components upon heat stress has been one focus of this thesis. 

1.4 Aim of the thesis 

PP7L is an inactive phosphatase that belongs to a protein complex involved in maintenance of 

root meristem and genome integrity. In order to understand the function of PP7L within the 

interplay of the three-protein MAIN-MAIL1-PP7L complex, protein-protein interaction and 

subcellular localization studies have been performed as part of this thesis. The signaling 

pathway, in which PP7L and its complex partners work, is still unknown. To this end, two 

experimental approaches were followed. First, a suppressor screen was initiated with pp7l 

mutants and second, new potential protein interactors were identified. 

The eEF1B complex has a canonical function in translation elongation and several non-

canonical functions, which had not been studied in plants. Analysis of T-DNA insertion lines 

was performed to identify the function of eEF1B in protein biosynthesis, growth and 

development and heat stress response. Since biomolecular condensates play a role in abiotic 

stress response and several studies indicated the localization of eEF1B subunits in biomolecular 

condensates upon heat stress, the subcellular localization of the three eEF1B subunits was 

analyzed using GFP fusion proteins. The studies should especially elucidate how the 

recruitment of eEF1B subunits to biomolecular condensates upon heat stress might influence 

the control of translation. 
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2 Material and Methods 

2.1 Organisms and Media 

Organism Strain Genotype Reference 

OneShot® 

Top10  

Escherichia 

coli 

F-mcrA Δ( mrr-hsdRMS-mcrBC) 

Φ80LacZΔM15  LacX74 recA1 araD139 

Δ( araleu)7697 galU galK rpsL 

(StrR) endA1 nupG 

Thermo Fisher 

Scientific 

DH5 Escherichia 

coli 

F– endA1 glnV44 thi-1 recA1 relA1 

gyrA96 deoR nupG purB20 

φ80dlacZΔM15 Δ(lacZYA-argF)U169, 

hsdR17(rK –mK + ), λ– 

(Hanahan 

1983) 

GV3101 Agrobacterium 

tumefaciens 

C58 (RifR), pMP90 (GentR) (Koncz and 

Schell 1986) 

C58C1 Agrobacterium 

tumefaciens 

C58 (Rif R) (Van Larebeke 

et al. 1974) 

AH109 Saccharomyces 

cerevisiae 

MATa, trp1-901, leu2-3, 112, ura3-52, 

his3-200, gal4Δ, gal80Δ, LYS2::GAL1UAS-

GAL1TATA-HIS3, GAL2UAS-GAL2TATA-

ADE2, URA3::MEL1UAS-MEL1TATA-lacZ 

(James, 

Halladay, and 

Craig 1996) 

LB medium (Luria and Bertani-Medium) 

Trypton 0,5 % (w/v) 

Yeast extract 1 % (w/v) 

NaCl 0,5 % (w/v) 

LB medium was autoclaved before use. For solid medium 1,5 % (w/v) agar was added. 

YPDA (Yeast Peptone Dextrose Adenine-Medium) 

Yeast extract 1 % (w/v) 

Peptone 2 % (w/v) 

Glucose 2 % (w/v) 

Adenine hemisulfate 0,003 % (w/v) 
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YPDA medium was autoclaved before use. Glucose and adenine hemisulfate were dissolved in 

ddH2O, sterile-filtrated and added after autoclaving. pH has been adjusted to 5.8 using HCl. For 

solid medium 2 % (w/v) agar was added. 

SD-Medium (Synthetic Defined Growth-Medium) 

Glucose 2 % (w/v) 

Yeast Nitrogen base without amino acids 6,7 g/L 

Adenine hemisulfate 20 mg/L 

Arginine  20 mg/L 

Histidine (not in -Leu-Trp-His) 20 mg/L 

Isoleucine 20 mg/L 

Myo-Inositol 20 mg/L 

Leucine (not in -Leu-Trp or -Leu-Trp-His) 40 mg/L 

Lysine 20 mg/L 

Methionine 20 mg/L 

Phenylalanine 30 mg/L 

Serine 20 mg/L 

Threonine 20 mg/L 

Tryptophan (not in -Leu-Trp or -Leu-Trp-His) 30 mg/L 

Tyrosine 20 mg/L 

Uracil 12 mg/L 

Valine 90 mg/L 

 

SD-Medium was sterile-filtrated before use. If SD-Medium was used for selection of positive 

yeast transformants, the appropriate amino acids were left out of the medium. To increase 

stringency of yeast selection 3-aminotriazol was added to the medium. 

2.1.1 Media additives 

Additive Solvent Stock solution Final concentration 

Ampicillin ddH2O 100 mg/ml 100 µg/ml 

Kanamycin ddH2O 50 mg/ml 50 µg/ml 

Spectinomycin ddH2O 100 mg/ml 100 µg/ml 

3-aminotriazol ddH2O 1 M 0,5 mM to 1 mM 
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2.2 Biomolecular Methods 

2.2.1 Polymerase chain reaction (PCR) for fragment amplification 

Amplification of genomic or coding sequences for cloning was performed by PCR using 

Phusion™ High Fidelity DNA-Polymerase (Thermo Fisher, Schwerte, Germany). All primers 

used in this study are listed in 2.7. The PCR reaction mix was set up as following: 

Reagent Volume  

Phusion™ High Fidelity Buffer 10 µl 

10 mM dNTPs  1 µl 

10 µM Forward primer 2,5 µl 

10 µM Reverse Primer 2,5 µl 

DMSO 1,5 µl 

DNA template 2 µl 

Phusion™ High Fidelity DNA-Polymerase 0,5 µl 

ddH2O ad 50 µl 

 

The following PCR program was used for amplification (Cycling between denaturation and 

elongation step 29x): 

Step  Temperature  Time 

Initial denaturation  98°C 3 min 

Denaturation  98°C 10 s 

Annealing  x°C (dependent on primer melting T) 30 s 

Elongation  72°C x min (30s per 1 kb) 

Final Elongation  72°C 8 min 

Hold  10°C ∞ 

 

2.2.2 Electrophoretic separation of nucleic acids 

Agarose gel electrophoresis was used to separate DNA fragments. Therefore, an agarose gel 

was prepared with 0,8 % (w/v) agarose (Genaxxon bioscience GmbH) in 1x TAE buffer (40 

mM Tris-acetate, 1 mM EDTA) and 0,05 µg/mL ethidiumbromide. As marker, 4 µl of 

GeneRuler 1 kb Plus DNA Ladder (Thermo Fisher Scientific, Schwerte, Germany) were loaded 

onto the gel. Phusion PCR products were mixed with 5x loading dye before loading. Gel 
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electrophoresis was run at 120 V for 30 – 50 min. DNA was detected under UV light with 

PEQLAB E-BOX VX2 imaging system (VWR International GmbH, Darmstadt, Germany).    

2.2.3 Isolation of DNA fragments from agarose gels 

Pieces of agarose gel containing DNA fragments of interest were cut from the gel. DNA was 

isolated and cleaned using the NucleoSpin® Gel and PCR Clean-up Kit (MACHEREY-NAGEL 

GmbH & Co. KG, Düren, Germany) according to manufacturer’s information. For elution of 

DNA from the column, 20 µl of ddH2O was used. 

2.2.4 Gateway cloning - BP reaction 

Isolated amplicons of genes of interest were transferred into entry vectors using Gateway® BP 

Clonase™ II Enzyme Mix. The reaction was performed for 1-12 h at room temperature and the 

reaction mix was set up as following:  

Reagent Volume  

PCR product (ca. 15-150 ng) 2 µl 

Entry vector (pDONR221 or pDONR223; 150 ng/µl)  1 µl 

BP Clonase™ II Enzyme Mix 0,5 µl 

TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0) 2,5 µl 

 

2.2.5 Transformation of Escherichia coli 

Chemically competent E. coli cells were thawed on ice for 20 min. For transformation of BP or 

LR reaction, 5 µl of reaction mix was added to 25 µl of competent cells, mixed gently by 

flicking and incubated for 10 min on ice. For retransformation of plasmid DNA into E. coli, 1 

µl DNA was added to 25 µl of competent cells. The cells were heat-shocked for 45 s at 42°C 

and afterwards cooled on ice for 2 min. Recovery of heat-shocked cells was performed by 

addition of 250 µl LB medium and incubation for 1 h at 37°C and 450 rpm. Then, cells were 

plated on LB plates containing the respective antibiotics and grown overnight at 37°C.   

2.2.6 Colony-PCR 

Single colonies were tested for correct insertion of plasmids by Colony-PCR. Therefore, 

bacteria were picked with a tooth pick and dispersed in 25 µl of ddH2O. From this bacteria 

solution 2 µl were used as DNA template in PCR reaction mix. The primers were chosen to 

make sure that the correct plasmid was inserted in the correct orientation. Therefore, one primer 
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was binding in the vector sequence, while the other primer was binding in the gene of interest. 

The reaction was set up as following: 

Reagent Volume  

10x DreamTaq DNA Polymerase Buffer 2 µl 

10 mM dNTPs  0,4 µl 

10 µM Forward primer 0,4 µl 

10 µM Reverse Primer 0,4 µl 

Bacteria solution as DNA template 2 µl 

DreamTaq DNA-Polymerase 0,1 µl 

ddH2O ad 20 µl 

The following PCR program was used for amplification (Cycling between denaturation and 

elongation step 35x): 

Step  Temperature  Time 

Initial denaturation  95°C 8 min 

Denaturation  95°C 30 s 

Annealing  x°C (dependent on primer melting T) 30 s 

Elongation  72°C x min (1 min per kb) 

Final Elongation  72°C 8 min 

Hold  10°C ∞ 

PCR products were analyzed for correct size via agarose gel electrophoresis.  

2.2.7 Isolation of plasmid DNA from E. coli and sequencing 

Positive colonies were grown overnight in 5 ml LB medium with the respective antibiotics. 

Plasmid DNA was isolated from bacteria with NucleoSpin Plasmid EasyPure Mini Kit 

(MACHEREY-NAGEL GmbH & Co. KG, Düren, Germany). 40 µl of ddH2O were used for 

elution. Plasmid-DNA concentration and DNA quality was controlled at NanoDrop2000 

Spectrophotometer (Thermo Fisher Scientific, Schwerte, Germany). Plasmids were sent for 

sequencing with Eurofins Genomics GmbH (Ebersberg, Germany) or GeneWiz Germany 

GmbH (Leipzig, Germany). Primers are listed in 2.7. 

2.2.8 Site-directed mutagenesis 

For generation of PP7L (active) and eEF1B1.2 constructs, site-directed mutagenesis was 

performed. The entry clones containing the cDNA of PP7L or cDNA of eEF1B1.1 were used 
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as templates for PCR amplification. Overlapping complementing primers containing the desired 

nucleotide exchange were used in a PCR reaction. Primers are listed in 2.7. PCR was set up as 

described in 2.2.1.  

The following PCR program was used for amplification (Cycling between denaturation and 

elongation step 18x): 

Step  Temperature  Time 

Initial denaturation  95°C 2 min 

Denaturation  95°C 30 s 

Annealing  60°C (for eEF1B1) 10 s 

Elongation  68°C 6 min (for eEF1B1) 

Final Elongation  68°C 6 min 

Hold  10°C ∞ 

PCR fragments were isolated as described in 2.2.3. The cleaned PCR products were incubated 

for 1 h with 1 µl of DpnI at 37°C. DpnI is a restriction enzyme that specifically cuts methylated 

DNA, therefore only the plasmid DNA that was used as template is being cut by DpnI. 

Consequently, only the newly synthesized mutated DNA will be successfully transformed into 

E .coli afterwards.  

2.2.9 Gateway cloning - LR reaction 

To generate expression constructs, genes of interest were shuttled from entry vectors into 

destination vectors with help of Gateway® LR Clonase™ II. All destination vectors used for 

this study are listed below.  

Vector Promotor Tag Resistance Reference 

pEarleyGate 104 CaMV 35S N-terminal YFP Kanamycin (Earley et al. 

2006) 

pEarleyGate 203 CaMV 35S N-terminal MYC Kanamycin (Earley et al. 

2006) 

pGBT9 pADH N-terminal BD Ampicillin Clontech 

pGAD424 pADH N-terminal AD Ampicillin Clontech 

pGADCF pADH C-terminal AD Ampicillin Clontech 

pGADCg pADH C-terminal AD Ampicillin (Stellberger et 

al. 2010) 
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pAB117 CaMV 35S C-terminal GFP Spectinomycin (Bleckmann et 

al. 2010) 

pAB118 CaMV 35S C-terminal 

mCherry 

Spectinomycin (Bleckmann et 

al. 2010) 

pMDC107 Native 

promotor 

C-terminal GFP Kanamycin (Curtis and 

Grossniklaus 

2003) 

The Gateway® LR Clonase™ II reaction was performed for 1-12 h at room temperature and 

the reaction mix was set up as following: 

Reagent  Volume  

Entry clone (150 ng/µl)  1 µl 

Destination (150 ng/µl)   1 µl 

LR Clonase™ II Enzyme Mix  0,5 µl 

TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0)  2,5 µl 

After LR reaction, the reaction mix was transformed into E. coli, tested by Colony-PCR and 

send for sequencing (see above). 

2.2.10 Transformation of competent Agrobacterium tumefaciens 

Electro-competent A. tumefaciens cells were thawed on ice for 20 min. For transformation of 

plasmid DNA, 100 ng DNA was gently mixed with 80 µl of competent cells. The cells were 

transferred into an ice-cold electroporation cuvette and electroporation was performed for 5 ms 

at 1440 V. Then, 400 µl of LB medium was added and cells were transferred into an 1,5 ml 

tube. Recovery of electroporated cells was performed by incubation for 2 h at 28°C and 450 

rpm. Afterwards, cells were plated on LB plates containing the respective antibiotics and grown 

for two days at 28°C. 

2.3 Plant work 

2.3.1 Arabidopsis thaliana growth conditions 

All experiments in this study were performed with Arabidopsis thaliana from the ecotype 

Columbia-0. This applies also for each T-DNA insertional line analyzed and each transgenic 

line produced in this study. All T-DNA insertional lines were obtained from the Nottingham 

Arabidopsis Stock Centre (NASC; (Alonso et al. 2003)). 
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Line Gene identifier NASC identifier Publications 

pp7l-1 AT5G10900 SALK_018295 (Xu et al. 2019) 

pp7l-3 AT5G10900 SALK_022053 (Xu et al. 2019) 

eef1b1-1 AT1G30230 SALK_046102C (Hossain et al. 2012) 

eef1b1-2 AT1G30230 SALK_102754 - 

eef1b1-3 AT1G30230 SALK_026418 - 

eef1b2-1 AT2G18110 SALK_107994 - 

eef1b2-2 AT2G18110 SAIL_241G10 - 

eef1bγ1-1 AT1G09640 SAIL_450_F07 - 

eef1bγ1-2 AT1G09640 GABI_920E04 - 

eef1bγ2-1 AT1G57720 GABI_041E07 - 

eef1bγ2-2 AT1G57720 GABI_473B05 - 

hsp101  

(hot1-3) 

AT1G74310  (Hong and Vierling 2001; 

McLoughlin et al. 2019) 

eif5b (hot3-2) AT1G76810  (Zhang, Liu, et al. 2017) 

phb3-3 AT5G40770 SALK_020707 (Van Aken et al. 2007) 

 

Plants were either grown on soil or on Murashige and Skoog (MS) growth medium. For soil 

grown plants, seeds were stratified in H2O for two days at 4°C in the dark, before sowing on a 

wet soil mixture (60% soil, 30% sand and 10% expanded clay). For MS grown plants, seeds 

were first sterilized using fumigation with chlorine gas (mix of 50 ml NaOCl (Chemsolute®, 

Th. Geyer GmbH & Co. KG, Renningen, Germany) with 2.3 ml of 32% HCl) for 3 h. Seeds 

were sown on MS (Duchefa Biochemie, Harleem, Netherlands) plates or transferred in liquid 

MS cultures containing 1 % sucrose. Plates or flasks were kept at 4°C in the dark for two days 

for stratification, before the plates were placed in climate chambers (CLF Plant climatics) for 

growth. Flasks were placed on a shaker (70 rpm) within a climate chamber. Standard growth 

conditions were 16 h of light at 22°C and 8 h of darkness at 18°C.     

2.3.1.2 Generation of double mutants by crossing 

To generate double mutants, homozygous single mutant plants were grown on soil. Closed 

flower buds were opened carefully and emasculated. Stigmas were then pollinated with the 
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pollen of mature flowers from the corresponding other single mutant. Below are all crosses 

produced during this study listed. 

Line Genes 

eef1b1-3 eef1b2-1 AT1G30230 and AT2G18110 

eef1b1-1 eef1b2-1 AT1G30230 and AT2G18110 

eef1b1-1 eef1b2-1 AT1G09640 and AT1G57720 

eef1b1-1 eef1b2-2 AT1G09640 and AT1G57720 

eef1b1-2 eef1b2-1 AT1G09640 and AT1G57720 

eef1b1-2 eef1b2-2 (named as eef1b1/2) AT1G09640 and AT1G57720 

2.3.2 Plant phenotyping methods 

2.3.2.1 Primary root length measurement and lateral root counting 

For primary root length and lateral root measurements, seedlings were germinated and grown 

on vertically placed MS plates. For documentation the plates were scanned with an Epson 

Perfection V700 Photo Scanner. Primary root length was measured using the freehand tool in 

ImageJ software (https://imagej.nih.gov/ij/) and lateral roots were counted individually for each 

seedling. For measurement of primary root length under translation inhibition, seeds were 

germinated and grown on MS plates supplemented with cycloheximide (CHX, 0.05 µM or 0.1 

µM) or with hygromycin B (HYG; 10 mg/ml or 20 mg/ml).  

2.3.2.2 Propidium iodide staining of root tips to analyze the root apical meristem 

Seedlings were grown on vertically placed MS plates for 7 d. Root tips were dissected using a 

binocular microscope and emerged in 10 µg/ml propidium iodide (PI) solution for at least 1 

min. Fluorescence was observed at a confocal laser scanning microscope (Leica TCS SP8 

Confocal Platform, Leica Microsystems) using an excitation wavelength of 561 nm and an 

emission wavelength of 610-650 nm. Numbers of dividing cells were defined by counting the 

number of cortical cells in the meristematic zone. 

2.3.2.3 FM4-64 staining in leaves 

Seedlings were grown for 7 d on horizontally placed MS plates. First true leaves were dissected 

from the seedlings and stained for 30 min in FM4-64 solution. Leaves were washed twice before 

observation of the adaxial epidermal leaf cells at the confocal laser scanning microscope (Leica 

TCS SP8 Confocal Platform, Leica Microsystems) using an excitation wavelength of 514 nm 

and an emission wavelength of 586-666 nm. Cells were counted in four categories: pavement 
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cells, guard cell couples, meristemoid/mother cell couples or meristemoids (Larkin, Brown, and 

Schiefelbein 2003) using ImageJ Plugin Cell Counter.  

2.3.2.4 True leaf formation 

Numbers of true leaves were counted on seedlings, which had germinated and grown on 

horizontally placed MS plates at the indicated timepoints.   

2.3.2.5 Size of biggest rosette leaf 

The size of the biggest rosette leaf was determined on 28 d-old plants, which were germinated 

and grown on soil. The biggest leaf was determined by measuring the length from the leaf 

petiole to the tip of the leaf blade. The biggest rosette leaf was in each analyzed plant among 

the leaves number 9-12. 

2.3.2.6 Number of rosette leaves at flowering time point 

Plants were germinated and grown on soil. From day 21 after germination, plants were observed 

every second day for the formation of bolts. Number of rosette leaves were counted for each 

plant, which started bolting and exhibited visible flower buds.   

2.3.2.7 Seed counting in siliques 

For counting the number of seeds and empty spots in siliques, plants were germinated and 

grown on soil. Siliques from the main shoot were carefully opened using a razor blade and 

observed with an Olympus MVX10 Macroscope. A camera (Olympus DP73) was attached to 

the macroscope and used for documentation.  

2.3.2.8 Clearing of seeds for analysis of embryo development 

For analysis of embryo development, plants were germinated and grown on soil. Different 

siliques were collected from plants and carefully opened using a razor blade. Seeds were 

transferred directly into Hoyer’s solution (50 g chloral hydrate, 3.75 g gum arabic, 2.5 ml 

glycine, 15 ml ddH2O), which was placed on a microscope slide. Seeds were covered with a 

cover slip and incubated in Hoyer’s solution overnight. The de-stained seeds were analyzed and 

documented using an Olympus MVX10 Macroscope with a coupled camera system (Olympus 

DP73). 

2.3.2.9 Seed germination rate 

To test the seed germination rate, seeds were sown on MS plates. MS plates were kept for 3 

days at 4°C in the dark for stratification of the seeds. Plates were vertically placed in the growth 

chamber and germination was observed every 12 h after the transfer to light. Seeds were defined 

as germinated, when the radical emerged through the seed coat. 
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2.3.3 Heat sensitivity assays 

2.3.3.1 Basal thermotolerance 

Basal thermotolerance was assessed by analyzing the seed germination. Seeds were imbibed in 

2 ml H2O and stratified for 3 d at 4°C in the dark. Imbibed seeds were either directly sown of 

MS plates for control conditions or incubated for 3,5 h at 45° in MaxQ 6000 thermo shaker 

(Thermo Fisher Scientific) and then sown on MS plates. MS plates were immediately moved 

into growth chambers into the light. Germination was observed every 24 h after transfer to light. 

Seeds were counted as germinated when the radicle emerged from seed coat.  

2.3.3.2 Short-term acquired thermotolerance 

Acquired thermotolerance assays have been partially adapted from (Kim et al. 2017). The heat 

treatments were performed using a thermo incubator MaxQ 6000 thermo shaker (Thermo Fisher 

Scientific). The hypocotyl elongation was assayed on seedlings that were grown for 2,5 d on 

vertical MS plates in the dark, mildly pre-heat treated for 90 min at 38°C, recovered for 120 

min at 22°C, severely heat stressed for 180 min at 45°C and again recovered for 2,5 d. Before 

the pre-heat treatment the position of the hypocotyl tip was marked on the plate. After recovery 

for 2,5 d the growth of the hypocotyl tip from the marked position to current position was 

measured. Seedlings were kept in the dark as much as possible to avoid phototropism. The root 

growth was assessed from seedlings that were grown for 4 d at 22°C and then heat-treated in 

the following way: 90 min at 38°C, 2 h at 22°C, 2 h at 45°C. The root length was measured 5 

days after the heat treatment. Hypocotyl length and root length was measured using ImageJ 

software.  

Seedling survival was measured after seedlings were grown for 7 days on horizontal MS plates, 

then treated for 90 min at 38°C, 120 min at 22°C, 150 min at 45°C and after 5 d at 22°C. 

Seedling survival was defined by plants developing green leaves.  

2.3.3.3 Long-term acquired thermotolerance  

Protocol for long-term acquired thermotolerance (LAT) assay has been adapted from 

(Fernández-Bautista et al. 2018). The LAT of seedlings was approached by growing seedlings 

for 6d on MS plates, pre-heat-stress for 90 min at 38°C, recover for 2 d at 22°C before heat 

stress for 100 min at 45°C. The number of green leaves per plant was counted 7 days after the 

second heat stress.  
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2.3.3.4 Ambient temperature resistance 

To analyze ambient temperature response, seeds were sown on MS plates, stratified for three 

days and then transferred into the light in growth chambers in vertical position. Seeds were 

incubated at 22°C for 24 h to germinate and then either kept at 22°C for control conditions or 

moved to 27°C for ambient temperature increase. At 7 dag, MS plates were scanned and the 

hypocotyl length or root length was measured from scans using ImageJ software. 

2.3.3.5 Heat stress conditions to induce cytoplasmic condensates in root cells 

Seeds were germinated and grown for 4 days on vertical placed MS plates. Seedlings were 

carefully transferred to a curved microscope slide and fixed with a small piece of MS medium 

on top. Microscope slides were placed directly on a heating plate at 42°C for 20 min. After heat 

incubation, root epidermal cells were immediately analyzed using a confocal laser scanning 

microscope. After imaging the seedlings were kept on the microscope slide with the MS agar 

piece at 22°C for 12 h. The same root cells were imaged after recovery time.   

2.3.4 Assays testing for oxidative stress sensitivity 

2.3.4.1 Sensitivity assay on methylviologen  

Sensitivity of seedlings towards oxidative stress was tested on MS plates supplemented with 

methylviologen (MV). For fresh weight measurements, seeds were germinated and grown for 

21 d on horizontally placed MS plates containing 25 nM or 50 nM MV. For root length 

measurements, seeds were germinated and grown for the indicated times on vertical MS plates 

containing 100 nM MV. Primary root length was measured using ImageJ. 

2.3.4.2 DAB staining 

DAB staining is a method used for in situ staining of hydrogen peroxide (H2O2). 

3,3’diaminobenzidine (DAB) is oxidized in presence of H2O2 and forms brown precipitates, 

which is visible in de-stained plant tissue. For DAB staining, seedlings were grown for 8 d on 

vertical MS plates. DAB staining was performed according to (Daudi and O'Brien 2012). In 

brief, DAB solution was freshly prepared by solving 50 mg DAB in 45 ml ddH2O. pH was 

adjusted to 3 using 0.2 M HCl, then 25 µl Tween20 and 2.5 ml 200 mM Na2HPO4 were added. 

Seedlings were placed in 1 ml of DAB solution; 5 min of vacuum infiltration was applied before 

incubation for 12-14 h at room temperature and 100 rpm in the dark. DAB solution was 

discarded and seedlings were boiled in 1 ml bleaching solution (ethanol:acetic acid:glycerol = 

3:1:1) for 15 min. If necessary, de-staining was repeated with fresh bleaching solution. 

Photographs were taken directly after de-staining using a Canon EOS 600D Camera. 
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2.3.5 Genotyping 

2.3.5.1 Isolation of genomic DNA 

Frozen plant material was grinded with a small pestle in a 1,5 ml tube. Powdered plant material 

was resuspended in 400 µl lysis buffer (200 mM Tris-HCl, 250 mM NaCl, 25 mM EDTA, 0,5% 

SDS (w/v), pH 7,5). After centrifugation for 5 min at 22°C and 14000 rpm, supernatant was 

transferred to a new tube. Supernatant was added to 300 µl ice-cold isopropanol, mixed well 

and incubated for at least 10 min at -20°C for DNA precipitation. DNA was pelleted by 

centrifugation for 5 min at 22°C and 14000 rpm. Supernatant was discarded and pellet was 

washed with 500 µl of 70 % ethanol (v/v). Pellet was dried by short incubation at 50°C and 

then resuspended in 50 µl of ddH2O.  

2.3.5.2 Genotyping PCR 

The genotype of T-DNA insertion lines was tested by PCR. Two PCR reactions were set up. 

One PCR reaction tested for a wild type allele. Primers were designed to amplify a region of 

the genomic sequence of the gene of interest, in which the T-DNA insertion was expected. A 

second PCR reaction with a gene-specific primer and a primer binding in the T-DNA. Thereby, 

it is possible to determine, whether an analyzed gDNA sample contains only WT alleles, only 

the T-DNA alleles or both. All primers used for genotyping are listed in 2.7. The PCR reactions 

were set up as following: 

Reagent Volume  

10x DreamTaq DNA Polymerase Buffer 2 µl 

10 mM dNTPs  0,4 µl 

10 µM Forward primer 0,4 µl 

10 µM Reverse Primer 0,4 µl 

gDNA 2 µl 

DreamTaq DNA-Polymerase 0,1 µl 

ddH2O ad 20 µl 

The PCR was performed using the following conditions: 

Step  Temperature  Time 

Initial denaturation  95°C 3 min 

Denaturation  95°C 30 s 

Annealing  x°C (dependent on primer melting T) 30 s 
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Elongation  72°C x min (1 min per kb) 

Final Elongation  72°C 8 min 

Hold  10°C ∞ 

The PCR products were analyzed using agarose gel electrophoresis (see 2.2.2). 

2.3.6 Gene expression analysis 

2.3.6.1 RNA isolation 

Plant material was snap-frozen in liquid nitrogen and homogenized using the Tissue Lyser II 

(Qiagen, Hilden, Germany) for 30s at 25 Hz. RNA was isolated using the innuPrep Plant RNA 

Kit (Analytik Jena GmbH, Jena, Germany) following the manufacturer’s specifications. 

2.3.6.2 cDNA synthesis 

To perform semiquantitative Reverse Transcriptase-PCR (RT-PCR) or quantitative RealTime-

PCR (qPCR), RNA was first transcribed to cDNA using the QuantiTect® Reverse 

Transcription kit (Qiagen, Hilden, Germany) following the manufacturer’s specifications. 

2.3.6.3 RT-PCR and qPCR 

For RT-PCR, cDNA was used as template in PCR reaction, which was set-up exactly as in 

2.3.5.2. Primers used for RT-PCR are listed in 2.7. For qPCR, a PCR reaction was set up using 

QuantiFast SYBR Green PCR Master Mix (Qiagen, Hilden, Germany). The PCR reaction mix 

included the following: 

Reagent Volume  

QuantiFast SYBR Green PCR Master Mix 5 µl 

10 µM Forward primer 0,5 µl 

10 µM Reverse Primer 0,5 µl 

cDNA 4 µl 

The PCR was run in a Rotor-Gene Q (Qiagen, Hilden, Germany) using the following 

programme: 

Step Temperature  Time 

Initial denaturation 95°C 5 min 

Denaturation 95°C 10 s 

Combined annealing and elongation 60°C  30 s 

Melting curve 65-95°C x 
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Gene expression was normalized against two of the following housekeeping genes: Ubiquitin10 

(AT4G05320), FASS (AT5G18580) or SAND (AT2G28390). For data analysis, the qBASE Plus 

software was used (Hellemans et al. 2007). All primers used in this study for qPCR are listed 

in 2.7. 

2.3.6.4 BioAnalyzer analysis 

To analyze the characteristics of total RNA with an Agilent 2100 BioAnalyzer System (Agilent 

Technologies), the concentration of isolated RNA (2.3.6.1) was adjusted to 250 ng/µl and 1.1 

µl RNA sample was loaded onto an RNA NanoChip according to the manufacturer’s direction. 

2.3.7 Transient expression in Arabidopsis protoplasts 

Transient transformation of Arabidopsis mesophyll protoplasts is a fast and powerful method 

to analyze gene expression pattern in living cells (Yoo, Cho, and Sheen 2007). For protoplast 

isolation, leaves from 4-6 weeks-old plants grown in short day-conditions (8 h light, 16 h 

darkness) were cut in small stripes and incubated in 20 ml digestion buffer (0,25 % macerozyme 

(w/v), 1 % cellulase (w/v), 500 mM sorbitol, 1 mM CaCl2, 10 mM MES, pH 5.6) for 2 h at 

25°C and 50 rpm. Protoplasts were filtered through nylon mesh and centrifuged for 3 min at 

100 g. Supernatant was discarded and protoplasts were washed with 20 ml MaMg buffer (450 

mM sorbitol, 15 mM MgCl2, 5 mM MES, pH 5.6). Afterwards, protoplasts were taken up in 

appropriate amount of MaMg buffer depending on the number of transformations needed per 

experiment. For confocal laser scanning microscopy 150 µl of protoplasts in MaMg buffer were 

transformed per construct, for detection on western blot 300 µl of protoplasts and for co-

immunoprecipitation experiments followed by western blot 1,5 ml of protoplasts were 

transformed. 

Protoplasts were transformed by addition of 10 µg plasmid DNA per 150 µl of protoplasts and 

1,1x volume of PEG-Ca buffer (40% PEG4000 (w/v), 0,2 M mannitol, 100 mM CaCl2), gentle 

mixing and incubation for 20-30 min at 22°C. 4,4x volumes of W5 buffer (154 mM NaCl, 125 

mM CaCl2, 5 mM KCl, 5 mM glucose, 2 mM MES, pH 5.7) were added to wash out PEG. 

Protoplasts were centrifuged for 3 min at 100 g and supernatant was discarded. Protoplasts were 

washed twice again with 4,4x volumes of W5 buffer and finally stored for overnight incubation 

at 22°C in 3 ml W5 buffer in a small petri dish. If constructs with an estradiol inducible 

promotor should be expressed, 10 µM estradiol was added to protoplasts before overnight 

incubation. 
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To analyze heat-induced cytoplasmic condensates in protoplasts, the small petri dish with the 

transformed protoplasts (including the 3 ml W5 buffer) was transferred into a heat incubator at 

the indicated temperature for 60 min. Afterwards, protoplasts were carefully pipetted onto a 

microscope slide and immediately analyzed at the confocal laser scanning microscope. To 

reduce the possibility of condensate disassembly due to temperature reduction, protoplasts were 

only observed and imaged within the next 15 min after removal from the heat incubator.  

2.3.8 Agrobacterium-mediated transient expression in Nicotiana benthamiana leaves 

For transient expression of proteins of interest in Nicotiana benthamiana, 6 ml liquid cultures 

of Agrobacterium tumefaciens (strain: GV3101 or C58C1) transformed with the desired 

construct were grown in LB medium with appropriate antibiotics overnight at 28°C and 160 

rpm. In addition, a liquid overnight culture of Agrobacterium tumefaciens carrying the gene-

silencing suppressor p19 (Voinnet et al. 2003) was prepared. Grown overnight cultures were 

centrifuged for 10 min at 5000 rpm and 4°C. Supernatant was discarded and pellets were 

resuspended in 7,5 ml freshly prepared infiltration solution (10 mM MgCl2, 10 mM sodium 

phosphate buffer (pH 7.0), 200 µM acetosyringone). Agrobacteria was incubated for 2 h at 28°C 

and 60 rpm to regenerate. Afterwards, each Agrobacterium harboring a construct of interest 

was mixed 1:1 with Agrobacterium carrying p19 gene. The mixture was carefully infiltrated 

into tobacco leaves with a syringe (Wroblewski, Tomczak, and Michelmore 2005).  

Two days after infiltration, expression of proteins of interest expressed under a constitutive 

promotor was checked at Olympus MVX10 Fluorescence Macroscope. Positive transformants 

were further analyzed using a confocal laser-scanning microscope Leica SP8. For expression 

of proteins with an estradiol inducible promotor, tobacco leaves were sprayed with estradiol 

(20 µM estradiol in 0,1 % Tween20) two days after infiltration. Protein expression was analyzed 

two days after spraying. 

2.3.9 Stable transformation of Arabidopsis thaliana by floral painting 

Creation of stably transformed Arabidopsis lines was performed via floral painting with 

Agrobacterium tumefaciens (strain: GV3101 or C58C1) carrying the desired construct. 

Therefore, the first bolts of flowers were cut from plants that should be transformed. Then, a 

pre-culture of agrobacteria in 5 ml LB medium with appropriate antibiotics were grown 

overnight at 28°C and 160 rpm. 2,5 ml of grown pre-culture was used to inoculate a fresh 50 

ml culture, which was again grown overnight at 28°C and 160 rpm. Cells were pelleted by 

centrifugation for 10 min at 22°C and 4700 rpm. Pellets were resuspended in 50 ml sucrose-

silwet-solution (5 % sucrose (w/v), 0,05 % silwet-77 (v/v). The suspension was applied on floral 
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buds with a soft paint brush. Painted plants were covered with cling film for 24-48 h to increase 

humidity, which favors bacterial survival. Seeds of painted plants were selected depending on 

the introduced construct. Plants transformed with pEG104 vector were grown on soil and 

selected by three rounds of spraying BASTA (Bayer AG, Leverkusen, Germany). Plants 

transformed with pMDC107 or pABind vectors were selected on hygromycin B-containing MS 

plates (Carl Roth®, Karlsruhe, Germany). All transgenic lines generated during this study are 

listed below.  

Transgenic line Plasmid Resistance 

in plants 

Description 

eef1b1/2::p35S-YFP-eEF1B1 pEG104 BASTA Complementation line 

eef1b1/2::p35S-YFP-eEF1B1N pEG104 BASTA Complementation line 

eef1b1/2::p35S-YFP-eEF1B1C pEG104 BASTA Complementation line 

eef1b1/2::p35S-YFP-eEF1B2N pEG104 BASTA Complementation line 

eef1b1/2::p35S-YFP-eEF1B2C pEG104 BASTA Complementation line 

eef1b1-3::p35S-YFP-eEF1B1 pEG104 BASTA Transgenic line 

WT::p35S-YFP-eEF1B1 pEG104 BASTA Overexpression line 

 

2.3.10 Suppressor-Screen 

Ethylmethanesulfonate (EMS) is a powerful mutagen used to introduce mutations in DNA 

(Sega 1984). For mutagenesis, 1 g of pp7l-1 seeds were incubated in 50 ml of 0,3 % (v/v) 

aqueous solution of EMS for 13 h. Seeds were washed four times with 60 ml ddH2O. Again, 

seeds were washed intensively by pouring 250 ml water on them and afterwards decanting it 

(10-15 times). EMS-mutagenized seeds were then transferred in 0,1 % (w/v) aqueous phytoagar 

solution and single seeds were sown in soil-filled 96-pot trays. In total, 5000 seeds were sown. 

M1 generation was grown and self-fertilized. Seeds of each M1 plants were individually 

harvested. M2 plants were screened for mutants suppressing the short-root phenotype of pp7l 

mutants. Therefore, 30 seeds from each M2 line were sown on MS plates and root length was 

monitored in comparison to WT and pp7l-1 mutant. M2 plants with longer roots than those of 

pp7l-1 mutant were transferred to soil, genotyped for pp7l mutation, self-fertilized and seeds 

(M3) were individually harvested. Roots of M3 plants were again analyzed for long root 

phenotype to check, if the phenotype seen in M2 was heritable. Homozygous pp7l-1 mutations 

in M3 plants were again checked by genotyping. Additionally, root meristems of M3 plants 



36 
 

were stained with propidium iodide (PI) and monitored by confocal laser-scanning microscopy 

to test if suppressors still accumulated dead cells in the meristematic zone. Interesting M3 

suppressor candidates were backcrossed twice to original not-EMS-mutagenized parent pp7l. 

Phenotype of F1 generation was analyzed to find out whether the suppressing mutation is 

recessive or dominant.   

2.4 Protein Analysis 

2.4.1 Protein extraction from plants 

For protein extraction from plant tissue, the plant tissue was collected and snap-frozen in liquid 

nitrogen. Frozen plant tissue was grinded with mortar and pestle. The plant tissue was 

transferred into a cooled and weighed 2 ml tube. The frozen plant tissue in the tube was weighed 

and per 0.1 g of plant tissue, 200 µl of ice-cold lysis buffer was added. Co-IP lysis buffer was 

used for extraction of cytosolic proteins. RIPA buffer was used for nuclear or membrane 

proteins. Directly before use protease inhibitor cocktail was added 1:1000 to the corresponding 

lysis buffer (cOmplete, EDTA free from Roche Diagnostics GmbH, Mannheim, Germany). 

