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1.  INTRODUCTION 

Temperature stress is one of the major abiotic stresses that negatively affects the 

survival and reproductive fitness of living organisms worldwide. Cells exposed to heat stress 

activate a series of biochemical and physiological changes that result in a reprioritisation of 

cellular physiology to aid survival; these processes are collectively called heat stress response 

(HSR). A central layer of HSR is the transcriptional regulation. While significant efforts have 

been put into understanding the activity of specific transcription factors that coordinate HSR, 

and the differentially expressed gene/transcript sets they regulate, the understanding of general 

transcriptional machinery regulation and its specific functions during HSR remains scarce.  

In the present work, we aimed to unravel the regulation of RNA polymerase II 

(RNAPII) core machinery and its associated co-factors. To achieve this, we conducted a heat 

stress phenotyping screen on selected RNAPII and co-factor mutants and identified the 

Transcription Factor IIS (TFIIS) as a key player of HSR.  

TFIIS is a biochemically and structurally conserved transcription elongation cofactor 

of RNAPII. While, it has been extensively studied in yeast and metazoan systems, its regulation 

and functions in plants, specifically during heat stress responses have not been explored. 

Therefore, we characterised the conservation, regulation, functions and molecular mechanisms 

of TFIIS in plants and its requirements under high-temperature conditions. We demonstrated 

that TFIIS enable plants to conduct a timely, qualitative and quantitative reprogramming of 

transcriptome, which is vital for heat stress survival. Besides, we have described TFIIS 

molecular actions on transcriptional fidelity processes at the single nucleotide level for the 

first time in plants. 

In summary, we believe that our study on transcriptional elongation and the roles of 

TFIIS will contribute to basic understanding of HSR and will accelerate breeding of heat-

tolerant crops crucial for minimizing the threats posed by global warming and climate change. 
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2. LITERATURE REVIEW 

2.1. RNA transcription process in eukaryotes 

RNA transcription is a vital cellular process in all living organisms. In eukaryotes, there 

are three main nuclear DNA-dependent RNA polymerase complexes (RNAPI, II, III). RNAPI 

produces the ribosomal RNAs (rRNA), the RNAPII transcribes messenger RNAs (mRNAs) 

and most of the regulatory short and long non-coding RNAs (sRNA, lncRNAs), while the 

RNAPIII transcribes the transfer RNAs (tRNAs), the 5S rRNA and the U6 small nuclear RNA 

(snRNA) (1-3). Plants have evolved two additional RNA polymerases RNAPIV and V, which 

are not strictly required for survival; these primarily synthesize regulatory RNAs involved in 

the RNA-dependent DNA methylation pathway (RdDM)(4, 5). 

The overwhelming majority of protein-coding transcripts are produced by RNAPII. 

RNAPII is composed of 12 core subunits, Rpb1-to-12 (1, 3, 6). The three largest subunits, 

Rpb1, Rpb2 and Rpb3 assemble into a horseshoe-shaped structure that embodies the DNA-

binding cleft and holds the active catalytic site (1, 3, 6). The other subunits (Rpb4-12) are 

associated with the core on the periphery. The active site components, including the aspartic 

loop that binds to catalytic metal ion, the bridge helix, and the trigger loop, work together as a 

flexible racket that drives translocation during RNA chain elongation. The polymerase 

translocation mechanism is widely conserved. The carboxy-terminal domain (CTD) of Rpb1 

plays an important role in coordinating transcriptional regulation during the different stages of 

the transcription (1, 3, 6). The CTD is a tail-like structure that contains heptapeptide tandem 

repeats with the consensus sequence YSPTSPS (34 heptad units in A. thaliana), serving as 

target to kinases, phosphatases, and a landing scaffold for protein cofactor binding. 

The RNA transcription cycle is divided into three main stages: initiation, elongation 

and termination (Fig 1). During initiation, specific DNA sequences at the gene promoter, as 

well as proximal and distant enhancer elements are recognized by specific activators and 

general transcription factors (GTFs). Together, these factors promote the assembly of the 

RNAPII complex assembly, known as the pre-initiation complex (PIC). Briefly, the 

transcription factor TFIID and TBP (TATA-binding protein) bind the promoter of target genes 

at specific cis-elements (including TATA, Initiator Element (Inr), Downstream Promoter 

Element (DPE), TFIIB Recognition Element (BRE) etc.). This interaction tether other initiation 

co-factors such as TFIIA, TFIIB, TFIIF and the core RNAPII complex itself. In the next phase, 
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the promoter DNA is un-winded by TFIIH (RNAPII open complex, OC) and Rpb1 and other 

cofactors are phosphorylated, so transcription transitions into the early elongation stage. 

 

 

 

 

 

 

 

 

 

Figure 1: The scheme of key phases of RNAPII transcription process: Initiation, Elongation, and Termination. 

Transcription begins with chromatin remodelling. Pioneer transcription factors bind to promoter elements, 

depleted this of nucleosomes, and initiate core RNAPII and general transcription factors’ binding (Pre-initiation 

complex, PIC). Next, the stabilised RNAPII and bound cofactors escape from promoter and enters into the 

productive elongation phase (elongation complex, EC) to transcribe the whole locus. Maturation and RNA 

splicing occurs mostly co-transcriptionally. Upon encountering the termination signal RNAPII complex slows 

down. Termination factors (TFs) attach to the RNAPII, cleave and eliberate the nascent RNA, while the RNAPII 

complex is subsequently disassembled and recycled. 

RNAPII is temporarily halted at the promoter-proximal pause region(s) (paused 

elongation complex, PEC)(3, 6-8). This is a quality control step which allows maturation of 

both RNAPII complex components (e.g. post-translational modification of CTD, co-factor 

loading, exchange of initiation cofactors to elongation cofactors, etc.) and nascent RNA (e.g. 

capping, loading of splicing machinery etc.) (9-11). The promoter escape of PEC results in 

either premature termination through the action of the Integrator complex (12) or productive 

elongation (elongation complex, EC). In plant systems, an Integrator-like complex may act to 

produce the so-called short promoter-proximal RNA transcripts (sppRNAs) (8)). As RNAPII 

transcribes along the gene, most nascent RNAs are co-transcriptionally processed and spliced 

by splicing complexes associated with RNAPII. (9, 10, 13). Finally, transcription is terminated 

by terminator co-factors, post-translational modifications (PTM) changes of RNAPII subunits, 
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and mRNA polyadenylation (14). Finally, the capped, spliced and polyadenylated mRNA 

bound by a plethora of RNA-binding protein factors is released from the locus and exported 

into the cytoplasm to take part in protein translation (15). 