Plant tissue was carefully resuspended in the lysis buffer by vortexing (air bubble formation 

was tried to be avoided). Samples were incubated on ice for 30 min. During incubation time, 

the samples were at least three times vortexed. Samples were centrifuged for 20 min at 10000 

rpm and 4°C. The supernatant was transferred into a new tube and kept on ice until use or stored 

at -20°C.  

Co-IP lysis buffer 

Tris-HCl (pH 7-8) 10 mM 

NaCl 150 mM 

EDTA 0,5 mM 

Triton X-100 0.1 % 

 

RIPA lysis buffer 

Tris-HCl (pH 7-8) 50 mM 

NaCl 150 mM 

Sodium deoxycholate 0.5 % 

Triton X-100 1 %  

SDS 0.1 % 
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2.4.2 Protein extraction from protoplasts 

For detection of proteins from protoplasts by western blot, protoplasts were transformed with 

the protocol described in 2.3.7 with the following adaptions. Instead of 150 µl protoplast 

suspension, 300 µl of protoplasts were transformed with 20 µg plasmid DNA and 330 µl of 

PEG solution. After overnight incubation of the protoplasts for protein expression. The 

protoplasts were transferred into 1.5 ml tubes and centrifuged for 5s at 14000 rpm. The 

supernatant was immediately removed and discarded. The pellet was resuspended in 20 µl of 

2x SDS loading dye by careful pipetting to avoid air bubble formation. The samples were boiled 

for 5 min at 95°C and were then loaded directly on a SDS gel or frozen at -20°C for storage.  

2.4.3 Protein concentration measurement  

Protein concentrations in protein extracts were measured with the Pierce™ 660 nm Protein 

Assay (ThermoScientific, Rockford, IL, USA). The assay was performed according to the 

manufacturers protocol with some adaptions. In brief, 50 µl of protein extract were mixed with 

750 µl of Protein Assay Reagent. The tubes were incubated for 5 min at room temperature and 

in the dark. The absorbance of the samples was measured at 660 nm using the NanoDrop2000 

Spectrophotometer (Thermo Fisher Scientific, Schwerte, Germany). The protein concentrations 

of the unknown samples were determined using a standard curve of samples with a known BSA 

concentration. 

2.4.4 Sodium dodecyl-sulfate polyacrylamide gel electrophoresis for protein separation  

The sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was performed 

with discontinuous gels with a pH shift between separating and stacking gel (Laemmli 1970).  

Separating gels were prepared with 10 or 12% of polyacrylamide according to the molecular 

weight of proteins of interest. Stacking gels were prepared with 5% polyacrylamide. 

Protein samples were mixed with 1x loading dye (25 % Tris (w/v), 20 % glycerol (w/v), 4 % 

SDS (w/v), 2 % dithiothreitol (DTT; w/v), 0,05 % bromophenol blue (w/v)) and denatured at 

95°C for 5 min before loading on the gel. Gel electrophoresis was performed in 1x Laemmli 

running buffer (3 g/L Tris, 14,4 g/L glycine, 1 g/L SDS) and at 120V. As standard, 4 µl of 

PageRuler™ Prestained Protein Ladder (Thermo Scientific, Schwerte, Germany) was used.  

2.4.5 Western Blot 

Proteins separated by SDS-PAGE can be transferred from the gel to membranes with protein-

binding capacity (Towbin, Staehelin, and Gordon 1979). This can be useful for several 

downstream applications including immunodetection of specific proteins. In this study, proteins 
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were transferred with the SemiDry blotting system “Fastblot B43” (Biometra GmbH, 

Göttingen, Germany) using 1x Blotting buffer (24 mM Tris, 192 mM glycine, 0,04 % SDS 

(w/v), 20 % ethanol (v/v)) onto nitrocellulose membrane (Roti®-NC 0,2 µm, Carl Roth 

GmbH&Co.KG, Karlsruhe, Germany) or PVDF membrane (PVDF 0,45 µm transfer 

membrane, SERVA Electrophoresis GmbH, Heidelberg, Germany). Transfer was performed at 

1 mA per 1 cm2 of membrane for 60 min.  

To reduce unspecific binding of antibodies to the membrane, the free protein binding capacities 

have to be blocked. The membrane was blocked with a 5 % (w/v) milk powder solution in 

TBST buffer (10 mM Tris-HCl, 150 mM NaCl, 0,5 % Tween 20 (v/v), pH 7.5) for at least 60 

min. Next, the membrane was incubated with the primary antibody, which was diluted to the 

required concentration in a 5 % milk powder solution in TBST buffer for at least 60 min. 

Unbound primary antibody was washed off by four washing steps, each with TBST buffer for 

10 min. If necessary, the secondary antibody was applied to the membrane diluted in a 5 % milk 

powder solution in TBST buffer and incubated for at least 45 min. Again, unbound antibodies 

were washed off by four washing steps with TBST buffer for 5 min each. All antibodies used 

in this study are listed below. To detect the desired bands on the membrane the membrane was 

incubated with Pierce™ ECL Western Blotting Substrate or SuperSignal™ West Atto Ultimate 

Sensitivity Chemiluminescent Substrate (Thermo Scientific, Germany). Signal detection was 

performed using the ChemiDoc™ Imaging System (Bio-Rad Laboratories GmbH, Feldkirchen, 

Germany). 

Quantification of western blot band intensities was analyzed using ImageJ software and 

normalized to ACTIN as shown in (Stael et al. 2022). 

Primary antibodies 

Antibody Order number Company Dilution 

Anti-MYC-HRP R951-25 Thermo Fisher Scientific 1:1000 

Anti-GFP G1544 Sigma-Aldrich 1:2500 

Anti-RFP  5F8 ChromoTek 1:5000 

Anti-eEF1B AS10678 Agrisera 1:2000 

Anti-eEF1B AS10677 Agrisera 1:3000 

Anti-eEF1B  AS10676 Agrisera 1:3000 

Anti-ACTIN A0480 Sigma-Aldrich 1:1000 
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Anti-HSP70 AS08371 Agrisera 1:2000 

Anti-HSP90 AS08346 Agrisera 1:3000 

 

Secondary antibodies 

Antibody Order number Company Dilution 

Anti-rabbit-HRP 4750.1 Carl Roth 1:5000 

Anti-mouse-HRP A4416 Sigma-Aldrich 1:5000 

Anti-rat-HRP ab97057 Abcam 1:10000 

    

2.4.6 Total protein staining on nitrocellulose membranes 

2.4.6.1 Ponceau staining 

For control of correct protein transfer after semi-dry blotting, total protein staining was 

performed using Ponceau S solution. Ponceau staining can also be used for total protein 

normalization on western blot membranes (Sander et al. 2019). The membrane was removed 

from the transfer sandwich and washed once in ddH2O. Then Ponceau S solution (0,1 % 

Ponceau S (w/v), 5 % acetic acid (glacial, v/v)) was added and the membrane was gently rotated 

at room temperature until the big subunit of Rubisco (ca. 55 kDa) was nicely detected. 

Membrane was washed 3x with ddH2O until background staining was removed. The stained 

membrane was photographed before Ponceau staining was completely removed by washing in 

1x TBST. Afterwards, the membrane could be further used for immunodetection. 

2.4.6.2 Amido black staining 

For several experiments, amido black staining was used for checking loading equality on the 

membranes (Gultekin and Heermann 1988). First, the membrane was washed once in ddH2O 

after immunodetection. Then, it was gently rotated in amido black stain (0,1 % amido black 

(w/v), 25 % isopropanol (v/v), 10 % acetic acid (v/v)) until the big subunit of Rubisco protein 

(ca. 55 kDa) was clearly visible. The membrane was washed repeatedly with ddH2O until 

background staining was reduced. The stained membrane was immediately photographed. 

2.4.7 Stripping of nitrocellulose membranes 

To detect several proteins with different tags on the same membrane, the membrane was 

stripped. Thereby, antibodies bound to the membrane could be removed, while proteins 

transferred onto the membrane were kept. The membrane was incubated in stripping buffer (0,2 

M glycine, 0,1 % SDS (w/v), pH 2.0) for 30 min, washed three times with ddH2O and one time 
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with TBST buffer for 5 min each. In the end, the membrane was newly blocked and 

subsequently incubated with new antibody. 

2.4.8 SUnSET 

SUrface SEnsing of Translation (SUnSET) is a method to measure the protein synthesis in 

eukaryotic cells. The method has been adapted for Arabidopsis tissues in 2016 (Van Hoewyk 

2016). For this method, puromycin is added to the plants. Puromycin is an analogue of the 

tyrosyl-tRNA, therefore it is being transported to the growing polypeptide chain during active 

translation and can be incorporated in the nascent polypeptide. Upon the incorporation of 

puromycin, the translation is terminated. Consequently, during active translation many 

polypeptide chains of different length will be labeled with puromycin. The amount of protein 

synthesis can be measured by quantifying the amount of puromycin-labeled proteins using a 

puromycin-antibody for western blot. The principle of the SUnSET method is shown in Fig. 7.  

                                  

Figure 7: Principle of SUnSET method. Nascent polypeptides are labeled with the tyrosyl-tRNA analogue 

puromycin, which terminates translation upon incorporation. The level of puromycin-labeled proteins resembles 

the amount of protein synthesis. Puromycin-labeled proteins are detected by western blot with a puromycin-

specific antibody. The figure has been adapted from (Iwasaki and Ingolia 2017).  

For SUnSET method, seeds were germinated and grown for 7 d in 100 ml liquid MS medium 

at 100 rpm in an Erlenmeyer flask. If not stated otherwise, for control samples (active 

translation), 100 µM of puromycin were added directly into the MS medium and seedlings were 

incubated at 150 rpm for 2 h. Afterwards, seedlings were washed 3x with ddH2O, shortly dried 

between two filter papers and then snap-frozen in liquid nitrogen.  
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For inhibition of translation by translation elongation inhibitor cycloheximide (CHX), the 

appropriate amount of CHX was added to the seedlings in the Erlenmeyer flask and seedlings 

were incubated for 4 h. Afterwards, puromycin was added to the seedlings and handling was 

performed as described before.  

For heat treatment, the seedlings were transferred inside the Erlenmeyer flask to a water bath 

and incubated at the indicated temperature and time. The puromycin labeling was performed 

afterwards as described above.  

Protein extraction was performed with Co-IP lysis buffer as described in 2.4.1 and protein 

concentration was measured as described in 2.4.3. 20 µg protein was loaded per sample on a 

10% SDS gel and western blot was performed as described previously (2.4.4 to 2.4.7). The 

membrane was first probed with anti-PUROMYCIN/ anti-MOUSE for detection of puromycin-

labeled proteins. Afterwards, the membrane was stripped and incubated with anti-ACTIN/anti-

MOUSE as loading control or Ponceau S staining was used for loading control. 

2.4.9 Polysome Profiling 

Polysome analysis examines the association of mRNAs with ribosomes and is a measure for 

translation efficiency. WT and eef1b1/2 plants were grown for 24 d on soil, leaves were 

harvested and snap-frozen in liquid nitrogen and sent on dry ice to our collaboration partners, 

Yang Gao and Reimo Zoschke (at MPI Potsdam). Polysomes were analyzed by them according 

to a previously published protocol with several adaptions (Barkan 1998). 400 mg frozen plant 

material per sample was grinded to prepare 4 ml of lysate with polysome extraction buffer (0.2 

M Tris-HCl (pH 9), 0.2 M KCl, 35 mM MgCl2, 25 mM EGTA, 0.2 M sucrose, 1% Triton X-

100, 2% polyoxy-ethylene-10-tridecyl ether, 0.5mg/ml heparin, 100 mM 2-mercaptoethanol, 

100 µg/ml chloramphenicol, 25 µg/ml cycloheximide). The lysate was loaded onto a 1 ml 

sucrose cushion (30% (w/v) sucrose, 100 mM KCl, 40 mM Tris-acetate (pH 8.0), 15 mM 

MgCl2, 5 mM 2-mercaptoethanol, 100 µg/ml chloramphenicol, 100 µg/ml cycloheximide). 

Large ribonucleotides, monosomes and polysomes were pelleted by centrifugation for 90 min 

at 303800 g and 4°C. The mRNAs contained in the pellet were size-separated according to their 

ribosome loading by ultracentrifugation for 4 h at 4 °C and 169000 g in sucrose density 

gradients as described in (Barkan 1998). A continuous UV absorbance profile at 254 nm was 

assembled for the sucrose gradient by using a density gradient fractionation system (Teledyne 

ISCO). Briefly, the bottom of the ultracentrifuge tube containing the sucrose gradient was 

pierced to allow the subsequent introduction of a dense chase buffer [65% (w/v) sucrose], which 

raised the gradient through the UV detector and into the collection tubes by a peristaltic pump. 
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2.4.10 Co-Immunoprecipitation for MS analysis 

For the PP7L-GFP pulldown (Table 2), transgenic seedlings expressing PP7L-GFP or GFP 

were grown for 6 days on MS medium and 3 g of plant material was harvested. The protein 

extraction, co-immunoprecipitation and MS analysis was performed by Geert Persiau and 

Dominique Eeckhout at VIB-UGent Center for Plant Systems Biology. A Q-Exactive Orbitrap 

was used for MS analysis and MAXQUANT and PERSEUS software were used for quantitative 

analysis. Protocols were used as described previously (Wendrich et al. 2017). 

For the YFP-eEF1B and YFP-eEF1B pull down (Chapter 4.5), transgenic seedlings were 

grown in 100 ml liquid MS medium for 7 days in an Erlenmeyer flask. Seedlings used for 

control were dried quickly between filter paper and frozen in liquid nitrogen. Heat treatment 

was performed by incubating the seedlings in the Erlenmeyer flask for 30 min at 42°C in a 

water bath. Afterwards, seedlings were also dried between filter paper and snap-frozen in liquid 

nitrogen. For each sample, three replicates with each 3 g of plant material was sent to VIB-

UGent Center for Plant Systems Biology. The protein extraction using standard extraction 

buffer (25 mM Tris/HCl pH 7.6, 15 mM MgCl2, 150 mM NaCl, 15 mM pNO2-phenyl-PO4, 60 

mM β-glycerophosphate, 0.1% NP-40, 0.1 mM Na3VO4, 1 mM NaF, 1 mM PMSF, 1 μM E64, 

cOmplete™ ULTRA Tablet, Mini, EDTA-free (1 mini tablet/10 mL), 5% ethyleenglycol, 

Benzonase® Nuclease, Purity > 99% (MilliporeSigma, Novagen, 70664-3, 10 ku), 1/1000),  co-

immunoprecipitation and MS analysis was again performed by Geert Persiau and Dominique 

Eeckhout. A Q-Exactive Orbitrap was used for MS analysis and MAXQUANT and PERSEUS 

software were used for quantitative analysis. Protocols were used as described previously 

(Wendrich et al. 2017). 

2.4.11 Co-Immunoprecipitation for western blot analysis 

Co-immunoprecipitation with following western blot analysis was performed from protein 

extracts obtained from transiently transformed protoplasts. The protoplasts were transformed 

as described in 2.3.7 with the following adaptions. For each combination of proteins of interest, 

1.5 ml protoplast suspension was transformed with 50 µg plasmid DNA of each construct. It 

was mixed with 1.65 ml PEG-Ca-buffer. Each washing step was performed with 5 ml W5 

buffer. For overnight incubation, protoplasts were incubated in 3 ml W5 buffer.  

Transformed protoplasts were transferred into two 1.5 ml tubes. Cut pipette tips were used for 

pipetting of the protoplasts. The protoplasts were pelleted by centrifugation for 10 s at 14.000 

rpm. The supernatant was immediately discarded. Each pellet was resuspended in 500 µl Co-

IP lysis buffer (see 2.4.1) and the extract of the same constructs were reunited in one tube. The 
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samples were vortexed thoroughly, kept on ice for 15 min and vortexed several times during 

this incubation. Samples were centrifuged for 10 min at 14.000rpm and 4°C. The supernatant 

was transferred into a new tube. 50 µl of the supernatant was kept as “input” sample. The 

remaining supernatant was diluted 1:1 with Co-IP wash buffer. The diluted supernatant was 

added to 15 µl GFP-Trap® Magnetic Agarose (ChromoTek GmbH, Planegg-Martinsried, 

Germany), which were previously washed and equilibrated according to ChromoTek user 

manual. Beads and supernatant were incubated on a rotating wheel for 1-2 h at 4°C. Supernatant 

was discarded and beads were washed three times with 500 µl Co-IP wash buffer. For elution, 

50 µl 2x SDS loading dye was added to the beads and beads were boiled for 10 min at 95°C. 

Supernatant was transferred to a fresh tube and used as “IP” sample. 

Co-IP wash buffer 

Tris-HCl (pH 7-8) 10 mM 

NaCl 150 mM 

EDTA 0,5 mM 

2.4.12 Yeast-Two-Hybrid 

Preparation of competent cells of Saccharomyces cerevisiae 

The yeast-two-hybrid assay performed in this study is based on the protocol from Takara 

Clontech (Clontech, www.takarabio.com) and yeast transformation is based on previous 

publication (Gietz et al. 1997). First, a colony of yeast strain AH109 was inoculated in 3 ml 

YPDA medium for each transformation and grown overnight at 30°C and 200 rpm. The OD600 

of this pre-culture was measured and an appropriate amount of pre-culture was added to fresh 

YPDA medium to an OD600 of 0.3. The culture was grown for 3 h at 30°C and 200 rpm. 

Afterwards the cells were centrifuged for 8 min at 22°C and 1000 g. The pellet was resuspended 

in 2 ml of 1xTE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 7.5) per transformation. 

Centrifugation for 8 min at 22°C and 1000 g was repeated. The pellet was resuspended in 0.1 

ml of TE/LiAc buffer (10 mM Tris-HCl, 1 mM EDTA, 100 mM Lithium acetate, pH 7.5) per 

transformation. The competent cells were prepared fresh each time directly before 

transformation. 

Heat-Shock transformation of Saccharomyces cerevisiae 

For each transformation, 100 µl of competent cells were vigorously mixed with 10 µl of carrier 

DNA (10 mg/mL), 0.1 µg of each plasmid DNA and 600 µl of PEG/LiAc solution (40% PEG 

4000, 10 mM Tris-HCl, 1 mM EDTA, 100 mM Lithium acetate, pH 7.5). Carrier DNA had 



44 
 

been boiled for 15 min at 99°C and cooled on ice before use. The transformation mix was 

incubated for 30 min at 30°C and 400 rpm. Then 70 µl DMSO were added to the transformation 

mix, vortexed and heat shocked for 15 min at 42°C. After 2 min incubation on ice, the 

transformation mix was centrifuged for 5 s at 22°C and 14000 rpm. The pellet was resuspended 

in 100 µl of 1x TE buffer and plated on respective selection SD-medium (-Leu-Trp). The plates 

were incubated for 2-4 d at 28°C until colonies were visible. Colonies were tested by PCR for 

successful transformation before use for spotting in yeast two-hybrid assay. 

Spotting for yeast two-hybrid assay 

Three positive colonies per combination were inoculated in 3 ml of SD medium (-Leu-Trp) and 

grown overnight at 30°C and 180 rpm. The OD600 was measured and the appropriate amount of 

culture was centrifuged for 2 min at 22°C and 5000 rpm to get an OD600 of 4 after resuspension 

of the pellet in 500 µl of 0,9% NaCl. A serial dilution of 10-1, 10-2 and 10-3 was prepared for 

each sample. 5 µl of sample, undiluted and dilution series, was dropped on selective SD 

medium. SD-Leu-Trp was used for growth control. SD-Leu-Trp-His was used to test for 

protein-protein interaction. Stringency of test for protein-protein interaction was enhanced by 

adding 3-aminotriazol to the SD-Leu-Trp-His medium. Yeast were grown for several days at 

28°C. Growth monitored every day and pictures were taken when desired. 

2.5 Microscopy 

2.5.1 Confocal laser scanning microscopy 

Leica TCS SP8 Confocal Platform (Leica Microsystems) was used for confocal laser scanning 

microscopy. The excitation wavelength and the wavelength, at which emission was detected 

for different fluorescent proteins or dyes are listed below.   

Fluorescent protein or dye Excitation wavelength (nm) Emission range (nm) 

GFP 488 498-514 

YFP 514 522-540 

mCherry/RFP 561 590-630 

Propidiume iodide 561 610-650 

FM4-64 514 586-666 

Autofluorescence of 

chlorophyll 

- 712-724 

Confocal images are either shown as single image or as 2D maximum intensity projection from 

z-stacks generated using Las X software (Leica Microsystems).  
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2.5.2 Quantification of cytoplasmic condensates from confocal images 

Number of cytoplasmic condensates were quantified from confocal images of protoplasts using 

the ‘Analyze Particles’ function of ImageJ version 1.53n (https://imagej.nih.gov/ij/index.html). 

Before use of ‘Analyze Particles’ function, the colors of the image were split. The channel 

containing the color of interest was chosen and the threshold defined using ‘Intermodes’. To 

reduce background signal, images were ‘despeckled’ once. Using the ‘Analyze particles’ 

function only condensates with a size between 0.05 and 5 µm were counted. Calculation of the 

Pearson and Spearman’s rank correlation coefficients to quantify the co-localization of proteins 

was performed using the ImageJ Plugin Coloc2. Coefficient values can vary from -1 (negative 

correlation) to +1 (positive correlation). The percentage of condensates showing both GFP and 

mCherry fluorescence compared to the total number of condensates inside a protoplast is shown 

as frequency of co-localization. GFP-fluorescent condensates, mCherry-fluorescent 

condensates, and condensates showing both fluorophores were counted using the ImageJ Plugin 

Cell Counter. 

2.6 Bioinformatics 

Sequence alignments were performed by inserting DNA or protein sequences from TAIR 

(ww.arabidopsis.org) into Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/). RNA-

Seq data used to analyze the gene expression levels were derived from Arabidopsis eFP 

Browser 2.0 and visualized using ePlant (Waese et al. 2017). 

Proteomics data were searched for enriched biological processes or molecular functions using 

Gene Ontology (GO) enrichment analysis performed as described previously (Bonnot, Gillard, 

and Nagel 2019) using a combination of Panther (www.pantherdb.org/), Revigo (Supek et al. 

2011) and R version 4.2.2 (www.r-project.org/). Analysis of subcellular localization was 

performed using SUBA4 (Hooper et al. 2017). Network of HS-dependent interactors of eEF1B 

was assembled using STRING:protein query from public databases in Cytoscape version 3.8.2 

(ww.cytoscape.org). Proteins were clustered using MCODE version 2.0.2 (Bader and Hogue 

2003). Proteins that were not found in clusters were excluded from Fig. 67. Annotation of 

functions to each cluster was assigned using STRING enrichment.  

Identification of RNA binding proteins in proteomics datasets was performed using RNApred 

(Kumar, Gromiha, and Raghava 2011). Fasta identifiers and amino acid sequences retrieved 

from TAIR Sequence Bulk Download were used as input for the prediction approach “amino 

acid composition” and SVM score was set to 0.5.  
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Identification of prion-like domain containing proteins from proteomics data was performed 

using PLAAC (Lancaster et al. 2014). Settings for analysis were as following: Lcore=60, 

background frequencies were used from Arabidopsis thaliana with a=1. Only proteins with a 

positive LLR score were chosen as prion-like domain containing protein.  

Identification of proteins with ATPase activity were identified using Panther Protein Class 

(www.pantherdb.org/).  

2.7 Primers 
 

Name Sequence Purpose 

pp7l-1_fw ATGCCGTCAACTTCAACAATC Genotyping of SALK_018295 

pp7l-1_rev CATTCTTGAAGCTAAGTGCGG Genotyping of SALK_018295 

pp7l-3_fw CCAATGTAGCTTTCGTCTTCG Genotyping of SALK_022053 

pp7l-3_rev TTACAAGGGACTTCTTTGGGG Genotyping of SALK_022053 

eef1bβ1-1_fw CAGCCACAGAACCGAAATAAC Genotyping of SALK_046102C 

eef1bβ1-1_rev GTTGACCTTTTCGGAGAGGAG Genotyping of SALK_046102C 

eef1bβ1-2_fw AACTGAGGAGATAATTGGGCC Genotyping of SALK_102754 

eef1bβ1-2_rev AGCCTCCTCAGTGATAGGAGC Genotyping of SALK_102754 

eef1bβ1-3_fw CTGATGCTGGATTGAAGAAGC Genotyping of SALK_026418 

eef1bβ1-3_rev GCAGGCCATAACAGAG Genotyping of SALK_026418 

eef1bβ2-1_fw GCCTTTACACCTGTAGTTTAC Genotyping of SALK_107994 

eef1bβ2-1_rev AAGTCATCTCCATTCCCATCC Genotyping of SALK_107994 

eef1bβ2-2_fw TCATAATGCAGGAGGATGGAG Genotyping of SAIL_241G10 

eef1bβ2-2_rev TTCAAACGTTTTGTTGGAACC Genotyping of SAIL_241G10 

eef1bγ1-1_fw TCTTTCCCCTTGGATCTTCTC Genotyping of SAIL_450_F07  

Genotyping of SAIL_450_F07  eef1bγ1-1_rev TAAACCCAAACGACAACAAGC 

eef1bγ1-2_fw CTTGTCGGACACTCTATTACCC Genotyping of GABI_920E04 

eef1bγ1-2_rev GTTCTTTTATTAGAGTTGTGTG

GCGT 

Genotyping of GABI_920E04 

eef1bγ2-1_fw CTATTAAGCTCAATGCCTTGAA

TG 

Genotyping of GABI_041E07 

eef1bγ2-1_rev TCTGAATCATCAAGTTAGAGAC

GTG 

Genotyping of GABI_041E07 

eef1bγ2-2_fw CTCTCTAAACAATTCACAGCTG

CTC 

Genotyping of GABI_473B05 
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eef1bγ2-2_rev CTTGAGTGATTTTAAGCCTCTC

GG 

Genotyping of GABI_473B05 

GABIKAT_LB_o8474 ATAATAACGCTGCGGACATCT Genotyping of GABIKAT lines 

Lbb1.3  ATTTTGCCGATTTCGGAAC Genotyping of SALK lines 

LB3sail GCATCTGAATTTCATAACCAAT

CTCGATACAC 

Genotyping of SAIL lines 

hsp101_fw CATGCCTCCTCGCTCTCTCGCA

ATTCAC 

Genotyping of hsp101 

hsp101_rev TTTGGCCAAGTCTCGTCAC Genotyping of hsp101 

hsp101_TDNA CAGTCATAGCCGAATAGCCTCT

CCACCC 

Genotyping of hsp101 

PP7L_fw 

 

PP7L_rev 

GGGGACAAGTTTGTACAAAAA

AGCAGGCTTAATGCCGCCTCCA

GAAATTTCG 

GGGGACCACTTTGTACAAGAA

AGCTGGGTCTTATACCCTTGTT

TGAATCTC 

Cloning of PP7L with stop 

 

Cloning of PP7L with stop 

PP7LNC_fw 

 

PP7LNC_rev 

 

GGGGACAAGTTTGTACAAAAA

AGCAGGCTTAGGTGACATTGTT

TTGGAGCCAA 

GGGGACCACTTTGTACAAGAA

AGCTGGGTCCTATCCATCACTT

ATGATTTGAT 

Cloning of PP7LNC with stop 

 

Cloning of PP7LNC with stop 

 

PP7LNC_rev w/o 

stop 

GGGGACCACTTTGTACAAGAA

AGCTGGGTCTCCATCACTTATG

ATTTGAT 

Cloning of PP7LNC or PP7LC 

without stop 

PP7LNLS_fw 

 

PP7L_rev 

GGGGACAAGTTTGTACAAAAA

AGCAGGCTCCATGAACTATAA

GCAACTGCGTACT 

GGGGACCACTTTGTACAAGAA

AGCTGGGTCTTATACCCTTGTT

TGAATCTC 

Cloning of PP7LNLS with stop 

 

Cloning of PP7LNLS with stop 

PP7L_fw 

 

 

PP7L Nterm_rev 

GGGGACAAGTTTGTACAAAAA

AGCAGGCTTAATGCCGCCTCCA

GAAATTTCG 

GGGGACCACTTTGTACAAGAA

AGCTGGGTCTTATGGTTCGTAT

TTTCTACTACC 

Cloning of PP7L Nterm with stop  

 

 

Cloning of PP7L Nterm with stop 

PP7LN_fw 

 

PP7L_rev w/o stop 

GGGGACAAGTTTGTACAAAAA

AGCAGGCTTCATGGGTGACATT

GTTTTGGAGCCAA 

CAAGAAAGCTGGGTTTACCCTT

GTTTGAATCTCCTG 

Cloning of PP7LN (reverse primer 

also for PP7LNLS or PP7L 

without stop) 
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eEF1Bα2_fw GGGGACAAGTTTGTACAAAAA

AGCAGGCTTAATGGCCGTTACC

TTTTCAGA 

Cloning of eEF1Bα2 with stop 

eEF1Bα2_rev+stop GGGGACCACTTTGTACAAGAA

AGCTGGGTATAGCTAAATCTTG

TTGAAAGCGA 

Cloning of eEF1Bα2 with stop 

eEF1Bα2_fw GGGGACAAGTTTGTACAAAAA

AGCAGGCTTAATGGCCGTTACC

TTTTCAGA 

Cloning of eEF1Bα2 without stop 

eEF1Bα2_rev-stop GGGGACCACTTTGTACAAGAA

AGCTGGGTCAATCTTGTTGAAA

GCGACAATGTC 

Cloning of eEF1Bα2 without stop 

eEF1Bβ1_fw  CACCATGGCAGCATTCCCTAAC

CT 

Cloning of eEF1Bβ1 with stop 

eEF1Bβ1_rev+stop CTACAAAAACTTGGGAAACT Cloning of eEF1Bβ1 with stop 

eEF1Bβ1.2_fw  GTTGCCTTCAACAAGATATGTA

AGATGGAGAAAGCTTCAAG 

Site-directed mutagenesis for 

cloning of eEF1Bβ1.2  

eEF1Bβ1.2_rev CTTGAAGCTTTCTCCATCTTAC

ATATCTTGTTGAAGGCAAC 

Site-directed mutagenesis for 

cloning of eEF1Bβ1.2 

eEF1Bβ1_fw_pDONR

221 

GGGGACAAGTTTGTACAAAAA

AGCAGGCTTAATGGCAGCATTC

CCTAACCTTA 

Cloning of eEF1Bβ1 without stop 

eEF1Bβ1_rev-

stop_DONR221 

GGGGACCACTTTGTACAAGAA

AGCTGGGTATATCTTGTTGAAG

GCAACAATGTC 

Cloning of eEF1Bβ1 without stop 

eEF1Bγ1_fw GGGGACAAGTTTGTACAAAAA

AGCAGGCTTAATGGCTTTGGTC

TTGCACAC 

Cloning of eEF1Bγ1 with stop 

eEF1Bγ1_rev+stop GGGGACCACTTTGTACAAGAA

AGCTGGGTATAGTCACTTGAAG

CACTTGGCGT 

Cloning of eEF1Bγ1 with stop 

eEF1Bγ1_fw GGGGACAAGTTTGTACAAAAA

AGCAGGCTTAATGGCTTTGGTC

TTGCACAC 

Cloning of eEF1Bγ1 without stop 

eEF1Bγ1_rev-stop GGGGACCACTTTGTACAAGAA

AGCTGGGTACTTGAAGCACTTG

GCGTCCAAGAG 

Cloning of eEF1Bγ1 without stop 

eEF1Bγ1_fw GGGGACAAGTTTGTACAAAAA

AGCAGGCTTAATGGCTTTGGTC

TTGCACAC 

Cloning of eEF1Bγ1ΔC with stop 

eEF1Bγ1ΔC_rev GGGGACCACTTTGTACAAGAA

AGCTGGGTCTCACTTAGGTGCC

TCTGCTACTGG 

Cloning of eEF1Bγ1ΔC with stop 
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eEF1Bγ1ΔN_fw GGGGACAAGTTTGTACAAAAA

AGCAGGCTCCCTTGCTGAAGAG

GAAGAGGCA 

Cloning of eEF1Bγ1ΔN with stop 

eEF1Bγ1_rev-stop GGGGACCACTTTGTACAAGAA

AGCTGGGTACTTGAAGCACTTG

GCGTCCAAGAG 

Cloning of eEF1Bγ1ΔN with stop 

eEF1Bγ2_fw CACCATGGCGTTGGTCATGCAC

ACATACA 

Cloning of eEF1Bγ2 with stop 

eEF1Bγ2_rev+stop TCACTTAAAGCATTTGGCGT Cloning of eEF1Bγ2 with stop 

eEF1Bγ2ΔC_fw GGGGACAAGTTTGTACAAAAA

AGCAGGCTCCATGGCGTTGGTC

ATGCACACATAC 

Cloning of eEF1Bγ2 without stop 

eEF1Bγ2_rev-stop GGGGACCACTTTGTACAAGAA

AGCTGGGTACTTAAAGCATTTG

GCGTCCAAAAG 

Cloning of eEF1Bγ2 without stop 

eEF1Bγ2ΔC_fw GGGGACAAGTTTGTACAAAAA

AGCAGGCTCCATGGCGTTGGTC

ATGCACACATAC 

Cloning of eEF1Bγ2 ΔC with stop 

eEF1Bγ2ΔC_rev GGGGACCACTTTGTACAAGAA

AGCTGGGTCTTAAGGCTGTGGA

GCTTTCTTAGTAGG 

Cloning of eEF1Bγ2 ΔC with stop 

eEF1Bγ2ΔN_fw GGGGACAAGTTTGTACAAAAA

AGCAGGCTCCGCTAAGCCCAA

GGAGGAGCCC 

Cloning of eEF1Bγ2 ΔN with stop 

eEF1Bγ2ΔN_rev GGGGACCACTTTGTACAAGAA

AGCTGGGTCTCACTTAAAGCAT

TTGGCGTC 

Cloning of eEF1Bγ2 ΔN with stop 

eef1bβ1_RTfw CACCATGGCAGCATTCCCTAAC

CT 

RT-PCR of eef1bβ1-2 and eef1bβ1-3 

eef1bβ1_RTrev CTACAAAAACTTGGGAAACT RT-PCR of eef1bβ1-2 and eef1bβ1-3 

eef1bβ2_RTfw CATCACCTATCACAGAAG RT-PCR of eef1bβ2-1 

eef1bβ2_RTrev GAGTTGGTAAAAGCCC RT-PCR of eef1bβ2-1 

eEF1Bβ1-qPCR-4 fw 

eEF1Bβ1-qPCR-4 rev 

CAGCTCCTATCACTGAGG 

GACTTCACAGCTTCCTCAAG 

qRT-PCR of WT 

qRT-PCR of WT 

eEF1Bβ2-qPCR-3 fw 

eEF1Bβ2-qPCR-3 rev 

CATCACCTATCACAGAAG 

GATCTTACAGCTTCCTCTA 

qRT-PCR of WT 

qRT-PCR of WT 

eef1bγ1_fw CTTCCAAGAAAGCTGCCCAG RT-PCR of eef1bγ1-1 and eef1bγ1-2 

eef1bγ1_3’UTRrev GCCAGTCTACCCTGGCAATAG  RT-PCR of eef1bγ1-1 and eef1bγ1-2 

eef1bγ2_fw GGCGTCACTAACAAGTCACC RT-PCR of eef1bγ2-1 and eef1bγ2-2 

eef1bγ2_3’UTRrev CCAAACTCGTGTGTGTGAC  RT-PCR of eef1bγ2-1 and eef1bγ2-2 
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Ubiquitin10_fw CAGTTGGAGGATGGCAGAAC Reference gene for RT-PCR 

Ubiquitin10_rev GACGCAAGACCAAGTGGAGT Reference gene for RT-PCR 

eef1bγ1_fw CTTCCAAGAAAGCTGCCCAG qRT-PCR of eef1bγ1-1 and eef1bγ1-

2 and WT 

eef1bγ1_rev TGGTGCCTCTTCCTCTTCAG qRT-PCR of eef1bγ1-1 and eef1bγ1-

2 and WT 

eef1bγ2_fw GGCGTCACTAACAAGTCACC qRT-PCR of eef1bγ2-1 and eef1bγ2-

2 and WT 

eef1bγ2_rev GCTCACATATCGGGCAATGG qRT-PCR of eef1bγ2-1 and eef1bγ2-

2 and WT 

FASS_fw GGTGAAACCGTCTGACCCAT Reference gene for qRT-PCR 

FASS_rev TCTCACGGTTGTCATGAGCC Reference gene for qRT-PCR 

SAND_fw AACTCTATGCAGCATTTGATCC

AC 

Reference gene for qRT-PCR 

SAND_rev TGATTGCATATCTTTATCGCCA

TC 

Reference gene for qRT-PCR 
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3 Results: Functional analysis of inactive protein phosphatase PP7L 
 

PP7L is part of the MAIN-MAIL1 protein complex, which plays an important role in plant 

development, genome stability and silencing of transposable elements (de Luxan-Hernandez et 

al. 2020; Nicolau et al. 2020; Xu et al. 2019). The interaction of full length PP7L with MAIL1 

and MAIN was proven in Y2H assays, bimolecular fluorescence complementation and co-

immunoprecipitation experiments (de Luxan-Hernandez et al. 2020; Nicolau et al. 2020). Here, 

interaction and localization studies of mutated and truncated versions of PP7L were performed 

to analyze which domains are essential for PP7Ls function and localization. 

The phenotype of pp7l mutants has been described in several publications. pp7l mutants show 

delayed chloroplast development in young tissue, which is due to impaired translation in 

chloroplasts (Xu et al. 2019). Also, primary root growth of pp7l mutants is impaired with 

increased cell death in the RAM (de Luxan-Hernandez et al. 2020). Interestingly, transposable 

elements are released from silencing in pp7l (de Luxan-Hernandez et al. 2020; Nicolau et al. 

2020). Although, the phenotype is clearly described, the signaling pathway, which is influenced 

by PP7L, MAIN and MAIL1 has still not been determined. To tackle this challenge, two 

different approaches were followed in this study. On the one hand, a suppressor screen was 

started to find mutantions suppressing the pp7l phenotype. On the other hand, co-

immunoprecipitation coupled with mass spectrometric analysis was used to identify possible 

interaction partners of PP7L.  

3.1 Interaction studies of MAIL1 and PP7L 

3.1.1 MAIL1 interacts with PP7L in Y2H 

Physical interaction between proteins can be analyzed by Y2H assays. As previously published 

MAIL1 and PP7L have been found to interact (de Luxan-Hernandez et al. 2020; Nicolau et al. 

2020). A previous Y2H study showed a positive interaction of MAIL1 with PP7L, when each 

protein was N-terminally tagged. This result was reproduced in this study using a GAL4-based 

Y2H assay (Fig. 8A), where proteins of interest were N-terminally fused to DNA-binding 

domain (BD) or activation domain (AD). It has to be noticed that the BD-MAIL1 construct 

shows a slight auto-activation of yeast growth, as weak yeast growth can be seen for the 

interaction of BD-MAIL1 with the negative control AD-Citrine. To find out if the position of 

the tag influences the interaction, PP7L was C-terminally tagged with the AD-domain (PP7L (-

C)) and tested for interaction with BD-MAIL1. This combination also showed a positive 

interaction (Fig. 8A).  
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MAIL1 contains a large plant mobile domain (PMD) domain flanked by two undefined protein 

regions (Figure 8B). To analyze which part of MAIL1 is interacting with PP7L, a truncated 

version of MAIL1 was tested for interaction with PP7L. MAIL1N (258-509aa) is lacking the 

N-terminus (1-257aa) and is schematically shown in Figure 8B. Y2H assay showed that 

MAIL1N is not sufficient for interaction with PP7L, no yeast growth was observed (Fig 8C).  

 

Figure 8: MAIL1 interacts with PP7L in Y2H. (A) Y2H assay showing physical interaction between full length 

MAIL1 and PP7L, independent of position of the tag. A serial dilution of yeast colonies was spotted on medium 

lacking tryptophan and leucine (+HIS) for growth control and on selective medium additionally lacking histidine 

(-HIS) to analyze the protein-protein interaction. Citrine was used as negative control. BD: DNA-binding domain 

(pGBT9 vector, N-terminal tag). AD: Activation domain (pGAD424 vector, N-terminal tag or pGADCg vector, 

C-terminal tag). (-C) indicates C-terminally tagged protein, all other proteins are N-terminally tagged. The data 

are representative for three independent colonies. (B) Structure of MAIL1 and the truncated version MAIL1N 

used for Y2H assay shown in (C). PMD: Plant Mobile Domain. (C) Y2H assay showing no interaction of 

MAIL1N with PP7L. The data are representative for three independent colonies. The constructs used for Y2H 

assay had been previously cloned in our lab by Teresa Wulf and Giuliana Heßler. 

3.1.2 Inactive site of PP7L phosphatase domain is not essential for interaction with 

MAIL1 in Y2H 

PP7L is described as ‘inactive homolog of serine/threonine protein phosphatase 7 (PP7)’ 

according to Uniprot database (https://www.uniprot.org/uniprotkb/Q9LEV0/entry; (Xu et al. 

2019)). The active phosphatase PP7 contains a phosphatase domain with several conserved 

motifs important for metal ion binding, phosphate binding and catalytic activity (Goldberg et 

al. 1995; Uhrig, Labandera, and Moorhead 2013). Among these motifs is a stretch of the 

following amino acids: -LRGNHE-, which is positioned at 142-147aa in PP7 (Fig. 9). PP7L 
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contains a homologous phosphatase domain, which shares 46% amino acid sequence identity 

with PP7 and also shares several of the conserved motifs in the phosphatase domain. But some 

motifs are not conserved in PP7L. Consequently, PP7L is designated as inactive (Farkas et al. 

2007). An alignment of PP7 and PP7L is shown in Fig. 9.  

 

Figure 9: PP7L is an inactive homologue of PP7. Protein sequence alignment of PP7 (AT5G63870) and PP7L 

(AT5G10900) performed with Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/). Nuclear localization 

signals are shown in blue. Core catalytic domains are shown in light green, while motifs conserved among all 

phosphoprotein phosphatases important for metal ion binding, catalytic activity, phosphate binding or microcystin 

inhibition are shown in dark green. Red arrowheads mark amino acid changes in PP7L in conserved motifs. Figure 

is adapted from(de Luxan-Hernandez et al. 2020; Uhrig, Labandera, and Moorhead 2013). 
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At position 287-292aa of PP7L the not conserved motif -LRGSSE- is located. The change in 

amino acid sequence from asparagine (N) and histidine (H) to two serines (S) possibly decreases 

phosphatase activity of PP7L. To test whether the inactive site of PP7L is important for its 

interaction with MAIL1, site-directed mutagenesis was performed to generate a putatively 

active version of PP7L. The -LRGSSE- motif in PP7L was changed to the PP7 originated motif 

-LRGNHE- (Fig. 10A), the construct was hereafter named ‘PP7L (active)’. Interaction of PP7L 

(active) with MAIL1 was compared to the interaction between PP7L and MAIL1, but no 

difference was detected (Fig. 10B). PP7L with a putatively active catalytic domain is still able 

to bind MAIL1. 

 

Figure 10: Inactive catalytic site of phosphatase domain in PP7L is not required for MAIL1 interaction. (A) 

Structure of PP7, PP7L and the mutated version of PP7L active used for Y2H assay shown in (B). Colored amino 

acids show that the catalytic site of PP7L active is similar to PP7, while PP7L catalytic site is described as inactive. 

PPD: Serine-/Threonine-Phosphatase Domain. (B) Y2H assay showing strong interaction between full length 

MAIL1 and full length PP7L as well as with PP7L active. A serial dilution of yeast colonies was spotted on 

medium lacking tryptophan and leucine (+HIS) for growth control, and on selective medium lacking histidine 

containing 3-aminotriazol (-HIS+3-AT) to analyze the protein-protein interaction. Citrine was used as negative 

control. BD: DNA-binding domain (pGBT9 vector, N-terminal tag). AD: Activation domain (pGAD424 vector, 

N-terminal tag). The data are representative for three independent colonies. 

3.1.3 N-terminus of PP7L is necessary for interaction with MAIL1 in Y2H 

The full length PP7L protein contains 600 amino acids and the inactive serine/threonine 

phosphatase domain (PPD) is located in the center of the protein from amino acid 146 to 510. 

The protein domains N-terminal and C-terminal of the PPD show no homology to any known 

protein domain. A bipartite nuclear localization signal (NLS) has been predicted by the cNLS 

mapper at the N-terminus of PP7L from amino acid 6 to 34 (Kosugi et al., 2009; http://nls-

mapper.iab.keio.ac.jp/cgi-bin/NLS_Mapper_form.cgi as shown in (Xu et al. 2019)). To find 

out, which part of PP7L is important for the interaction with MAIL1, different truncated 

versions of PP7L were created and cloned into vectors for Y2H assay. The constructs PP7LN 

and PP7LC have been cloned by Giuliana Heßler. The constructs PP7LNC, which only 
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contains the PPD domain (146-510aa), PP7L N-term, which contains only the part located N-

terminal of the PPD (1-145aa) and PP7LNLS, which lacks the NLS (35-600aa), were 

generated in this study (Fig. 11A). The interaction of these truncated PP7L versions with 

MAIL1 was tested in Y2H. To determine fine differences in yeast growth, selection medium 

lacking histidine but containing 3-aminotriazol (-HIS+3-AT) was used (Fig. 11B). As expected, 

the strongest interaction with MAIL1 was found for full length PP7L. No interaction was found 

for PP7LN, PP7LNC and PP7L N-term with MAIL1. A positive, but weak interaction was 

found for PP7LC and PP7LNLS. The results indicate that the N-terminal part of PP7L is 

important for the interaction with MAIL1, but only the N-terminus without the PPD is not 

sufficient. Additionally, the NLS of PP7L is not absolutely necessary for the interaction with 

MAIL1, since PP7LNLS is still able to weakly interact. 

  

Figure 11: N-terminus of PP7L is necessary for interaction with MAIL1 in Y2H. (A) Structure of PP7L and 

the truncated versions of PP7L used for Y2H assay shown in (B). PPD: Serine-/Threonine-Phosphatase Domain. 

(B) Y2H assay showing strong interaction between full length MAIL1 and full length PP7L, weak interaction 

between full length MAIL1 and PP7LC and PP7LNLS, but no interaction for PP7LN, PP7LNC or PP7L 

N-term. A serial dilution of yeast colonies was spotted on medium lacking tryptophan and leucine (+HIS) for 

growth control and on selective medium lacking histidine containing 3-aminotriazol (-HIS+3-AT) to analyze the 

protein-protein interaction. Citrine was used as negative control. BD: DNA-binding domain (pGBT9 vector, N-

terminal tag). AD: Activation domain (pGAD424 vector, N-terminal tag). Data are representative for three 

independent colonies. 

 



56 
 

3.2 Subcellular localization studies of PP7L 

3.2.1 N-terminus of PP7L, including the NLS, determines nuclear localization of PP7L 

The full length PP7L has been described to localize mainly in the nucleus, but is partially also 

found in cytoplasm (de Luxan-Hernandez et al. 2020). This was in accordance with the 

prediction score of 5.1 from the cNLS mapper, which also indicated a dual localization in the 

nucleus and the cytoplasm. The truncated versions PP7LNLS and PP7LN are both lacking 

the NLS and were therefore expected to localize only in the cytoplasm, if the nuclear transport 

of PP7L was solely dependent on the NLS. To test the subcellular localization of PP7LNLS, 

PP7LN and PP7LC, the proteins were C-terminally fused to the Green Fluorescent Protein 

(GFP) and expressed under an estradiol-inducible 35S-promotor in epidermal cells of Nicotiana 

benthamiana (Fig. 12A and 12B). As expected, PP7L-GFP and PP7LC-GFP localized to the 

nucleus and the cytoplasm, while PP7LNLS-GFP and PP7LN-GFP did not localize to the 

nucleus (Fig. 12A).  

Since PP7L interacts with the nuclear localized protein MAIL1, we questioned whether MAIL1 

might be able to promote the transport of PP7L to the nucleus. To this end, we co-expressed 

PP7L-GFP and its truncated versions with MAIL1-mCherry and observed whether the presence 

of MAIL1 enhances the nuclear localization of PP7L. PP7L-GFP perfectly co-localizes with 

MAIL1-mCherry in the nucleus, but is still present in the cytoplasm (Fig. 12C). The localization 

of PP7LN and PP7LC were not influenced by the co-expression of MAIL1-mCherry. 

PP7LN was still excluded from the nucleus. A slight difference was observed for PP7LNLS, 

when co-expressed with MAIL1. Some cells showed the same localization as before, but in 

others PP7LNLS was present in the nucleus when MAIL1 was present. Taken together, these 

results indicate that the N-terminus (including the NLS) of PP7L is important for its nuclear 

localization. The observed results in N. benthamiana are qualitative observations. To verify the 

results a quantitative evaluation of localization was performed in transiently transformed 

Arabidopsis protoplasts.   
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Figure 12: N-terminal domain of PP7L is important for its nuclear localization. (A) Representative confocal 

images of epidermal leaf cells of Nicotiana benthamiana expressing indicated PP7L-GFP versions. Full length 

PP7L mainly localizes to the nucleus, but some cells show dual localization in the nucleus and cytoplasm. 
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PP7LNLS and PP7LN do not localize in the nucleus, but only in the cytoplasm, whereas PP7LC localizes 

mainly in the nucleus. Merged picture shows GFP signal in green, autofluorescence of chloroplasts in blue and 

bright field. Scale bar is 10 µm. Arrows show expected position of the nucleus. (B) Structure of PP7L, PP7LNLS, 

PP7LN and PP7LC used for localization studies shown in (A) and (C). PPD: Serine-/Threonine-Phosphatase 

Domain. NLS: Nuclear Localization Signal. (C) Representative confocal images of epidermal leaf cells of 

Nicotiana benthamiana co-expressing indicated PP7L-GFP versions with MAIL1-mCherry. Localization of PP7L 

constructs did not change in comparison to single expression, only PP7LNLS showed in some cells still nuclear 

localization. Merged picture shows GFP signal in green, autofluorescence of chloroplasts in blue and bright field.  

Scale bar is 10 µm. Arrows show expected position of the nucleus. Cloning of PP7LN and PP7LC into pABind 

vectors and localization studies in Nicotiana benthamiana were performed by Florian Pomrehn (as part of his lab 

rotation under my supervision).  

To this end, the plasmid DNA of PP7L-GFP and the truncated versions were first transiently 

expressed in WT protoplasts. PP7L mainly localized to the nucleus, but in some protoplasts a 

dual localization in the nucleus and in the cytoplasm could be observed (Fig. 13A and 13B). To 

quantify the percentage of protoplasts showing solemnly nuclear localization or dual 

localization, we counted 50 protoplasts in each of the two independent experiments and found 

that about 75% of WT protoplasts expressing PP7L-GFP showed a nuclear localization, 5% 

showed only cytoplasmic localization and 20% showed a dual localization in the nucleus and 

the cytoplasm (Fig. 13B). Similar to the observations in N. benthamiana, PP7LNLS and 

PP7LN were mostly excluded from the nucleus (Fig. 13A). About 70 - 80 % of WT protoplasts 

showed solely nuclear localization, while the remaining protoplasts expressing PP7LNLS or 

PP7LN showed a dual localization in nucleus and cytoplasm (Fig. 13B). PP7LC was 

observed mainly in the nucleus with few protoplasts showing a dual localization, similar to full 

length PP7L.  

To analyze the role of MAIL1 and MAIN in the transport of PP7L to the nucleus in more detail, 

the different PP7L versions were next transiently expressed in protoplasts of the mainmail1 

double mutant. If the nuclear localization of PP7L in the nucleus would rely on MAIN or 

MAIL1 to drag PP7L with them into the nucleus, no nuclear localization of PP7L should be 

observed in mainmail1 protoplasts. But localization studies in mainmail1 protoplasts revealed 

no differences compared to the observed localizations of the PP7L versions in WT protoplasts 

(Fig. 13A and B). Together with the results from N. benthamiana, where the vice versa 

approach with overexpression of MAIL1 yielded the same results, this indicates that the N-

terminus of PP7L, including its NLS, is determining the presence of PP7L in the nucleus, but 
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the interaction with MAIL1, which is also conferred by the N-terminus is not playing a role in 

the nuclear localization.  

 

Figure 13: N-terminal domain of PP7L is essential for its nuclear localization. (A) Representative confocal 

images of WT or mainmail1 protoplasts transiently transformed with indicated C-terminally GFP-tagged versions 

of PP7L under an estradiol-inducible 35S-promotor. Merged picture shows combination of GFP signal in green, 

chloroplast autofluorescence in blue and bright field. Scale bar is 10 µm. (B) Quantification of localization of 



60 
 

protoplasts showing a GFP-signal only in the nucleus, only in the cytoplasm or in both, nucleus and cytoplasm. 

Data represent means from two independent experiments (n=50). 

3.2.2 Inactive motif in phosphatase domain of PP7L does not influence its localization  

In 3.1.2, a mutated ‘active’ version of PP7L was generated, which did still interact with MAIL1 

in Y2H. To find out whether the mutated PP7L (active) is still localizing in the same cellular 

compartments as the native PP7L, the subcellular localization was analyzed in N. benthamiana. 

Therefore, PP7L (active) was expressed under an estradiol-inducible 35S promotor and C-

terminally tagged with GFP. The subcellular localization of PP7L (active) was similar to PP7L. 

It localized in the nucleus and the cytoplasm (Fig. 14). Hence, the mutation in the PPD domain 

of PP7L does not change the subcellular localization of PP7L. 

 

Figure 14: PP7L (active) localizes to the nucleus and the cytoplasm, similar to PP7L. Representative confocal 

images of epidermal leaf cells of Nicotiana benthamiana expressing PP7L-GFP or PP7L (active)-GFP. Both 

proteins localize to the nucleus and the cytoplasm. Merged picture shows GFP signal in green, autofluorescence 

of chloroplasts in blue and bright field. Scale bar is 10 µm. 

3.3 Suppressor screen 

PP7L is important for genome stability and works in complex with MAIN and MAIL1. 

Nonetheless, the signaling pathway, in which PP7L is involved is so far unknown. One method 

to elucidate the signaling network of a protein is a suppressor screen. pp7l mutant shows a clear 

and easy-to-observe short root phenotype, which makes it an ideal candidate for a suppressor 

screen. The screen aimed at finding second-site mutants of pp7l, which show a restored root 

growth and therefore might harbor mutations in genes that act in parallel or downstream of 

PP7L. The workflow for the suppressor screen is outlined in Fig. 15.  
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Figure 15: Workflow showing the screening for suppressors of pp7l-1. Steps that were performed during this 

study are written in black, pending steps are written in grey.  

Seeds of pp7l-1 were mutagenized with EMS and 5000 seeds were sown on soil. M1 plants 

were grown and self-fertilized to collect seeds. An indicator for successful mutagenesis of 

Arabidopsis seeds is the occurrence of mutants with defects in chlorophyll biosynthesis. Several 

M1 plants with partially or complete albino leaves were observed (Fig. 16C), suggesting an 

efficacious mutagenesis. During observation of the development of M1 plants, it was noticed 

that several plants showed wild-type like growth. This was unexpected, because in the M1 

generation the EMS-introduced mutations are still heterozygous and would in most cases not 
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be able to suppress the pp7l phenotype. An image of several four weeks-old M1 plants is shown 

in Figure 16A. Numerous seeds did not germinate, which could be explained with a mutagenesis 

affecting genes involved in germination. Most plants (e.g. #1, #2, #3) are still small, which is 

comparable to the slow pp7l-1 mutant development. In contrast, plant #4 has already developed 

flowers and siliques. To ensure that these fast developing, large M1 plants were indeed 

homozygous for the pp7l-1 T-DNA insertion, plants were genotyped. The genotyping results 

of the plants #1 - #4 (shown in Fig. XA) are displayed in Fig. 16B. Small M1 plants (#1, #2, 

#3) were homozygous for the pp7l-1 T-DNA insertion, but the large M1 plant (#4) was 

heterozygous. Therefore, all plants, which grew faster or similar to wild type, were genotyped. 

In total, 220 plants were heterozygous and were subsequently excluded from further 

experiments. From the originally 5000 sown seeds, 2970 plants developed siliques and were 

bagged and harvested as individual suppressor lines. To analyze the M2 generation for a 

restored root phenotype, 30 seeds from each line were sown and grown on vertically placed MS 

plates. Plates were scanned weekly and individual suppressor lines showing increased root-

length compared to pp7l-1 mutants were identified, transferred to soil, genotyped and grown to 

collect seeds. So far, 1280 M2 lines have been analyzed. We found 128 lines, which showed at 

least partially restored root growth. Genotyping revealed that 25 lines of these were 

heterozygous for pp7l-1 mutation and were therefore discarded.  

 

Figure 16: Phenotypes and Genotypes of M0 generation of pp7l-1 suppressors. (A) Example tray with four 

weeks-old EMS-mutagenized pp7l-1 seeds sown on soil demonstrating the variety of phenotypes observed in M0 

generation. Single plants like #4 show wild type-like growth and development. Numbers show plants chosen for 

genotyping in (B); (1-4). (B) Genotyping for pp7l-1 T-DNA insertion in potential pp7l-1 suppressor lines. gDNA 

of plants shown and numbered in (A) was isolated and used for genotyping PCR using primers amplifying the wild 

type allel of PP7L with expected size of 1112 bp (W) or the T-DNA insertion with expected size of 770 bp (T). 
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As wild type control, gDNA from Columbia-0 was tested (WT). GeneRuler 1 kb Plus DNA Ladder was used as 

marker (M). (C) Four weeks-old potential suppressor of pp7l-1 showing chlorophyll deficient leaf sections. 

Seeds from the remaining 103 lines were harvested and M3 generation was again checked for 

root growth restoration. Repetition of root growth restoration would indicate that the observed 

suppression phenotype was heritable. Therefore, 30 seeds from each line were sown on MS 

plates and root length was measured. Many of the 103 chosen M2 lines did not germinate in the 

next generation or did not develop longer roots compared to pp7l-1 mutants, indicating a non-

heritable trait in the M2 generation. But seven lines appeared to be interesting suppressor 

candidates and were further characterized. Each line showed a significant increase in root length 

compared to pp7l-1 mutants (Fig. 17A and 17B). Line 438-2 and line 469-1 showed the highest 

increase in root length compared to pp7l-1. However, root length of all seven lines was still 

very short compared to WT root length indicating that the pp7l-1 short root-phenotype was not 

completely rescued by the suppressor mutations.  

Another phenotypic trait of pp7l-1 roots is the accumulation of dead cells in the meristematic 

zone (de Luxan-Hernandez et al. 2020). In root tips, the accumulation of dead cells can be 

visualized by propidium iodide (PI) staining. PI intercalates with the bases of DNA and can 

therefore be used as stain for DNA. Additionally, PI can be used as viability marker. It is 

membrane-impermeant, so that it can only enter dead cells with damaged membranes and stain 

intracellular DNA (Jones and Senft 1985). Root tips of suppressor candidate seedlings were 

analyzed with PI staining and confocal laser-scanning microscopy of root tips at 3 dag (Fig. 

17C). Wild type seedlings show no dead cells in the meristematic zone, whereas pp7l-1 mutants 

show many dead cells. Similarly, lines 143-5, 155-2, 254-2, 263-3 and 484-3 showed many 

dead cells. For line 438-2 fewer dead cells were observed, but dead cells were still present in 

every analyzed root tip of 438-2. Only, in seedlings of line 469-1 no dead cells were observed 

in the meristematic zone, making it the most interesting suppressor candidate for further 

analysis. 
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Figure 17: Root phenotypes of suppressor candidates. (A) Wild type, pp7l-1 mutant and suppressor candidates 

were grown on vertical MS plates and root length was measured at 6 dag. Graphs represent mean ± SE from the 

following number of roots (WT: n=10, pp7l-1: n=29, 143-5: n=13, 155-2: n=17, 254-2: n=23, 263-3: n=17, 438-

2: n= 11, 469-1: n=29, 484-3: n=8). Asterisks show significant difference to pp7l-1 (* P<0,05; ** P<0,01). (B) 

Representative images of the indicated lines at 6 dag. Scale bar is 10 mm. (C) Confocal images of propidium 

iodide-stained root tips of the indicated lines at 3 dag. Arrowheads point to PI stained dead cells in the meristematic 

zone. Scale bar is 10 µm. 
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Seedlings of interest were transferred to soil at 9 dag. Representative photographs of plants 

grown on soil for three weeks are shown in Figure 18. Wild-type plants did already develop 

shoots and first flowers, while pp7l-1 mutants were still significantly smaller and had not started 

with shoot development. Phenotypes of lines 143-5 and 155-2 were comparable to pp7l-1. Also 

lines 254-2, 263-3 and 438-2 appeared to have a similar development. Plants of line 484-3 did 

not survive after transfer to soil. One possible explanation might be a defect in photosynthesis, 

so that plants cannot produce sugar. The defect was not noticeable on MS plates, which 

contained sucrose, but would become obvious on soil without the additional sugar source. In 

accordance with the previously observed most extensive restoration of root growth in line 469-

1, also the development of leaves and the first bolts was more advanced in line 469-1 compared 

to pp7l-1 mutants and the other suppressor candidates. 

 

Figure 18: Above-ground phenotypes of suppressor candidates. Seeds of indicated lines were germinated on 

MS plates and seedlings were transferred to soil at 9 dag. Photographs of representative plants were taken after 21 

days of growth on soil. Scale bar is 1 cm. 

Mutagenesis with EMS can lead to many different point mutations throughout the genome of 

an individual plant. To simplify the identification of the mutation being responsible for the 

observed suppression of pp7l-1 phenotype, it is important to cross-out “unwanted” point 

mutations. This can be achieved by backcrossing of the suppressor candidates with the original 

not-EMS mutagenized parent. Therefore, the M3 plants shown in Fig. 18 were crossed with 
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pp7l-1 mutants. After successful backcrossing, it was expected that the suppressor mutation 

would be heterozygous again. Subsequently, the seedlings of the F1 generation would show a 

short-root phenotype like pp7l-1, if the suppressor mutation was recessive. Backcrosses of line 

143-5, 254-2, 438-2 and 469-1 produced seeds, which were sown on MS plates and photographs 

of 10 days-old seedlings are shown in Fig. 19. All seedlings showed short roots like pp7l-1 

implying a recessive suppressor mutation. 

 

Figure 19: F1 generation of backcrosses of suppressor candidates to pp7l-1. Representative photographs of 10 

days-old seedlings grown on vertical MS plates of the indicated lines. Scale bar is 0,5 cm. 

Due to time reasons further experiments could not be performed during this study, so that the 

the affected gene of suppressor mutations remain unknown. To identify the position of the 

suppressor mutation, it would be necessary to analyze the F2 generation of the backcrosses to 

pp7l-1. The segregation ratio of the suppressor phenotype would indicate which mutants are 

monogenic revertants. Identified monogenic revertants could be send for whole-genome 

sequencing and bioinformatics would be performed to find the suppressor mutation.  

In addition to this work process, two more work strands should be followed. First, it would be 

advantageous to perform a pairwise allelism test by crossing the M3 generation with mutants 

of similar phenotypes. In consequence, the different suppressor mutant lines should be crossed 

with each other. The F1 generation should be analyzed to find out, which reverting mutations 

are affecting the same gene. Second, the M3 generation should be crossed to wild type. This is 

necessary to perform a linkage analysis between the original mutation (pp7l-1) and the 

suppressor mutation in F2 generation.  
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3.4 Finding new protein interaction partners of PP7L using proteomics 

3.4.1 Proteomic identification of new PP7L interaction partners 

PP7L was found to work in a complex with MAIN and MAIL1. The complex has a strong 

influence on plant development, maintenance of genome stability and silencing of transposable 

elements (Nicolau et al. 2020; de Luxan-Hernandez et al. 2020). In an independent study, PP7L 

was found as player involved in chloroplast biogenesis (Xu et al. 2019). Loss of PP7L led to 

reduced translation and ribosomal rRNA maturation in chloroplasts (Xu et al. 2019). To find 

out how PP7L can be involved in these different processes and which interaction partners are 

involved in the signaling pathway, a co-immunoprecipitation experiment coupled with MS 

analysis was performed. PP7L-GFP expressed from its native promotor in six days-old pp7l 

seedlings was used as bait. Seedlings expressing free GFP expressed from 35S promotor served 

as negative control. The MS analysis was performed by Dominique Eckhorst and Geert Peersiau 

at the protein complex purification platform at Vlaams Instituut voor Biotechnologie (VIB, 

Center for Plant Systems Biology, Belgium). The results of MS analysis showing the nine 

proteins with the highest significance are shown in Table 2.  

Table 2: Potential protein interactors of PP7L identified by Co-IP/MS. Results of MS analysis showing the 

nine most significant potential interactors of PP7L-GFP, which was used as bait.  

Leading 

Protein ID 

Protein name Peptide count Sequence 

coverage (%) 

P-value 

(-log) 

AT5G10900 PP7L: Calcineurin-like metallo-

phosphoesterase superfamily protein 

15 34,7 4,225 

AT3G44310 NIT1: ATNIT1, nitrilase 1 15 38,4 3,406 

AT1G17930 MAIN: Aminotransferase-like, plant 

mobile domain family protein 

18 47,5 4,598 

AT2G25010 MAIL1: Aminotransferase-like, plant 

mobile domain family protein 

14 36 6,659 

AT5G19510 eEF1B2: Translation elongation factor 

EF1B/ribosomal protein S6 family protein 

7 42 4,093 

AT1G30230 eEF1B1: Glutathione-S-transferase, C-

terminal-like, Translation elongation 

factor EF1B/ribosomal protein S6 family 

protein 

7 38,5 3,603 
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AT3G09440 HSP70: Heat shock protein70 protein 

family 

23 46,5 2,638 

AT1G57720 eEF1B2: Translation elongation factor 

EF1B, gamma chain 

12 40,9 3,551 

AT1G09640 eEF1B1: Translation elongation factor 

EF1B, gamma chain 

11 36,2 3,647 

 

As expected, MAIN and MAIL1 were found among the most significant potential interactors 

that specifically co-purified with PP7L. This indicates the Co-IP/MS analysis did indeed reveal 

already verified interaction partners of PP7L (de Luxan-Hernandez et al. 2020; Nicolau et al. 

2020). None of the additional potential interactors had been found in Co-IP/MS analysis, which 

was previously performed in our lab and used MAIL1-GFP as bait, indicating that these are 

PP7L-specific interactors. The second most abundant potential interactor of PP7L found in the 

Co-IP/MS analysis was NITRILASE 1 (NIT1; AT3G44310). It yielded a peptide count of 15 

and 38,4% sequence coverage. Additionally, four proteins belonging to the same protein 

complex were found among the top nine potential interactors. eEF1B2 (AT5G19510), 

eEF1B1 (AT1G30230), eEF1B2 (AT1G57720) and eEF1B1 (AT1G09640) belong to the 

EUKARYOTIC TRANSLATION ELONGATION FACTOR COMPLEX 1B (eEF1B). Also, 

the HEAT SHOCK PROTEIN 70 (HSP70) was found with a high peptide count of 23 and 

46,5% sequence coverage. 

3.4.2 NIT1 and PP7L display no interaction in Y2H or Co-IP/Western 

NITRILASE 1 (NIT1; AT3G44310) is part of the nitrilase protein superfamily, which is known 

for catalyzing the hydrolysis of nitriles to carboxylic acids and ammonia (Pace and Brenner 

2001). Plant nitrilases have been attributed to be involved in several processes including: 

cyanide detoxification and catabolism of cyanogenic glycosides (Piotrowski 2008), a minor role 

in auxin biosynthesis by conversion of indole-3-acetonitrile to indole-3-acetic acid (Zhao 2010) 

or repair of damaged glutathione (Niehaus et al. 2019). Interestingly, loss of NIT1/2/3 led to 

severe developmental defects in Arabidopsis roots and leaves. It was shown that NIT1 is 

important for cell cycle exit during differentiation, correct cytokinesis and maintaining genome 

integrity (Doskocilova et al. 2013). These studies indicate some similarities in phenotype and 

function between PP7L and NIT1, leading us to the assumption that NIT1 is a strong candidate 

for interaction with PP7L. Therefore, we aimed at confirming the interaction between NIT1 and 

PP7L by two independent methods. First, we used the GAL4-based yeast-two-hybrid system. 
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The cDNA of NIT1 and PP7L was cloned into the Y2H vectors, pGBT9 and pGAD424, which 

allow expression with an N-terminally attached activation domain or DNA-binding domain of 

the GAL4 transcription factor. As negative control, we tested NIT1 together with the unrelated 

synthetic Citrine protein. The transformed yeast was spotted on selective medium lacking 

leucine and tryptophan for growth control and on medium lacking leucine, tryptophan and 

histidine to test for protein-protein interaction. The spotting results are shown in Fig. 20A. No 

physical interaction was observed for PP7L with NIT1. Negative controls with Citrine show no 

interaction, while the positive control PP7L with MAIL1 showed a positive interaction, 

implying that the Y2H assay was technically working correctly. We have observed a strong 

self-interaction of NIT1 with itself. This is in line with previous findings, which demonstrated 

that NIT1 is present in high molecular weight mass polymers (Doskocilova et al. 2013).   

 

Figure 20: PP7L and NIT1 do not interact in Y2H or Co-IP/Western blot. (A) Y2H assay showing no 

interaction between PP7L and NIT1, but strong NIT1 self-interaction. A serial dilution of yeast colonies was 

spotted on medium lacking tryptophan and leucine (+HIS) for growth control and on selective medium additionally 

lacking histidine (-HIS), to analyze the protein-protein interaction. Citrine was used as negative control. PP7L 

interaction with MAIL1 was used as positive control. BD: DNA-binding domain (pGBT9 vector, N-terminal tag). 
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AD: Activation domain (pGAD424 vector, N-terminal tag). The data are representative for three independent 

colonies. (B) Co-immunoprecipitation of NIT1 with GFP-tagged PP7L. Proteins were extracted from 7 days-old 

pp7l seedlings expressing PP7L-GFP under its native promotor (Input) or from seedlings expressing gamma-

tubulin-GFP, which was used as positive control for GFP antibody (PC). GFP-tagged PP7L or gamma-tubulin 

were enriched from protein extract using GFP-trap beads and for the PP7L-GFP sample two amounts of IP fraction 

were loaded (4 µl and 30 µl). Upper image: White arrowhead mark gamma-tubulin-GFP and black arrowheads 

mark PP7L-GFP with the expected size of 94 kDa. Asterisks mark unspecific high molecular weight protein 

detected by GFP antibody. Lower image: Co-immunoprecipitates were probed with anti-NIT1/2/3. Black 

arrowheads mark NIT1 at the expected size of 40 kDa.   

Y2H assay shows physical interaction between proteins, which was not detected for NIT1 and 

PP7L. This could mean that NIT1 does not directly interact with PP7L, but is still present in the 

same complex or is connected to PP7L by another protein. To confirm the results from Co-

IP/MS analysis, we performed another independent co-immunoprecipitation experiment 

followed by western blot analysis. Again, PP7L-GFP was extracted from 7 d-old transgenic 

seedlings precipitated with GFP-trap beads. Immunoprecipitants were analyzed by western blot 

with GFP-specific antibody to confirm precipitation of PP7L-GFP and a NIT1-specific 

antibody, which was obtained from our collaboration partner Dr. Pavla Binarova. The results 

are shown in Fig. 20B. As positive control (PC), immunoprecipitants of GFP-tagged gamma-

tubulin were used, which was previously identified as interactor of NIT1 (Doskocilova et al. 

2013). As expected, gamma-tubulin-GFP was detected at approximately 80 kDa (white 

asterisk). In addition, an unspecific high molecular weight protein was detected by the GFP 

antibody in both, the positive control and the input sample (black asterisks). PP7L-GFP was 

detected at its expected size of 94 kDa in the input sample and strongly enriched in the IP 

samples (black arrowheads). NIT1 was detected in the positive control and the input sample at 

approx. 40 kDa (black arrowheads). No NIT1 could be observed in the IP samples, meaning 

that NIT1 did not co-immunoprecipitate with PP7L in our experiment. The results from Co-

IP/MS analysis could not be reproduced, therefore NIT1 was not further analyzed regarding a 

functional connection to PP7L. 

3.4.3 eEF1B subunits and PP7L do not interact in Y2H or Co-IP/Western 

The translation elongation factor complex eEF1B is known for its canonical function of 

GDP/GTP exchange of the eEF1A complex, which transports aminoacyl-tRNAs to the 

ribosome during translation elongation (Le Sourd et al. 2006). Several additional non-canonical 

functions have been attributed to eEF1B subunits in various organisms (Sasikumar, Perez, and 

Kinzy 2012; Negrutskii 2020). In Arabidopsis, the complex consists of three subunits: alpha 

(), beta () and gamma (). Each subunit is encoded by two genes, whose protein products 
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show a high sequence similarity (Browning and Bailey-Serres 2015). In the Co-IP/MS 

experiment of PP7L, we found one alpha-isoform eEF1B2, one beta-isoform eEF1B1 and 

both gamma isoforms eEF1B1 and eEF1B2. Each of these isoforms were cloned into the 

respective Y2H vectors, co-transformed with PP7L in yeast and spotted on selective medium 

to test for interaction. PP7L-MAIL1 interaction served as positive control and interaction with 

Citrine served as negative control. However, none of the tested eEF1B subunits showed a 

positive interaction with PP7L (Figure 21).  

 

Figure 21: PP7L and eEF1Bs do not interact in Y2H assay. Y2H assay testing the interaction between PP7L 

and the subunits of the eEF1B complex. A serial dilution of yeast colonies was spotted on medium lacking 

tryptophan and leucine (+HIS) for growth control and on selective medium additionally lacking histidine (-HIS), 

to analyze the protein-protein interaction. Citrine was used as negative control. PP7L interaction with MAIL1 was 

used as positive control. BD: DNA-binding domain (pGBT9 vector, N-terminal tag). AD: Activation domain 

(pGAD424 vector, N-terminal tag). The data are representative for three independent colonies. 
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To exclude negative effects of the tag orientation of PP7L on the interaction with eEF1B 

subunits, we additionally tested the interaction of C-terminally tagged PP7L with eEF1B 

subunits. But again, did not find a positive interaction (Fig. 22).  

 

Figure 22: C-terminally tagged PP7L and eEF1Bs do not interact in Y2H assay. Y2H assay showing no 

interaction between PP7L and the indicated subunits of the eEF1B complex. A serial dilution of yeast colonies 

was spotted on medium lacking tryptophan and leucine (+HIS) for growth control and on selective medium 

additionally lacking histidine (-HIS), to analyze the protein-protein interaction. Citrine was used as negative 

control. PP7L interaction with MAIL1 was used as positive control. BD: DNA-binding domain (pGBT9 vector, 

N-terminal tag). AD: Activation domain (pGADCF vector, C-terminal tag). The data are representative for two 

independent colonies. 

Altogether, the interaction of PP7L with potential interaction partners identified in Co-IP/MS 

could not be confirmed. Neither interaction with NIT1 nor interaction with eEF1B subunits 

could be verified. Nonetheless, they might still be part of the same complex and/or be connected 

to PP7L by another protein. Nitrilases have been extensively studied and mutants have been 

characterized (Piotrowski 2008; Doskocilova et al. 2013). Therefore, NIT1 has not been further 

analyzed in my studies. eEF1B subunits have not been fully characterized in plants so far. 

Studies from other organisms showed that eEF1Bs have, in addition to their canonical function 

in protein translation, also important roles in different developmental processes and stress 

responses. To find out whether plant eEF1B has similar canonical and non-canonical functions, 

deeper analysis of eEF1B subunits in Arabidopsis was performed during my PhD. 
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4 Results: Characterization of translation elongation complex eEF1B 

Functional protein biosynthesis and homeostasis is essential for plant survival. Translation is 

an important step during protein synthesis, which is a highly regulated process ensuring protein 

homeostasis. At unfavorable conditions, general translation is downregulated to protect newly 

synthesized proteins e.g. against misfolding. Regulation of translation at the initiation step has 

been extensively studied in different organisms and has been regarded as rate-limiting step 

(Shah et al. 2013). The importance of regulation at translation elongation and termination has 

been neglected for a long time, but has lately become of interest. In yeast and in human cells, 

different mechanisms regulating protein biosynthesis rates by adaption of translation elongation 

have been described (Torrent et al. 2018; Negrutskii et al. 2018). The translation elongation 

factor complex eEF1B is known for its canonical function as GDP/GTP exchange factor in 

translation elongation. In different mammalian cells, several non-canonical functions have 

additionally been attributed to the different eEF1B subunits (Le Sourd et al. 2006; Sasikumar, 

Perez, and Kinzy 2012; Negrutskii 2020), but whether eEF1B is part of translational 

downregulation in response to stress is not yet elucidated. The knowledge of plant eEF1B is 

largely based upon sequence homology to mammalian eEF1B. Only one study has analyzed the 

function of the eEF1B subunit in Arabidopsis (Hossain et al. 2012). Here, the Arabidopsis 

eEF1B subunits have been studied regarding their role in plant development, stress response 

and translational regulation.  