 

 

 

 

 

 

 

 

 

Figure 2: The phases of transcriptional elongation and their associated factors. Following the initiation phase, 

the transcription transitions into early elongation. Elongation factors such as FACT and Chd1 help displace 

nucleosomes, loosening the histone-DNA interactions and enabling RNA polymerase to move through the 

chromatin: RNAPII naturally pauses promoter-proximally: this allows nascent RNA capping and quality control 

of the elongation complex through phosphorylation. If RNAPII elongation is validated, transcription will enters 

productive elongation after the phosphorylation of DSIF and CTD of RNAPII by P-TEFb 

Several recent studies show that the transcriptional elongation phase is one of the rate-

limiting steps of gene expression (Fig 2). Elongation is dampened by several conditions (16). 

(i) Before entering productive elongation, at the promoter-proximal pausing halts the RNAPII 

complexes. This transient stop ensures co-factors validation, including post-translational 

modification of core RNAPII and cofactors, exchange of initiation factors for elongation 

factors, and quality control of the nascent RNA including RNA capping. It was proposed that 

progression into productive elongation (e.g. promoter-proximal escape time) back-regulates 

the transcriptional initiation rates (17). (ii) Downstream, as the RNAPII moves through the 

gene body, the DNA template is wrapped around nucleosomes, which must be unwrapped for 

transcription. The chromatin structure slows the transcription and therefore is a rate-limiting 
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element. The histone chaperone complex, chromatin remodeller 1 (Chd1), , FACT (Facilitates 

Chromatin Transcription (), and some other factors help RNAPII to transcribe nucleosomal 

DNA efficiently and overcome this structural impediment (18); (iii) During elongation the 

nascent RNA is co-transcriptionally spliced. The splicing process also impacts elongation and 

vice versa: transcriptional speed regulates alternative splicing (9, 10); (iv) For smooth 

transcription, incorporation of the correct nucleotide is needed: the addition of the template-

matching nucleotide promotes forward translocation of EC through the so-called ratchet 

mechanism, whereas ribonucleotide misincorporations, insertions and deletions result in arrests 

of transcription (19, 20). 

A wide range of transcription elongation factors have been identified that help the 

progression of RNAPII complex through the gene body and overcome the various hurdles. The 

biological functions of plant elongation factors (including PAF1c, FACT, DSIF, SPT6, TFIIS, 

ELF1, etc.) are now being revealed (21-29). It is becoming apparent that plant TEFs are 

implicated in a wide range of developmental and stress responses. Polymerase-associated 

factor 1c (PAF1c) is needed for transition to flowering in A. thaliana (30); AtFACT complex 

subunit mutants show various developmental and reproductive phenotype changes (31), 

OsSPT4, OsSPT5-1, and OsSPT5-2 have roles in vegetative and reproductive growth of rice 

(29), AtPAF1c mutants elf7 and elf8 are salt sensitive (26); ssrp1 and spt16 (FACT mutants) 

are affected in flavonoid biosynthesis during high-light stress (32); FACT complex is needed 

for progression through first nucleosome under rapid transcriptional induction conditions like 

heat stress (33). AtTFIIS mutants have a reduced seed dormancy and are mildly early flowering 

plants (22). Notably, however, the mild developmental phenotype of tfIIs mutant plants 

suggested that RNAPII transcriptional arrests are rare in plant systems. Contrary to this 

assumption, later studies showed that TFIIS Dominant Negative mutant protein expression 

causes lethality (28, 34), proving that RNAPII arrests do occur and liberation of the 

transcriptional elongation complex is a vital element of the A. thaliana transcriptional 

elongation process.  

 

2.2. Transcriptional RNA quality control pathway 

To ensure the faithful transmission of genetic information from the genome to produce 

the myriads of cellular components (needed during development and environmental 

adaptation), transcriptome quality is continuously surveyed and corrected. RNA is carefully 
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monitored at multiple stages to ensure accuracy, including nuclear (co-transcriptional) and 

cytoplasmic (co-translational) RNA surveillance (35, 36). Errors can occur during 

transcription, which makes mistakes such as nucleotide substitutions, insertions, and deletions 

in coding mRNAs. These errors can result in the production of non-functional, dominant 

negative or malfunctional proteoforms, that consume valuable cellular energy and disrupt 

protein homeostasis (35, 37-40). The RNAPII complex possesses a co-transcriptional fidelity 

function: the subunits of RNAPII or specific regions (Rpb1 trigger loop and Rpb9 subunit) 

ensure high transcription accuracy by selecting the correct nucleotide in the pre-polymerization 

phase (40-42). If faulty nucleotides are still incorporated, the RNAPII arrests to rectify these 

mistakes. Upon arrests, rearrangements of the RNAPII active centre occur. Persistent arrests 

result in backtracking events, during which the 3’ end of the nascent RNA is displaced from 

the active catalytic core site of RNAPII (20, 43, 44).  

 

 

 

 

 

 

 

 

 

Figure 3: A schematic diagram shows how RNAPII recovers from an arrested state, through intrinsic (TFIIS-

independent) and TFIIS-dependent mechanisms, resolving transcriptional arrests and backtrackings. The 

intrinsic cleavage reaction involves the cleavage of RNA by RNAPII, but exhibits weak activity; therefore, it is a 

time-consuming process. In contrast, the TFIIS-dependent mechanism includes the binding of the TFIIS factor, 

which stimulates fast cleavage of backtracked RNA by RNAPII catalytic core, enabling a fast resolution of the 

arrested state. 
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To resume transcription, the 3’ protruding segment of the nascent RNA segment needs 

to be removed. The catalytic core of RNAPII possesses a weak nucleolytic activity that enables 

the excision of the wrong base(s). This fidelity control and correction mechanism is slow, 

therefore, it limits the pace of elongation and the overall transcriptional output. To accelerate 

the intrinsic nucleolytic activity of RNAPII, a cleavage stimulatory elongation co-factor, TFIIS 

has evolved. TFIIS binds to the arrested complex and accelerates the cleavage reaction, 

following which the RNAPII complex is released fast for further elongation (20, 43, 44) (Fig 

3). TFIIS is a highly conserved co-factor of the polymerase, present in all eukaryotes and there 

are also functional TFIIS homologs in bacteria and archaea (44-47). The TFIIS protein consists 

of three distinct domains: the N-terminal domain I (IIS-N), the middle domain II (IIS-M) and 

the C-terminal domain III (IIS-C) (Fig 4). The IIS-N (or TFIIS N-terminal Domain, TND) 

domain has a five-helical bundle with non-enzymatic functions and is responsible for nuclear 

localisation and protein interactions (48, 49); II-M together with a linker region allows binding 

to the core RNAPII complex; lastly, IIS-C domain forms a hairpin-like structure that is shaped 

by a zinc finger domain and holds an acidic dinucleotide (DE) at its tip. The IIS-C with its DE 

motif reaches inside the RNAPII core close to the catalytic site and stimulates the nucleolytic 

cleavage of RNA PII.  

 

 

 

 

Figure 4: Cartoon representation of the alpha fold model of Arabidopsis TFIIS by PyMol. The N-terminal 

domain I (IIS-N) is shown in green, the middle domain II (IIS-M) in magenta and the C-terminal domain III (IIS-

C) in cyan, with two invariant acidic hairpin residues in red.  

In Arabidopsis thaliana, the dominant-negative mutant form of TFIIS (TFIISmut) was 

created by exchanging acidic hairpin catalytic residues (DE) with alanine (AA); this abolished 

transcript cleavage, causing severe developmental defects in Col-0 (wild-type background) and 

lethality in the tfIIs-1 background. Mutations in other functional domains of TFIIS also cause 

defects, such as impaired interaction with RNAPII and loss of proper recruitment to 
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transcription complexes, further depicting that multiple regions of TFIIS are necessary for its 

role in transcriptional elongation and splicing regulation (22, 24,31, 81).   

The fidelity roles of TFIIS have been studied in yeast and metazoan, but not in plant systems, 

so far.  

2.3. Cytoplasmic nonsense-mediated RNA quality control (NMD) pathway 

In addition to the nuclear fidelity control, post-transcriptional mRNA quality control 

systems also operate to ensure a high-quality transcriptome and consequently, an accurate 

proteome. The most detrimental error types are the substitutions that result in STOP codons or 

1-2 nucleotide indels that cause open reading frameshifts in mRNAs. The frameshifts often 

lead to the appearance of premature termination codons (PTC). The PTC-mRNA transcripts 

would generate truncated proteins and generate/induce proteotoxicity.  

Nonsense-mediated decay (NMD) is a cytoplasmic translation-termination coupled, 

conserved eukaryotic mechanism, that recognizes and degrades PTC-containing aberrant 

mRNAs, thereby preventing the accumulation of deleterious proteins (50, 51). While NMD is 

dispensable for viability in yeast or C. elegans, NMD null mutation is lethal in higher 

eukaryotes, causing embryo-lethality in fruit-fly (52), zebrafish (53) and mouse (54). Mutations 

in human NMD genes are associated with intellectual disabilities and cancer (50, 54). In the 

dicot model species A. thaliana null mutations in key NMD factors cause seedling lethality, 

while the hypomorph mutants display a range of developmental abnormalities (55-57). NMD 

identifies PTC-containing mRNAs through the presence of NMD eliciting cis-elements as 

upstream open reading frames (uORF), or unusually long and/or intron-containing 3’UTRs (50, 

51, 58-61) (Fig 5). Mechanistically, NMD is activated because of non-effective translation 

termination caused by the NMD-eliciting features present in the mRNA. Whether the mRNA 

is  degraded or released for the next round of translation is decided by the competition between 

the poly(A)-binding protein 1 (PABP1) and a key NMD factor UP-FRAMESHIFT1 (UPF1) 

and/or UPF3 for binding to the translation termination complex consisting of eukaryotic release 

factor 1 (eRF1) and eRF3 (50, 51, 54) (Fig 5). Normal eukaryotic 3’UTRs are relatively short 

and do not contain introns, thus Poly-A Binding Protein (PABP1) can bind to the termination 

complex and stimulate termination. Long 3’UTRs, however, trigger NMD by physically 

distancing PABP1 from the translation termination complex (62). Introns located downstream 

to the STOP codon also trigger NMD (63). mRNAs decorated and targeted for degradation by  



 15 

NMD trans factors undergo de-capping, de-adenylation and general mRNA decay (50, 

51, 54, 62, 64). In plants, NMD efficiency is regulated by various autoregulatory circuits. For 

instance, NMD targets the UPF3 and SMG7 NMD factors, as well as the eRF1-1 termination 

factor transcripts (36, 65-67).  

 

 

 

 

 

 

 

Figure 5: Comparison between the canonical and NMD-eliciting translation termination pathways. (A) 

Matured mRNAs (capped, spliced and poly-adenylated) are exported to the cytoplasm for translation. The 

ribosome translates efficiently and reaches the natural STOP codon in the end of the final exon. Since there is no 

exon junction complex (EJCs) remaining downstream of the STOP codon within the 3’UTR, eRF1/3 can interact 

with poly(A)-binding protein (PABP1), therefore the mRNA is considered normal. As a result, translation 

proceeds to produce functional proteins, and NMD pathway remains in-activated. (B) The mRNA contains a PTC 

located upstream of EJCs. During translation, the ribosome stalls at the PTC, triggering the recruitment of UPF1, 

a central NMD factor. The EJC downstream of the PTC interacts with UPF2 and UPF3, forming an active 

surveillance complex. This recruits SMG proteins, and SURF (SMG1-UPF1-eRF) is formed; lastly, DECID (de-

capping or exonucleolytic cleavage) is activated, leading to mRNA degradation via de-capping or exonucleolytic 

cleavage. (C) The mRNA contains long 3’UTR regions, which trigger NMD due to the inability of direct 

interaction between the PABP1 and eRF1/3 factors. This disrupts normal translation termination, and 

subsequently SURF formation occurs to facilitate mRNA decay. 

NMD features may be present in the genome/transcripts or can originate de novo from 

genomic mutations, alternative splicing or transcriptional errors. Frameshifts caused by 

insertions and deletions or nonsense (STOP-codon generating) substitutions in the ORF, can 

lead to the formation of PTC. Thus 1-2 nucleotide transcription errors can cause the decay of 

an mRNA via NMD (40). By destabilisation of these aberrant transcripts, NMD prevents the 

generation of potentially detrimental truncated proteins (40). The role of NMD during abiotic 

stress conditions is understudied (50, 68). It was suggested that NMD regulate cytoplasmic 

protein response (69), light signalling (70) or salt stress response (60, 71).  
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Whether NMD has roles during heat stress adaptation has not yet been considered. 

2.4. Heat stress response pathways in plants 

Earth's population is constantly rising. To meet the growing demands, global crop 

production needs to double by 2050 (94). Climate warming has a negative impact on plant 

survival and productivity (100-105). In addition, exposure to extreme heat can damage 

photosynthetic apparatuses, interfere with reproductive processes, and compromise seed 

quality, often resulting in substantial reductions in agricultural output. These physiological 

changes can be regulated through molecular pathways which are evolutionarily conserved 

across plant species (73-78). The ever-increasing demands will require novel technologies. A 

major limitation is the incomplete knowledge of stress responses; enlarging this 

wisdom/erudition could help breeders to obtain resilient plant species and varieties. 