4.1 Compositional analysis of the eEF1B complex  

The structure of the eEF1B complex is differing between organisms. In yeast, the complex is 

composed of two subunits eEF1B and eEF1B (Jeppesen et al. 2003). In human cells, the 

eEF1B complex was shown to form a heterotrimeric complex of eEF1Ba, eEF1B 

(alternatively named as eEF1B in literature) and eEF1B (Bondarchuk et al. 2022). All 

described structures of eEF1B complexes have in common that the eEF1B is described as the 

structural component connecting the other subunits (Sasikumar, Perez, and Kinzy 2012). The 

structure of the eEF1B complex in plants has not been studied so far. From literature, it is known 

that in plants, three subunits, eEF1B, eEF1B and eEF1B are part of the complex (Le Sourd 

et al. 2006). Here, we used two different methods to analyze the intra-complex interactions. 

First, we used yeast-two hybrid assays to detect physical protein-protein interactions. Second, 

we analyzed these interactions in planta with co-immunoprecipitation assays.  
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Each eEF1B subunit is encoded by two genes in Arabidopsis (see Table 1). Expression studies 

published in the eFP browser showed that the eEF1B2 and the eEF1B1 gene were higher 

expressed than the corresponding second gene (Klepikova et al. 2016). Therefore, the higher 

expressed eEF1B2 and the eEF1B1 were chosen for interaction assays, while for eEF1B 

subunit both genes (eEF1B1 and eEF1B2) were tested. Upon interaction between the tested 

proteins, transformed yeast is able to grow on selection medium (-HIS). The same clones as 

used for interaction test with PP7L (Fig. 21) were utilized. Interestingly, positive interactions 

were found for eEF1B1 with eEF1B2, with eEF1B1 and with eEF1B2. No interaction was 

detected between eEF1B2 with eEF1B1 or with eEF1B2 (Fig. 23A). Also, eEF1B1 and 

eEF1B2 did not interact with each other. Negative controls testing for interaction of eEF1B 

subunits with the unrelated Citrine protein remained without yeast growth. Interaction between 

MAIL1 and PP7L served as positive control (Fig. 23A).  

 

Figure 23: Interaction studies of eEF1B complex. (A) GAL4-based yeast-two-hybrid assay (Y2H) testing for 

direct interaction of eEF1B2, eEF1B1, eEF1B1 and eEF1B2 with each other on growth control medium 

(+HIS) and selection medium (-HIS). As negative control, the interaction of eEF1B subunits with Citrine was 

tested. As positive control, the interaction between MAIL1 and PP7L was used. BD: DNA-binding domain, AD: 
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Activation domain. Data are representative for three independent replicates. (B) GAL4-based yeast-two-hybrid 

assay (Y2H) testing the interaction of eEF1B2, eEF1B1, eEF1B1 and eEF1B2 with themselves on growth 

control medium (+HIS) and selection medium (-HIS). BD: DNA-binding domain, AD: Activation domain. Data 

are representative for three independent replicates. (C) Co-immunoprecipitation assay to test for in planta-

interaction between different eEF1B subunits. MYC-tagged eEF1B1 and eEF1B1 were co-expressed with YFP-

eEF1B2 or eEF1B2 in Arabidopsis protoplasts (Input). MYC tagged proteins were coupled to MYC trap beads 

and co-immunoprecipitating YFP-tagged protein interaction partners were detected with western blot analysis (IP). 

Data are representative for three independent replicates.   

In other organisms, the eEF1B complex is found as dimer or trimer showing that the eEF1B 

subunits not only interact with each other, but also with themselves (Sasikumar, Perez, and 

Kinzy 2012; Mansilla et al. 2002; Bondarchuk et al. 2022). For example, human eEF1B self-

associates and is thereby responsible for the trimerization of the human eEF1B complex 

(Bondarchuk et al. 2022). To analyze a possible oligomerization of the Arabidopsis eEF1B 

complex, eEF1B2, eEF1B1, eEF1B1 and eEF1B2 were tested in Y2H assays for self-

interaction. None of the proteins self-interacted (Fig. 23B). 

The Y2H assays showed that the eEF1B subunits physically interacted with each other. Next, 

the interaction should be analyzed in plant cells using co-immunoprecipitation. To this end, 

eEF1B1 and eEF1B1 were cloned into the plant expression vector pEG203, which allowed 

expression under a 35S-promotor with an N-terminally coupled MYC-tag. eEF1B2, eEF1B2 

and Citrine were cloned into the plant expression vector pEG104, which enabled expression 

under a 35S-promotor with an N-terminal YFP-tag. MYC-tagged and YFP-tagged proteins 

were transiently co-expressed in Arabidopsis protoplasts. A fraction of protoplasts co-

expressing the corresponding two proteins was used as ‘Input’ sample. For 

immunoprecipitation, protein extracts from protoplasts were mixed with MYC-trap beads. 

Immunoprecipitated MYC-tagged proteins and co-immunoprecipitated YFP-tagged proteins 

were detected by western blot. Overall, an interaction between each of the tested eEF1B 

subunits was found (Fig. 23C). No interaction was found between YFP-Citrine and MYC-

eEF1B1 or MYC-eEF1B1. Together these results show that, as expected from other 

organisms, all three subunits are part of the same protein complex. Interestingly, the Y2H 

results indicate an important structural role of the eEF1B subunit in the eEF1B complex. 
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4.2 Analysis of the eEF1B subunit  

4.2.1 Expression level of the two eEF1B genes 

The eEF1B subunit is described to be plant-specific. It contains a C-terminal guanine 

exchange factor domain, which is responsible for its canonical function in GDP/GTP exchange 

on eEF1A (Le Sourd et al. 2006). The eEF1B subunit is encoded by two genes, eEF1B1 

(AT1G30230) and eEF1B2 (AT2G18110). According to RNA-Seq data from the eFP browser 

both genes are expressed in all plant tissues, but eEF1B1 is generally higher expressed than 

eEF1B2 in most tissues (Klepikova et al. 2016).  

 

Figure 24: Comparison of transcript levels of eEF1B1 and eEF1B2 in different tissues of WT plants. (A) 

Image showing the comparison of eEF1B1 to eEF1B2 expression levels in different WT plant tissues. The red 

color demonstrates that eEF1B1 is expressed log2 ratio of 3.42 higher expressed than eEF1B2, while blue color 

would demonstrate a lower expression of eEF1B1 compared to eEF1B2. This image was generated with the 

Klepikova eFP (RNA-Seq data) at bar.utoronto.ca/eplant by (Waese et al. 2017). (B) Relative transcript levels of 

eEF1B1 and eEF1B2 found in RNA extracted from WT flowers, leaves or seedlings using qRT-PCR. Data 

represent means from three independent replicates ±SE. No significant differences were found between eEF1B1 

and eEF1B2 expression in any tested tissue using Student’s t-test (P≤0.05).    

A comparison showing the log2 fold change between the expression level of eEF1B1 and 

eEF1B2 in different tissues according to the Klepikova RNA-Seq data is presented in Fig 24A. 

The RNA-Seq data suggests a log2 fold higher expression of eEF1B1 in seedlings and leaves 
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of 1 to 2, whereas the difference is less pronounced in mature flowers. To validate the higher 

expression of eEF1B1 with an independent method, RT-qPCR was performed on RNA 

extracted from mature flowers, mature leaves (both from 4 weeks-old plants) and from 7 days-

old seedlings. Since both eEF1B genes have a sequence similarity of 92% (see Fig. 73 - 

Sequence alignment of cDNAs in Appendix), primers used for RT-qPCR were first tested for 

specificity on plasmid DNA. Only primers specifically binding to one of the two genes were 

used. RT-qPCR revealed no significant differences between eEF1B1 and eEF1B2 expression 

in any of the tested tissues (Fig. 24B). 

4.2.2 Two splicing variants of the eEF1B1 gene 

The eEF1B subunit contains several conserved protein domains. A glutathione S-transferase-

like domain is located at the N-terminus and the guanine exchange factor (GEF) domain is 

located at the C-terminus (Fig. 25A). In the linker region between both domains are two 

intrinsically disordered regions (IDRs). These domains are present in both protein isoforms, 

eEF1B1 and eEF1B2. For eEF1B1, two splicing variants, eEF1B1.1 and eEF1B1.2, are 

annotated in TAIR with eEF1B1.2 being suggested as representative gene model 

(ww.arabidopsis.org). The differential splicing leads to two different protein splicing variants. 

eEF1B1.1 is lacking the last 29 amino acids at the C-terminus (behind the GEF domain), 

because the differential splicing leads to a premature STOP codon in eEF1B1.1 (Fig. 25A). 

This led us to analyze, whether there is a difference in the functionality of both proteins resulting 

from differential splicing. During the PCR amplification of eEF1B1 sequence from cDNA for 

cloning using primers designed for eEF1B1.2, only the eEF1B1.1 splicing variant harboring 

the premature STOP codon could be obtained. Clones containing this eEF1B1.1 sequence 

have been used in Y2H assays (Fig. 23A) showing a positive interaction with eEF1B and 

eEF1B subunits. Site-directed mutagenesis was used to generate eEF1B1.2 sequence. 

Afterwards, it was cloned in the yeast expression vectors pGBT9 and pGAD424 and its 

interaction with the other subunits of the eEF1B complex was analyzed (Fig. 25B). In contrast 

to eEF1B1.1, the eEF1B1.2 splicing variant protein did not interact with eEF1B2, eEF1B1 

or eEF1B2.      
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Figure 25: Differences in protein structure and protein interactions of the two splicing variants of eEF1B1. 

(A) Protein structures with the annotated domains of eEF1B1.1 and eEF1B1.2 (GST: glutathione S-transferase-

like domain; IDR: intrinsically disordered region; GEF: guanine exchange factor domain). Until the end of the 

GEF domain, protein sequences of the two splicing variants are 100% identical. Due to the differential splicing, a 

premature STOP codon originated at the end of the GEF domain in eEF1B1.1. Alignment of the cDNAs of the 

two splicing variants at the affected site together with the resulting translated sequences are shown. Alignment 

was performed with Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/). (B) Y2H assay testing the 

interaction of eEF1B1.2 with the other subunits of the eEF1B complex shows that eEF1B1.2 does not interact 

with the other eEF1B subunits. Dilution series of transformed yeast was spotted on growth control medium (+HIS) 

and selection medium (-HIS). As negative control, the interaction of eEF1B1.2 with Citrine was tested. As 

positive control, the interaction between eEF1B1 and eEF1B1 was used. BD: DNA-binding domain, AD: 

Activation domain. Data are representative for three independent replicates. 

To find out, whether the different protein splicing variants are influencing subcellular protein 

localization, both proteins were transiently expressed in Arabidopsis protoplasts as N-

terminally tagged YFP-fusion proteins. YFP-eEF1B1.1 showed a uniform cytosolic 

localization. Contrarily, YFP-eEF1B1.2 localized in large aggregates in the cytosol (Fig. 26). 

Collectively, the data indicate that eEF1B1.2 might not be expressed normally inside the cell 

and high expression of eEF1B1.2 leads to incorrect protein folding. Instead eEF1B1.1 

appears to be the functional protein, which is why eEF1B1.1 was used in all subsequent 

experiments.  
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Figure 26: Subcellular localization of the two splicing variants of eEF1B1. Representative confocal images 

of protoplasts transiently expressing N-terminally tagged YFP-eEF1B1.1 or YFP-eEF1B1.2 under a 35S 

promotor. Arrows indicate large protein aggregates. Scale bar is 10 µm.  

4.2.3 Characterization of T-DNA insertion lines of eEF1B1 and eEF1B2 

So far, only one functional characterization of eEF1B was published in plants describing 

functions of Arabidopsis eEF1B in plant development and cell wall formation. A loss-of-

function mutant of eEF1B1 (named hereafter eef1b1-1) showed a severe dwarf phenotype 

with reduced vascular apparatus, lignin and cellulose levels (Hossain et al. 2012). To analyze 

the role of eEF1B in plant development and translational regulation in detail, two additional 

T-DNA insertion lines for eEF1B1 and also two T-DNA insertion lines for eEF1B2 were 

obtained. Plants were identified as homozygous by genotyping. PCR products of genotyping 

for the T-DNA insertion were analyzed by sequencing to identify the exact T-DNA insertion 

site. In line eef1b1-2, the T-DNA was inserted in the first intron and in line eef1b1-3 it was 

positioned in the fourth intron (Fig. 27A). The insertion site in line eef1b2-1 was placed in the 

fourth exon, while the T-DNA was inserted in extragenic region behind the 3’UTR of eEF1B2 

in line eef1b2-2 (Fig. 27A). Line eef1b2-2 was excluded from further experiments, because 

the T-DNA position is far away from the gene of interest.  
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Figure 27: Analysis of T-DNA insertion lines of eEF1B1 and eEF1B2. (A) Gene structure of eEF1B1 and 

eEF1B2 with exons (black boxes), introns (black lines), 5’- and 3’-UTRs (white boxes), T-DNA insertion sites 

(black, vertical arrowheads), and primers used for RT-PCR shown in (B) (small, black arrowheads). Grey line in 

gene structure of eEF1B2 represents extragenic region after the 3’-UTR. (B) RT-PCR products separated on an 

agarose gel. RT-PCR was performed on RNA isolated from three independent plants of WT or the indicated T-

DNA insertional line. RT-PCR of eef1b1-2 was performed by Mahsa Nasimi (as part of her lab rotation under 

my supervision). RT-PCR of eef1b2-1 was performed by Felix Thies (as part of his bachelor thesis under my 

supervision). Primer sequences are listed in 2.7. UBIQUITIN was used as reference gene.   

RT-PCR was performed to analyze whether the obtained T-DNA insertion lines still contained 

full length transcript. To this end, RNA was extracted from leaf tissue of each mutant line and 

of WT. Primers used for RT-PCR are shown in Fig. 27A as small black triangles below the 

corresponding gene structure. For analysis of eEF1B1 transcript, primers spanning from 

START till STOP codon including the respective T-DNA insertion site were used. As expected, 

the eEF1B1 transcript was detected in WT samples (Fig. 27B). No transcript was detected in 

eef1b1-3 samples showing that the T-DNA insertion successfully disrupted expression of full-

length transcript in line eef1b1-3. But for line eef1b1-2, two out of three samples still showed 

a faint band indicating expression of full-length transcript (Fig. 27B). This might indicate that 

the genotyping of these two samples as homozygous was incorrect or that the primers are 

binding unspecific. Since eEF1B1 and eEF1B2 sequences have 92% similarity, it is difficult 

to design primers that have no overlap with the other gene. In case of the primers used for 
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eEF1B1, the forward primer contains only three mismatches to the eEF1B2 sequence. This 

might be a reason for unspecific binding. Primers binding to UBIQUITIN were used for 

reference excluding an unequal loading of samples.  

To circumvent the difficulties with specific primers for transcript analysis and to analyze 

whether the expression of eEF1B protein was decreased by the T-DNA insertions, the protein 

levels in the eEF1B T-DNA insertional lines were analyzed by western blotting using an 

eEF1B-specific antibody. Both protein sequences of eEF1B1 and eEF1B2 share 94% 

identity, so the obtained polyclonal eEF1B antibody binds both proteins. For loading control, 

the same membrane was probed with an ACTIN-specific antibody. Four independent 

experiments were performed with slightly varying results. A representative western blot is 

shown on the left panel of Fig. 28A. The eEF1B band intensities were quantified and 

normalized against the ACTIN band intensities for each of the four experiments. The value of 

WT sample was set to 100%, so that for each T-DNA line a relative percentage compared to 

WT eEF1B could be calculated. The mean of the four experiments is shown in the graph of 

Fig. 28A. Line eef1b1-2 and eef1b1-3 displayed significantly reduced eEF1B protein levels, 

whereas protein levels were slightly, but not significantly reduced in line eef1b2-1. 

Surprisingly, no reduced protein levels were detected for the previously published eef1b1-1 

line. This was unexpected, since this mutant had been described to display a strong growth 

phenotype, which was rescued by introduction of an 35S:eEF1B1-YFP construct (Hossain et 

al. 2012), implying that a lack of eEF1B1 leads to the phenotype.  

Since eEF1B and eEF1B share around 58% protein sequence similarity, we hypothesized 

that the eEF1B-antibody might bind unspecific to eEF1B as well. To test antibody 

specificity, western blot analysis was performed on protein extracts from protoplasts transiently 

expressing YFP-tagged eEF1B2, eEF1B1 or eEF1B2 under a 35S promotor. Additionally, 

untransformed protoplasts were used for control. Using an GFP antibody, all three YFP-tagged 

proteins were detected, while no protein was detected in the untransformed sample (Fig. 28B). 

The eEF1B antibody strongly detected YFP-eEF1B but also detected YFP-eEF1B2. YFP-

eEF1B2 was not detected. In addition, in all samples (including the untransformed sample) 

native eEF1B was detected. Consequently, the eEF1B antibody does bind unspecific to 

eEF1B, if it is present in excess (expression from 35S). But the eEF1B antibody apparently 

does not bind to eEF1B at native protein level, since no native eEF1B was detected. Native 

eEF1B has a theoretical molecular weight of 24.2 kDa, whereas native eEF1B has a 
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theoretical molecular weight of 28.8 kDa. If the eEF1B antibody would bind to native eEF1B 

a double band would have been detected.   

 

Figure 28: Protein levels of eEF1B in T-DNA insertion lines. (A) Immunoblots showing the expression of 

eEF1B or ACTIN in WT or the indicated mutant lines. Proteins were extracted from seven-days-old seedlings 

grown in liquid MS cultures. Per sample 15 µg of total protein extract were loaded on the SDS gel. Immunoblots 

were first probed with an eEF1B antibody, stripped and re-probed with an ACTIN antibody for loading control. 

Quantification shows percentage of eEF1B level compared to WT (with WT set to 1 in each experiment). Data 

represents means ±SE from four independent experiments. (B) Specificity test of eEF1B antibody used in (A). 

Protein extracts from protoplasts transiently expressing YFP-eEF1B2, YFP-eEF1B1 or YFP-eEF1B2 from a 

constitutive 35S promotor were analyzed by immunoblotting using anti-GFP as control or anti-eEF1B for 

specificity test. As additional negative control, protein extract from untransformed protoplasts were tested. Arrow 

points towards YFP-tagged eEF1B. Arrowhead marks native eEF1B. 

The phenotypes of the different mutant lines of eEF1B were analyzed to find out whether the 

altered transcript and protein levels lead to phenotypic changes. First, seedlings were grown on 

vertical placed MS plates and root growth was monitored at 4, 7 and 10 dag (Fig. 29A and 29B). 

No significant differences between the T-DNA lines and the WT were observed. Also, at later 

developmental stages, the mutant lines resembled the WT (Fig. 29C and 29D). These results 

were unexpected for several reasons. First, the WT-like phenotype of eef1b1-1 mutant is 

contradictive to the previously published dwarf phenotype (Hossain et al. 2012). Currently, it 



83 
 

is unknown what the reason for the discrepancy in the observed phenotypes is. Second, at least 

for the lines with reduced eEF1B protein level (eef1b1-2 and eef1b1-3), a phenotypic 

change would have been expected. Possibly, the remaining eEF1B protein level is sufficient 

for the cells to fulfill its function. Therefore, in order to study the specific function of eEF1B, 

crosses between the single mutants of eEF1B1 and eEF1B2 were performed to generate 

eEF1B double mutants.  

 

Figure 29: Phenotype of T-DNA insertion lines of eEF1B1 and eEF1B2. (A) Image of seven-days-old 

seedlings of WT and the indicated mutant lines grown on vertical MS plates. (B) Root length measurement of WT 

and the indicated mutant lines grown for 4 d, 7 d or 10 d on solid vertical MS plates. Root length was measured 

using ImageJ software (n≥30). Data represent means ±SE. (C) Representative pictures of 24 days-old WT, 

eef1b1-2 and eef1b1-3 plants grown on soil. Scale bar is 1 cm. (D) Representative pictures of 21 days-old WT, 

eef1b2-1 and eef1b1-1 plants grown on soil. Scale bar is 2 cm.    

4.2.4 Generation of eEF1B double mutants 

For generation of eEF1B double mutants, eef1b2-1 was crossed with either eef1b1-2 or 

eef1b1-3. The F1 generation was genotyped and as expected all plants were heterozygous for 

both genes (crossing and genotyping of F1 was performed by Felix Thies as part of his bachelor 

thesis under my supervision). F1 generation was self-pollinated and in the F2 generation 

genotyping was repeated. No double homozygous plants were identified from 63 plants of 
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eef1b1-2 eef1b2-1. According to Mendelian law, 1 out of 16 plants would be expected to be 

double homozygous. Six plants were found to be homozygous for eef1b1-2 and heterozygous 

for eef1b2-1, whereas no plant was found to be heterozygous for eef1b1-2 and homozygous 

for eef1b2-1 (Table 3).    

Table 3: Genotyping results of F2 generation from crossing eef1b1-2 +/- with eef1b2-1 +/- (+/+ = WT, +/- = 

heterozygous, -/- = homozygous). Genotyping PCR was performed twice for each plant. 

eef1b1-2 eef1b2-1 Number of plants 

+/+ +/+ 3 

+/- +/+ 9 

-/- +/+ 5 

+/+ +/- 19 

+/+ -/- 7 

+/- +/- 13 

+/- -/- 0 

-/- +/- 7 

-/- -/- 0 

Total number of plants genotyped: 63 

 

The eef11-2 -/- eef12-1 +/- plants showed a dwarf phenotype (Fig. 30A) compared to all plants, 

which displayed WT genotype for at least one of the eEF1B genes. This could lead to the 

hypothesis that a double homozygous mutant might be lethal and that already eef11-2 -/- 

eef12-1 +/- strongly disturbs plant development and leads to the observed phenotype. But also, 

some eef11-2 +/- eef12-1 +/- plants displayed a similar phenotype with reduced growth (Fig. 

30B), which would rather imply that the observed phenotype is not dependent on the T-DNA 

insertions. Further analysis will be needed to clarify, whether mutations in both eEF1B genes 

are lethal. This should also include crosses from more independent T-DNA insertion lines to 

rule out influences of possible second site insertions. Genotyping of 25 F2 plants from the 
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eef1b1-3 eef12-1 crosses did not yield any double homozygous mutants further supporting a 

possible lethality of a complete loss of eEF1B. 

 

Figure 30: Phenotype of different genotypes of eef1b1-2 eef1b2-1 mutants. (A) Photograph of 24d-old 

mutant plants. White arrow marks to a plant of the indicated genotype eef1b1-2 -/- eef1b2-1 +/-. Red arrow points 

to a plant with two WT alleles for eEF1B1. (B) Picture of 24d-old mutant plants. White arrow marks a plant of 

the indicated genotype eef1b1-2 +/- eef1b2-1 +/-. Red arrows point to plants, which have both WT alleles for 

either eEF1B1 or eEF1B2 and are heterozygous for the other gene.  

4.3. Analysis of the eEF1B subunit 

4.3.1 Expression of the two eEF1B genes in WT 

In Arabidopsis, the eEF1B subunit is encoded by two different genes, eEF1B1 (AT1G09640) 

and eEF1B2 (AT1G57720). Available RNA-Seq data indicate that both genes are ubiquitously 

expressed in most plant tissues (Klepikova et al. 2016). Fig. 31A shows the comparison of 

expression levels of eEF1B1 to eEF1B2 in different tissues. Yellow color shows an equal 

expression level of both genes, while red color marks tissues, in which eEF1B1 is expressed 

at log2 fold of 0.93 higher than eEF1B2. In most tissues both genes are equally expressed. In 

young leaves and certain flower stages eEF1B2 appears to be slightly higher expressed than 

eEF1B1.  
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Figure 31: Expression levels of eEF1B1 and eEF1B2 in different WT plant tissues. (A) Image showing the 

comparison of eEF1B1 to eEF1B2 expression levels in WT plants. The red color demonstrates that eEF1B1 is 

expressed log2 ratio of 0.93 higher expressed than eEF1B2, while blue color demonstrates a lower expression of 

eEF1B1 compared to eEF1B2. This image was generated with the Klepikova eFP (RNA-Seq data) at 

bar.utoronto.ca/eplant by (Waese et al. 2017). (B) Relative transcript levels of eEF1B1 and eEF1B2 found in 

RNA extracted from WT flowers, leaves or seedlings using qRT-PCR. Data represent means from three 

independent replicates ±SE. No significant differences were found between eEF1B1 and eEF1B2 expression in 

any tested tissue using Student’s t-test (P≤0.05). 

Additionally, transcript levels of both eEF1B genes were tested by RT-qPCR. Both genes of 

eEF1B have a cDNA sequence similarity of 86%. Therefore, primers for RT-qPCR have been 

tested on plasmid DNA for gene-specific binding. Expression levels were analyzed in flowers, 

leaves and seedlings of WT plants. In all three tissue types, the expression level of eEF1B1 

was similar to eEF1B2 (Fig. 31B).  

4.3.2 N-terminus of eEF1B is necessary for interaction with eEF1B 

The compositional analysis of the eEF1B complex using Y2H assays surprisingly revealed that 

eEF1B is physically interacting with eEF1B, but not with eEF1B or itself (Chapter 4.1). To 

further decipher, which domain of eEF1B is important for the interaction with eEF1B, 

truncated versions of eEF1B1 and eEF1B2 were generated. The full length eEF1B1 protein 
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has 414 amino acids, full length eEF1B2 has 413 amino acids. Both proteins have two 

glutathione-S-transferase (GST) domains at the N-terminus coupled via a linker region to the 

C-terminal eEF1B-specific protein domain (Fig. 32A). Interestingly, both eEF1B1 and 

eEF1B2 contain a conserved phosphorylation site in the N-terminal GST-domain and in the 

eEF1B-specific domain (Fig. 32A). To generate truncated versions lacking the C-terminus 

(C), cDNA coding the START codon till base pair 726 (242 aa) of eEF1B1 or cDNA coding 

the START codon till base pair 669 (223 aa) of eEF1B2 were amplified and an artificial STOP 

codon was attached. To generate truncated versions lacking the N-terminus (N), cDNA from 

base pair 727 (243aa) till STOP codon of eEF1B1 or from base pair 670 (224 aa) till STOP 

codon of eEF1B2 were amplified and at N-terminus an artificial START codon was attached. 

PCR fragments were cloned into yeast expression vectors pGBT9 or pGAD424 using gateway 

cloning technique. The protein structures of the truncated eEF1B versions are shown in Fig. 

32A. 

 

Figure 32: N-terminal domain of eEF1B is important for physical interaction with eEF1B1. (A) Protein 

structures with the annotated domains of eEF1B1 and eEF1B2 (GST_N: N-terminal glutathione S-transferase-

like domain; GST_C: C-terminal glutathione S-transferase-like domain; eEF1B, C-term: C-terminal conserved 

eEF1B-specific domain) and the generated truncated versions eEF1B1C, eEF1B1N, eEF1B2C and 

eEF1B2N. P: phosphorylation site. (B) Y2H assay testing the interaction of the four truncated versions of 

eEF1B for interaction with full length eEF1B1. Dilution series of transformed yeast was spotted on growth 

control medium (+HIS) and selection medium (-HIS). BD: DNA-binding domain, AD: Activation domain. Data 

are representative for three independent replicates. 

Y2H assays showed that neither eEF1B1N nor eEF1B2N is able to interact with eEF1B1, 

whereas eEf1B1C and eEF1B2C do interact with eEF1B1 (Fig. 32B). Consequently, the 

N-terminal domain containing the GST domains is required for the interaction of eEF1B with 
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eEF1B1 in Arabidopsis. This is in accordance with previous studies in mammalian cells, 

which also showed that the N-terminal domain of eEF1B is necessary for a physical interaction 

with eEF1B or eEF1B subunit (Mansilla et al. 2002; Le Sourd et al. 2006). It will be 

interesting to test whether the interaction of eEF1B with eEF1B is necessary for the 

functionality of the whole eEF1B complex. 

4.3.2 Characterization of T-DNA insertional lines of eEF1B1 and eEF1B2 

To analyze the function of eEF1B1 and eEF1B2 in planta, two T-DNA insertion lines for 

each gene were obtained from the Arabidopsis Seed Stock Centre (NASC). Genotyping 

confirmed that the mutant lines were homozygous for the T-DNA insertions. The exact position 

of T-DNA was analyzed by sequencing of the sequence flanking the insertion. The T-DNA was 

positioned in the first intron in line eef1b1-1 and in the seventh exon in eef1b1-2. In line 

eef1b2-1, the T-DNA was inserted in the last exon only a few bases away from the STOP 

codon. In line eef1b2-2, the T-DNA was localized in the 3’UTR (Fig. 33A).  

The transcript level of eEF1B1 and eEF1B2 in the mutant lines were tested using RT-PCR 

and RT-qPCR analysis (Fig. 33B and 33C). To this end, RNA was extracted from 7 d-old 

seedlings of WT and the mutant lines, which had been grown on vertical MS plates, and cDNA 

was synthesized. Primers amplifying the C-terminal part of eEF1B1 (spanning over the 

insertion of eef1b1-2) were used for RT-PCR analyzing eEF1B1 level (Fig. 33A). Primers 

amplifying eEF1B1 from START until STOP codon could not be used, because these primers 

contained only two mismatches to the sequence of eEF1B2 and resulted in unspecific binding. 

RT-PCR analysis revealed that in line eef1b1-1, the complete C-terminal part of eEF1B1 was 

still present, whereas it was not expressed in line eef1b1-2 (Fig. 33B). Similar results were 

obtained by RT-qPCR analysis, which showed a WT-like expression of eEF1B1 in eef1b1-1 

and a strongly reduced expression in eef1b1-2 (Fig. 33C).  



89 
 

 

Figure 33: Analysis of T-DNA insertion lines for eEF1Bγ1 and eEF1Bγ2. (A) Gene structure of eEF1Bγ1 and 

eEF1Bγ2 showing exons (black boxes), introns (black lines), UTRs (white boxes), T–DNA insertion sites (filled, 

vertical arrowheads) and the primers used for RT-qPCR (filled, horizontal arrowheads) and RT-PCR (filled and 

white arrowheads (3’UTRrev). (B) Agarose gel picture of RT-PCR analysis on RNA isolated from 7 d-old 

seedlings of WT and the indicated mutant lines. The following primer sets were used: eef1bγ1fw and 

eef1bγ1_3’UTRrev for eEF1Bγ1 expression and eef1bγ2fw and eef1bγ2_3’UTRrev for eEF1Bγ2 expression. 

UBIQUITIN was used as reference gene. Negative control contained ddH2O instead of cDNA in the PCR reaction. 

Three biological replicates are shown for each mutant line. RT-PCR was performed by Mahsa Nasimi (as part of 

her master thesis under my supervision). (C) RT-qPCR analysis examining the transcript level of eEF1Bγ1 and 

eEF1Bγ2 on RNA isolated from 7-days-old seedlings of WT and mutant lines. Gene-specific primers used for 

analysis are shown in (A). FASS and SAND were used as reference genes. WT transcript levels were set to 1 and 

mutant transcript levels are shown relative to WT. Data represent mean from three biological replicates. Asterisks 

indicate means differing significantly from WT (two-tail Student’s t test; * P < 0.05; ** P < 0.01). 

In both lines, eef1b2-1 and eef1b2-2, no transcript was detected by RT-PCR using primers 

amplifying from second exon till the 3’UTR (Fig. 33B). The T-DNA insertions of eef1b2-1 

and eef1b2-2 are located in the last exon and the 3’UTR. To exclude that the N-terminal part 

of eEF1B2 was still being expressed, RT-qPCR was performed. It showed that also the 

expression of the N-terminal region of eEF1B2 was strongly reduced in both mutant lines (Fig. 

33C). None of the analyzed T-DNA insertional lines displayed phenotypic alterations compared 

to WT plants (Fig. 34). Together with the high sequence similarities between both proteins 

(88%), this could indicate that both proteins are functionally redundant. 
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Figure 34: Phenotype of eEF1B single mutants. Representative photographs of 24 d-old soil-grown plants of 

WT and the indicated mutant lines. 

4.3.4 Phenotypical analysis of eef1b1/2 double mutants 

To further analyze a possible function of eEF1B in plant development, we crossed the eef1b1 

single mutant lines with the eef1b2 single mutant lines. Genotyping of the F1 generation 

confirmed a successful crossing and resulted in double heterozygous plants. F1 plants were 

allowed to self-fertilize and F2 generation was again genotyped to find double homozygous 

mutants. For each of the four generated double mutants (eef1b1-1+/-eef1b2-1+/-, eef1b1-1+/-

eef1b2-2+/-, eef1b1-2+/-eef1b2-1+/-, eef1b1-2+/-eef1b2-2+/-) at least 21 plants were 

genotyped, but none of them was homozygous for both T-DNA insertions. Therefore, F2 plants, 

which were homozygous for one gene and heterozygous for the other gene, were again self-

fertilized and 50 F3 plants from each double mutant were analyzed (by Mahsa Nasimi as part 

of her master thesis under my supervision). Only for the combination of eef1b1-2 eef1b2-2, 

six double homozygous plants were identified from the 50 analyzed plants. This double mutant 

will further on be named as eef1b1/2 and characterized.  

First, the impact of the T-DNA insertions on the eEF1B protein level was tested. Therefore, a 

polyclonal eEF1B-specific antibody (binding both eEF1B1 and eEF1B2) was used 

(Agrisera, Sweden). Before use, the specificity of the antibody was determined. To this end, 

YFP-eEF1B1 and YFP-eEF1B2 were transiently expressed in Arabidopsis protoplasts and 

protein extracts were probed with the eEF1B-antibody and an GFP-antibody. In the control 

western blot using anti-GFP, both YFP-tagged proteins were detected (Fig. 35A). The eEF1B-

antibody specifically bound to the YFP-eEF1B2 protein, but not to the YFP-eEF1B1. 

Additionally, in both protoplast samples the native eEF1B protein was detected with the 

eEF1B-antibody, but not with anti-GFP. Consequently, the antibody is specifically binding 

only to the gamma subunit of the eEF1B complex and can be used to quantify the amount of 

native eEF1B in the T-DNA insertional lines. To this end, proteins were extracted from 7 d-

old seedlings of WT, eef1b1/2, eef1b1-2 and eef1b−2 and analyzed by immunoblotting 
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using the eEF1B−specific antibody. For loading control, the same membrane was stripped and 

analyzed again using anti-ACTIN. Three independent experiments showed a strong reduction 

of eEF1B protein levels in eef1b1/2 (Fig. 35B). Quantification of the signal intensities from 

the western blots showed that eef1b1/2 resumed only about 20% of WT protein level, whereas 

the eef1b1-2 and eef1b−2 single mutants still contained more than 60% of the native protein 

level. 

 

Figure 35: Protein levels of eEF1B in single and double mutant lines. (A) Specificity test of eEF1B−specific 

antibody used in (B). Protein extracts from protoplasts transiently expressing YFP-eEF1B2 or YFP-eEF1B1 

were analyzed by immunoblotting using anti-GFP as control or anti-eEF1B for specificity test. Arrow points 

towards YFP-tagged eEF1B. Arrowhead marks native eEF1B. (B) Immunoblots showing the expression of 

eEF1B or ACTIN in WT or the indicated mutant lines. Proteins were extracted from seven days-old seedlings 

grown in liquid MS cultures. For each sample, 40 µg of total protein extract were loaded on the SDS gel. 

Immunoblots were first probed with an eEF1B−specific antibody, stripped and re-probed with an ACTIN-specific 

antibody for loading control. Quantification shows percentage of eEF1B level compared to WT (with WT set to 

1 in each experiment). Data represents means ±SE from three independent experiments. 

Next, the phenotype of eef1b1/2 at seedling stage was observed and compared to WT and both 

single mutants. Seedlings of eef1b1/2 showed an impaired primary root growth (Fig. 36A and 

36B). While the root length of both single mutants did not differ significantly from WT at 4 and 

7 dag, the eef1b1/2 was significantly shorter at 4, 7 and 10 dag (Fig. 36A and 36B). Most 

likely, the observed defects in root development were rather a growth delay than growth arrest. 

This hypothesis is based on the observation that the root length of eef1b1/2 shows at 10 dag 

the same length as roots of WT at 7 dag. In addition to defects in primary root length, the 
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number of lateral roots was significantly reduced in eef1b1/2 at 10 dag compared to WT and 

both single mutants (Fig. 36C). To find out if this phenotype was due to reduced cell division 

rates, roots of 4d-old seedlings were stained using propidium iodide (PI) to examine the RAM. 

In comparison to WT, the eef1b1/2 mutants showed reduced number of dividing cells resulting 

in a shorter meristematic zone (Fig. 36D and 36E). The analysis of the RAM was performed by 

Cloe de Luxán-Hernández.  

 

Figure 36: Root phenotype of eef1b1/2 double mutant compared to WT and single mutant lines. (A) 

Photograph of representative 7 d-old seedlings of WT, eef1b1/2, eef1b1-2 and eef1b2-2 grown on vertical MS 

plates. (B) Measurement of root length of the indicated lines at 4 dag, 7 dag and 10 dag. Data represent mean from 

three independent experiments ±SE. (C) Number of lateral roots in 10 d-old seedlings of the indicated genotypes. 

Data represent mean from three independent experiments ±SE. (D) Confocal images of PI-stained root tips of 7 d 

old-seedlings of WT and eef1b1/2. The white line marks the meristematic zone in the RAM. Scale bar is 60 µm. 

(E) Number of dividing cells in the meristematic zone. Values represent mean from four independent experiments 

±SE (n=30). Asterisks in (B), (C) and (E) indicate means differing significantly from WT (two-tail Student’s t test; 

* P < 0.05; ** P < 0.01; *** P < 0.001).   

Similar to the observed defects in root development, the development of the shoot was delayed 

in eef1b1/2. In eef1b1/2, the number of true leaves was significantly reduced at 7 and 10 dag 

compared to WT and both single mutants (Fig. 37B). At 13 dag, the difference between the 

lines is not significant anymore further indicating a growth delay, rather than growth arrest. 
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Defects in true leaf formation together with the reduced number of dividing cells in the RAM 

indicate that eef1b1/2 mutants have defects in proper cell division.  