Excessive environmental heat causes severe damage to plant cells and organisms by 

impairing photosynthesis, reducing water content, damaging nucleic acids, proteins, and lipid 

membranes etc, thereby endangering survival and decreasing productivity. Plants cannot avoid 

exposure to these factors and must adapt morphologically and physiologically. Cells exposed 

to high temperatures (heat stress, HS) activate cellular changes, collectively referred to as heat 

shock responses (HSR) (72, 73). HSR is universally conserved. Plants possess specific yet 

overlapping branches of HSR to cope with various aspects of elevated temperature stress such 

as basal thermotolerance (BT), short and long acquired thermotolerance (SAT and LAT, 

respectively), and thermotolerance to persisting, moderately high temperatures (TMHT). The 

branches of the HSR relies on both unique and shared molecular factors, allowing plants to 

effectively manage heat stress and ensure survival under various thermal conditions (72, 73). 

A central element of HSR is the transcriptional regulation network. Upon high 

temperature exposure a wide range of sensors is activated, including those responding to 

membrane fluidity changes, protein denaturation, oxidative stress etc. The environmental 

signals are integrated at the level of the specific transcription factors, called heat stress factors 

(HSFs) that orchestrate the transcriptional response (72, 73) Plant HSF proteins share a well-

conserved modular structure. The N-terminal DNA binding domain (DBD) of HSF specifically 

binds to cis-elements called heat shock elements (HSEs) in the gene promoters and 

subsequently activates the transcription of these (71, 104). Plant HSFs are classified into three 

classes, the HsfA, B, and C (72-75). The HsfA1 transcription factor family  
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(HsfA1a, b, d, and e) serves as the "master regulator” of HSR in A. thaliana that initiates 

downstream transcriptional cascades. The chaperone titration model proposes that under 

normal conditions, HSFs are kept inactive through binding to heat stress proteins (HSPs). When 

the high-temperature exposure causes misfolding and denaturation of proteins, these are bound 

more efficiently by HSPs, releasing the HSFs. Subsequently, HSFs oligomerise, translocate to 

the nucleus and activate the transcriptional cascade that leads to the expression of target genes, 

including HSPs, secondary transcription factors, antioxidants etc. (71, 104-112). Various HSP 

classes work cooperatively during HSR and are essential to preserve cellular proteostasis (108-

116). In the early phase of HS, different classes of ATP-dependent chaperones (HSP70 and 

HSP90) are expressed and play a crucial role in the refolding of denatured/misfolded proteins. 

 

 

 

 

 

 

 

 

 

Figure 64: The schematic of heat stress response pathways in plants. After being exposed to heat stress, plants 

activate molecular mechanisms to mitigate damage. Heat signals trigger the expression and/or activation of HSF 

proteins; after being activated, HSFs move into the nucleus and bind to heat shock elements (HSEs) in the 

promoter regions of heat-responsive genes. This leads to the transcription of Heat Stress Proteins (HSP70, 90, 

101 and sHSPs), which function as molecular chaperones. HSPs help in refolding denatured proteins or direct for 

degradation the damaged proteins through proteosomes or autophagy pathway to maintain proteostasis. In the 

attenuation phase of HSR, the HSPs bind to HSFs to down-regulate their activity through a negative feedback 

control mechanism. 

 These chaperones use ATP to actively assist in the proper folding and stabilization of 

misfolded proteins. During prolonged HS (e.g. upon persisting heat stress conditions), small 

heat shock proteins (sHSPs, 16-42kDa) are produced. These are referred to as holdases or  
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aggregases because they bind to the unfolded proteins and keep them in a ready-to-

refold conformation and form reversible protein aggregates (71, 81, 117, 118). For the 

disassembly of denatured/misfolded protein aggregates the coordinated action of ATP-

independent sHSPs and ATP-dependent chaperones (HSP101 and HSP70) is needed. Insoluble 

aggregates are either dismantled, allowing the proteins to be refolded into their proper structure, 

or, if refolding is not possible, they are directed for decay via proteasomes or autophagy 

pathways (Fig 6) (76-78).                                                                                                                                   

2.5. Heat stress adaptation of monocot crop species 

Cereal crops are cultivated widely across the world, serving as fundamental staples for 

both animal and human nutrition. Over the past 4 decades, the average air temperature has been 

rising on average by 1°C and is projected to increase further by 3–5°C by the end of the century 

(72, 79, 80). If the ambient temperature exceeds by >10°C the optimum temperature, it is 

perceived as heat shock. Rising temperatures are depicted to cause over 60% yield losses in the 

major grain crops (79). In conclusion, understanding the molecular processes that regulate HSR 

pathways in crops is therefore essential to improving agricultural productivity and creating 

resilient plant varieties. 

The main five crops providing the overwhelming portion of the world’s food and feed 

are wheat (Triticum sp.), rice (Oryza sativa), maize (Zea mays), barley (Hordeum vulgare), and 

sorghum (Sorghum bicolor) (119). Besides its economic importance, barley now is emerging 

as a monocot crop model. Studying barley has several advantages: its genome is relatively 

small (amongst the other crops), has a diploid genome, it is easily manipulated in laboratory 

conditions, germinates and grows well, can be transformed to create mutant and transgenic 

lines, has a high genetic variety pool and its genome has been sequenced. Despite its 

importance, transcriptional machinery regulation in monocot crops remains understudied. The 

DRB Sensitivity-Inducing Factor  (DSIF) complex subunits, SPT4 and SPT5 have been  shown 

to be specifically needed for reproductive development and to influence phytohormone 

pathway regulation (29). In sorghum, Transcription Elongation Factor 1 (TEF1) was implicated 

in salt stress tolerance (120). In wheat, TaTEF-7A was shown to control both vegetative growth 

and reproductive development (121).  

The specific functions and regulation mechanisms of several transcription elongation factors 

during HSR in crop species therefore, remain to be explored. 
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3. OBJECTIVES 

In the present work, we aimed to study the functions of RNAPII, especially focusing 

on the transcriptional elongation cycle and the roles of TFIIS elongation cofactor during HSR 

in the model plant Arabidopsis thaliana and Hordeum vulgare monocot crop plant species.  

Specific sub-tasks of the work are:  

a) Understanding the regulation of transcriptional elongation during HSR. 

b) Validation of the molecular changes coordinated by TFIIS activity, based on RNAseq 

data showing transcriptional reprogramming from a developmental transcriptome to a 

heat-stress transcriptome.  

c) Understanding the genetic interaction between transcriptional and post-transcriptional 

RNA quality control pathways. 

d) Analyse the consequences of transcriptional errors in plants under ambient and high-

temperature conditions.  
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4. MATERIALS AND METHODS 

4.1. Plant materials 

Experiments were performed on Arabidopsis thaliana, Brassica napus, Hordeum 

vulgare and Chlamydomonas reinhardtii, as described below: A thaliana seeds were bleach 

sterilised for 15 minutes and then plated on Murashige and Skoog (Duchefa M0222, 

https://www.duchefa-biochemie.com) medium agar plates (0.5× Murashige and Skoog salts, 

1% agar, pH 5.7). Plants were routinely grown in a Sanyo MLR-350 growth cabinet under cool 

white light at 21°C long-day (LD) conditions (16 h light/8 h dark). Chlamydomonas reinhardtii 

(cc-4533) was grown on Murashige and Skoog medium agar plates. Brassica napus (RV31) 

and Hordeum vulgare (Golden Promise) were grown on soil. Mutant seeds of A. thaliana plants 

were ordered from NASC (https://arabidopsis.info): tfIIs-1 (SALK_056755) and tfIIs-2 

(SALK_027259) are two knock-out SALK T-DNA insertion mutants, upf1-5 (SALK_081178) 

is a hypomorphic mutant which contains a SALK T-DNA insertion within its 3’UTR region, 

upf3-1 is a strong NMD mutant containing a SALK T-DNA insert within its exon 5 

(SALK_025175, seeds were donated by K. Riha). Double mutants were generated by crossing 

these single mutants. For mutant complementation, the pTFIIS::GSy-TFIIS;tfIIs-1 constructs 

were generated by Csorba lab and described previously (81). All the plant materials (wild type 

(Col-0), tfIIs-1, upf1-5, upf3-1 and tfIIs-1;upf1-5) were grown at 21◦, except for tfIIs-1;upf3-1, 

which is sterile at this temperature, therefore grown at 25◦C (Verma, Szaker et al., submitted).  

 4.2. Genotyping 

For genotyping, genomic DNA was extracted from 30 mg fresh plant material using 

100 -l of Extraction buffer (E7526, Sigma-Aldrich) along with a stainless-steel bead (3 mm, 

Qiagen Sciences).  Homogenisation was done using a mixer mill (Bullet Blender Storm Pro, 

Next Advance) at speed grade 8 for 1 min; subsequently, the mixture was incubated at 95 °C 

for 12 min in a dry heat block and placed on ice for 1 min. Finally, 100 l of Dilution solution 

(D5688, Sigma-Aldrich) was added, and the supernatant was aliquoted after centrifugation 

(13000 rpm) for 10 mins. Genotyping PCR was done using DNA Taq polymerase (NEB, 

M0273S) based on the manufacturer’s instructions. Genotyping primer sequences are listed in 

the Supplementary Table 1. 
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4.3. Stress treatments 

We performed 4 types of heat treatments, namely basal thermotolerance (BT), short-

acquired thermotolerance (SAT), long-acquired thermotolerance (LAT) and thermotolerance 

to moderately high temperatures (TMHT). For BT, seedlings were grown on 0.5xMS, 1% agar 

plates; naive 7-day-old seedlings were exposed to 45°C HS in a water bath for 10–30 min. For 

SAT, seedlings were pre-grown for 6 days; following these seedlings were heat-treated by a 

sublethal temperature (37°C for 1 h, acclimation phase), then placed back at 21°C for 2 h for 

recovery; after the recovery period, the seedlings were challenged by lethal stress temperatures 

(45°C for 1–3 h, lethal HS). For LAT, 5-day-old seedlings were first acclimated at 37°C for 1h 

and then recovered for 2 days at 21°C. Lethal HS treatment was applied afterwards in a water 

bath (45°C, for 20–100 min). For TMHT 7-day-old seedlings were placed in a growing cabinet 

pre-heated to 37°C and kept for 1–5 days, at long-day conditions (16 h light/8 h dark). All 

treatments were started at midday (Zeitgeber time, ZT8). Plants were cooled back to 21°C 

following each treatment.  

4.3.1. Heat stress treatments: 

For RNA and/or protein sample collections, plant materials were taken immediately 

after each treatment (after 1 hour, 1h, 4h or one day, 1d, alongside non-treated controls, NT); 

for recovery samples, materials were collected 2 days of recovery at 21°C following 1 d of 

TMHT treatment For heat stress phenotyping, seedlings were kept and grown on plates for 1 

or 2 weeks back to at 21◦C, LD conditions, and then photographed.  

For analysing TFIIS expression in C reinhardtii green algae: agar plates containing the C 

reinhardtii culture were incubated in a water bath for 1 h at 37 °C.  

For analysing TFIIS expression in B napus and H vulgare plants: leaf discs (of 1 cm diameter) 

of 1-week-old soil-grown plants were placed into hydroponic culture (0.5× MS) and heat stress 

treated in a water bath for 1 h at 37 °C.  

 

4.3.2. Salt stress treatments:  

We prepared salt (0.5xMS) media agar plates containing NaCl concentrations ranging 

from 0 mM to 200 mM. Seeds were surface sterilised and placed on the agar surface, grown 

for 3 weeks and then photographed.    
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4.4. RNA extraction and qRT-PCR 

Total RNA was isolated from ∼30 mg seedlings in 700 l extraction buffer (0.1 M 

glycine–NaOH, pH 9.0, 100 mM NaCl, 10 mM EDTA, 2% SDS) using the phenol–chloroform 

(pH 4.3) method; the RNA was precipitated in ethanol and resuspended in sterile water. DNase 

treatment was performed on 5 g of total RNA (Ambion AM2222, www.thermofisher.com). 

One microgram of DNase-treated RNA and random primer was used for the first-strand cDNA 

reaction (NEB, E6300S, www.neb.com). qPCRs were done using the qPCR Master Mix (NEB, 

M3003S, www.neb.com), in a Light Cycler 96 real-time PCR machine (Roche). At least three 

independent biological replicas were analysed in each experiment. qRT-PCR primer sequences 

are listed in Supplementary Table 2. 

4.5. RNA transcriptome analysis  

The HS treatment, RNA extractions for RNA transcriptome and alternative splicing 

analysis from wild type (Col-0) and tfIIs-1 mutant at non-treated, one hour (1h) and 1 day were 

done as described above. Bioinformatic work was done by HM Szaker and published 

previously (81).  

4.6. Protein extraction and western blotting  

For protein isolation, we took ∼30mg of 7d old seedlings (non-treated, NT; heat-treated 

for 1h, 1d and recovery), homogenised in 100 l of extraction buffer (150 mM Tris–HCl, pH 

7.5, 6 M urea, 2% SDS and 5% -mercapto-ethanol), and the extracts were denatured at 95◦C 

for 5 mins. The cell debris was removed by centrifugation at 13000 rpm at 4◦C for 10 mins. 