The growth phenotype of eef1b1/2 was also observed at later developmental stages (Fig. 37A 

and 37 E). As measure for reduced and delayed growth, the size of the biggest rosette leaf was 

measured in 28 d-old soil-grown plants. Size of the biggest rosette leaf from WT and both single 

mutants were similar, whereas the biggest eef1b1/2 leaf was significantly smaller (Fig. 37C 

and 37D). In contrast, the number of leaves at the flowering timepoint was slightly higher in 

eef1b1/2 plants compared to WT and both single mutants (Fig. 37E and 37F). This indicates 

that eef1b1/2 mutants are delayed in flowering. 
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Figure 37: Shoot phenotype of eef1b1/2 compared to WT and the single mutant lines. (A) Representative 

images of 24 d-old soil-grown plants of the indicated genotypes. (B) Percentage of seedlings exhibiting true leaves 

at 7 dag, 10 dag and 13 dag. Seedlings were grown on horizontal MS plates. Data represent mean ±SE from three 

independent experiments (n=30). Color legend is also used for (D) and (F). (C) Photograph of representative 

biggest rosette leaves from 28 d-old soil-grown plants of the indicated genotype. Scale bar is 1 cm. (D) Size of the 

biggest rosette leaf of 26 d-old soil-grown plants of the indicated genotype. The biggest rosette leaf was defined 

by measurement. The biggest rosette leaf was in each line situated between leaf #9 and leaf #12. Data represent 

mean from two independent experiments ±SE (n=35). (E) Representative photograph of soil-grown WT, 

eef1b1/2, eef1b1-2 and eef1b2-2 plants at flowering stage. (F) Number of leaves at flowering time point of 

plants of the indicated genotype. Data represent mean ±SE (n=40). Asterisks in (B) and (D) indicate means 

differing significantly from WT (two-tail Student’s t test; * P < 0.05; ** P < 0.01; *** P < 0.001.  

Lastly, the siliques of the double mutant were analyzed in comparison to WT. Siliques of 

eef1b1/2 contain overall less seeds than WT and a higher number of ‘empty spots’ within the 

siliques (Fig. 38A and 38B). The observed ‘empty spots’ contained only small white fists, 

which could result either from unfertilized ovules or collapsed ovules, which were aborted 

shortly after fertilization. It remains to be examined whether a defect in the male gametophyte 

is leading to unfertilized ovules in eef1b1/2. It would be interesting to test the viability of the 

pollen e.g. with an Alexander staining (Alexander 1969).  

To analyze whether the embryos within the produced seeds of eef1b1/2 can develop normally, 

seeds were extracted from siliques of different ages, de-stained using Hoyer’s solution and 

analyzed using a macroscope. The embryo development begins from a single cell and contains 

distinct stages that can be observed. WT embryos develop from ‘globular’ stage, to ‘heart’ 

stage, in which the embryo already contains around 200 cells. Further the embryo develops into 

torpedo and bent-cotyledon (or mature) stage, where primordia of cotyledons and organization 

into root and hypocotyl are already visible (Capron et al. 2009). For both, WT and eef1b1/2 

seeds, embryos in every developmental stage, including globular, heart, late heart, torpedo and 

mature stage, were observed (Fig. 38C). This shows that eef1b1/2 mutants are able to produce 

fully mature embryos and embryo development is not impaired. Therefore, the enrichment of 

empty spots in mutant siliques might indicate that the fertility of either the male or female 

gametophyte might be affected by reduced eEF1B levels.  

In addition to the observed developmental phenotype, we questioned whether the germination 

of eef1b1/2 seeds might also be affected. To this end, the germination rate of eef1b1/2 was 

compared to WT. The eef1b1/2 seeds showed a delay of 12 to 24 h in germination (Fig. 38D). 

Accordingly, the primary root growth delay of about 3 days cannot fully, but partially be 
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explained by a delayed germination of eef1b1/2 seeds. Overall, the results show that loss of 

eEF1B leads to defects in growth and cell division and indicate that eEF1B is playing an 

important role in balancing the processes of plant development.   
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Figure 38: Silique, embryo and seed germination analysis of eef1b1/2 double mutant. (A) Siliques of WT 

and eef1b1/2 mutant. Scale bar is 2 mm. (B) Quantification of number of seeds per silique and empty spots per 

silique. Data represent mean ±SE (n=30). (C) Representative images of seeds de-stained with Hoyer’s solution 

showing the different developmental stages of embryos. Scale bar is 200 µm. (D) Percentage of germinated seeds 

of WT and the indicated mutant lines at 24 h until 96 h after transfer of stratified seeds to MS plates in light. Data 

represent mean ±SE from three independent experiments (n ≥ 25).   

4.3.5 Complementation studies in eef1b1/2   

Western blot analysis (Fig. 35) showed that the eEF1B protein levels were strongly reduced in 

eef1b1/2. To make sure that the observed phenotype indeed resulted from the reduced protein 

levels of eEF1B, complementation lines were generated. Therefore, full length eEF1B and 

the truncated versions of eEF1B used in Y2H (Fig. 32) were N-terminally fused to Yellow 

Fluorescent protein (YFP) and transformed into eef1b1/2 to be expressed under a constitutive 

35S promotor. The introduced fusion proteins are depicted in Fig. 39A. Unfortunately, no 

positive transformants were identified for eef1b1/2::YFP-eEF1B1. For the other five 

constructs the following number of independent lines were identified by genotyping and optical 

control for fluorescent signal in seedlings: four lines for eef1b1/2::YFP-eEF1B2, three lines 

for eef1b1/2::YFP-eEF1B2N, one line for eef1b1/2::YFP-eEF1B2C, three lines for 

eef1b1/2::YFP-eEF1B1N and two lines for eef1b1/2::YFP-eEF1B1C. The full length 

protein complementation line eef1b1/2::YFP-eEF1B2 rescued the reduced root length 

phenotype of eef1b1/2 at 4 dag, 7 dag and 10 dag (Fig. 39B and 39C). The reduction of the 

number of lateral roots observed in eef1b1/2 was partially rescued in 10 d-old seedlings of 

eef1b1/2::YFP-eEF1B2 (Fig. 39D). Also, the overall stunted growth phenotype was largely 

rescued in this complementation line (Fig. 39E), verifying that the reduced protein level of 

eEF1B is in fact responsible for the developmental growth defects in eef1b1/2. 

The truncated versions of eEF1B displayed differential binding capacities towards eEF1B in 

Y2H. While eEF1BN is unable to bind to eEF1B1, eEF1BC is capable of binding 

eEF1B1, which appeared to be the central component in the Arabidopsis eEF1B complex (Fig. 

23 and 32). If the binding to eEF1B was essential for the function of eEF1B, then it could be 

hypothesized that eEF1BN would not be able to complement the eef1b1/2 phenotype. 

Consequently, it would be expected that introduction of eEF1BC would rescue the 

developmental defects. Overall, none of the truncated versions of eEF1B1 or eEF1B2, neither 

N nor C versions, was able to complement the phenotype in contrast to the full length 
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eEF1B2. Instead root lengths and number of lateral roots of each truncated version 

complementation line were still significantly reduced compared to WT (Fig. 39B and 39C).  

 

Figure 39: Full length eEF1B2 complements the growth phenotype of eef1b1/2 double mutants. (A) 

Structures of full length and truncated versions of YFP-fusion proteins that were introduced into eef1b1/2 under 

an 35S promotor for complementation studies. (B) Representative photographs of 10d-old T2 seedlings of the 

indicated lines grown on vertical MS plates. Presence of the transgene in the complementation lines was verified 
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by checking for YFP-fluorescence of the seedlings. Scale bar is 1 cm. (C) Root length measurements of seedlings 

of the indicated lines at 4 dag, 7 dag and 10 dag. Figure legend shown in (D) is also valid for (C). (D) Quantification 

of lateral roots from 10d-old seedlings of the indicated lines. (C+D) Data represent means from at least two 

independent experiments from the following amount of independent transgenic lines (eEF1B2 = 4; eEF1B2N 

= 3; eEF1B2C = 1; eEF1B1N = 3; eEF1B1C = 2) with n≥20 for each experiment and line. Asterisks mark 

significant compared to WT (unless otherwise indicated) using two-tailed student’s t test (* P < 0.05; ** P < 0.01; 

*** P < 0.001). (E) Representative photographs of plants of the indicated lines grown for 10 days on MS plates 

and after transfer for 10d on soil.   

Nonetheless, there were slight differences observed between the eEF1BN and eEF1BC 

complementation lines. At 7 dag, seedlings of eef1bg1/2::YFP-eEF1B1N, and at 10 dag, 

seedlings of eef1bg1/2::YFP-eEF1B2N, had significantly longer roots than eef1b1/2 (Fig. 

39C). Similarly, at 10 dag seedlings of both eEF1BN complementation lines had significantly 

more lateral roots in comparison to eef1b1/2 (Fig. 39D). This effect was not observed for 

eEF1BC complementation lines and is therefore contradicting the previously discussed 

hypothesis of interaction of eEF1B and eEF1B being important for the functionality of the 

eEF1B complex and leading to developmental defects in eef1b1/2. These results rather indicate 

a similarly important function of the conserved C-terminal eEF1B domain for plant 

development.  

Several points have to be considered, when drawing conclusions from this data. First, only one 

line has been analyzed for eef1b1/2::YFP-eEF1B2C and only two lines for eef1b1/2::YFP-

eEF1B1C. Since the insertion of the transgene happens coincidentally, it is feasible that genes 

are disrupted by the insertion and lead to undesired side effects. Also, it is possible that the 

transgene is inserted several times and leads to strongly varying expression levels. Therefore, 

several independent lines should be analyzed and ideally be analyzed by southern and western 

blotting to characterize the number of inserted transgenes and the protein levels. 

Additionally, it has to be considered that the linker region between both domains contains IDRs, 

which were only partially maintained in the truncated versions. These IDRs might also have 

important functions in protein stability and/or intracellular localization. Therefore, the 

localization of the proteins was observed. Protoplasts were transiently transformed with 

constructs harboring the CDS under an 35S promotor and N-terminally tagged with YFP. For 

both full-length proteins, eEF1B1 and eEF1B2, a fluorescent signal was observed in the 

cytoplasm and in some cells additionally in the nucleus. All truncated versions displayed a 

similar localization pattern as the full-length proteins (Fig. 40). This indicates that the proteins 
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are at least expressed in the expected subcellular localization. Nonetheless, it might be of 

interest to generate additional truncated versions, which keep the linker region intact and 

analyze their localization pattern and ability to complement the eef1b1/2 mutant phenotype.  

 

Figure 40: Truncated versions of eEF1B localize to the cytoplasm and partially in the nucleus. 

Representative confocal images of Arabidopsis protoplasts transiently expressing N-terminally YFP-tagged 

eEF1B1, eEF1B1N, eEF1B1C, eEF1B2, eEF1B2N or eEF1B2C under a constitutive 35S promotor. 

Merged images show an overlap of YFP signal (yellow), autofluorescence of chlorophyll (blue) and bright field 

image. Scale bar is 10 µm. 

4.3.6 The role of eEF1B in translation regulation 

The canonical function of the eEF1B complex is the support of delivery of aminoacyl-tRNA to 

the ribosome by GDP/GTP exchange on the eEF1A complex, so universally spoken the 

promotion of protein synthesis. Although eEF1A can bind to GTP by itself, eEF1B enhances 

the exchange rate of eEF1A-GDP to eEF1A-GTP by a factor of 1000 in wheat embryos 

(Lanzani et al. 1976). Nonetheless, a direct influence of the eEF1B subunit on protein synthesis 

and translational fidelity in plants remains unsure. In mammalian cells, it was shown that RNAi-

mediated silencing of eEF1B impairs translation (Kim, Kellner, et al. 2007). Contrarily, loss 

of both eEF1B-encoding genes did not lead to changes in protein synthesis or translational 

fidelity in Saccharomyces cerevisiae (Kinzy, Ripmaster, and Woolford 1994; Esposito and 

Kinzy 2010).  
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To find out whether translation was affected in eef1b1/2 mutants and whether the observed 

phenotypes can be explained by reduced protein synthesis several assays were performed. 

First, the sensitivity of WT and eef1b mutants towards different translation inhibitors was 

tested. Two common translation inhibitors, cycloheximide (CHX) and hygromycin B (HYG) 

were chosen. Both have already been applied to Arabidopsis and were shown to lead to reduced 

plant growth and developmental defects (Duan et al. 2011; Kurepa et al. 2010). CHX inhibits 

translation elongation by binding to the ribosomal E-site and stopping eEF2-mediated 

translocation (Schneider-Poetsch et al. 2010). This mechanism allows one full translational 

cycle to be completed before elongation is blocked. HYG is an aminoglycoside that binds 

closely to the A-site of the small ribosomal subunit and thereby inhibits eEF2-mediated tRNA 

translocation from the A site to the P site (Moazed and Noller 1987; Gonzalez et al. 1978). 

 

Figure 41: eef1b1/2 mutants are more tolerant towards translation inhibitors. (A) Root length measurements 

of 4 dag, 7 dag and 10 dag seedlings of WT, eef1b1/2, eef1b1-2 and eef1b2-2, which were germinated and 

grown on vertically placed MS plates (Ctrl) or MS plates supplemented with 0.05 µM or 0.1 µM cycloheximide 
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(CHX). Data represent means ±SE from 3 independent experiments (n ≥ 20). (B) Root length measurements of 

seedlings of the indicated genotypes at 7 dag, which were germinated and grown on vertically placed MS plates 

(Ctrl) or MS plates supplemented with 10 µg/ml or 20 µg/ml hygromycin B (HYG). Data represent means ±SE 

from 3 independent experiments (n≥20). Asterisks indicate means differing significantly from WT at the indicated 

timepoint and condition (two-tail t-test; ***P<0.001; ** P<0.01; * P<0.05). 

For sensitivity assays, seeds of WT, eef1b1/2 double mutant and both single mutants were 

germinated on control MS plates or on MS plates containing 0.05 µM or 0.1 µM CHX. Root 

length was measured at 4 dag, 7 dag and 10 dag. As expected, root length of WT plants was 

strongly affected by increasing CHX concentration. The growth inhibition of WT roots was 

amplified with increasing seedling age (Fig. 41A). No significant difference was observed 

between WT and eef1b1-2 and eef1b2-2. Both single mutant lines showed similar responses 

to CHX as the WT. This is in line with the yeast eEF1B double mutant, which also reacted to 

CHX treatment comparable to WT (Olarewaju et al. 2004).  

Similar to the phenotype described in Chapter 4.3.4, the root length of eef1b1/2 was 

significantly reduced under control conditions compared to WT. Interestingly, eef1b1/2 roots 

were not significantly shorter than WT roots, when plants were grown on 0.1 µM CHX at 4 

dag, 7 dag or 10 dag (Fig. 41A). The difference to WT length was already reduced on 0.05 µM 

CHX, but eef1b1/2 roots were still significantly shorter on this lower concentration of CHX. 

This means that the eef1b1/2 mutant is less sensitive towards translation inhibition through 

CHX. 

The same assay was performed using HYG and root length was measured at 7 dag. Length of 

WT roots grown on 10 µg/ml HYG was reduced to one third of WT root length under control 

conditions (Fig. 41B). Root length was even further impaired on 20 µg/ml HYG. Again, both 

single mutant lines reacted similar to the WT, whereas eef1b1/2 mutants reacted less strongly 

to HYG treatment. On 10 µg/ml and 20 µg/ml HYG, no significant difference between WT and 

eef1b1/2 mutant was observed (Fig. 41B). These results indicate that eef1b1/2 might indeed 

be impaired in translation. In the double mutant, root growth would already be adapted and 

reduced due to translational slow down as consequence of loss of eEF1B. Therefore, an 

additional reduction of translation rate by translation inhibitors would not lead to an equally 

strong reaction as in fully translating plants. Since the reduced sensitivity towards translation 

inhibitors is an indirect method to detect defects in translation and it has to be taken into 

consideration that CHX does not only affect translation elongation, but also several other 
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cellular processes (Ellis and Macdonald 1970; McMahon 1975), we next thought to measure 

translational efficiency and global protein synthesis rates more directly.  

A high number of ribosomes being associated with an mRNA defines an active translation. An 

actively translating mRNA, that is bound by several ribosomes simultaneously, is named 

polysome. Assuming that all mRNAs are transcribed with the same speed and efficiency, one 

can define the ratio of polysome-bound RNA to monosome-bound RNA as measure for 

translational efficiency. Polysome profiling is an established method, which uses a sucrose 

gradient to identify ribosomal subunits and ribosomes (monosomes, disomes or polysomes) that 

are bound to mRNA (reviewed in (Mazzoni-Putman and Stepanova 2018)). The polysome 

profiles of WT and eef1b1/2 mutant plants were generated by Yang Gao and Reimo Zoschke 

at MPI Potsdam and are shown in Fig. 42A. For both WT and eef1b1/2, RNA bound to 40S 

ribosomal subunit, 60S ribosomal subunits, monosomes, disomes and polysomes was 

identified, but the amount of each ribosome type differed between both lines. To compare 

translational efficiency, the ratio of polysome-bound RNA to monosome-bound RNA was 

calculated. Surprisingly, the ratio was slightly higher for the eef1b1/2 mutant compared to WT. 

This was unexpected because initially a reduction of translational efficiency was suspected for 

eef1b1/2.  

Another even more direct way to analyze global protein synthesis rates in vivo is the SUnSET 

method (Schmidt et al. 2009; Van Hoewyk 2016). It makes use of the antibiotic puromycin, 

which is an analog of tyrosal-tRNA and can be incorporated into the elongating polypeptide 

chain instead of tyrosal-tRNA. Consequently, plants can be treated with puromycin and actively 

translating cells will label freshly synthesized proteins with puromycin. Puromycilation of a 

polypeptide chain will lead to a halt in translation elongation because the chain cannot be further 

elongated after the puromycin. This leads to a variety of different lengths of actively transcribed 

proteins. Proteins can then be extracted, separated by SDS-PAGE and puromycylated proteins 

can be identified in immunoblots using a puromycin-specific antibody. WT and eef1b1/2 

mutant were analyzed with the SUnSET method (Fig. 42C). As proof of concept, we used 

untreated plants, which showed no signal in the puromycin blot. As expected, a large pattern of 

different sized puromycylated proteins were detected in WT and eef1b1/2 mutants that had 

been treated for 2 h with 100 µM puromycin. An additional control for the correct performance 

of the SUnSET method was the treatment with CHX before treatment with puromycin. CHX 

will stop translation elongation, thus no proteins should be labeled during puromycin 

incubation. No puromycylated proteins were detected in CHX-treated samples by 
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immunoblotting. The comparison between WT and eef1b1/2 mutant yielded no obvious 

difference in the amount of puromycylated proteins (Fig. 42C). To quantify the ‘optical’ and 

thereby subjective evaluation of the western blot, band intensities from three independent 

experiments were quantified using ImageJ software and normalized to ACTIN. Similar to the 

‘optical’ observation, no significant difference was observed between the amount of 

puromycylated proteins in WT and eef1b1/2. This indicates that global protein synthesis rates, 

similar to the translational efficiency calculated from the polysome profiling, is not impaired 

by loss-of-function of eEF1B. 

 

Figure 42: Global protein synthesis rate is not reduced in eef1b1/2. (A) Polysome profiling analysis of leaves 

from 24 d-old soil-grown WT or eef1b1/2 plants. Cell lysates were fractionated using sucrose gradient 

sedimentation and the absorbance at 254 nm was documented for each fraction. Data represent means from three 

experiments ±SD (SD shown as shading of the line). (B) Ratio of polysomal to monosomal RNAs (shown in 

between dashed lines in (A)) was calculated as approximation of translational efficiency. Data represent means 

from three experiments ±SD. (C) Immunoblots showing puromycylated proteins as approximation for global 

protein synthesis rate using SUnSET method. Proteins were extracted from 7 d-old seedlings, which were untreated 

(control), treated with 100 µM puromycin for 2 h (puromycin), treated with 10 µM CHX for 4 h and then with 100 
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µM puromycin for 2 h (CHX (10)) or treated with 100 µM CHX for 4 h and then with 100 µM puromycin for 2 h 

(CHX (100)). Immunoblotting was performed using a puromycin-specific antibody and for loading control an 

ACTIN-specific antibody was used. Data are representative for three independent experiments. (D) Quantification 

of immunoblots shown in (C). Graph represents percentage of puromycylated proteins compared to WT (with WT 

set to 1 in each experiment) and values normalized to ACTIN levels. Data represents means ±SE from three 

independent experiments.  

But how can plants that are lacking an important and highly conserved elongation factor keep 

protein synthesis rates to a normal level? Another look at the polysome profiles reveals that the 

total amount of all ribosomes (40S ribosomal subunits, 60S ribosomal subunits, monosomes, 

disomes and polysomes taken together) appears to be higher in the eef1b1/2 mutant compared 

to WT (Fig. 43A and 43B).  

 

Figure 43: eef1b1/2 mutant has an enriched number of ribosomes. (A) Polysome profiles shown in Fig. 42A 

with new markings to exemplify area used for calculations of total peak area shown in (B). (B) Total peak area 

used as approximation of total ribosome content of samples analyzed in Fig. 42A. (C) Representative 

electropherograms of RNA extracted from samples used for polysome profiling in Fig. 42A. (D) Ratios showing 

18S rRNA and 25S rRNA content compared to total RNA. Data represent means ±SE from four independent 

biological replicates.  

To verify that eef1b1/2 mutants contain in total more RNA-bound ribosomes than WT, total 

RNA was extracted from the same leaf samples that were used for the polysome profiling. The 

characteristics of the total RNAs were analyzed with an Agilent BioAnalyzer (with the help of 

Dr. Steffen Ostendorp, AG Kehr, IPM). Representative electropherograms of WT RNA 

compared to eef1b1/2 RNA are shown in Fig. 43C. There are slight differences in the peak 

size of the 18S rRNA and the 25S rRNA. In plant cytosolic ribosomes, the18S rRNA is included 

in the small ribosomal subunit (40S) and the 25S rRNA is in the large ribosomal subunit (60S) 

(Martinez-Seidel et al. 2020). Both small and large subunit together form a ribosome. Hence, 

the amount of 18S rRNA and 25S rRNA can be viewed as measures for total ribosome amount. 
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The 18S and 25S rRNA peaks were evaluated from four independent samples for each line and 

the percentage of 18S or 25S rRNA to the total RNA was calculated (Fig. 43D). 18S rRNA 

ratio is slightly, but not significantly enriched in eef1b1/2 compared to WT. The 25S rRNA 

ratio is significantly higher in the eef1b1/2. Thus, eef1b1/2 mutants could accumulate more 

ribosomes than WT. This could be a mechanism to compensate for loss of the elongation factor 

subunit eEF1B and enable the double mutants to keep translation and protein synthesis rates 

at standard level.  

To exclude the possibility that the enrichment of ribosomes in eef1b1/2 results from smaller 

and thereby more cells in eef1b1/2 instead of more ribosomes per cell, the number of cells in 

1 mm2 of adaxial leaf epidermis cells were quantified in WT and eef1b1/2. Leaves of 7 d-old 

seedlings were stained with FM4-64 (Fig. 44).  

 

Figure 44: Number of cells per 1 mm2 in eef1b1/2 epidermal leaves is similar to WT. (A) Confocal image of 

adaxial epidermal leaf cells from 7d-old WT seedlings stained with FM4-64. The four different cell types are 

marked in this image to exemplify the categorization and counting shown in (B). Scale bar is 10 µm. (B) Number 

of cells counted in 1 mm2 of adaxial epidermal leaves of 7d-old WT or eef1b1/2 mutants. Data represent means 
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± SE from ten individual seedlings per line (n=30). (C) Representative confocal images of FM4-64 stained, adaxial 

epidermal leaf cells from 7d-old seedlings from WT or eef1b1/2. Scale bar is 10 µm.  

FM4-64 is a lipophilic styryl dye, that stains the plasma membrane (Rigal, Doyle, and Robert 

2015) and thereby reveals the cells. On the adaxial epidermis, different types of cells can be 

found. Pavement cells and fully developed stomatal guard cells are easily detected. During the 

differentiation of the guard cells, several stages are passed. First, a mother cell builds a 

meristemoid, which are often observed as meristemoid/mother cell couple. The meristemoid 

further on diverges from the mother cell and can be identified as single meristemoid. The 

categorization of the cells is exemplified in Fig. 44A. No significant difference was measured 

between WT and eef1b1/2 in any of the numbers of the four cell types (pavement, guard cell 

couples, meristemoid/mother cell couple or meristemoid); (Fig. 44B and 44C). This means that 

eef1b1/2 has a similar number of cells per mm2 as WT. Consequently, the observed 

accumulation of ribosomes in eef1b1/2 is due to higher numbers of ribosomes per cell and 

supports the hypothesis that increased numbers of ribosomes could be a mechanism to 

compensate translational defects resulting from the absence of eEF1B.  

4.3.7 eEF1B does not influence heat stress response  

The ability of plants to cope with increased temperatures is becoming more important in times 

of global warming. Plants have innate abilities to respond to heat stress. These mechanisms 

allow plants to survive short periods of above-optimal temperatures. This innate ability to 

survive is called basal thermotolerance (BT). Additionally, plants have the ability to acquire 

tolerance to otherwise lethal temperatures when pre-exposed to a mild temperature increase. 

This ability is called acquired thermotolerance (Larkindale et al. 2005; Larkindale and Vierling 

2008). Acquired thermotolerance has further been classified in short-term acquired 

thermotolerance (SAT; defined by a ‘short’ recovery phase of few hours between mild pre-heat 

treatment and severe heat stress) and long-term acquired thermotolerance (LAT; defined by a 

‘long’ recovery phase of several days between mild pre-heat treatment and severe heat 

stress);(Yeh et al. 2012). Different heat treatments lead to partially overlapping and partially 

unique stress responses and phenotypes, therefore several publications emphasize the 

importance of thorough phenotyping to identify possible heat sensitivity phenotypes (Yeh et al. 

2012; Silva-Correia et al. 2014; Kim et al. 2017).  

Translational regulation is one of the major mechanisms in heat stress response of plants 

(Matsuura et al. 2010; Yanguez et al. 2013; Echevarria-Zomeno et al. 2016). A critical role of 

translation factors in heat stress response in Arabidopsis has been shown for the translation 
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initiation factor eIF5B (Zhang, Liu, et al. 2017; Salome 2017) and the plastidial EF-Tu 

RABE1B (Li et al. 2018). Arabidopsis eEF1B protein was shown to accumulate in heat-

induced aggregates and was suggested to be required for recovery of translation after heat stress 

relief (McLoughlin et al. 2016; McLoughlin et al. 2019). Here, a possible role of eEF1B in 

heat stress response was deciphered by analyzing the ability of eef1b1/2 mutants to respond to 

heat in several different assays aiming at the above mentioned different thermotolerance types. 

As positive control for the heat treatment, the heat sensitive hsp101 mutant was used (Hong and 

Vierling 2001; McLoughlin et al. 2019).  

First, the BT was assessed by examining the seed germination under control conditions or after 

3,5 h at 45°C. Under control conditions, WT and hsp101 seeds showed similar germination 

rates, whereas eef1b1/2 seed germination was slightly delayed (Fig. 45) as already observed 

in Fig. 38. After heat stress, seed germination of hsp101 mutant was strongly impaired with 

only 18 % germinated seeds 7 days after transfer to light (Fig. 45). WT seed germination was 

less severely affected with 70 % germinated seeds after 7 days. Seed germination of eef1b1/2 

was comparable to WT indicating that basal thermotolerance was not affected by reduced 

eEF1B protein levels. 

 

Figure 45: Basal thermotolerance is not impaired in eef1b1/2 mutants. Seed germination of WT, eef1b1/2 

mutants and the heat-sensitive hsp101 mutants seeds was documented under control condition (Ctrl) and after 3,5 

h at 45°C (HS). HS was applied to imbibed seeds and seeds were afterwards directly sown on MS plates. 

Germination was observed every 24h after transfer to light. Data represent means ±SE of two biological replicates 

(n=50).  

Next, the SAT of eef1b1/2 was analyzed using hypocotyl elongation, root growth and seedling 

survival as phenotypical traits to be observed. For hypocotyl elongation assay, seedlings were 

grown for 2,5 d on vertical MS plates in the dark. Then, a mild pre-heat treatment for 90 min at 

38°C was applied, seedlings were recovered for 120 min at 22°C and consequent severe heat 
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stress was applied for 180 min at 45°C. The hypocotyl elongation was measured 2,5 d after heat 

stress (Fig. 46A). Hypocotyl elongation was strongly reduced after heat stress compared to 

control conditions in WT, eef1b1/2 and hsp101 mutants (Fig. 46B). To compare if all lines 

were similarly affected, the ratio of heat stress to control condition was calculated for each line. 

The hypocotyl growth ratio of WT and eef1b1/2 were not significantly different from each 

other, while hypocotyl growth of hsp101 was significantly reduced (Fig. 46C).  

 

 

Figure 46: Short-term acquired thermotolerance of eef1b1/2 mutants is similar to WT. (A), (D) and (G) 

show schemes of the applied heat stress for experiments shown in (B) and (C), (E) and (F), (H) and (I), respectively. 

Seedlings of WT, eef1b1/2 and hsp101 lines were grown on vertically oriented MS plates in the dark in (A), on 

vertically oriented MS plates in light in (D) and on horizontal MS plates in light in (G). (B) Hypocotyl elongation 

measurement under control conditions or after HS described in (A). Data show means ±SE of three biological 

replicates (n ≥ 20). (C) Hypocotyl growth ratio calculated from data shown in (B). (E) Root growth measurement 

under control conditions or after HS as shown in (D). Values are representative for means ±SE from three 

independent experiments (n ≥ 15). (F) Root growth ratio from HS/control from data shown in (E). (H) 

Representative photographs of seedlings after HS as shown in (G). (I) Quantification of seedling survival after HS 

as shown in (G). Seedling survival was defined by development of green leaves. Values are representative for 
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means ±SE from three independent experiments (n ≥ 30). Asterisks indicate means differing significantly from the 

WT (two-tail t-test; *P<0.05).   

Root growth was examined from WT, eef1b1/2 and hsp101 seedlings, which were grown for 

4 d at 22°C before applying the following heat treatment: pre-treatment for 90 min at 38°C, 

recovered for 2 h at 22°C, heat stressed for 2 h at 45°C. The root length was measured 5 days 

after the heat treatment (Fig. 46D). Similar to the results of hypocotyl elongation, primary root 

length was strongly reduced in all lines compared to control conditions (Fig. 46E). The root 

growth ratio of hsp101 was significantly reduced compared to WT, while eef1b1/2 growth 

ratio was not different to WT (Fig. 46F). 

Seedling survival is another phenotypical trait that is often used to determine heat stress 

responses in plants (Yeh et al. 2012). Seedlings grown for 7 days on horizontal MS plates were 

subjected to 90 min at 38°C, 120 min at 22°C, 150 min at 45°C and were subsequently analyzed 

after 5 d at 22°C (Fig. 46G). Photographs were taken and seedlings, which had developed green 

leaves were determined as survivors. Again, WT and eef1b1/2 were significantly less affected 

than hsp101 mutants (Fig. 46H and 46I). Overall, none of the three assays indicated an impaired 

SAT in eef1b1/2. 

The mild pre-heat treatment and subsequent recovery time allows the plant to initiate signaling 

and stress response mechanisms. Part of the first responses to heat stress is the downregulation 

of global translation, meanwhile an increased expression of HEAT SHOCK PROTEINS 

(HSPs), which are supporting protein re-/folding and act as chaperones (Vierling 1991; Al-

Whaibi 2011). Two of the most prominent HSPs known to be induced upon heat stress are 

HSP90 and HSP70. Mutants impaired in thermotolerance can have decreased ability to 

accumulate HSPs in response to stress, e.g. eif5b mutant accumulates less HSP101, HSP70 and 

HSP21 than WT (Zhang, Liu, et al. 2017). In order to test, if eef1b1/2 was impaired in HSP 

expression upon heat stress, immunoblotting using specific antibodies for HSP90 and HSP70 

were used. 10 d-old seedlings were incubated at control conditions or heat-treated with the 

following conditions: 90 min at 38°C, 120 min at 22°C, 90 min at 45° (Fig. 47A). Seedlings 

were immediately snap-frozen in liquid nitrogen, proteins were extracted and subjected to 

immunoblotting. HSP90 was strongly induced upon HS and HSP70 was slightly induced after 

HS in WT and in eef1b1/2 (Fig. 47B). So, eef1b1/2 mutants are able to produce WT-like 

amounts of HSPs when confronted with heat stress. 
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Figure 47: Induction of HSPs after heat stress. (A) Scheme of heat treatment applied to seedlings before protein 

extraction and western blotting shown in (B). 10d-old seedlings grown on MS plates were pre-heat treated for 90 

min at 38°C, allowed to recover for 120 min at 22°C before second heat treatment for 90 min at 45°C. Seedlings 

were immediately snap-frozen in liquid nitrogen after HS. (B) Immunoblotting of protein extracts from seedlings 

grown under control conditions (Ctrl) or after heat stress (HS) as described in (A). Specific antibodies for HSP90 

and HSP70 were used for analysis of HSP induction. Specific antibody for ACTIN and ponceau staining was used 

for loading control. Immunoblots are representative for three independent experiments. 

Some factors important for acquired thermotolerance are not required to induce SAT, but are 

rather playing a role in sustaining the heat stress response. Plants lacking HSA32 protein do not 

show a phenotype after a short time of recovery as in SAT, but show strong defects in sustaining 

heat stress response after long recovery time as in LAT (Charng et al. 2006). To test whether 

eef1b1/2 mutants were defective in acquiring long-term heat stress resistance, seedlings were 

grown for 6 d on MS plates, then treated for 90 min at 38°C and allowed to recover for 2 d at 

22°C before severe heat stress for 100 min at 45°C (Fig. 48A). The number of green leaves per 

plant was counted 7 days after the severe heat stress. The number of green leaves per WT plant 

at control condition was set to 1 and relative amounts were calculated for eef1b1/2 mutants 

and hsp101 mutants. eef1b1/2 mutants and WT plants had similar numbers of green leaves 

after HS, which were not significantly different to control conditions. The number of green 

leaves on hsp101 mutants was significantly less after HS than under control conditions (Fig. 

48B and 48C). Consequently, the eef1b1/2 mutant is able to acquire long-term 

thermotolerance. 

All previously described experiments included a severe heat stress of 45°C, which is just rarely 

occurring in nature. More realistic is an ambient increase of temperature for longer time periods. 

Therefore, the response of plants to ambient temperature changes has become an important 

research field of interest (Wigge 2013; Hayes et al. 2021). To analyze whether the 

thermosensing and response to ambient temperature increase was affected by reduction of 
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eEF1B level, eef1b1/2 mutants were grown for 7 d at 22°C for control conditions or at 27°C 

for increased ambient temperature. 

 

 

Figure 48: eef1b1/2 mutants display similar long-term acquired thermotolerance as WT plants. (A) Scheme 

of heat treatment applied to seedlings shown in (B) and (C). Seedlings were grown on horizontal MS plates for 6d 

before pre-heat treatment for 90 min at 38°C. Recovery was performed for 2 d at 22°C before second heat stress 

for 100 min at 45°C. Seedlings were grown for another 7 days before analysis. (B) Representative photographs of 

WT, eef1b1/2 and hsp101 seedlings grown under control conditions or after long-term heat stress as described in 

(A). (C) Quantification of the number of green leaves of seedlings grown under control conditions (Ctrl) or after 

heat treatment (HS) as described in (A). The number of green leaves per WT plant at control conditions was set to 

1 and relative amounts were calculated, respectively. Values represent means ± SE from three independent 

experiments (n ≥ 30). Asterisks indicate means differing significantly from control conditions (two-tail t-test; 

***P<0.001).   

The root length and the hypocotyl elongation of WT, eef1b1/2 and hsp101 seedlings was 

assessed. The experiments were performed by Cloe de Luxán-Hernández. All three lines 

showed a slight increase in root length and hypocotyl elongation at 27°C compared to 22°C 

(Fig. 49A and 49B). This elongation effect of increased ambient temperature has been described 

previously (Gray et al. 1998). Interestingly, calculation of root length ratio and hypocotyl length 

ratio of 27°C to 22°C showed no significant difference between WT, eef1b1/2 and hsp101, 

indicating that none of the lines was defective in ambient temperature response. Overall, all 

tested conditions and experiments showed that eef1b1/2 behaved similar to WT regarding 

different temperature treatments. The reduction of eEF1B level did not influence the 

thermotolerance of the plants.  
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Figure 49: Ambient temperature response of WT, eef1b1/2 and hsp101 is comparable. (A) Root length 

measurements of WT, eef1b1/2 and hsp101 mutants grown for 7 days on vertical MS plates at control conditions 

(22°C) or at increased ambient temperature (27°C). To emphasize differences between the ambient temperature 

response between the three lines, the root length ratio (27°C/22°C) was calculated. Values are representative for 

means ±SE from three independent experiments (n ≥ 30). (B) Measurement of hypocotyl length of WT, eef1b1/2 

and hsp101 mutants grown for 7 days on vertical MS plates at control conditions (22°C) or at increased ambient 

temperature (27°C). Additionally, the hypocotyl length ratio was calculated. Values are representative for means 

±SE from three independent experiments (n ≥ 30). Asterisks indicate means differing significantly from control 

conditions (two-tail t-test; ***P<0.001). 

4.3.8 eEF1B has an influence on the oxidative stress level in plants 

Several studies indicated that eEF1B might be inflicted in response to oxidative stress. Loss 

of eEF1B in yeast results in constitutive resistance to oxidative stress (Olarewaju et al. 2004) 

and accumulation of oxidized proteins inside the cells (Esposito and Kinzy 2010). As shown in 

Fig. 32, Arabidopsis eEF1B contains two putative glutathione S-transferase (GST) domains. 

GST activity has not been proven in Arabidopsis yet, but GST activity has been shown for rice 

eEF1B (Kobayashi, Kidou, and Ejiri 2001). Additionally, independent studies showed that 
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overexpression of different GSTs in Arabidopsis led to increased tolerance to methylviologen-

induced oxidative stress (Sharma et al. 2014; Xu et al. 2016; Ugalde et al. 2021). These results 

prompted us to test, if Arabidopsis eEF1B played a role in oxidative stress response.  

For phenotypical analysis, the fresh weight and root length of the established eef1b1/2 mutant 

line was compared to WT on MS plates with or without methylviologen (MV). MV, which is 

also known as paraquat, is a non-selective and soil-inactivated herbicide. MV leads to formation 

of reactive oxygen species (ROS) by diverting electrons from the photosystem I to molecular 

oxygen (Hawkes 2014). For WT plants, it is known that fresh weight and root length are reduced 

upon MV treatment (He et al. 2021). As expected, rosette sizes and fresh weight of WT plants 

were slightly reduced (-28%), when grown for 21 d on MS containing 25 nM MV, and were 

strongly reduced (-81%) upon growth on 50 nM MV (Figure 50A and 50B) compared to control 

conditions. Fresh weight was also reduced in eef1b1/2 mutants upon MV treatment. eef1b1/2 

mutants weighed 22% less on 25 nM MV and 78% less on 50 nM MV. There was no significant 

difference between WT and eef1b1/2 in the reduction of fresh weight (Fig. 50B). Additionally, 

a line overexpressing YFP-eEF1B2 under a constitutive 35S-promotor in WT background 

(OE-eEF1B2) was analyzed. The overexpression line showed a similar reduction of fresh 

weight upon growth on MV as the WT (Figure 50B). 

 

Figure 50: Methylviologen-treatment reduces growth and fresh weight of plants. WT, eef1b1/2 mutants and 

WT plants overexpressing an 35S:YFP-eEF1B2 construct were germinated and grown on horizontally placed MS 

plates (Control) or MS plates containing methylviologen (25 nM or 50 nM MV). Plants were photographed and 

fresh weight was measured at 21 dag. Data represents mean ±SE from three independent experiments (n ≥ 25). 
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As second phenotypic trait, root length of WT and eef1b1/2 mutants was measured at 7 dag, 

10 dag and 14 dag grown on vertically placed MS plates (Control) or with 100 nM MV. As 

anticipated, root length of WT plants was strongly reduced, when seeds were germinated and 

grown on MS plates containing MV compared to control conditions (Fig. 51A). The reduction 

of WT root length was between -70% to -72% at 7 dag, 10 dag and 14 dag (Fig. 51B). Similarly, 

the root length of eef1b1/2 mutant was firmly diminished at each of the tested time points. 

Interestingly, the reduction of root length of eef1b1/2 on MV increased with increasing age of 

plants. At 7 dag, eef1b1/2 roots were 65% shorter, at 10 dag they were 78% shorter and at 14 

dag 84% compared to control conditions (Fig. 51B). This indicates that eef1b1/2 mutants could 

at first respond to the MV similar to the WT, but were not able to endure growth for longer 

times under constant oxidative stress. Since no difference in response to MV was observed at 

fresh weight level, this could point to a slightly disturbed ROS homeostasis in the root of 

eef1b1/2 mutants.  

 

Figure 51: Root growth of WT and eef1b1/2 mutants is strongly impaired by MV treatment. (A) WT and 

eef1b1/2 seeds were germinated and grown on MS plates containing sucrose (Control) or MS plates containing 

sucrose and 100 nM MV. Representative seedlings are shown at 10 dag. (B) Root length of seedlings described in 

(A) was measured at 7 dag, 10 dag and 14 dag. Numbers above graphs show reduction of root length under MV 

treatment compared to control conditions of the same line at the same dag. Scale bar is 1 cm. Graphs represent 

mean ± SE from three independent experiments (n ≥ 60). 

In addition to the described root growth inhibition, it was also observed that leaves of WT and 

eef1b1/2 seedlings showed a strong purple coloration on the abaxial leaf surface. A mild purple 

coloration was already detectable for eef1b1/2 mutants at control conditions, which intensified 
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after MV treatment. A purple coloration is usually resulting from an increased anthocyanin 

content in the cells. Anthocyanins are belonging to the flavonoid group of pigment, which also 

have a function as antioxidants and scavengers of ROS (Brunetti et al. 2013). This led us to 

hypothesize that the eef1b1/2 might have a constant enhanced level of oxidative stress leading 

them to produce higher levels of anthocyanins. The hypothesis was tested by performing a 3,3'-

Diaminobenzidine (DAB)-staining of WT and eef1b1/2 seedlings for in situ detection of 

hydrogen peroxide. In presence of peroxidases, DAB is oxidized by hydrogen peroxide leading 

to precipitation and color changing to dark brown (Daudi and O'Brien 2012). 

 

Figure 52: Detection of hydrogen peroxide in Arabidopsis seedlings with DAB staining. Seedlings of the 

indicated lines were grown on vertical MS plates and DAB staining was performed at 8 dag. Seedlings were 

photographed after overnight staining and following destaining. Photograph is representative for three independent 

experiments. 

DAB staining is only a qualitative method, so that lines of interest have to be compared directly. 

As positive control, a phb3-3 mutant was used. PHB3 is required for root stem cell niche 

maintenance and ROS homeostasis in the root, and it was published that phb3-3 mutants show 

an overaccumulation of hydrogen peroxide in the root tips (Kong et al. 2018). In comparison to 

the WT, phb3-3 showed a stronger accumulation of dark brown DAB precipitate in the roots 

and in the cotyledons (Fig. 52). The eef1b1/2 seedlings showed a similar staining pattern as 

phb3-3 indicating an increased amount of hydrogen peroxide in both mutants. This could be 

another hint that eef1b1/2 mutants have a disturbed ROS homeostasis. Nonetheless, hydrogen 

peroxide is only one of several ROS and the observed differences are slight. Additional methods 
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should be used to verify the increased ROS levels in the cells. In the course of his master thesis 

in our lab, Christoph Kittel tried to establish ROS measurement in purified plant extracts with 

a potassium iodide or Amplex Red method. The results of both methods (data not shown) 

displayed a high variability between replicates implying difficulties with the reproducibility. 

This is in accordance with strongly varying absolute ROS values between different papers and 

the many different techniques used for ROS measurements (Kaurilind, Xu, and Brosche 2015; 

Liu et al. 2010; Lee et al. 2022).  

4.4 Subcellular localization of the three plant eEF1B subunits  

4.4.1 eEF1B subunits accumulate in cytoplasmic condensates after heat stress 

The subcellular localization of proteins is an important factor for defining the function of a 

protein in the cell. Mammalian eEF1B subunits mainly localize to the cytoplasm, fitting to their 

designated function in cytoplasmic protein translation. Additionally, mammalian eEF1B 

subunits localize to the nucleus and putative functions inside the nucleus are still being 

unraveled (Kapustian et al. 2019; Kapustian, Dadlez, and Negrutskii 2017; Negrutskii 2020). 

Here, the localization of eEF1B subunits in plant cells was analyzed using fluorescently tagged-

fusion proteins. First, eEF1B2, eEF1B1, eEF1B1 and eEF1B2 were N-terminally-tagged 

with YFP and transiently expressed in Arabidopsis protoplasts under an 35S promotor. All 

eEF1B subunits were found evenly distributed in the cytoplasm (Fig. 53A). In few protoplasts, 

eEF1B subunits were also detected in the nucleus (data not shown). As control, YFP-Citrine 

was expressed, which localized to the cytoplasm and the nucleus. The correct expression of the 

fusion proteins was verified using immunoblotting. Therefore, proteins were extracted from the 

protoplasts. All four fusion proteins were detected using an GFP antibody at their corresponding 

molecular weight (Fig. 53C). Unfortunately, also free YFP was detected in each sample 

indicating that truncated versions of the fusion proteins might be expressed. Free YFP in the 

protoplasts might lead to wrong assumption about the localization of the fusion proteins. This 

problem was tried to be circumvented by analyzing C-terminally tagged GFP-fusion proteins.  
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Figure 53: Subcellular localization of eEF1B subunits in Arabidopsis protoplasts. (A) Representative confocal 

images of Arabidopsis protoplasts transiently expressing N-terminally YFP-tagged eEF1B2, eEF1B1, 

eEF1B1, eEF1B2 or negative control Citrine under 35S promotor. Merged images show YFP signal in yellow 

and chlorophyll autofluorescence in blue. Scale bar is 10 µm. (B) Representative confocal images of Arabidopsis 
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protoplasts transiently expressing C-terminally GFP-tagged eEF1B2, eEF1B1, eEF1B1, eEF1B2 or negative 

control free GFP under 35S promotor. Merged images show GFP signal in green and chlorophyll autofluorescence 

in blue. Scale bar is 10 µm. (C) Immunoblot of protein extract from protoplasts transiently expressing N-terminally 

YFP-tagged eEF1B2, eEF1B1, eEF1B2 or eEF1B1. Analysis was performed using an GFP antibody. 

Arrowhead points to free YFP. (D) Immunoblot of protein extract from protoplasts transiently expressing C-

terminally GFP-tagged eEF1B2, eEF1B1, eEF1B2 or free GFP. Analysis was performed using an GFP 

antibody. 

To this end, cDNA of eEF1B subunits were cloned into pABind117 vector, which allows 

expression of C-terminally tagged GFP fusion proteins under an estradiol inducible 35S 

promotor. Plasmids were again expressed in Arabidopsis protoplasts and localization was 

analyzed using confocal laser-scanning microscopy. Similar, to the YFP-tagged versions, the 

GFP-tagged eEF1B proteins localized in the cytoplasm and for few protoplasts fluorescent 

signal was observed in the nucleus (Fig. 53B). Proteins were extracted from protoplasts 

expressing eEF1B2-GFP, eEF1B1-GFP, eEF1B2-GFP and free GFP and were examined 

by immunoblotting. All GFP fusion proteins were detected at the expected sizes without 

additional free GFP in the sample (Fig. 53D). Free GFP was detected in the corresponding 

sample at around 27 kDa. No difference in subcellular localization was observed between N-

terminally and C-terminally tagged proteins, but N-terminally tagged YFP-fusion proteins 

contained the free YFP in each sample, whereas no free GFP was found in samples with GFP-

fusion proteins. Therefore, the GFP-tagged eEF1B subunits were used for further localization 

studies in Arabidopsis protoplasts.  

Subcellular localization can change in response to environmental cues and upon stress 

conditions. Many different cytoplasmic proteins have been found to assemble in distinct 

cytoplasmic condensates after different stresses including heat, drought, osmotic or oxidative 

stress (Jang, Jang, and Wu 2020; Glauninger et al. 2022; Emenecker, Holehouse, and Strader 

2020). McLoughlin et al. has examined the localization of eEF1B and eEF1B with 

immunostaining under control conditions and after heat stress. Both eEF1B subunits localized 

to the cytoplasm under control conditions, but assembled in cytoplasmic condensates together 

with HSP101 after heat stress (McLoughlin et al. 2016).  

To test whether cytoplasmic condensates containing the eEF1B subunits are formed in 

protoplasts after heat stress, transiently transformed protoplasts were subjected to 42°C for 60 

min. eEF1B2-, eEF1B1-, eEF1B1- and eEF1B2-GFP fusion proteins localized in 

cytoplasmic condensates after heat stress (Fig. 54). As negative control, protoplasts expressing 

free GFP were exposed to the same heat treatment. Free GFP did not change localization and 
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was still evenly distributed in the cytoplasm after heat stress. This indicates that the change of 

subcellular localization is specific to the eEF1B proteins and is in accordance with the 

observations published by (McLoughlin et al. 2016).  

 

Figure 54: eEF1B subunits accumulate in heat-induced cytoplasmic condensates. Representative confocal 

images of Arabidopsis protoplasts transiently expressing free GFP (under constitutive 35S promotor), or 

eEF1B2-GFP, eEF1B1-GFP, eEF1B1-GFP or eEF1B2-GFP (under an estradiol-inducible 35S promotor). 

Scale bar is 10 µm. Free GFP remains evenly distributed in the cytoplasm after heat stress, but all three eEF1B 

subunits accumulate in cytoplasmic condensates. White arrows mark cytoplasmic condensates. 

Since the two isoforms, eEF1B1 and eEF1B2, showed similar localization patterns, in the 

following only eEF1B2 was analyzed as representative for the eEF1B subunit. 

4.4.2 eEF1B-containing condensates are partially overlapping with stress granules 

after heat stress 

Different kinds of cytoplasmic condensates have been described for plant cells. The most 

prominent and most described membrane-less cytoplasmic condensates are stress granules 

(SGs) and processing bodies (PBs); (Kearly et al. 2022). Both of them are RNA-protein 

assemblies, which are formed via liquid-liquid phase separation (Kim et al. 2021). PBs are 

condensates, which contain translationally repressed mRNAs and proteins and the machinery 

for mRNA degradation including e.g. factors involved in deadenylation, decapping or non-

sense mediated decay (reviewed in (Chantarachot and Bailey-Serres 2018)). Consequently, 

these factors are defined as marker proteins for PBs. One of these marker proteins is the mRNA 

decapping enzyme 1, DCP1 (Xu et al. 2006; Maldonado-Bonilla 2014; van Dijk et al. 2002). 

PBs are present in the cytoplasm under non-stress conditions, but change their dynamics, size 

and conformation upon different stresses. 
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Figure 55: Co-localization of eEF1B subunits with processing body marker DCP1. (A) Representative 

confocal image of Arabidopsis protoplast transiently expressing 35S:tdTomato-DCP1 under control conditions. 

White arrowheads indicate large aggregates formed by DCP1. Magenta arrow indicates processing bodies. Scale 

bar is 10 µm. (B) Representative confocal images of protoplasts co-expressing eEF1B2-GFP, eEF1B1-GFP or 

eEF1B2-GFP with tdTomato-DCP1 after 60 min at 42°C. Magenta arrows indicate processing bodies, green 

arrows indicate eEF1B subunit-containing condensates. eEF1B-containing condensates mostly do not co-localize 

with DCP1-processing bodies. Scale bar is 10 µm. 

To find out, whether the observed heat-induced eEF1B-containing condensates might be 

processing bodies, we obtained a tdTomato-DCP1 marker construct with a constitutive 35S 

promotor from Markus Fauth (Weber, Nover, and Fauth 2008). The construct was transiently 

expressed in Arabidopsis protoplasts and observed under control conditions. tdTomato-DCP1 

localizes to the cytoplasm, in few small condensates (marked by a magenta-colored arrow) and 
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in large aggregates (marked by a white arrowhead); (Fig. 55A). The small condensates were 

expected to be processing bodies. The large aggregates were unexpected, but after consultation 

with Markus Fauth, we know that the tdTomato-DCP1 tends to form aggregates, when it is 

overexpressed. To reduce the formation of large aggregates, the amount of plasmid DNA used 

for protoplast transformation was reduced, but still some large aggregates remained. 

Nonetheless, td-Tomato-DCP1 was co-expressed with the three GFP-tagged eEF1B subunits in 

protoplasts and co-localization was analyzed. Interestingly, there was little to no co-localization 

between any of the eEF1B-GFP subunits with DCP1 (Fig. 55B). This indicates that eEF1B-

containing condensates are unlikely processing bodies.  

The other most studied cytoplasmic condensates are SGs. SGs are not present in the cell under 

non-stress conditions and are only formed after different stimuli. The composition of SGs is 

partially dependent on the applied stress condition, but the main components include 

polyadenylated RNA, RNA-binding proteins, translation initiation factors and specific 

ribosomal proteins (Chantarachot and Bailey-Serres 2018). Analysis of the SG proteome in 

Arabidopsis has revealed the presence of eEF1B subunits in SGs (Kosmacz et al. 2019; 

Gutierrez-Beltran et al. 2021). To analyze the presence of eEF1B subunits in SGs, the proteins 

were co-expressed with the known marker protein for SGs, POLY-A-BINDING PROTEIN 8 

(PAB8). A pUBN::RFP-PAB8 plasmid was kindly provided by Dr. Justin Lee (Tabassum et al. 

2020). To make sure that we have similar expression levels of eEF1B subunits and PAB8, the 

PAB8 CDS was cloned into the pAB118, which is the same vector as the previously used GFP-

containing pAB117 vector, but pAB118 allows expression with a C-terminal mCherry tag. 

Correct expression of the full-length fusion protein PAB8-mCherry (99,4 kDa) was verified by 

western blot analysis (Fig. 56D). PAB8-mCherry and each of the eEF1B-GFP subunits 

localized with an evenly distributed signal in the cytoplasm under control conditions. After 60 

min at 42°C, each of the three eEF1B-GFPs co-localized with PAB8-mCherry in cytoplasmic 

condensates (Fig. 56A). To quantify the degree of co-localization two methods were used. First, 

the Pearson correlation value and the Spearman’s rank correlation value were calculated. Both 

values can range from -1 to +1, with -1 representing no co-localization and +1 representing full 

co-localization. The correlation values for the three eEF1B-GFP subunits with PAB8-mCherry 

were all above +0,8, indicating a strong co-localization (Fig. 56B). Second, the number of 

condensates showing both GFP and mCherry fluorescence, and the total number of condensates 

(only GFP, only mCherry and both) were counted per cell. The percentage of condensates 

showing both fluorescent signals compared to the total number of condensates per cell was 

calculated and shown as frequency of co-localization. Each of the eEF1B-GFP subunits showed 
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at least 40 % overlap with the PAB8-mCherry (Fig. 56C). All together, these experiments 

showed a high degree of co-localization of eEF1B-containing condensates and PAB8-

containing SGs, indicating that eEF1Bs are part of SGs.  

 

Figure 56: Co-localization of eEF1B subunits with SG marker PAB8. (A) Representative confocal images of 

Arabidopsis protoplasts co-expressing either eEF1B2-GFP, eEF1B1-GFP or eEF1B2-GFP with PAB8-

mCherry from an estradiol-inducible 35S promotor. All three eEF1B subunits perfectly co-localize with PAB8 

under control condition, where each protein is equally distributed among the cytoplasm. After heat stress (60 min 

at 42°C), eEF1B subunits and PAB8 co-localize in cytoplasmic condensates. Scale bar is 10 µm. Insets show 2x 

magnification of the small box indicated. Arrows point at condensates. (B) Pearson correlation value and 

Spearman’s rank correlation value to quantify the co-localization between eEF1B subunits and PAB8. Correlation 

values can vary between +1 (positive correlation) and -1 (negative correlation). All three eEF1B subunits show a 

positive correlation with PAB8 indicating a high degree of co-localization (n=25). (C) Frequency of co-

localization between eEF1B subunits and PAB8 is showing the ratio of co-localizing condensate (showing GFP 

and mCherry fluorescence) to the total number of condensates (only GFP, only mCherry or both). eEF1B subunit 

show the highest frequency of co-localization (n=25). Data represent means ±SE from three independent 
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experiments. (D) Immunoblot of protein extract from protoplasts transiently expressing C-terminally mCherry-

tagged PAB8. Analysis was performed using an RFP antibody. Asterisk marks PAB8-mCherry. 

To further analyze if eEF1B condensates are SGs, another SG feature was examined. SG 

assembly is induced by stress conditions and after stress relief SGs are disassembled (Hofmann 

et al. 2021). To analyze whether observed eEF1B condensates are able to disassemble after 

stress relief, stably transformed lines overexpressing 35S:YFP-eEF1B1 or 35S:YFP-eEF1B2 

were generated. Using stably transformed lines simplifies the observation of the same cells after 

stress relief. Protoplasts are often too sensitive and might burst after longer incubation time. 

Root cells of 4 dag seedlings were observed at control conditions, immediately after 20 min at 

42°C (Heat Stress) or after 12 h at 22°C after the heat stress (Recovery). This analysis was 

performed by Dr. Magdalena Weingartner. In root cells of eEF1B1- and eEF1B2-expressing 

cells cytoplasmic condensates were observed after heat stress (Fig. 57). No condensates were 

observed in a 35S:GFP line, which was used as negative control. The observed eEF1B1 and 

eEF1B2 condensates were fully disassembled 12 h after recovery from heat stress. This shows 

that eEF1B condensates show another SG-defining feature, in addition to co-localizing with the 

SG marker PAB8.    

 

Figure 57: Condensate assembly and disassembly in Arabidopsis root cells. Confocal images of Arabidopsis 

root cells from 4 dag seedlings stably transformed with 35S:YFP-eEF1B1 (n=35), 35S:YFP-eEF1B2 (n=32) or 

35S:GFP (n=32). Roots were imaged under control conditions, after heat stress (20 min at 42°C) and after recovery 

(12 h at 22°C after heat stress). In root cells expressing YFP-eEF1B1 or YFP-eEF1B2 cytoplasmic condensates 
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were observed after heat stress, which were disassembled after recovery. No condensates were observed in cells 

expressing GFP after heat stress. Scale bar is 23 µm.  

Formation of SGs is strongly dependent on presence of mRNAs. In presence of CHX, which 

hinders the release of mRNAs from polysomes, SG assembly is inhibited (Kedersha et al. 2000; 

Weber, Nover, and Fauth 2008). We analyzed the assembly of eEF1B-containing condensates 

in presence of CHX. Therefore, protoplasts transiently expressing eEF1B2-GFP, eEF1B1-

GFP or eEF1B2-GFP were either treated with 100 µM CHX and then heat treated for 60 min 

at 42°C (CHX + HS) or directly heat stressed for 60 min at 42°C (HS). As positive control for 

the CHX treatment, we also analyzed the PAB8-GFP condensate formation. It was expected 

that significantly less PAB8-containing SGs were being formed. After HS, around 70 PAB8-

GFP condensates were present per cell. As anticipated, if pre-treated with CHX the number of 

PAB8-GFP condensates was significantly reduced to about 45 condensates (Fig. 58A and 58B). 

Similarly, the number of eEF1B2- and eEF1B2-GFP-containing condensates was 

significantly reduced by CHX pre-treatment, indicating that they behave similar to PAB8-

associated condensates. In contrast, the number of eEF1B1-GFP-containing condensates was 

slightly, but not significantly reduced. This indicates that accumulation of eEF1B1-GFP in 

condensates is less dependent on the presence of free mRNAs compared to PAB8-associated 

condensates. It might be concluded that although eEF1B1-GFP condensates are partially 

overlapping with SGs (Fig. 56), eEF1B1 is also present in other forms of condensates or 

aggregates that are not dependent on the presence of free mRNAs.   

Interestingly, the eEF1B1-GFP-containing condensates are not only different from the other 

two eEF1B subunit-containing condensates by being able to form despite the CHX treatment, 

but show overall a higher number of condensates after heat stress. More than 130 eEF1B1-

GFP condensates are formed per cell after heat stress, while only about 50 eEF1B2- or 

eEF1B2-GFP condensates are assembled. The number of eEF1B1-GFP condensates is even 

higher than the number of PAB8-containing stress granules (Fig. 58B). The observed 

differences in condensation behavior of eEF1B1-GFP compared to other eEF1B-GFP subunits 

have not been described in any organism so far and therefore it was examined in more detail in 

the following. Before, I would like to shortly digress and explain the methods used to quantify 

the condensates.  
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Figure 58: eEF1B1-condensates are distinct from eEF1B2- and eEF1B2 condensates. (A) Representative 

confocal images of Arabidopsis protoplasts transiently expressing eEF1B2-GFP, eEF1B1-GFP, eEF1B2-GFP 

or stress granule marker PAB8-GFP from an estradiol-inducible 35S promotor. Protoplasts were either heat 

stressed for 60 min at 42°C (HS) or first treated with 100 µM CHX for 120 min and then heat stressed for 60 min 

at 42°C (CHX+HS). Cytoplasmic condensates are marked by arrows. Scale bar is 10 µm. (B) Number of 

cytoplasmic condensates per cell counted from confocal images taken in the experiment shown in (A) using ImageJ 

software. Values show means ±SE from two or three independent experiments (n=20-50). Asterisks indicate 

significant difference between HS and CHX+HS (two-tail t-test; **P<0.01 and *P<0.05).    

4.4.3 Short digression: Quantification of condensates – possibilities and disadvantages 

The quantification of condensates is important to demonstrate differences in the condensation 

behavior of various proteins. Although all three eEF1B subunits were found in cytoplasmic 

condensates after heat stress, a different number of condensates per cell has been found (Fig. 

58B). The quantification of condensates was performed using ImageJ software. To this end, a 

certain number of protoplasts was imaged with the exact same microscopic settings (e.g. laser 

intensity) and z-stacks were evaluated using the ‘Analyze Particles’ function in ImageJ. This 

method allows an automated counting of number and size of the condensates. But there are also 

certain withdrawals to this method. The automated recognition of particles often leads to poor 



126 
 

coverage, which is the case when several condensates are in close proximity, have different 

fluorescent signal intensities or there is a lot of cytoplasmic ‘background’ signal. An example 

showing the automatic recognition and coverage of condensates using ‘Analyze Particles’ 

function of two different protoplasts is shown in Fig. 59.  

Evaluation with the eye leads to the observation that the upper protoplast has few condensates 

with much cytoplasmic ‘background’ signal, while the lower protoplast has many distinct 

condensates (Fig. 59). But the automatic counting of condensates results in contradicting 

numbers of 82 condensates for the upper protoplast and 53 condensates for the lower protoplast. 

This leads to the necessity of manual adjustment of the coverage for each protoplast.  

 

 

Figure 59: Quantification of condensates – possibilities and disadvantages. Representative confocal images 

transiently expressing eEF1B2-GFP (top) or eEF1B1-GFP (bottom) to illustrate quantification of condensates 

using ImageJ ‘Analyze Particles’ function. Left images show Z-stacks of further unprocessed images taken with 

same confocal settings. Right images show the same images after preparation for and use of Analyze particles’ 

function. White color represents every fluorescent signal recognized by ImageJ with the chosen ‘Intermediates’ 

filter. Yellow color shows particles were counted for the quantification by the ‘Particles Analyzer’, for top image 

82 condensates were counted, for bottom image 53 condensates were counted.  
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Another withdrawal to this automatic quantification method is that the decision, which 

protoplasts are being imaged, is still subjectively taken by the microscopist. This can be 

challenging since there are differences within each protoplast population that is transformed 

with the same construct. Not all protoplasts that were transformed with an eEF1B construct 

showed exactly the same condensate pattern. Representative images of different protoplasts 

from the same transformation showing these diverging condensate patterns are shown in Figure 

60.  

 

 

Figure 60: Quantification of condensates. Representative confocal images of protoplasts transiently expressing 

eEF1B1-GFP to explain the semi-quantitative quantification of condensates shown in Fig. 61. Protoplasts were 

classified in four categories based on observation at the confocal microscope and counted: No condensates (even 

cytoplasmic fluorescent signal), beginning condensate formation (small condensates formed, but still a lot of 

cytoplasmic signal), condensates (small and medium-sized condensates formed with non or very little cytoplasmic 

signal) or large condensates (large condensates with no cytoplasmic signal). Scale bar is 10 µm.  

The explained disadvantages led us to use another semi-quantitative evaluation method to 

analyze condensate formation. Three independent experiments were performed and in each 

experiment 50-60 protoplasts for each construct were observed. The protoplasts were sorted in 

four categories according to the condensate pattern: ‘no condensates’, ‘beginning condensate 

formation’, ‘condensates’ or ‘large condensates’. The category ‘beginning condensate 
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formation’ defines protoplasts having most fluorescent signal in the cytoplasm with only very 

small condensates. Protoplasts of the category ‘condensates’ accumulate most fluorescent 

signal in condensates with little to no cytoplasmic signal. Protoplasts with ‘large condensates’ 

show no cytoplasmic signal and few condensates, which were larger in size. Categories are 

exemplified in Fig. 60. This method considers the relative differences that derive from 

protoplast transformation. Nonetheless, this method of evaluation is dependent on the 

subjective categorization of the microscopist as well. Consequently, both methods used in this 

study have advantages and disadvantages. Optimal evaluation of confocal condensates requires 

careful and thoughtful imaging and an optimized automatic pipeline for image analysis. Lately, 

several groups have developed such pipelines and thereby drastically improved the reliability 

of condensate characterization from live cell imaging (Baggett et al. 2022).  

4.4.4 eEF1B shows a different condensation behavior than the other eEF1B subunits 

First, this semi-quantitative evaluation was used to decipher differences between the three 

eEF1B subunits upon different temperature stress conditions. Protoplasts transformed with 

eEF1B2-GFP, eEF1B1-GFP or eEF1B2-GFP were subjected to 30°C, 34°C or 38°C for 60 

min. Interestingly, eEF1Bβ-GFP derived fluorescence was observed in condensates or large 

condensates in  about 30% of protoplasts that were incubated at 30°C. Condensate formation 

further increased after  incubation at 34°C, and 88% of protoplasts showed condensates or 

large condensates after incubation at 38°C (Fig. 61A and 61B).   

In contrast, protoplasts expressing eEF1B2-GFP or eEF1B2-GFP showed almost no 

cytoplasmic condensates after incubation at 30°C and 34°C. At 38°C, about 30% of 

protoplasts expressing eEF1B2-GFP or eEF1B2-GFP were in the category of beginning 

condensate formation (Fig. 61A and 61B). In conclusion, this experiment further 

underlined that eEF1B1-GFP showed a different pattern of condensate formation than the 

two other eEF1B subunits. 

Next, we wanted to find out, whether the presence of eEF1B1 has an influence on the 

accumulation of the other two subunits in cytoplasmic condensates. Therefore, eEF1B1 was 

co-expressed with eEF1B2 or eEF1B2 in protoplasts. As controls, eEF1B2 was co-

expressed with eEF1B2 and additionally eEF1B2 was co-expressed with eEF1B1. In 

general, more eEF1B2- and eEF1B2-containing condensates were detected in presence of 

eEF1B1 (Fig. 62A). 



129 
 

 

Figure 61: eEF1B subunit accumulates in cytoplasmic condensates at lower temperatures compared to 

eEF1B or eEF1B. (A) Representative confocal images of Arabidopsis protoplasts transiently expressing 

eEF1B2-GFP, eEF1B1-GFP or eEF1B2-GFP from an estradiol-inducible 35S promotor. Protoplasts were 

imaged at 22°C for control or after 60 min at 30°C, 34°C or 38°C. Scale bar is 10 µm. (B) Semi-quantitative 

evaluation of protoplasts transformed and heat-stressed as described in (A). Data show means ±SE from three 

independent experiments with at least 60 protoplasts being counted for each construct at each condition and each 

experiment.  

Both above mentioned quantification methods were used to evaluate this observation. First, the 

quantification with ImageJ was used to count all condensates per cell, which either showed only 

GFP fluorescence, only mCherry fluorescence or both. More than 90 eEF1B2-containing 

condensates were counted when co-expressed with eEF1B1, whereas only 30 eEF1B2-

condensates were detected, if co-expressed with eEF1B2 (Fig. 62B). Second, the influence of 

eEF1B1 co-expression was evaluated using the semi-quantitative categorization of 
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protoplasts. Similar to the automatic counting did this underline that presence of eEF1B1 

increases the number of eEF1B2- or eEF1B2-containing condensates (Fig. 62C). The number 

of protoplasts showing ‘condensates’ increased drastically, if eEF1B1 was present in addition 

to eEF1B2 or eEF1B2. 

 

Figure 62: Expression of eEF1B influences the assembly of both other eEF1B subunits in cytoplasmic 

condensates. (A) Representative confocal images of protoplasts transiently co-expressing the following 

combinations: eEF1B2-GFP + eEF1B1-mCherry; eEF1B2-GFP + eEF1B2-mCherry; eEF1B1-GFP + 

eEF1B2-mCherry; eEF1B2-GFP + eEF1B1-mCherry from an estradiol-inducible 35S promotor after 60 min at 

42°C. White arrows indicate co-localizing proteins in cytoplasmic condensates. Scale bar is 10 µm. (B) 

Quantification of cytoplasmic condensates from confocal images of protoplasts as described in (A). Condensates 

showing only GFP fluorescence, only mCherry or both were counted using ImageJ software. Values show means 

±SE from three independent experiments (n=25 per construct). (C) Semi-quantitative evaluation of protoplast 

populations as described in (A). Protoplasts were counted under control conditions or after heat stress (60 min at 

42°C; HS). Values show means ±SE from three independent experiments (n ≥ 60 per construct). 
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In conclusion, both quantification methods indicated the same result: eEF1B condensate 

formation is strongly influenced by the presence of eEF1B. Y2H analysis has shown that 

eEF1B is the central component in the eEF1B complex (Fig. 23). Together with the 

localization results this could lead to the hypothesis that eEF1B plays an important role for 

accumulation of translation elongation factors in cytoplasmic condensates in response to stress. 

This could be a mechanism supporting the translational downregulation upon stress conditions. 

The next consecutive experiment to prove the role of eEF1B in enhancing condensate 

assembly after heat stress would be the analysis of condensate assembly in eef1b knock-out 

mutants. If eEF1B is crucial for condensate formation, the knock-out mutant would be 

defective in condensate assembly as it has been shown for e.g. tsn1 tsn2 mutants (Gutierrez-

Beltran et al. 2015). As described in 4.2.4, no eef1b knock-out mutant was available at the 

moment.  

 

Figure 63: Loss of eEF1B does not influence cytoplasmic condensate formation. (A) Representative confocal 

images of WT or eef1b1/2 protoplasts expressing eEF1B2-GFP, eEF1B1-GFP or PAB8-GFP from an 

estradiol-inducible 35S promotor. Protoplasts were imaged after 60 min at 42°C. (B) Quantification of condensates 

per cell in protoplasts as described in (A). Values represent means ±SE from at least two independent experiments 

(n=20-30).   

To analyze whether loss of any eEF1B subunit does already have an effect on condensate 

assembly, the eef1b1/2 double mutant was analyzed. Protoplasts were isolated from WT plants 
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or eef1b1/2 plants and transformed with eEF1B2-GFP, eEF1B1-GFP or PAB8-GFP. The 

number of condensates per cell was counted using ImageJ software. No significant difference 

was observed for any of the three proteins in the number of condensates between WT and 

eef1b1/2 protoplasts (Fig. 63A and 63B). Consequently, eEF1B subunit is not required for 

condensate assembly.    

4.5 Interaction networks of eEF1B and eEF1B  

Our subcellular localization studies indicated that the eEF1B subunits are part of heat-induced 

condensates, which are partially co-localizing with SG components. Additionally, we found 

significant differences in the localization changes of the eEF1B subunit compared to 

eEF1B after heat stress. To analyze the interaction networks of eEF1B and eEF1B in more 

depth, we used the stably transformed 35S:YFP-eEF1B and 35S:YFP-eEF1B lines to 

perform immunoaffinity purification followed by mass spectrometry analysis (IP-MS). 

Seedlings were grown for seven days in liquid MS medium to generate large amounts of plant 

material. Initially, it was planned to analyze both lines of interest under control conditions and 

after heat stress. Before the IP-MS analysis, we performed pre-experiments to decide for the 

best experimental conditions. First, we tested whether cytoplasmic condensates could be 

observed after the seedlings were exposed to heat stress at 42°C for 30 min in a water bath. 

Indeed, both fluorescently tagged proteins localized in cytoplasmic condensates after the heat 

stress (Fig. 64A). Second, we tested whether both proteins could be extracted from leaf material 

with the chosen standard extraction buffer. Therefore, grinded snap-frozen leaf material was 

resuspended in the extraction buffer and centrifuged once to obtain a supernatant and a pellet 

fraction. YFP-eEF1B and YFP-eEF1B which localize in the cytosol, were expected to be 

extracted into the supernatant fraction. Under control conditions, both proteins, YFP-eEF1B 

and YFP-eEF1B could be detected by immunoblotting using an GFP-antibody. After heat 

stress, only YFP-eEF1B, but not YFP-eEF1B could be detected in the supernatant of the 

protein extract (Fig. 64B). A second experiment verified this result and showed that a large 

amount of YFP-eEF1B protein retained in the pellet fraction (Fig. 64C). Therefore, we chose 

to analyze YFP-eEF1B only under control conditions and YFP-eEF1B under both, control 

and heat stress, conditions in IP/MS assays. As negative control, a 35S:GFP expressing line 

was used under control and heat stress condition. Three samples of 3 g frozen plant material for 

each line and condition were sent to Dominique Eeckhout and Geert Persiau at VIB-UGent 

Center for Systems Biology (Ghent, Belgium), who performed the protein extraction and IP/MS 

analysis. 
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Figure 64: eEF1B protein remains in pellet fraction after heat stress. (A) Representative confocal images of 

Arabidopsis roots of seven days-old seedlings grown in liquid culture under control conditions (Ct) or after 30 min 

at 42°C (HS) from stably transformed lines expressing 35S:YFP-eEF1B or 35S:YFP-eEF1B. Scale bar is 10 

µm. (B) Immunoblot of supernatants from protein extracts of seedlings shown in (A). Immunoblotting was 

performed using GFP-antibody. Nitrocellulose membrane was stained with Ponceau S for loading control. 

Arrowheads point at YFP-eEF1B and YFP-eEF1B protein bands. (C) Immunoblots of supernatant and pellet 

fraction of protein extracts of YFP-eEF1B expressing lines at control conditions (Ct) or after 30 min at 42°C 

(HS). Arrowhead points at YFP-eEF1B. For each supernatant sample 15 µg protein was loaded onto the SDS gel.   

Label-free mass spectrometric measurements were performed on a Q Exactive (Thermo Fisher) 

and searches were done with MaxQuant. MaxQuant LFQ intensities (Cox et al. 2014) were 

used for quantitative analysis in Perseus (Tyanova et al. 2016). In the following, a preliminary 

analysis of the generated data was performed. The identified interactions will have to be verified 

in independent experiments. To select specific interactors of eEF1B or eEF1B under control 

conditions, the identified protein pools were compared to GFP pool under control conditions. 

Similarly, the eEF1B protein pool after heat stress was compared to the GFP pool after heat 

stress. Pairwise comparisons were done via Students t-test. All enriched proteins of the three 

comparisons are shown as volcano plots in Fig. 65A, 65B and 65C. Significantly enriched 
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proteins from each comparison with a False Discovery Rate (FDR) below 0.01 are marked in 

red. Interestingly, a higher number of proteins was identified as significantly enriched in 

eEF1B_HS vs. GFP_HS (119 proteins) compared to control conditions (eEF1B_Ct vs. 

GFP_Ct (13 proteins); eEF1BCt vs. GFP_Ct (16 proteins)). Hereafter, the protein lists will 

be shortly named eEF1B_HS, eEF1B_Ct and eEF1BCt, which will correspond to above 

mentioned GFP controls (unless stated otherwise).  

In order to get an overview of the biological processes that the eEF1B interactors are involved 

in, a Gene Ontology (GO) enrichment analysis was performed using a combination of Panther, 

Revigo and R as previously described (Bonnot, Gillard, and Nagel 2019). The identified 

enriched biological processes of eEF1B and eEF1B under control conditions were very 

similar (Fig. 65D). Several metabolic and biosynthetic processes were enriched as well as ‘gene 

expression’. The highest fold enrichment was notified for ‘translation elongation’. This 

confirms that the IP/MS experiment was successfully performed, since the strongest 

interactions of eEF1B subunits were expected to be with other translation elongation factor 

subunits. After heat stress, ‘translation elongation’ was still enriched, but the fold change was 

less than under control conditions. This comparably reduced enrichment of ‘translation 

elongation’ after heat stress might either indicate that translational activity is reduced by less 

interactions of eEF1B with other translation elongation factors or it might be an artefact from 

the differing numbers of proteins that have been taken into consideration for the GO analysis. 