The supernatants were resolved on 10% SDS-PAGE, transferred to Hybond PVDF membranes 

(GE Healthcare), and subjected to western blot analysis. Antibodies used for detection: anti-

sHSP-CI antibody (AS07 254, Agrisera), anti-HSP90-1 antibody (AS08 346, Agrisera), and 

anti-HSP101 (AS07 253, Agrisera); as secondary antibody, we used monoclonal HRP-

conjugated anti-rabbit (A6154, Sigma-Aldrich). The proteins were visualised by 

chemiluminescence (ECL kit; GE Healthcare), and quantified by Image Lab 5.1 (Bio-Rad). For 

quantifications, protein signals have been normalised to Rubisco large subunit (RbcL).  
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4.7. Protein aggregate purification and detection  

Protein aggregates were purified as described before (76). Briefly, 0.1 g fresh seedling 

material of non-treated and heat-treated (1d) in 2.4 ml of isolation buffer [25 mM HEPES, pH 

7.5, 200 mM NaCl, 0.5 mM, Na2EDTA, 0.1% (v/v), Triton X-100, 5 mM ε-amino-N-caproic 

acid, 1 mM benzamidine] by using a mortar and pestle and then a Cole-Parmer PTFE glass 

tissue for the grinder. The soluble and insoluble fractions were separated from 2 ml of total 

extract by centrifugation at 14000 rpm for 15 min at 4◦C. The soluble fraction was denatured 

by adding 0.5 volume of 2x SDS-PAGE buffer and heating for 5 min at 95 ̊C. The insoluble 

pellet was washed six times repeatedly by resuspension in the isolation buffer containing 0.1 g 

of quartz sand (Sigma-Aldrich) and vortex. Later, the insoluble pellet was resuspended in 400 

ml 2× SDS-PAGE sample buffer and clarified by centrifugation at 1500 rpm for 1 min 

(insoluble fraction). Samples were separated by SDS-PAGE and stained with the Coomassie 

Blue Staining method. The whole lanes of insoluble fractions have been quantified by Image 

Lab 5.1 (Bio-Rad), and ratios to Rubisco large subunit (RbcL) stain free signals were 

calculated. 

4.8. CirSeq library preparation and bioinformatic analysis 

For Circle-sequencing (CirSeq) sample preparation, we have used non-treated (NT) and 

heat-treated (1d) samples of wild type (Col-0), tfIIs-1 or upf1-5 single and double mutant 

plants. CirSeq libraries’ preparation and bioinformatic analysis were done as described 

previously (39) in five biological replicates. Amplicon libraries were performed by Novogene 

Ltd. Sequencing service. Bioinformatic analysis was done by HM Szaker ( Szaker, Verma et 

al., submitted). 
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5. RESULTS AND DISCUSSION 

5.1. TFIIS transcription elongation cofactor is needed for proper development and stress 

response 

5.1.1. TFIIS is an RNAPII cofactor specifically needed for heat adaptation 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: TFIIS is necessary for A. thaliana to adapt to heat stress during each phase of its cycle.  

(A) The survival rate of wild-type Col-0 and tfIIs-1 plants under different heat stress treatments: BT, SAT, LAT, 

and TMHT. (B) The phenotype of wild type (Col-0) and tfIIs-1 under ambient temperature at rosette and flowering 

stages. (C) Schematic representation of the non-treated (NT) and thermotolerance to moderately high temperature 

(TMHT) treatment. (D) The heat-sensitivity phenotype of tfIIs-1 mutants compared to wild type (Col-0); TMHT 

treatment for one day (TMHT/1d) or two days (TMHT/2d). 

 

To unravel molecular players specifically involved in HSR, we conducted a heat stress 

phenotyping screen; selected RNAPII core and associated cofactors mutant were exposed to 

BT, SAT, LAT or TMHT heat stress regimes (see Materials and Methods) and their stress 

tolerance was assessed (data not shown). Among others, we identified TFIIS mutant line tfIIs-

1 to be sensitive to SAT, LAT, and TMHT (Fig 6A). Under optimal conditions, the 

development of tfIIs-1 mutant plants at vegetative and reproductive stages is essentially 

unaltered compared to the wild type (Col-0) (seedling, rosette stage and flowering stages), with 

mild differences: tfIIs-1 plants flower slightly earlier and exhibit reduced seed dormancy (22). 

When exposed to sublethal stress (37 ˚C, TMHT), under which the wild-type plants (Col-0)  
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Figure 7: TFIIS is necessary for heat stress adaptation during the flowering stage in A. thaliana.  

(A) Col-0 and tfIIs-1 mutant plants were grown in soil under ambient and TMHT temperatures; TMHT treatment 

lasted for three days and was applied at flowering stage; (B) quantification of seeds harvested from wild type 

(Col-0) or mutant plants after TMHT/3d treatments vs non-treated (NT). Bars represent standard errors based on 

at least three biological replicates; P-values based on two-tailed Student’s t-test (**P < 0.01, ***P < 0.001). 

 

can survive for long (5-7 days), showing developmental phenotypes such as reduced size. In 

contrast, tfIIs-1 die after 2 days of exposure (Fig 6C-D). Additionally, TFIIS was needed to 

withstand moderately high temperatures (37 ˚C), also in soil-grown plants at the  

 

 

 

 

 

 

 

 

 

Figure 8: Phenotypic test of salt stress tolerance in wild-type Col-0 and tfIIs-1 mutant plants. (A) Col-0 and 

tfIIs-1 plants were grown on media containing different salt concentrations (100-200mM) and photographed after 

the 14th day of growth. (B) On the 14th day of salt treatment, the fresh weight of green seedlings from both Col-0 

and tfIIs-1 plants was measured. Bars represent standard errors based on at least three biological replicates; P-

values based on two-tailed Student’s t-test (**P < 0.01). 
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flowering stage (Fig 7A); the heat-treated tfIIs-1 produced significantly less amount of seeds 

(Fig 7B). These findings suggest that TFIIS is a vital component of HSR and is needed 

throughout the lifecycle of A. thaliana for survival and reproductive fitness. To analyse whether 

the impact of TFIIS mutation has a general impact on stress resilience, or its requirement is 

specific for HS, we compared the survival rate of tfIIs-1 with wild-type (Col-0) upon salt stress 

exposure. The salt sensitivity of wild-type and mutant plants was very similar, showing that 

TFIIS is not needed for salt stress adaptation (Fig 8A-B). 

Complementation assays were performed to confirm that the absence of the TFIIS 

protein caused the heat-sensitive phenotype of tfIIs-1; heat-sensitivity of tfIIs-1 was reversed 

by the pTFIIS::GSyTFIIS; tfIIs-1 transgene (own promoter driven GFP- and Streptavidin-

tagged TFIIS transgene in tfIIs-1 mutant background) in independent stable complementation 

lines (Fig 10A). In correlation with the mRNA dynamics, TFIIS protein was also accumulated 

in response to elevated temperature conditions (Fig 10B).  

 

 

 

 

 

 

Figure 10: TFIIS complementation assays and TFIIS protein dynamics in response to heat stress. (A) Heat-

sensitive phenotype comparison between wild type (Col-0), tfIIs-1 mutant and GSyTFIIS complemented lines in 

response to TMHT/1d and 2d (B) Protein expression at different time points following the heat stress NT, 1h, 4h, 

1d and rec in two independent complemented lines of GSyTFIIS protein.  