As mentioned above 119 proteins were identified as enriched for eEF1B_HS, while only 13 

proteins were identified for eEF1B_Ct and 16 proteins for eEF1BCt   

In contrast to control conditions, metabolic and biosynthetic processes were not enriched among 

eEF1B-interacting proteins after heat stress, instead several processes involved in 

photosynthesis were identified. Additionally, an enrichment of ‘COP9 signalosome assembly’ 

and ‘protein deneddylation’ were observed. Also, ‘protein refolding’, ‘ER body organization’ 

and ‘endoplasmatic reticulum (ER) to Golgi vesicle-mediated transport’ were enriched after 

heat stress. This analysis showed that the applied heat stress significantly changed the 

interactome of eEF1B.  
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Figure 65: GO term enrichment analysis of biological processes. (A) Volcano plots showing enriched proteins 

among eEF1B−interactors (eEF1B_Ct) under control conditions compared to GFP under control conditions 

(GFP_Ct). Significantly enriched proteins are marked in red and were used for GO enrichment analysis shown in 

(D). Pairwise comparisons were performed via t-tests in Perseus. Correction for multiple testing was done by 

permuation based False Discovery Rate (FDR). FDR=0.01 was used for all comparisons shown in this figure. (B) 

Volcano plot showing enriched proteins among eEF1B−interactors under control condition (eEF1B_Ct) 

compared to GFP under control condition (GFP_Ct). (C) Volcano plot showing enriched proteins among 

eEF1B−interactors after heat stress (eEF1B_HS) compared to GFP after heat stress (GFP_HS). (D) Gene 

Ontology (GO) enrichment analysis of the significantly enriched proteins indicated in (A, B, C) to identify the 

connected biological processes. Size of dots resembles the number of genes that have been identified in the 
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corresponding biological process. Color of dots describes the FDR with green color representing FDR=-log10(0) 

and red color representing FDR=-log10(10). Higher FDR (green color) resembles enhanced probability of false 

positives. The fold enrichment is demonstrated on the x-axis of the diagram and describes how much the proteins 

found in the corresponding biological process are enriched in comparison to the whole Arabidopsis proteome. 

Black triangles highlight biological processes that are specifically enriched after heat stress and later on discussed 

in more detail (Fig. 67). 

GO enrichment analysis was similarly performed to observe the molecular function of eEF1B 

and eEF1B interactors (Fig. 66).  

 

Figure 66: GO term enrichment of molecular function. Gene Ontology (GO) enrichment analysis of the 

significantly enriched proteins indicated in (Fig. 59A, 59B, 59C) to identify the connected molecular functions. 

Size of dots resembles the number of genes that have been identified in the corresponding molecular function. 

Color of dots describes the FDR with green color representing FDR=-log10(0) and red color representing FDR=-

log10(5). Higher FDR (green color) resembles enhanced probability of false positives. The fold enrichment is 

demonstrated on the x-axis of the diagram and describes how much the proteins found in the corresponding 

molecular function are enriched in comparison to the whole Arabidopsis proteome.  
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Again, eEF1B and eEF1B interactors were very similar under control conditions, being 

mainly enriched in translation factor activity and guanyl-nucleotide exchange factor activity 

(Fig. 66). Strikingly, after heat stress eEF1B interactome was enriched in ‘binding’, ‘protein 

binding’ and ‘heat shock protein binding’, which fits to the presence of eEF1B in cytoplasmic 

condensates, which rely on many interactions between RNA and protein molecules. Also, 

expression of heat shock protein is a typical response to heat stress, since HSPs are needed for 

binding to proteins and act as chaperones.  

To get a better insight into which proteins are heat-sensitive, heat-insensitive or heat-dependent 

interactors, the overlap between the three data sets eEF1B_Ct, eEF1B_Ct and eEF1B_HS 

(each compared to its GFP control) were calculated and are shown in a Venn diagram (Fig. 67). 

Heat-sensitive interactors are only expected to be found under control conditions. Proteins 

interacting with both, eEF1B and eEF1B under control conditions, but not after heat stress, 

are an Oleosin-B3-like protein (AT1G13930) and eEF1A (AT5G60390). The Oleosin-B3-like 

protein is a constitutively expressed protein, which is important for salt stress tolerance (Du et 

al. 2008). It would be interesting to investigate whether this protein plays a role in the 

connection between translation regulation and stress response. It is very interesting that eEF1A 

is only found in the interaction network of eEF1B under control conditions, but not after heat 

stress. This might be a mechanism to reduce translational efficiency in stress conditions.  

Heat-stress-independent interactors can be found under control and heat stress conditions. There 

is a total of six proteins, which are binding to both eEF1B and eEF1B independent of applied 

conditions. These include all eEF1B subunits and a Vacuolar calcium-binding protein-like 

protein (AT1G62480), which has so far been described as calcium-binding mediator in response 

to continuous dark (Ide et al. 2007). Presence of all eEF1B subunits indicates that the eEF1B 

complex components stay in close proximity to each other, independent of the environmental 

conditions.  

The 119 heat-dependent interactors of eEF1B are a diverse group of proteins. Subcellular 

localization analysis of the 119 proteins using SUBA5 (Hooper et al. 2017) revealed that 35 

proteins were mainly localized in chloroplasts or mitochondria. These proteins were excluded 

from the subsequent analysis. The GO enrichment analysis of biological processes performed 

in Panther (shown in Fig. 65) showed an enrichment of certain processes. To underline the 

results with an independent algorithm, a STRING network of the remaining 84 proteins was 

generated in Cytoscape (Shannon et al. 2003) and searched for clusters using MCODE app 
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(Bader and Hogue 2003). Clusters with related functions are shown in Fig. 67. The identified 

clusters largely resemble the identified enriched biological processes (Fig. 65). Several proteins 

of the COP9 signalosome were identified (COP9, COP8, CSN5A, COP13, RBX1 and FUS5), 

which are shown as red cluster. The COP9 signalosome is a multiprotein-complex which plays 

an important role in the ubiquitin-proteasome pathway (Schwechheimer and Isono 2010; Qin 

et al. 2020). It regulates activity of specific E3 ligases through protein deneddylation (Merlet et 

al. 2009) and was shown to be important for cell cycle progression and genome stability 

(Dohmann et al. 2008). Loss of different CSNs lead to developmental defects (Gusmaroli et al. 

2007). Few lines of evidence also indicate a role of CSN subunits in high temperature response 

(Delker et al. 2014; Zhang, Lei, et al. 2017; Singh et al. 2019). The subunits of the COP9 

signalosome are homologous to the lid subcomplex subunits of the 26S proteasome, which led 

even to the (so far unproven) hypothesis that COP9 can act as alternative lid of the 26S 

proteasome (Qin et al. 2020). A cluster of the 26S proteasome proteins (e.g. RPN1A, RPN1B, 

and RPT5A) were found as heat-dependent interactors of eEF1B. The orange ‘proteasome’ 

cluster is strongly connected with the red ‘COP9’ signalosome cluster (Fig. 67). Loss of 

proteasomal subunit RPN1A leads to developmental defects and decreased heat stress tolerance 

(Wang, Kurepa, and Smalle 2009) showing that a functional proteostasis is needed for correct 

plant growth and development (Silverblatt-Buser et al. 2018). A link between translation 

elongation and proteasomal degradation might add another layer to the regulation of plant 

development and stress response.  

Another, rather expected, cluster of proteins was identified as ‘protein folding’ (violet), which 

included chaperones as HSP70-2, J2 or J3. All three proteins are known to be upregulated upon 

heat stress and to play a role in plant heat stress response (Li et al. 2005; Wu et al. 2019; Wang 

et al. 2021; Tiwari, Khungar, and Grover 2020; Leng et al. 2017).  

Interestingly, many proteins involved in intracellular transport, specifically ER-to-Golgi and 

vesicle-mediated transport were identified in another cluster (blue), as well as vacuolar 

ATPases (green cluster). A study in human cells have demonstrated that COPII coat proteins 

are recruited to SGs and thereby trafficking along early secretory pathway is inhibited (Zappa 

et al. 2019). In Arabidopsis, the recruitment of Golgi-localized PARP12 to SGs upon stress is 

also associated with changes in the structure of the Golgi apparatus and block of anterograde 

membrane traffic (Catara et al. 2017). Consequently, the recruitment of ER-to-Golgi transport 

proteins to SGs or other membrane-less condensates might be a mechanism to reduce cellular 

trafficking.  
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Figure 67: List of heat-sensitive, heat-independent and heat-dependent interactors of eEF1B and eEF1B. 

A Venn diagram showing the overlap between eEF1B_Ct, eEF1B_Ct and eEF1B_HS (each compared to the 

corresponding GFP control). HS-dependent interactors localized to mitochondria or plastids were excluded from 

the network analysis. A network of 84 HS-dependent interactors was generated using STRING database search in 

Cytoscape. Proteins were clustered using MCODE app. Proteins that were not found in clusters are not shown. 

Function of clusters were assigned using STRING enrichment.  

Since eEF1B was found to localize at least partially in stress granules upon heat stress, the 

heat-dependent eEF1B interactome was compared to the previously published Arabidopsis 

stress granule proteome (Kosmacz et al. 2019). SG proteome was identified from an enrichment 

of stress granule fraction through differential centrifugation and subsequent immunoaffinity-

enrichment of interactors of the stress granule marker RNA-binding-protein 47 (RBP47). In the 

SG proteome, several known stress granule components like Poly-A-binding proteins (PAB2 

and PAB8), TSN1 and TSN2 and ECT2 were identified. Our eEF1B_HS pool had an overlap 

of four proteins with the SG proteome (Fig. 68A). These four proteins included ECT2, for which 
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localization to stress granule had already been shown previously (Scutenaire et al. 2018). The 

other three overlapping proteins have not been analyzed so far. It is a protein of unknown 

function and two proteins that have been annotated as polyketide cyclase/dehydrase and lipid 

transport superfamily protein. Each subunit of the eEF1B subunit has been identified as part of 

the RBP47-associated SG proteome, but reciprocally we did not find RBP47 in the eEF1B_HS 

pool. Likewise, eEF1B_HS pool did not include the established SG proteins TSN1 or TSN2, 

although eEF1B subunits have been identified as heat-sensitive interactors of TSN2 (Gutierrez-

Beltran et al. 2021). Comparison of heat-dependent TSN2_HS and eEF1B_HS pools resulted 

in an overlap of four proteins (Fig. 68A). One of the proteins included in the overlap is the 

translation initiation factor eIF3B-1. Translation initiation factors are known as typical stress 

granule components (Anderson and Kedersha 2006). Moreover, two chaperones were shared 

between heat-dependent TSN2_HS and eEF1B_HS pool, the cytosolic HSP70-2 and the ER-

localized SDF2, which is also playing a role in ER to plasma membrane transport. The fourth 

shared protein was BETA-COP2, which is a vesicle coatomer. Overall, only a small overlap 

was found for eEF1B_HS pool with known SG markers.   

The SG proteome of plants and also of yeast and human cells contains typically many RNA 

binding proteins (RBPs), proteins with prion-like domains (PRLDs) or ATPase activity (Jain et 

al. 2016; Gutierrez-Beltran et al. 2021). Therefore, the amount of RBPs, PRLDs and ATPases 

was compared between eEF1B_HS pool, Arabidopsis SG proteome (Kosmacz et al. 2019) and 

TSN2_HS pool (Gutierrez-Beltran et al. 2021); (Fig. 68B). Similar to the other two studies, a 

high amount (44%) of RBPs were identified in eEF1B_HS pool. This fits to the enriched 

molecular function ‘binding’ (Fig. 66). Also, the amount of ATPases was comparable between 

all three studies. Only 6% of eEF1B_HS pool were proteins containing prion-like domains, 

which was comparable to the amount found for TSN2_HS pool (8%); (Gutierrez-Beltran et al. 

2021). In contrast, the Arabidopsis SG proteome contained a higher amount of PRLDs (15%); 

(Kosmacz et al. 2019). Prion-like domains are contributing to recruitment of proteins to SGs 

(Fomicheva and Ross 2021). While SGs were enriched in Arabidopsis SG proteome analysis 

by differential centrifugation, the whole protein extracts were analyzed in our and in the TSN2 

study. In the whole protein extracts, it could be possible to find a mixture of cytoplasmic 

localized protein and SG-localized protein. This might explain, why the percentage of PRLDs 

might be higher in SG-enriched fractions.   
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Figure 68: Comparison of heat-dependent eEF1B2-interactome with previously published proteomics data 

for Arabidopsis stress granule proteome and heat-dependent TSN2 interactome. (A) Venn diagram 

comparing 84 heat-specific eEF1B2-interactors to 118 RBP47-interactors in the stress granule enriched protein 

fractions (Kosmacz et al. 2019) and 149 heat-dependent TSN2-interactors (Gutierrez-Beltran et al. 2021). (B) 

Identification of number of RNA binding proteins, proteins with prion-like domains and ATPase activity in the 

above-mentioned datasets. 
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5 Discussion 

5.1 PP7L as part of MAIN-MAIL1-PP7L interaction complex 

The plant mobile domain (PMD) proteins MAIN and MAIL1 act redundantly and play 

important roles in two distinct biological processes. The first process, that MAIN and MAIL1 

are essential for, is primary root growth associated with genome stability in the stem cell niche 

of the root apical meristem. Both mutants show strong developmental defects and accumulation 

of dead cells in the root stem cell niche (Wenig et al. 2013; Uhlken et al. 2014). The second 

process, that MAIN and MAIL1 are involved in, is silencing of transposable elements 

associated with condensation of heterochromatin (Ikeda et al. 2017). Whether both processes 

are functionally connected via MAIN-MAIL1 signaling is currently unknown. With 

identification of PP7L as interaction partner of MAIN and MAIL1 (de Luxan-Hernandez et al. 

2020; Nicolau et al. 2020), a third protein has been identified, which acts in the same signaling 

pathway. pp7l mutants share both described phenotypes, defects in development and TE 

silencing, with main and mail1 mutants. Besides the two mentioned processes, PP7L has also 

been connected to chloroplast biogenesis in developing seeds, seedlings and adult plants. pp7l 

mutants show reduced maximum quantum yield of PSII. Also, PP7L was shown to play a role 

in response to abiotic stress including salt, high light and cold stress response (Xu et al. 2019; 

Xu, Leister, and Kleine 2019). These traits have so far not been analyzed in main or mail1 

mutants. It would be interesting to see, whether these are PP7L-specific traits or whether these 

are shared within the MAIN-MAIL1-PP7L complex.  

MAIN and MAIL1 are exclusively localized to the nucleus, whereas PP7L localizes to the 

nucleus and the cytoplasm (de Luxan-Hernandez et al. 2020). It is intriguing to hypothesize that 

the subcellular localization plays a role for the signaling pathway that is affected and the 

resultant phenotype displayed by PP7L. Could the interaction of MAIN and MAIL1 with PP7L 

be responsible for the nuclear localization of PP7L? In this study, the domains that are necessary 

for the interaction between MAIL1 and PP7L were specified. Y2H studies with truncated 

protein versions indicated that the N-terminus of MAIL1 interacts with the N-terminus of PP7L. 

The N-terminus of PP7L contains the NLS and is required for the nuclear localization of PP7L. 

The nuclear localization of PP7L is not dependent on the interaction of PP7L with MAIL1, 

because PP7L still localized to the nucleus in the absence of MAIN and MAIL1. Analysis of 

pp7l mutants complemented with truncated versions of PP7L (e.g. lacking the NLS or the N-

terminus), would help to understand whether the nuclear localization of PP7L is essential for 

its function in primary root growth, genome stability and TE silencing.  
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TE silencing is regulated by a multitude of factors and silencing pathways including DNA 

methylation, MICRORCHIDIA (MORC) ATPases, histone modifications and non-coding 

RNA (reviewed in (Nicolau, Picault, and Moissiard 2021)). A highly conserved epigenetic 

methylation mark is the methylation of the 5th carbon of cytosines (5-methylcytosine - 5mC). 

Among other factors, DOMAINS REARRANGED METHYLATRANSFERASE 1 and 2 

(DRM1 and DRM2), DNA METHYLTRANSFERASE 1 (MET1) and CHROMO-

METHYLASE 2 and 3 (CMT2 and CMT3) are required for various de novo 5mC and 

maintenance of 5mC marks. Although genome-wide methylation levels and global methylation 

patterns of TEs are unchanged in mail1 mutants compared to WT (Ikeda et al. 2017), synergistic 

effects have been reported for MAIN and 5mC pathways. It was suggested that the MAIN-

MAIL1-PP7L complex might cooperate with DRM2- and CMT3-mediated 5mC to silence TEs 

(Nicolau et al. 2020; Nicolau, Picault, and Moissiard 2021).  

MORC ATPases are part of DNA-methylation-independent TE silencing. MORC ATPases, 

including MORC1 and MORC6, have been associated with maintenance of heterochromatin 

condensation (Moissiard et al. 2012). RNA-sequencing of main, mail1 and pp7l single mutants 

as well as higher order mutants revealed 26 genes that are commonly down-regulated in all 

genetic backgrounds. Among these down-regulated genes is MORC1 (Jarry et al. 2023). Re-

introducing MORC1 in main, mail1 or pp7l background could restore the silencing of several 

TEs. Possibly, MAIN-MAIL1-PP7L maintains the expression of MORC1 protein, which 

ensures the silencing of specific TEs together with other MORC proteins (Jarry et al. 2023).  

Nevertheless, double mutant analysis showed that MORC1 down-regulation is not responsible 

for the developmental phenotypes of main, mail1 or pp7l mutants (Jarry et al. 2023). Thus, the 

signaling pathway and interaction partners involved in primary root growth and genome 

stability are still elusive. Mutants that show highly similar phenotypes compared to main and 

mail1 are mutants of chromatin modifiers. Chromatin modification highly impacts processes 

like DNA replication, DNA repair and gene transcription. Both m56-1fas2-4 triple mutant and 

fas1-4hira1 double mutant showed comparable phenotypes to mail1 or main mutants. m56-

1fas2-4 triple mutant almost completely stopped primary root elongation after 5 dag and 

displayed reduced numbers of cells in the root apical meristem. In distal stem cells in the 

meristematic zone of m56-1fas2-4 mutants cell death occurred and was accompanied by 

increased DNA repair gene expression (Ma et al. 2018). m56-1fas2-4 mutants lack factors of 

two important histone chaperone complexes. CHROMATIN ASSEMBLY FACTOR-1 (CAF-

1) is a trimeric complex and acts as histone H3/H4 chaperone. FASCIATA1 (FAS1), FAS2 and 
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MULTICOPY SUPPRESSOR OF IRA1 (MSI1) belong to the CAF1 complex (Exner et al. 

2006). NAP1 acts as H2A/H2B histone chaperone. The NAP1-RELATED PROTEINS 1 and 2 

(NPR1 and NPR2) are mutated in m56-1 mutants (Zhu et al. 2006). The m56-1fas2-4 showed 

increased -H2AX levels, which correlates with the occurrence of DNA double strand breaks 

(Friesner et al. 2005). Similarly, the fas1-4hira1 double mutant shows a severe dwarf phenotype 

(Duc et al. 2015). fas1-4hira1 double mutant lacks besides FAS1, also HISTONE 

REGULATOR A (HIRA), which promotes histone deposition (Ray-Gallet et al. 2002). Loss of 

HIRA leads to the reduction of extractable histone H3 protein levels and is associated with 

reduced nucleosome occupancy at heterochromatic targets (Duc et al. 2015). Thus, modification 

of chromatin can lead to developmental defects comparable to main, mail1 or pp7l mutants. 

Whether MAIN, MAIL1 or PP7L are able to interact with chromatin is currently unknown. 

Based on the nuclear localization and the similarity to phenotypes of chromatin modifier 

mutants, a possible influence of loss of MAIN, MAIL1 or PP7L on histone levels should be 

examined.  

In contrast to MAIN and MAIL1, PP7L does not contain a PMD domain. Instead PP7L belongs 

to the subclass of plant-specific PP7 protein phosphatases and contains a protein phosphatase 

domain (PPD) (Bheri et al. 2021). The PP7 subclass includes PP7L as well as protein 

phosphatase PP7 and MAIN-LIKE3 (MAIL3). Interestingly, MAIL3 contains a PMD at its N-

terminus and a PPD domain at its C-terminus (Andreeva and Kutuzov 2009). Phylogenetic 

analysis suggested partially convergent evolutionary processes between the PMD and PPD 

domains (Nicolau et al. 2020). It was proposed that fusion of PMD and PPD proteins might 

allow for neofunctionalization of this protein module (Nicolau et al. 2020). But so far, the 

function of MAIL3 is unknown. Analysis of mail3 mutants showed a WT-like phenotype 

(Uhlken et al. 2014). Further research is required to define the function of a PMD-PPD protein 

module.   

It is note worth mentioning that the PPD of PP7L has been described as inactive because of 

specific alterations in the amino acid sequence of the PPD domain compared to the active 

protein phosphatase PP7 (Farkas et al. 2007). Here, we aimed at finding out whether these 

alterations in the PPD domain of PP7L are required for PP7L’s function. Based on sequence 

alignments, a specific amino-acid motif in the catalytic center of the PPD of PP7L was mutated 

and the resultant “active” version of PP7L was analyzed. PP7L (active) interacted with MAIL1 

and showed a subcellular localization similar to the PP7L. This is in line with the identification 

of the N-terminus of PP7L as being essential for interaction with MAIL1 and nuclear 
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localization of PP7L. It will be necessary to analyze pp7l mutants complemented with PP7L 

(active) to examine an influence of the introduced mutations on plant development, TE 

silencing or chloroplast biogenesis. It has to be considered that the mutation of two amino acids 

is not sufficient for changing the activity of PPD in PP7L. Potentially, more amino acids have 

to be modified in order to generate an active version of PP7L. As control, the phosphatase 

(in)activity of PP7L and the phosphatase activity of PP7L (active) should be determined.  

It remains an open question: what is the function of PP7L as inactive phosphatase? Inactive 

phosphatases, also named pseudophosphatases, were suggested to have regulatory functions as 

signaling molecules via several mechanisms. Most often, pseudophosphatases are described as 

competitors of phosphatases. By binding to potential substrates of active phosphatases, 

pseudophosphatases hinder dephosphorylation of these substrates. Additionally, 

pseudophosphatases could act as integrators by interaction with multiple pathways, as 

modulators, when pseudophosphatases dimerize with the active enzyme to change its enzymatic 

activity or as anchors, where the pseudophosphatase binds to a substrate and thereby restricts 

its subcellular localization (Hinton 2019). It is tempting to speculate that PP7L binds to MAIN 

and MAIL1 as competitor of phosphatases. Binding of PP7L to MAIN and MAIL1 could hinder 

de-phosphorylation of MAIN and MAIL1 and thereby ensure the correct downstream signaling. 

In turn, loss of PP7L could lead to dephosphorylation of MAIN and MAIL1, which then 

negatively affects downstream signaling leading to the described pp7l phenotypes. Currently, 

no experimental data are available, which demonstrate the phosphorylation status of MAIN and 

MAIL1. Phosphorylation prediction tool Phosphat4.0 indicates a potential phosphorylation site 

at the C-terminus of MAIN (https://phosphat.uni-hohenheim.de/phosphat.html; (Durek et al. 

2010). It would be interesting to test whether the phosphorylation status of MAIN and MAIL1 

is changed in the absence of PP7L.  

Overall, the signaling pathways that PP7L is involved in remain unknown. As part of this thesis, 

two attempts have been followed to identify PP7L interactors or proteins in the PP7L signaling 

pathway. Co-immunoprecipitation of PP7L yielded a list of potential protein interactors. The 

highest peptide count was identified for MAIN and MAIL1, which indicated a successful co-

immunoprecipitation experiment. Unfortunately, none of the other interactors could be verified 

by independent methods. A suppressor screen aimed at the identification of proteins acting in 

the same signaling pathway as PP7L. Several suppressor candidates display an improved root 

growth phenotype. It remains to be analyzed whether the release of TEs is also suppressed in 

these suppressor candidates and which genes are affected by the suppressing mutation. An 
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overview of the current knowledge of the function of the MAIN-MAIL1-PP7L complex is 

illustrated in Fig. 69.  

 

Figure 69: Overview of MAIN-MAIL1-PP7L functions. Within the nucleus, MAIN interacts with MAIL1 and 

PP7L. The complex is involved in genome stability of the RAM and primary root growth. The downstream targets 

of MAIN-MAIL1-PP7L in this signaling pathway are currently unknown. MAIN-MAIL1-PP7L is additionally 

involved in TE silencing. Partially MAIN-MAIL1-PP7L mediate TE-silencing via MORC1 and DRM2-/CMT3-

dependent pathways. The majority of TEs that are silenced by MAIN-MAIL1-PP7L are silenced via an unknown 

pathway. Additionally, PP7L is present in the cytoplasm. PP7L has been associated with chloroplast biogenesis.  

5.2 eEF1B is central to the plant eEF1B complex  

Studies on the eEF1 complex began already in the 1960’s and 1970’s, when large 

macromolecular complexes were purified during the search for tRNA transferring factors 

(reviewed in (Le Sourd et al. 2006)). Since then numerous studies revealed the structures and 

compositions of the eEF1 complex in different organisms. While the presence of eEF1A as 

aminoacyl-tRNA transferase and an eEF1B complex for GDP/GTP exchange on eEF1A is 

conserved among all species in prokaryotes and eukaryotes, the conformation of the 

macrocomplex eEF1 differs between organisms (Sasikumar, Perez, and Kinzy 2012). In 2003, 

a model has been proposed for the architecture of the yeast eEF1 complex. Using X-ray 
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structures and gel-filtration studies, a complex composed of [eEF1A:eEF1B:eEF1B]2 was 

suggested (Jeppesen et al. 2003). The C-terminal domain of eEF1B interacts with eEF1A for 

GDP/GTP exchange, while the N-terminal domain interacts with the N-terminal domain of 

eEF1B. A stable dimerization of the eEF1B subunit was identified. The proposed model of 

yeast eEF1 complex is displayed in Fig. 70. Much effort has been performed to model and 

elucidate the structure of human eEF1 complex. An extensive Y2H study showed the 

interactions between the human eEF1 subunits and clarified that the N-terminal domains of the 

eEF1B proteins are necessary for interactions within the complex (Mansilla et al. 2002). 

Bondarchuk et al. showed that human eEF1B forms a stable trimer with an elongated shape 

by analyzing sedimentation velocity during ultracentrifugation (Bondarchuk et al. 2022). This 

analysis was extended by Hydrogen-Deuterium Exchange Mass Spectrometry (HDX-MS). The 

central leucine zipper domain of eEF1B was suggested to be responsible for trimerization. A 

full structure of human eEF1 complex was proposed by Negrutskii et al. (Negrutskii et al. 2023). 

A simplified model of this suggested structure is displayed in Fig. 70. Each subunit of 

trimerized eEF1B can interact with an eEF1A at its C-terminus and with eEF1B at its N-

terminus. In turn, each eEF1B interacts with one eEF1B that can each bind an eEF1A. So, 

one heterotrimeric eEF1B()3 can possibly perform guanine exchanges on six eEF1A 

proteins (Bondarchuk et al. 2022).  

In plants, little research had been performed on the structure of the eEF1B complex. Interactions 

within the complex had solely been proposed based on studies from other organisms. In this 

study, a first overview of interactions of Arabidopsis eEF1B subunits with each other was 

provided by using Y2H assays (Fig. 70). We found that plant-specific eEF1B is able to interact 

with both, eEF1B and eEF1B. Similar to human eEF1B, we found that the N-terminal 

domain of Arabidopsis eEF1B is required for the interaction with eEF1B. Human eEF1B1 

(Uniprot P29692) and Arabidopsis eEF1B1 share 64 % protein sequence identity, which could 

suggest a similar mode of action for both proteins. Nonetheless, the idea of eEF1B or eEF1B 

being the central component of the eEF1B complex is rather new, because previously eEF1B 

has been regarded as structural component (Le Sourd et al. 2006; Sasikumar, Perez, and Kinzy 

2012). For Arabidopsis eEF1B we did not identify an interaction with eEF1B suggesting that 

eEF1B is the central component in Arabidopsis eEF1B complex. Possibly, eEF1B might 

connect the eEF1B complex to the cytoskeleton as it was shown for yeast and human eEF1B 

through an interaction with keratin (Kim, Wong, and Coulombe 2006; Kim, Kellner, et al. 

2007).  
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Figure 70: Models for eEF1 complex in different organisms. Models for yeast and human eEF1 complex have 

been described previously (Sasikumar, Perez, and Kinzy 2012; Bondarchuk et al. 2022; Negrutskii et al. 2023). 

Structural data of the eEF1 complex in plants is not available so far. Here, the current understanding of the plant 

eEF1 complex based on our Y2H data is shown.  

In contrast to yeast and human eEF1, no self-association of any of the Arabidopsis eEF1B 

subunits was detected in this study. Thus, based on our current knowledge no dimerization or 

trimerization is supported by eEF1B subunits in Arabidopsis. To verify this finding, an 

independent method testing for direct protein-protein interactions, like pull down, microscale 

thermophoresis or surface plasmon resonance should be performed. Since the interaction of 

eEF1B subunits with eEF1A was not analyzed here, we cannot propose a complete model for 

Arabidopsis eEF1 complex yet. It is conceivable that the C-terminus of eEF1B connects the 

eEF1B complex to the cell. The N-terminus of eEF1B binds to eEF1B. eEF1B can either 

bind to eEF1B, which interacts with eEF1A for guanine exchange, or eEF1B might in 

addition to eEF1B binding also directly interact with eEF1A to allow for a second GDP/GTP 

exchange mediated by one eEF1B complex. This second option is supported by the finding that 

both, eEF1B and eEF1B are able to interact with eEF1A in potato (Hwang et al. 2015). The 

proposed modes of action of Arabidopsis eEF1B subunits are shown in Fig. 70.   
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Many questions about the architecture of the Arabidopsis eEF1B complex remain open. Some 

questions could be answered by extending our Y2H assay including: Is the eEF1B subunit 

binding to eEF1B and eEF1B by its N-terminus? Which domains are responsible for eEF1A 

binding? Is eEF1B connecting eEF1B to the cytoskeleton? Other interesting questions will 

require extensive research including different methods like structural analysis, 

ultracentrifugation sedimentation velocity or HDX-MS. Thereby, the following questions could 

help to understand the eEF1B architecture in plants: Are eEF1B and eEF1B competing to 

bind to the same binding site of eEF1B? Is there indeed no dimerization or trimerization? Can 

one Arabidopsis eEF1B complex perform GEF on several eEF1A proteins simultaneously? 

5.3 The canonical function of Arabidopsis eEF1B in translation elongation and 

its influence on general translation efficiency 

The rate of translation is mainly determined by translation initiation (Shah et al. 2013). But 

also, translation elongation and termination can have an influence on protein synthesis 

(Negrutskii et al. 2018; Xu, Liu, and Song 2021). Different steps within translation elongation 

have been identified to be decisive for elongation speed. Additionally, features of the mRNA, 

tRNA and the encoded protein can determine elongation rates. These steps and features are 

marked with a small clock in Fig. 71, which shows an overview of translation elongation and 

its regulation. As early as 1984, it was shown in E. coli that tRNA availability corresponding 

to the mRNA sequence is crucial for translation elongation rates (Varenne et al. 1984). Highly 

available tRNAs are translated more efficiently. Thus, codon usage highly regulates overall 

translation rates (Sørensen, Kurland, and Pedersen 1989; Tuller et al. 2010). Aminoacyl-tRNAs 

are bound and transported to the ribosome by eEF1A. After GTP-dependent transfer of the 

aminoacyl-tRNA to the ribosomal A-site, eEF1A-GDP needs to dissociate from the ribosome. 

Based on the fact that the affinity of different tRNAs to eEF1A*GDP varies, this tRNA-

dependent dissociation step has been described as rate-limiting for overall elongation speed in 

human cells (Negrutskii et al. 2018). Besides tRNA availability and codon usage, also global 

features of the encoded protein like the charge and the isoelectric point (pI) have an influence 

on the translation elongation rate. It was shown that for example yeast ribosomal proteins (RPs), 

which are positively charged, have low elongation rates compared to RPs with a negative charge 

(Riba et al. 2019). Another translation factor that regulates translation elongation is eEF2. 

Phosphorylation of eEF2 leads to its inactivation and thereby a drastic inhibition of translation 

(Ryazanov, Shestakova, and Natapov 1988). Interestingly, slowdown of translation elongation 

through inactivity of eEF2 kinase and consequent dephosphorylation of eEF2 does not lead to 
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reduction of overall protein synthesis, but enhances translational fidelity and accuracy of 

elongation in Caenorhabiditis elegans (Xie et al. 2019).  

One important research question of this thesis was, which influence Arabidopsis eEF1B has on 

translation elongation and thereby on general protein biosynthesis. Using the SunSET method, 

it was found that the overall protein biosynthesis rate of the double mutant of eEF1B is 

comparable to WT plants. This is in line with results from S. cerevisiae, where eEF1B-deleted 

strains showed no significant difference in total translation compared to WT (Olarewaju et al. 

2004). Nonetheless, polysome profiling revealed that Arabidopsis eef1b1/2 double mutants 

contain a significantly higher number of overall mRNA-bound ribosomes compared to WT. 

The increase in mRNA-bound ribosomes resulted from a higher number of ribosomes per cell. 

This could indicate a mechanism, in which plants that are impaired in translation elongation 

attempt to compensate this defect with an increased expression of ribosomal subunits. Most 

likely, this hypothetical mechanism is dosage-dependent. A slight reduction of translation 

elongation speed, e.g. resulting from reduced eEF1B levels, could be compensated by higher 

ribosome density on the mRNAs and higher expression of ribosomal subunits. This slight 

translational slowdown might even lead to improved translational accuracy, as it has been 

shown for C. elegans (Riba et al. 2019). In contrast, a drastic decrease of elongation would 

rather lead to inhibition of global protein synthesis. The strongly increased number of ribosomes 

per mRNA could lead to a roadblock, meaning that too many simultaneously translating 

ribosomes hinder each other, and prolong the time that ribosomes stay on the mRNA. Together 

with a higher density of ribosomes on the mRNA, this would decrease the pools of free 

ribosomes that are necessary for translation initiation. Ultimately, this would resume in a 

feedback loop down-regulating translation initiation in response to reduced translation 

elongation. Such a mechanism differentiating between mild slowdown of translation and a 

complete block translation elongation has been suggested previously (Urquidi Camacho, 

Lokdarshi, and von Arnim 2020) and it is outlined in Fig. 71. A complete translation elongation 

stop could e.g. occur during extreme stress conditions like strong heat or oxidative stress. 

Overall, the data obtained in this thesis indicate that eEF1B subunits do play a role in regulation 

of translation levels. It remains to be analyzed whether the three different eEF1B subunits, 

eEF1B eEF1B and eEF1B have different impacts on translation. 
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Figure 71: Rate-limiting steps of translation elongation and the feedback to translation initiation. Steps and 

features that are limiting the speed of translation are marked with a clock. Translation initiation is mainly regarded 

as rate-limiting, but there are several steps within elongation that can vary the speed of translation. Translation 

elongation relies strongly on tRNA availability to be able to find the correct codon:anticodon pairing. The eEF1A 

complex delivers the tRNA to the ribosome and the dissociation rate of eEF1A can influence elongation speed. 

Based on this study, a mechanism modulating and compensating for elongation slowdown through eEF1B was 

suggested. The charge of the encoded protein and the activity of eEF2 also play a role in translational elongation 

rates.  

5.4 Translation factor complex eEF1B impacts plant development  

Translation is a major process within cells, which has large impact on the health and fitness of 

plants. Here, it was tried to decipher, whether the translation elongation factor complex has an 

influence on plant growth and development. Several studies showed that translation undergoes 

dynamic changes during plant development. Already during seed germination, translation is of 

utmost importance. Dry seeds contain mRNAs that were transcribed during seed development 

and are stored associated with monosomes (Bai et al. 2020). During seed hydration, a 

translational shift occurs and allows active translation of these mRNAs. A second translational 

shift occurs before root protrusion and initiates active translation of mRNAs required for rRNA 

processing and lipid metabolism (Bai et al. 2017; Urquidi Camacho, Lokdarshi, and von Arnim 

2020). A genome-wide study of polysome-bound mRNAs during different stages of plant 

growth showed that the translational status strongly changes during growth. For example, the 
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shift from expanding to expanded leaves is associated with a change in distribution of 

polysome-associated mRNAs from repressed to activated mRNAs (Yamasaki et al. 2015).  

Accordingly, it is not surprising that previous studies showed that loss or knockdown of specific 

translation factors can lead to defects in plant growth and development (Castellano and 

Merchante 2021). Several translation initiation and elongation factor mutants have been 

analyzed. While some mutations are lethal, others result in little to severe effects on plant 

development (Castellano and Merchante 2021). In this study, it was aimed at elucidating the 

influence of the translation elongation factor complex eEF1B on plant development by 

analyzing T-DNA insertion lines of the two subunits eEF1B and eEF1B. Both proteins are 

encoded by two genes. Neither eef1b nor eef1b single mutants did show any developmental 

defects in this study. Both proteins are encoded by two genes implying that knockout of both 

genes could be necessary to observe a phenotype. Our double mutant analysis for eEF1B and 

eEF1B indicated two different impacts.  

5.4.1 Loss of eEF1B might be lethal 

For eEF1B, no double homozygous mutants were identified. Although further experiments 

are required to confirm this result, the non-Mendelian segregation of alleles might indicate that 

eEF1B is essential for seed development or seed germination and a full knockout could be 

lethal. A comparable phenotype has been observed for translation initiation factors eIF4E and 

eIFiso4E, which are required for binding of the 5’ cap of mRNAs. Knockout mutants of only 

eIFiso4E show a phenotype comparable to WT, but display increased expression of eIF4E, 

which might be able to compensate a possible defect in mRNA translation (Duprat et al. 2002). 

Later on, it was shown that both eIF4E and eIFiso4E act redundantly in male gametophyte 

development. Therefore, double mutants of eIF4E and eIFiso4E are lethal (Callot and Gallois 

2014). To clarify, whether eef1b double mutants are indeed also affected in gametophyte 

development, it will be necessary to perform several backcrosses to WT. First, to ensure that 

the single mutations do not affect male or female transmission, single mutants should be 

backcrossed to WT and the segregation needs to be analyzed. Second, to find out whether the 

double mutants are defective in gametophyte development, F1 plants that are heterozygous for 

both mutations need to be back-crossed to WT reciprocally and progenies analyzed regarding 

the transmitted gamete genotypes (Callot and Gallois 2014).  