5.1.2. TFIIS transcriptional regulation in response to heat stress 

5.1.2.1. Cis and trans factors of TFIIS locus regulation 

To gain a deeper understanding of TFIIS regulation, we examined TFIIS mRNA 

changes during the heat-treatment experiment during a HS time course. In the wild type plants, 

TFIIS mRNA was significantly elevated during early HS (1h, 4h), then repressed or attenuated 

at 1d and in the recovery period (1d+rec) (Fig 9). In the tfIIs-1 mutant a tfIIs-tdna chimera 

transcript was produced, suggesting that the locus was transcriptionally active and retained HS-

inducibility. Notably, the heat-induced accumulation peak of tfIIs-tdna RNA was shifted to a 

later time point (4h-1d). The retarded HS induction of tfIIs-tdna transcript suggests that the 

TFIIS protein itself may be needed, either directly or indirectly, to transcribe the TFIIS locus 
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efficiently. The unspliced RNAs (for both TFIIS mRNA and tfIIs-tdna) had similar alterations 

suggesting regulation at the transcriptional level (Fig 9C). To further support this notion, we 

examined the TFIIS locus and identified at least three heat shock elements (HSE, Fig 9A).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. The regulation of TFIIS locus through cis and trans factors. (A) A schematic diagram of the TFIIS 

gene locus: exons as black boxes, UTR regions as grey boxes, T-DNA insertion site is indicated above, the 

positions of HSE cis-elements with the primers used for genotyping (P1, P3) or qRT-PCR (P1, P2, P4) are marked. 

(B) Expression changes of TFIIS at different time points (non-treated, NT, 1h, 4h, 1d, 1d+rec); values were 

normalized to NT, wild type (Col-0) plants. (C) Expression changes of unspliced mRNA of TFIIS at different time 

points; (D) Analysis of relative expression of TFIIS spliced transcripts in hsfa1a;b;d;e quadruple knockout (QK) 

mutant plants under NT and TMHT/1h. Bars represent standard errors based on at least three biological 

replicates; P-values based on two-tailed Student’s t-test (*P < 0.05, **P < 0.01, ***P < 0.001, non-significant, 

ns). 

 

In accordance with these, the accumulation of TFIIS mRNA was abolished in the 

quadruple mutant hsfA1a;b;d;e (quadruple knock-out, QK)(Fig 9D). These findings show that 

TFIIS accumulates during HS through transcriptional initiation by HsfA1 transcription factor 

family members and efficient transcriptional elongation through TFIIS protein positive 

autoregulation.  
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5.1.2.2. TFIIS heat induction is conserved in the plant kingdom 

TFIIS is a highly conserved transcription cofactor of RNAPII (82). To see whether its 

transcriptional regulation during HS is also conserved in the plant kingdom, first we studied      

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11: Transcriptional regulation of TFIIS during HS is conserved in the plant kingdom. (A) Schematic 

representation of the heat stress regime used; (B-F) schematic depiction of TFIIS homologous genes in C. 

reinhardtii, B. napus and H. vulgare along with expressional analysis of their RNA transcription, respectively; 

exons as black boxes, UTR regions as grey boxes, ATG as start codons; HSE cis-elements are shown below.  Bars 

represent standard errors based on at least three biological replicates; P-values based on two-tailed Student’s t-

test (*P < 0.05, **P < 0.01). 
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TFIIS homolog genes/proteins in the green algae Chlamydomonas reinhardtii, the A. 

thaliana close relative dicot crop Brassica napus and in the monocot Hordeum vulgare crop 

plants (Fig 11). In C. reinhardtii and H. vulgare we identified TFIIS homolog gene loci (named 

as CreTFIIS and HvTFIIS), while in the B. napus three homologous gene loci (named as 

BnaTFIISa, BnaTFIISb and BnaTFIISc). All these loci encode a theoretical protein having high 

similarity to AtTFIIS (CreTFIIS 37.8%, HvTFIIS 57.5%, BnaTFIISa 84.1%, BnaTFIISb 82.7% 

and BnaTFIISc 80.1%) (81). The four cysteine residues within their domain III zinc finger 

domain and the acidic DE dipeptide are also present (data not shown), suggesting these may 

indeed encode TFIIS elongation factors actively involved in transcription. When we examined 

the loci, we identified several HSE cis elements within these, suggesting that all TFIIS loci 

may be under the regulation of HSFs, and activated during high temperature exposure. 

Prompted by these observations, we measured TFIIS mRNA changes and detected significant 

accumulation of all mRNAs following exposure to heat stress (Fig 11B-F). Based on the 

observations above, multiple independent CRISPR mutants in barley (hvtfIIs-cr1, -cr2 and cr3) 

were generated in collaboration with my colleagues (122). By studying these, we have shown 

that TFIIS is needed for proper seed production, seed germination capacity and heat stress 

tolerance of barley. We have also shown that TFIIS roles in coordination of HSR molecular 

events are conserved, and also evidenced that HvTFIIS locus is autoregulated (122). In 

summary, our studies (Szádeczky-K, Szaker et al., 2022 and Ahmad et al., 2024) show that 

TFIIS roles during transcriptional regulation of HSR are conserved and are vital for both 

monocot and dicot species. 

5.1.3. TFIIS is needed for transcriptional reprogramming during HSR 

5.1.3.1. TFIIS affects qualitative and quantitative aspects of HS transcriptome 

To understand the downstream molecular actions of AtTFIIS during HSR, we 

performed RNA transcriptome sequencing analysis on A. thaliana samples at different time 

points of heat treatments (non-treated, NT; TMHT/1h; TMHT/1d and one day recovery, 

1d+rec) (RNAseq data not shown) (81). We have found that TFIIS is needed for qualitative and 

quantitative transcriptional reprogramming upon heat stress adaptation. As qualitative impacts 

of TFIIS on the transcriptome, we noticed 6 alternative splicing (AS) variants at NT, 86 AS 

variants after (TMHT/1h) and 1,760 AS events after (TMHT/1d) of heat stress treatment in 

tfIIs-1 compared to the wild type (Col-0). In addition to alternative transcriptional initiations 
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and alternative terminations as well (81); of these, we validated the accumulation of several 

mRNA AS isoforms through qRT-PCR (Fig 12A-B). 

 

 

 

 

 

 

 

 

Figure 12: TFIIS is needed for proper splicing under high temperature. (A-B) On the left, a genome browser 

image of transcriptome read tracks at selected loci with altered alternative splicing (AS) events (black and red 

triangles depict the two different AS events within genes/transcripts); gene names, primer’s locations, genotypes 

and temperature conditions are shown. On the right, qrtPCR validation of relative AS RNA isoform amounts as 

shown; colour codes denote the respective primer shown on left. Bars represent standard errors based on at least 

three biological replicates; P-values based on two-tailed Student’s t-test (**P < 0.01, ***P < 0.001). 