A previously published study is contradicting the hypothesis that eEF1B1 and eEF1B2 act 

redundantly. Phenotypical analysis of the single mutant line eef1b1-1 by Hossain et al. 
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revealed a severe dwarf phenotype at later developmental stages. Histochemical analysis 

demonstrated a reduced total lignin content in eef1b1-1, which correlated with decreased 

vasculature and interfascicular fibers. Together with a reduction of the cellulose level, it was 

suggested that the secondary cell thickening is impaired in eef1b1-1 plants. The phenotype 

could be rescued by introduction of an 35S::eEF1B construct (Hossain et al. 2012). This 

would imply that both eEF1B isoforms cannot complement each other’s function. Another 

possibility could be that eEF1B1 and eEF1B2 act only redundant in their canonical function 

during translation elongation, but eEF1B1 has additional non-canonical functions in 

secondary cell wall thickening. So far, the impact of loss-of-function of eEF1B on translation 

elongation has not been studied in plants.  

In this thesis, the same T-DNA insertional line eef1b1-1 was obtained from SALK institute, 

but we did not observe a difference between eef1b1-1 and WT neither at seedling stage (similar 

to Hossain et al.) nor at later developmental stages (in contrast to (Hossain et al. 2012)). The 

discrepancy between the observed phenotypes is a so far unsolved conundrum. Like previously 

described, a backcross of the single mutant eef1b1-1 with WT with consequent analysis of the 

segregation could reveal whether the line that was obtained for the experiments in this thesis 

segregates according to mendelian law.   

5.4.2 Reduction of eEF1B levels delays plant development and disturbs cell division 

For the first time, a double mutant line for eEF1B in plants was successfully established in this 

study. The line eef1b1/2 showed strongly reduced eEF1B protein levels, but retained about 

20% residual eEF1B protein. Knockdown of eEF1B1 and eEF1B2 in Arabidopsis led to a 

distinct delay in germination and plant growth at seedling and later developmental stages. An 

increased number of rosette leaves at flowering time point indicated a delayed flowering in 

eef1b1/2. Also, eef1b1/2 mutants produced smaller siliques with fewer seeds. Since the 

overall protein synthesis rate is not reduced in eef1b1/2 mutants, the developmental defects 

are most likely not a direct consequence of impaired general protein biosynthesis. It appears 

rather likely that the expression of a few specific genes that are required for regulatory 

mechanisms in plant development are disturbed due to the loss of eEF1B  

One other translation elongation factor mutant has been analyzed previously in Arabidopsis 

based on its role in conferring cold tolerance. At standard conditions, the elongation factor 

mutant eef2 (los1-1 in the original publication) showed a slight delay in flowering, but no other 

developmental defects, nor any change in protein synthesis rates (Guo et al. 2002). The 
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observed growth phenotype of eef1b1/2 mutants is therefore more comparable to phenotypes 

of other previously described translation initiation factor mutants, like eif4g or eif3h mutants. 

The plant specific translation initiation factor eIF4G, which is a scaffold protein facilitating 

interactions with other initiation factors, is encoded by two genes in Arabidopsis. While eif4g 

single mutants also did not show large variation to WT phenotype, the double mutant showed 

developmental defects in germination, growth rate, chloroplast gene expression and fertility. 

Also, the transition to flowering was delayed in eif4g double mutants. The general protein 

synthesis rate determined by [35S]-methionine incorporation was unchanged compared to WT 

(Lellis et al. 2010). Mutants of eIF3h show defects in postembryonic growth including delayed 

root growth and flowering. Similar to other non-lethal translation factor mutants the eif3h 

mutants did not show a reduction in overall protein synthesis rates. Instead the translation of 

specific mRNAs containing an upstream open reading frame (uORF) in their 5’ sequence was 

changed in eif3h mutants. One example of affected genes was LATE ELONGATED 

HYPOCOTYL (LHY), which is a regulator of the circadian clock (Kim et al. 2004). So similar 

to eef1b1/2, both translation initiation factor mutants show a developmental defect combined 

with unchanged general protein biosynthesis.  

In eef1b1/2 mutants, we observed an increase in polysome-associated mRNA and overall 

ribosome content per cell, which indicated that translation kinetics could be shifted due to 

knockdown of eEF1B. In accordance, microarray data of polysomal and non-polysomal 

samples revealed a translational stimulation for small and large ribosomal proteins in eif3h 

mutants (Kim, Cai, et al. 2007). Based on current knowledge, the most intriguing hypothesis is 

that loss of each translation factor changes translation kinetics. These changes lead to 

differential expression of specific mRNAs involved in plant development, which consequently 

lead to the observed developmental defects. It would be very interesting to test on the one hand 

which mRNAs are differentially expressed by RNA sequencing and on the other hand which 

mRNAs are actively translated in eef1b1/2 compared to WT by ribosome sequencing. This 

would help to understand which signaling pathways are affected by the translation elongation 

factor subunit eEF1B. An interesting future research question would be whether any of the 

observed phenotypical traits of eef1b1/2 is specific for the eEF1B subunit or whether the 

developmental defects are a result of the impaired function of the complex eEF1B or as 

discussed above the impaired translation kinetics in general. 

Another interesting phenotypical trait of the eef1b1/2 mutant is the defect in cell division, 

especially in the RAM. eef1b1/2 mutants showed a reduced size of the meristematic zone in 
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the RAM combined with a decreased number of meristematic cells. Additionally, the 

development of true leaves was delayed, which taken together hints at a disturbed cell division 

in eef1b1/2. At least to my knowledge, the root phenotype of eif4g or eif3h has not been 

investigated in detail. Nonetheless, it was shown that eIF3h is necessary for patterning and 

functionality of the SAM. eif3h mutants showed an enlarged meristematic zone in the SAM, 

which resulted from mis-expression of the main SAM regulators, WUSCHEL and CLAVATA3 

at the translational level (Zhou et al. 2014). This indicates that developmental regulators can be 

controlled through translational regulation (Raabe, Honys, and Michailidis 2019). Furthermore, 

analysis of the translation initiation factor, eIF4E, demonstrated its regulatory function in 

embryogenesis and root growth. Both single mutants, eif4e1 and eif4e2, exhibited reduced 

primary root growth combined with a reduced number of cells in the meristematic zone. Since 

no difference in the cell size has been observed, it was suggested that the mutants display a 

defect in cell division. Interestingly, also similar to eef1b1/2, eif4e1 mutants were less sensitive 

to CHX than WT. Reduced auxin maxima and reduced abundance of PIN3 and PIN7 at the 

protein level were reasoned to lead to the defects in root development in eif4e1 mutants. 

Reduced auxin maxima and reduced abundance of PIN3 and PIN7 might be mediated through 

the interaction of eIF4E with RAC/ROP GTPase activator, RopGEF7, which is an important 

factor for RAM maintenance (Liu et al. 2022). It remains to be analyzed which root-specific 

developmental regulators are mis-regulated in eef1b1/2 mutants. Additionally, it might be 

interesting to analyze the SAM of eef1b1/2 in more detail to test for parallelisms with other 

translation factor mutants and possibly unravel a connection of translation and meristem 

development. 

5.5 eEF1B does play a role for specific stress responses 

Translation also plays an important role in the stress response of plants. Inhibition of global 

protein synthesis rates is as important as induction of stress-specific gene expression for plant 

survival. Many translation factors were shown to be involved in regulating stress responses. 

Functions of the subunits of translation elongation factor complex eEF1B in stress responses 

had not been analyzed in Arabidopsis so far. Based on previous studies in other organisms, 

possible functions of eEF1B in oxidative stress and heat stress response have been examined 

in this thesis using the established eef1b1/2 double mutant. Subcellular localization studies of 

all three eEF1B subunits demonstrated the sequestration into heat-induced stress granules, 

which could indicate a role of eEF1B in stress adaption. 
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5.5.1 eEF1B modulates ROS homeostasis in Arabidopsis 

In nature, oxidative stress is often a result of other stress conditions that lead to the production 

of ROS, e.g. drought, salt, heavy metals or UV light. An important factor in detoxification of 

ROS is glutathione, which can bind, solubilize and facilitate the removal of toxic ROS. 

Glutathione-S-transferases support the reduction of glutathione and its transfer to ROS. eEF1B 

belongs to the family of GSTs as it contains an N-terminal and C-terminal GST domain (Liu et 

al. 2012). To analyze the ability of Arabidopsis eef1b1/2 mutants to cope with oxidative stress, 

the plants were treated with methylviologen (MV) which directly induces the production of 

ROS. While the percentual decrease in fresh weight upon MV treatment was similar between 

WT and eef1b1/2 mutants, the root growth of eef1b1/2 was slightly more repressed upon MV 

treatment with increasing age of the plants compared to WT. Together with an observed 

increase in H2O2 levels in eef1b1/2 seedlings, it indicates that eEF1B might play a role in 

maintaining ROS homeostasis in Arabidopsis, but it is likely to be a subtle effect. 

These results are partially overlapping and partially contradicting with results from studies that 

have been performed on eEF1B in other organisms. Arguing in favor of a function of eEF1B 

in ROS maintenance in Arabidopsis, eef1b1/2 mutants might lack the GST activity, which is 

supporting ROS detoxification. In consequence, the ROS levels would be increased, which was 

observed by the DAB staining. An increased number of oxidized proteins has also been 

observed in yeast eef1b double mutants (Esposito and Kinzy 2010). So far, the GST activity 

of eEF1B has not been tested in Arabidopsis. Recombinant rice eEF1B has a low GST 

activity. Interestingly, the GST activity of rice eEF1B has only been detected, when the 

recombinant protein has been produced in stabilizing conditions (Kobayashi, Kidou, and Ejiri 

2001). In combination with other studies showing no GST activity of recombinant eEF1B 

proteins without the presence of other eEF1B subunits, it was suggested that GST activity of 

eEF1B is dependent on stability and/or conformation of the protein (Vickers and Fairlamb 

2004; Renou et al. 2022). Arguing against a function of AteEF1B as GST is that the 

overexpression line of eEF1B did not show any difference compared to WT in response to 

MV. Overexpression of other GSTs in Arabidopsis have previously been shown to increase the 

tolerance to MV treatment, for example overexpression of rice GSTU4 or AtGSTU19 (Sharma 

et al. 2014; Xu et al. 2016). It would be interesting to test for a possible GST activity of 

recombinant AteEF1B, but it might necessary to reconstitute the complete eEF1B complex in 

vitro. 
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In yeast, recombinant eEF1B did not show GST activity. Nonetheless, yeast eEF1B was 

shown to be important for ROS maintenance. In contrast to the Ateef1b1/2 mutants, which 

show a slightly higher sensitivity to MV compared to WT, the yeast eef1b double mutant was 

more resistant to H2O2 and CdSO4 (Olarewaju et al. 2004). It was additionally shown that the 

lack of catalytic activity of eEF1B is required for conferring the resistance to oxidative stress. 

It was concluded that the reduction of GDP/GTP exchange on eEF1A in eef1b mutants helps to 

regulate translation rates during oxidative stress and thereby support yeast survival (Olarewaju 

et al. 2004). This would imply that rather the regulation of translation rates through the whole 

eEF1B complex than an GST activity of eEF1B is important for oxidative stress tolerance. 

Several lines of evidence are supporting that translation elongation and response to oxidative 

stress are strongly connected. Studies in yeast showed that increased ROS levels downregulate 

translation elongation rates through decreased ribosomal run-off from mRNAs (Shenton et al. 

2006). The ribosome density was especially increased on short uORFs and at the 5’UTR of 

ORFs upon oxidative stress in yeast cells, which elongated the transit time of ribosomes on 

mRNAs (Gerashchenko, Lobanov, and Gladyshev 2012). Ateef1b1/2 mutants did already 

under control conditions show an increased number of ribosomes and an increased ribosome 

density on mRNA. Regardless Ateef1b1/2 mutants did not display higher resistance to 

oxidative stress, which might indicate that the role of eEF1B for oxidative stress response in 

Arabidopsis is considerably minor compared to its role in yeast.  

5.5.2 eEF1B is not directly involved in heat stress response 

Adaption to heat stress is one of the most important traits of plants to secure survival during 

times of climate change. Translation is tightly regulated upon heat stress to inhibit general 

protein biosynthesis and thereby prevent damage or incorrect folding of nascent polypeptide 

chains. Additionally, translation of heat stress-specific genes is continued and secured. 

Translation factors have been shown to be connected to heat stress responses. Here, it was 

analyzed if eEF1B is mediating heat stress response in Arabidopsis. Initially, it was expected 

that the eef1b1/2 double mutant would show a higher sensitivity towards heat stress compared 

to WT. On the one hand, yeast eEF1B double mutants showed additive sensitivity to heat stress 

(Olarewaju et al. 2004). On the other hand, an Arabidopsis translation initiation factor mutant, 

eif5b1, has previously been identified as heat sensitive mutant. In control conditions, eif5b1 

mutant and eef1b1/2 double mutants display similar phenotypes. Loss of eIF5B1 leads to 

retarded germination, reduced primary and lateral root growth and an overall delayed 

development (Zhang, Liu, et al. 2017), which is very similar to eef1b1/2 double mutants. In 
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response to acclimated heat stress, the eif5b1 mutant showed reduced hypocotyl elongation and 

reduced seedling survival. But seedlings of the eEF1B double mutant did not show altered 

thermotolerance towards different heat stress conditions including basal, acquired (short- term 

or long-term acquired) or ambient temperature stress compared to WT. Also, the seed 

germination rate was similar to WT after heat treatment of seeds. So, in contrast to yeast eEF1B 

and Arabidopsis eIF5B1, eEF1B does not play a significant role in heat stress response. Further 

analysis comprehensibly explained the difference between eif5b1 and eef1b1/2 mutants in heat 

stress response. The heat sensitivity of eif5b1 mutants resulted from a delayed recovery of 

polysomes to mRNA after heat stress relief (Zhang, Liu, et al. 2017), which was caused by a 

reduced abundance of mature 18S rRNA in eif5b1 mutants. Without mature 18S rRNA, 80S 

ribosomes are genome-wide stalled at the start codon (Hang et al. 2023). In contrast, eef1b1/2 

double mutants displayed a slightly higher content of 18S and 25S rRNAs under control 

conditions, consequently the ribosome assembly is not disturbed and polysomes are available 

for re-initiation of translation after heat stress relief. Clearly, it is necessary to confirm the 

correct re-initiation of translation after heat stress relief by analyzing the polysome profiles of 

eef1b1/2 double mutants during heat stress and after stress relief.  

A connection between translational regulation and heat stress through an translation factor has 

been established in plants at the initiation step (Salome 2017). A first link between a translation 

elongation factor and heat stress resistance has been established for the plastid translation 

elongation factor EF-Tu, RABE1b. The aggregation-prone RABE1b is required to confer 

thermotolerance and to ensure translation under heat stress conditions. Loss-of-function of 

RABE1b leads to heat-sensitivity and downregulated translation in plastids during heat 

conditions (Li et al. 2018). In human cells, the translation elongation factor complex eEF1A 

mediates the transcription and translation of HSP70 and thereby confers thermotolerance. HSF1 

is recruited to the HSP70 promotor through eEF1A. Then, eEF1A binds to RNA polymerase II 

and the 3’UTR of HSP70 to stabilize the HSP70 transcript and mediate its transport to actively 

translating ribosomes (Vera et al. 2014). The ability to synthesize HSPs is especially important 

for heat stress resistance since HSPs are required for proper protein folding of nascent 

polypeptide chains. Elevated temperatures lead to increased numbers of misfolded proteins. 

HSC/HSP70 complexes are not only required as chaperones, but also play a role in protein 

triage decisions and help to target misfolded proteins for degradation together with 

HSP70/HSP90 interacting protein (Zhang and Qian 2011). If the number of misfolded proteins 

exceeds the number of available HSC/HSP70 complexes, a feedback loop leads to ribosome 
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pausing at the elongation step, which has been shown for mammalian cells (Liu, Han, and Qian 

2013; Shalgi et al. 2013) and for plants cells (Merret et al. 2015). Whether human eEF1B is 

important for induction of HSP synthesis and heat stress resistance has not been elucidated yet. 

Here, it was shown that the knockdown of eEF1B subunit does not affect heat stress sensitivity 

in Arabidopsis. eef1b1/2 double mutants are able to produce HSP70 and HSP90 under heat 

stress similar to WT levels. It remains to be analyzed whether the other two subunits, eEF1B 

and eEF1B, or other translation elongation factors, like eEF1A or eEF2, might play a more 

important role in heat stress response in plants.  

Lately, it has also been discussed that heat stress experiments in the lab are unrealistic. In nature, 

heat stress would also occur in combination of with other stresses or wind. Furthermore, the 

temperature changes are subtle and graduate (Plessis 2023). There is a big difference between 

the temperature changes through climate change, heat shock and heat waves (Jagadish, Way, 

and Sharkey 2021). Another interesting point regarding application of heat stress in the lab is 

exactness of applied temperatures. There is a growing need to associate plant responses to tissue 

temperatures. This would be possible through infrared thermometers (Jagadish, Way, and 

Sharkey 2021). Since the ultimate goal of understanding the heat stress response in plants would 

most certainly be the engineering of more resistant plants for agricultural use, it would be of 

great relevance to implement these considerations in further studies of the heat stress response 

in plants. 

5.6 eEF1B subunits accumulate in heat-induced stress granules 

Biomolecular condensates have become a field of large and intensive research. Stress granules 

are especially of interest since they have been associated with different important stress 

response processes in plants and other organisms. In the beginning of stress granule research, 

the accumulation of translation initiation factors and untranslated mRNAs in stress granules 

had been reasoned to be responsible for general translational arrest during stress (Nover, Scharf, 

and Neumann 1989; Kedersha et al. 1999). Early research did neither identify 60S ribosomal 

subunits (Kimball et al. 2003), translation elongation factors, translation termination factors, 

nor heat-stress induced transcripts like HSP90 mRNA as components of stress granules. These 

findings led to the assumption that the inhibition of translation initiation is mediated by SG 

assembly and that no active translation is occurring within SGs. But recent research has shown 

that stress granule formation and translational regulation are intertwined in a highly specific 

and complex interaction network (reviewed in (Mateju and Chao 2022; Adjibade and Mazroui 

2023)). While the translation of specific factors can be based on their accumulation in SGs 
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(Adjibade and Mazroui 2023; Moon et al. 2019), the downregulation of translation in response 

to stress is still able to occur in SG-deficient cells (Buchan , Muhlrad , and Parker 2008; Mokas 

et al. 2009; Kedersha et al. 2016). The re-initiation of translation after stress relief can also 

occur independently of SG disassembly (Hofmann et al. 2012). In human cells, it was shown 

that full cycles of translation of specific transcripts can occur within stress granules (Mateju et 

al. 2020). For complete translation cycles within SGs, it is necessary that translation elongation 

and termination factors are at least transiently present within SGs.  

Indeed, several studies demonstrated the presence of translation elongation and/or termination 

factors in stress granules within different organisms. Arsenite stress-induced mammalian SGs 

contain translation elongation factor eIF5A, translation termination factors eRF1 and eRF3, and 

even ribosome recycling factors ABCE1, MCT1 and eIF2D. eRF1 and eRF3 are required for 

correct translation termination. Loss of eRF1 and eRF3 leads to elevated stop-codon 

readthrough, which results in production of proteins with C-terminal extensions (Janzen and 

Geballe 2004). Elevated stop-codon readthrough is also observed in mammalian cells during 

arsenite stress. Since arsenite stress simultaneously leads to elevated stop-codon readthrough 

as well as sequestration of eRF1 and eRF3 to SGs, it was suggested that the 

compartmentalization of eERF1 and eRF3 in SGs contributes to the regulation of translation 

termination (Makeeva et al. 2023). In yeast, two translation elongation factors, eEF1B2/Tef4 

and eEF3/Yef3, as well as two translation termination factors, eRF1/Sup45 and eRF3/Sup35, 

were identified as components of heat-induced stress granules. It was discussed that the 

translation elongation factors, which aggregated and co-localized with SG markers already at 

mild temperatures, could have a function as nucleation sites for formation of SGs (Grousl et al. 

2013; Wallace et al. 2015). 

Here, it was shown that all three subunits of the Arabidopsis eEF1B complex do accumulate in 

stress granules after heat stress. This is in accordance with the identification of all three eEF1B 

subunits in the heat-induced stress granule proteome (Kosmacz et al. 2019), the co-localization 

of eEF1B subunits with HSP101 in cytoplasmic foci after heat stress (McLoughlin et al. 2016) 

and the identification of eEF1B subunits as heat-dependent interactors of SG core protein TSN2 

in Arabidopsis (Gutierrez-Beltran et al. 2021). To find out whether eEF1B is a SG scaffold or 

a SG client protein, the ability of SG assembly was analyzed in the eef1b1/2 double mutant. 

Since the eef1b1/2 double mutant was not deficient in SG assembly, it can be concluded that 

eEF1B is neither a scaffold protein nor a nucleation site for SG assembly, but rather a SG 

client protein. This could explain the relatively small overlap between the heat-induced 
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interactome of eEF1B with heat-induced interactomes of the SG scaffold proteins TSN2 or 

RBP47 found in the coimmunoprecipitation experiment. The overlap between the heat-induced 

interactome of eEF1B with TSN2 or RBP47 heat-induced interactomes was restricted to four 

proteins each. As SG client protein eEF1B localizes to the outer shell of SGs, while TSN2 and 

RBP47 as SG scaffold proteins are located within the core of SGs. Additionally, SG assembly 

and disassembly is a highly dynamic process, which does allow a high number of transient 

interactions between cytosolic proteins and SG components.  

It would be of high interest to test eEF1B- or eEF1B-deficient plants for SG assembly, in 

order to determine whether these proteins could act as nucleation site for SGs. This applies 

especially to eEF1B, because eEF1B did show a different SG accumulation pattern than 

eEF1B and eEF1B. Overexpressed eEF1B-GFP forms heat-induced stress granules in 

higher numbers, in larger sizes and at lower temperatures than eEF1B and eEF1B. In 

addition, the presence of eEF1B enhances the recruitment of eEF1B or eEF1B to heat-

induced stress granules. What could be the reason of the increased SG accumulation of eEF1B 

in heat-induced stress granules compared to the other eEF1B subunits?  

An important feature of proteins, which strongly accumulate in SGs, is the presence of an 

intrinsically disordered region (IDR). IDRs of proteins can be essential and/or sufficient to re-

localize proteins to stress granules in vivo or to lead to phase separation into liquid droplets in 

vitro (Protter et al. 2018; Lin et al. 2015). Analysis of the protein sequence of eEF1B, eEF1B 

and eEF1B using IUPred3 prediction tool revealed that all three proteins contain an IDR in 

their linker domain, which connects two functional domains (Erdős, Pajkos, and Dosztányi 

2021). Thus, the presence of an IDR cannot be the sole reason for the observed unique SG 

accumulation pattern behavior of eEF1B. To elucidate the molecular basis, it would be useful 

to analyze the aggregation of eEF1B in vitro. Also, the biomolecular condensate formation of 

eEF1B should be analyzed when it is expressed under its native promotor. In this study, all 

three eEF1B subunits have been expressed under a constitutive 35S promotor or an estradiol-

inducible 35S promotor. The overexpression from 35S promotor could lead to results that are 

not reflecting the natural biological condition within the cells.  

Another indication for an extended aggregation behavior of eEF1B was that some protoplasts 

transformed with eEF1B−GFP from 35S promotor did show an accumulation of 

microscopically observable condensates already at room temperature. In accordance, Hossain 

et al. observed in some cells the accumulation of overexpressed eEF1B in cytoplasmic 
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condensates at room temperature in stable transgenic lines (Hossain et al. 2012). A small 

amount of eEF1B condensates did also appear in the presence of cycloheximide (CHX). CHX 

blocks the release of untranslated mRNAs from ribosomes and thus inhibits formation of SGs 

and PBs (Kedersha et al. 2000). The CHX-insensitive eEF1B condensates are consequently 

neither SGs nor PBs, but most likely protein aggregates. Although SG and PB assembly and 

disassembly are dynamic and reversable processes (Anderson and Kedersha 2008), under 

certain conditions, SGs can transition from a liquid state to a solid state. Such “solid” SGs 

cannot be disassembled after stress relief and form protein aggregates that are permanent and 

possibly toxic for the cell. In human cells, such aggregates are associated with diseases like 

motor neuron diseases, Huntington’s (Peskett et al. 2018) Alzheimer’s (Vanderweyde et al. 

2012) or amylotrophic lateral sclerosis (Taylor, Brown, and Cleveland 2016; Wolozin and 

Ivanov 2019). Intracellular aggregation of an abnormally long polyglutamine stretch in the 

huntingtin protein is responsible for Huntingtons’s disease (Peskett et al. 2018). Long 

polyglutamine stretches are typical for intrinsically disordered proteins. Interestingly, the 

overexpression of a polyglutamine-containing protein that is causative for toxic protein 

aggregation in human cells, does not lead to protein aggregation in plant cells under standard 

conditions (Llamas et al. 2023). This indicates that plants have an efficient system to cope with 

protein aggregation (Alberti and Hyman 2021). Among the heat-induced interactors of eEF1B 

are members of the COP9 signalosome and the proteasome. It would be interesting to know, 

whether these are similarly interactors of eEF1B upon heat stress and play a role for 

degradation of CHX-insensitive aggregates of eEF1B Currently, it remains unknown whether 

the CHX-insensitive aggregates of eEF1B are toxic for the plant cells or if they might fulfil a 

specific function and are efficiently degraded afterwards.  

Overall, one outstanding research question, resulting from the data in this thesis, is: does the 

accumulation of eEF1Bs in heat-induced SGs have a specific function in translational regulation 

during heat stress? An interesting observation from the co-immunoprecipitation experiment 

with eEF1B is that eEF1A does interact with eEF1B under control conditions, but it is not 

found among the eEF1B interactors after heat stress. eE1FA has also not been identified as SG 

component in the heat-induced interactome of TSN2 or the SG proteome based on the 

interactome of RBP47 in plants (Gutierrez-Beltran et al. 2021; Kosmacz et al. 2019). Similarly, 

in a study in human cells, eEF1A has not been identified in heat-induced G3BP1- or CAPRIN1-

interactomes (Hu et al. 2023). Both proteins are known as SG scaffold proteins in human SGs 

(Kedersha et al. 2016). It is intriguing to hypothesize that the absence of eEF1A in heat-induced 
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SGs, the increased aggregation of eEF1B and the sequestration of the eEF1B subunits in SGs 

are part of a mechanism to regulate the level of translation during stress. Under standard 

conditions, eEF1A and eEF1B are present in the cytosol. mRNAs are loaded with polysomes 

and eEF1A delivers aminoacyl-tRNAs to the ribosome. Under GTP hydrolysis, the aminoacyl-

tRNAs are loaded onto the elongating polypeptide chain. eEF1B exchanges GDP for GTP on 

eEF1A and translation is occurring efficiently. Upon stress conditions, eEF1B is starting to 

aggregate and thereby localizing to SGs together with eEF1B and eEF1B. Reduced 

availability of eEF1B could reduce translation elongation rates in the cytosol. As discussed for 

the eef1b1/2 double mutant, it is possible that the alteration of translation rates might be dosage 

dependent. At mild stress conditions, a part of eEF1B subunits could remain cytosolic and could 

allow for compensation of translational slow down. With increasing stress levels, a higher 

number of eEF1B protein aggregates forms. Concurrently, eEF1B subunits are not present 

in the cytosol, but either in SGs (together with eEF1B and eEF1B) or in "solid" eEF1B 

protein aggregates. The SG localization is reversible. Upon stress relief, the eEF1B subunits 

can be released and help to restart translation initiation. In contrast, “solid” protein aggregates 

need to be degraded, thus eEF1B subunits aggregated in “solid” protein aggregates cannot be 

re-introduced to the translation cycle. During severe heat stress, translation of stress-specific 

transcript is essential for plant survival. Independent of stress conditions, eEF1A remains in the 

cytoplasm. Thus, cytoplasmic eEF1A could ensure the required translation of stress-specific 

transcripts. Although eEF1B highly increases the GDP/GTP exchange rate, eEF1A is able to 

perform GDP/GTP exchange without eEF1B. In yeast cells, it was shown that overexpression 

of eEF1A is able to compensate for loss of eEF1B (Kinzy and Woolford 1995). A scheme of 

the described hypothesis for a mechanism of translational regulation at the elongation step 

through sequestration of eEF1B into SGs is shown in Fig. 72.  

In conclusion, it was shown that eEF1B in Arabidopsis has a conserved function in translation 

elongation in Arabidopsis. Reduced eEF1B levels were associated with developmental defects 

and affected the ribosome occupancy of RNAs. Although, no direct role of eEF1B was 

detected in heat stress response, the sequestration of the three eEF1B subunits in heat-induced 

stress granules allows for a potential role of eEF1B in translational regulation during heat stress. 

Highly interesting research questions regarding the exact regulation of eEF1B sequestration 

and downstream effects on translation levels remain to be answered.    
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Figure 72: Hypothesis for a regulatory role of eEF1B sequestration in stress granules during heat stress. 

During standard conditions, mRNAs are actively translated with the support of eEF1A, whose GDP/GTP exchange 

is conducted by soluble, cytosolic eEF1B. During mild heat stress, eEF1B starts to aggregate and thereby supports 
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the sequestration of all three eEF1B subunits into heat-induced stress granules. Partially, eEF1B subunits still 

remain in the cytosol, which allows for specific translation. Overall, sequestration of eEF1B slows down 

translation elongation rates. Even during severe stress, eEF1A stays cytosolic, which could allow the necessary 

translation of stress-specific genes. eEF1B subunits are completely removed from the cytosol. Strong aggregation 

of eEF1B leads to accumulation of microscopically visible protein aggregates, which might be toxic to the cell 

and cannot be solubilized after stress removal. Grey: eEF1B; ochre: eEF1B; brown: eEF1B.   
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6 Summary 

Growth and development of plants, as sessile organisms, are dependent on many internal 

signaling factors and on external environmental cues. Coordinated root growth is required for 

an optimal supply with nutrients and water. Undifferentiated stem cells within the root apical 

meristem regulate cell division and thereby coordinate continuous replenishment of root cells. 

DNA integrity is of utmost importance in stem cells to hinder damaged DNA from being passed 

onto the next generation of cells. A heteroprotein complex consisting of (at least) three proteins 

plays an important role for genome stability and primary root growth. MAINTENANCE OF 

MERISTEMS (MAIN), MAINTENANCE OF MERISTEMS-LIKE1 (MAIL1) and PROTEIN 

PHOSPHATASE 7-LIKE (PP7L) interact with each other and are acting within the same 

signaling pathway. T-DNA insertional of each of these three proteins show similar phenotypes 

with drastically reduced primary root growth, accumulation of dead cells within the root apical 

meristem and the release of transposable elements from silencing. Currently, it is unknown in 

which signaling pathway the MAIN-MAIL1-PP7L complex is active. In the first part of this 

thesis, different approaches were utilized to characterize the MAIN-MAIL1-PP7L complex. On 

the one hand, a suppressor screen was performed on pp7l mutants to identify suppressor 

mutations that reverse the short root phenotype. Potential suppressor lines were isolated. 

Identification of the affected genes will give insight about the potential signaling pathway. On 

the other hand, protein interaction partners of PP7L were identified using co-

immunoprecipitation coupled with mass spectroscopy. 

Environmental cues strongly influence plant development. Climate change including increasing 

temperatures challenge plants to constant adaption. Protein biosynthesis and a balanced protein 

homeostasis are essential for plant growth. Both processes have a high energy consumption and 

are therefore tightly regulated. Upon stress conditions, global protein biosynthesis is inhibited 

and solely translation of stress-specific proteins is performed. Translation rates are mostly 

regulated at the translation initiation step, but recently a regulation at the translation elongation 

step has been considered. The second part of this thesis focused on the characterization of the 

translation elongation factor complex eEF1B. eEF1B has a conserved GDP/GTP exchange 

function on the translation elongation factor complex eEF1A. eEF1A transports aminoacyl-

tRNAs to the translating ribosomes at the mRNA and translocates the aminoacyl-tRNAs onto 

the growing polypeptide chain under GTP hydrolysis. The Arabidopsis eEF1B complex 

consists of three subunits, whose function have scarcely been analyzed. Here, a function of the 

Arabidopsis eEF1B subunit for efficient translation and for plant development has been 
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identified. Mutants with reduced eEF1B protein levels show a delayed plant development with 

defects in cell division. The global protein biosynthesis rates are similar to WT, but an increased 

number of total ribosomes indicate a compensation of reduced translation elongation rates in 

eef1b mutant. A direct function of eEF1B in plant heat stress response has not been 

identified. Nonetheless, all three eEF1B subunits were found to localize to heat-induced stress 

granules. Stress granules are stress-induced accumulations of mRNA and proteins in the 

cytoplasm, which are formed via liquid-liquid phase separation. The eEF1B subunit shows an 

increased accumulation within stress granules and is able to enhance the accumulation of the 

other two eEF1B subunits to stress granules upon heat stress. The accumulation of eEF1B 

subunits might be a mechanism to finetune the regulation of protein biosynthesis during stress 

conditions. 

6.1 Zusammenfassung 

Das Wachstum und die Entwicklung von Pflanzen als sessile Organismen sind von diversen 

Faktoren innerhalb und außerhalb der Pflanze abhängig. Innerhalb der Pflanze ist ein 

koordiniertes Wurzelwachstum essenziell um die optimale Versorgung der Pflanze mit 

Nährstoffen und Wasser sicherzustellen. Die fortlaufende Bildung neuer Wurzelzellen findet 

im apikalen Wurzelmeristem statt. Nicht-differenzierte Stammzellen im Meristem regulieren 

die Zellteilung und können neue Zellen ausbilden. Die Integrität der DNA in den Stammzellen 

ist besonders wichtig, damit keine beschädigte DNA an Tochterzellen weitergegeben wird. Der 

Verlust der Genomstabilität in der Stammzellnische verhindert das korrekte Ausbilden neuer 

Wurzelzellen. Ein Heteroproteinkomplex bestehend aus (mindestens) drei Proteinen spielt eine 

wichtige Rolle in der Aufrechterhaltung der Genomstabilität und somit für die gesamte 

Entwicklung der Pflanze. ‚MAINTENANCE OF MERISTEMS‘ (MAIN), ‚MAINTENANCE 

OF MERISTEMS-LIKE‘ (MAIL1) und ‘PROTEIN PHOSPHATASE 7-LIKE’ (PP7L) 

interagieren miteinander und agieren im gleichen Signalweg. T-DNA Insertionslinien für jede 

Komponente dieses Proteinkomplexes zeigen einen ähnlichen Phänotyp mit einem drastisch 

verkürzten Wurzelwachstum und der Akkumulation toter Zellen im Wurzelmeristem. 

Außerdem ist das ‚Silencing‘ von Transposablen Elementen (TE) in den Mutanten gestört. Der 

Signalweg durch welchen MAIN, MAIL1 und PP7L zur Genomstabilität und zum ‚TE 

silencing‘ beitragen, ist bislang unbekannt. Daher wurde im ersten Teil dieser Arbeit begonnen 

einen Suppressorscreen durchzuführen. Hierbei sollte mittels einer EMS-Mutagenese von 

Samen der pp7l-Mutante, eine Suppressor-Mutation eingeführt werden, die den kurzen Wurzel-

Phänotyp revidiert. Es wurden potenzielle Kandidaten identifiziert, deren weitere Analyse zum 
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Identifizieren der zugrunde liegenden Gene notwendig ist. Des Weiteren wurden in dieser 

Arbeit potenzielle Protein-Interaktionspartner von PP7L mittels einer Koimmuno-

präzipitations-Massenspektrometrie-Analyse identifiziert.       

Klimatische Veränderungen, insbesondere erhöhte Temperaturen, haben einen großen Einfluss 

auf die pflanzliche Entwicklung und erfordern eine stetige Anpassung der Pflanzen. Die 

Biosynthese neuer Proteine und eine ausgeglichene Protein-Homöostase sind Voraussetzung 

für ein optimales Wachstum. Die Proteinbiosynthese hat einen hohen Energieverbrauch und 

wird deshalb stark reguliert. Unter Stressbedingungen wird die globale Proteinbiosynthese 

inhibiert und lediglich eine Translation von spezifischen Proteinen für die Stressantwort 

ermöglicht. Die Translationsrate wird hauptsächlich am ersten Schritt der Translation, der 

Initiation, reguliert. Kürzlich wurde auch eine Beteiligung des zweiten Schrittes der 

Translation, der Elongation, festgestellt. Im zweiten Teil dieser Arbeit wurde der Translations-

Elongationsfaktor-Komplex eEF1B analysiert. eEF1B hat eine konservierte Funktion im 

Austausch von GDP zu GTP am Translations-Elongationsfaktorkomplex eEF1A. eEF1A 

transportiert Aminoacyl-tRNAs zu den translatierenden Ribosomen an der mRNA und 

transferiert diese unter GTP-Verbrauch auf die wachsende Polypeptidkette. Der pflanzliche 

eEF1B-Komplex besteht aus drei Untereinheiten, deren Funktionen in Arabidopsis bisher kaum 

untersucht wurden. In Rahmen dieser Arbeit wurde eine Rolle der eEF1B-Untereinheit in der 

Translation und in der pflanzlichen Entwicklung nachgewiesen. Mutanten mit stark reduziertem 

eEF1B-Proteinlevel zeigen ein verzögertes Wachstum mit Defekten in der Zellteilung. Die 

generelle Proteinsynthese ist unverändert im Vergleich zum Wildtyp, aber eine erhöhte Anzahl 

an Ribosomen deutet auf eine Kompensation einer reduzierten Translations-Elongationsrate 

hin. Eine direkte Funktion von eEF1B in der pflanzlichen Hitzestressantwort wurde nicht 

nachgewiesen. Trotz dessen wurden alle drei eEF1B-Untereinheiten in hitze-induzierten, zyto-

plasmatischen ‚Stress granules‘ nachgewiesen. Stress granules sind Akkumulationen von 

mRNA und Proteinen, die im Zytoplasma unter Stressbedingungen durch eine Flüssig-Flüssig-

Phasenseparation entstehen. Nach Beendigung des Stresses lösen sich die Stress granules auf. 

Hier wurde untersucht, welche eEF1B-Untereinheiten in zytoplasmatischen Kondensaten 

während verschiedener Hitzestressbedingungen akkumulieren. Die eEF1B-Untereinheit zeigt 

eine besonders ausgeprägte Akkumulation in Stress granules, welches auch die Lokalisation 

der anderen beiden Untereinheiten in Stress Granules verstärkt. Die verstärkte Akkumulation 

von eEF1B in Stress granules mit den anderen eEF1B-Untereinheiten wird als möglicher 

Mechanismus zur Inhibierung der generellen Translationsrate unter Hitzestress diskutiert.  
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Figure 73: Alignment of cDNA sequences of eEF1B1.1, eEF1B1.2 and eEF1B2. cDNA sequences were 

taken from TAIR (www.arabidopsis.org) and alignment was performed with Clustal Omega 

(https://www.ebi.ac.uk/Tools/msa/clustalo/). Start codons are marked in green. Stop codons are marked in red. 
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