As quantitative effects of TFIIS at the transcriptome level (data not shown), we have 

observed that in tfIIs-1 plants, the expression of HSR-transcripts (including HSFs, HSPs, and 

other components) in the early heat response (TMHT/1h) lags compared to wild-type (Col-0), 

whereas during the late HS phase (TMHT/1d) their expression was inefficiently attenuated (Fig 

13) (81). The failure of the late HS attenuation of HS transcripts suggests a secondary 

compensatory effect for replenishing the HSPs. We validated the mRNA alterations of several 

HS transcripts (such as mRNA dynamics of selected HSFs and HSPs) in wild-type (Col-0) and 

tfIIs-1 mutant plants by qRT-PCR analysis during the HS time course (Fig 13A-D).  
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Figure 13: The absence of TFIIS alters the expression of heat stress response transcripts. (A-D) The 

expressional changes of different HSR transcripts in tfIIs-1 and wild type (Col-0) during heat stress time series 

(non-treated, NT; TMHT 1h, 4h, 1d and recovery, 1d+rec). Bars represent standard errors based on at least three 

biological replicates; P-values based on two-tailed Student’s t-test (*P < 0.05, **P < 0.01, ***P < 0.001). 

Based on these, we expected that qualitative and quantitative changes in the 

transcriptome would affect the HS proteome and compromise the HSR. To demonstrate this, 

we analysed HSPs’ protein accumulations during heat stress in wild-type (Col-0) and tfIIs-1 

plants. Protein accumulation correlated well with mRNA changes. The expression of selected 

ATP-dependent chaperon families at the early stage of HS was significantly less abundant in 

tfIIs-1 mutant plants compared to wild-type (Col-0) (observed at 1h-4h, Fig 14A-B). Whereas 

the ATP-independent holdase sHSPs were similarly expressed at the early stage of HS, they 

continue to accumulate massively in the late HS (TMHT/1d), suggesting an elevated level of 

proteotoxic stress in the tfIIs-1 mutant plants (Fig 14C). Based on these, we assumed that in 

the absence of TFIIS the transcriptional elongation process is slow, which leads to retarded 

expression (and consequently translation) of HSPs chaperones. 
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Figure 14: HSP protein accumulation is altered in the tfIIs-1 mutant under heat stress conditions. (A-C) 

Western blot analysis of HSP90-1, HSP101 and sHSP-CI proteins during the heat stress time series; western blots 

on left, quantifications are shown on right for each; stain-free images of RbcL are shown as loading controls. 

Bars represent standard errors based on at least three biological replicates; P-values based on two-tailed 

Student’s t-test (*P < 0.05, **P < 0.01). 

 

5.1.3.2. Absence of TFIIS leads to enhanced proteotoxicity during HSR 

If our assumptions are true then, we expect to observe increased proteotoxicity in tfIIs-

1 plants. Cellular proteotoxicity is characterized by the presence of abundantly ubiquitinated, 

sumoylated proteins and peaks in the accumulation of insoluble protein aggregates (76, 83-85).  



 33 

 

 

 

 

 

 

 

 

 

 

Figure 15: Comparison between insoluble proteins and soluble proteins in wild type (Col-0) and tfIIs-1.  (A) 

Silver staining gel images of wild type (Col-0) and tfIIs-1 under different time points. (B) Quantifications of the 

ratios of silver-stained insoluble to soluble protein amounts were calculated. Bars represent standard errors 

based on at least three biological replicates; P-values based on two-tailed Student’s t-test (*P < 0.05). 

To de facto demonstrate cellular proteotoxicity, we analysed the levels of ubiquitinated 

and sumoylated proteins during TMHT at different time points. We found a significant increase 

in total sumoylated and ubiquitinated proteins in tfIIs-1 plants, in correlation with HSP 

chaperon dynamics (data not shown, (81)). To further dissect proteotoxicity, we purified the 

insoluble and soluble protein aggregates and calculated insoluble/soluble protein ratios at NT, 

TMHT/1h and TMHT/1d, in wt and tfIIs-1. Notably, increased insoluble/soluble protein ratios 

were observed in tfIIs-1 plants already under non-treated conditions (34, 81). In the early and 

late HS phases, the insoluble protein amount was further increased tfIIs-1 line (Fig 15A-B). 

 Based on these findings, we proposed a model of TFIIS actions in plants (81), When 

TFIIS is present, RNAPII arrests are efficiently resolved under both normal and heat stress 

conditions. We postulate that elongation arrests could be less numerous under normal 

conditions, so the alternative rescue pathways may act efficiently to compensate for the absence 

of TFIIS. Under HS conditions, however, either (i) elongation arrests may be more frequent, 
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(ii) alternative pathways less effective or (iii) a combination of these; therefore, the absence of 

TFIIS becomes vital (Fig 16).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16: Absence of TFIIS protein results in inefficient transcriptional reprogramming and proteotoxicity 

under elevated temperature conditions. Under HS, the likelihood of backtracking or pauses in RNAPII may be 

increased. Inefficient arrest resolutions in the absence of TFIIS cause qualitative and quantitative alterations of 

transcriptome, indirectly resulting in proteotoxic stress that finally contribute to plant lethality (see text for 

details). 

5.2. Mechanistic actions of TFIIS roles during development and HSR 

5.2.1. Elevated temperature promotes accumulation of transcription fidelity errors 

TFIIS has been described as a fidelity factor in yeast and metazoan (35, 86, 87), but its 

roles as a fidelity factor in plants were not studied. So, we aimed to decipher the transcription 

error-clearing roles of TFIIS under ambient and HS conditions in A. thaliana. The errors within 

the mRNA transcripts in the absence of TFIIS may be underestimated due to the masking effect 

of downstream RNA quality control pathways. Erroneous RNAs often contain small insertion 
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or deletion mutations (1-2 nucleotides), which can cause shifts in the open reading frame. These 

frameshifts likely introduce premature termination codons (PTCs), leading to translation of 

truncated proteins (Szaker, Verma et al., submitted). The NMD pathway targets erroneous 

PTC-mRNAs efficiently for degradation. To stabilize the PTC-mRNAs produced in absence 

of TFIIS quality control, we combined tfIIs-1 mutant with the cytoplasmic quality control 

NMD upf1-5 and upf3-1 mutant lines.  

5.2.2. Interaction between nuclear and cytoplasmic mRNA fidelity pathways 

5.2.2.1. NMD is needed for HSR 

If NMD is supposed to play a role in the fidelity control during HS, firstly, it must be 

active under HS. In plants, biotic and abiotic stresses can modify NMD activity (68, 70, 88), 

but the roles of NMD in heat stress adaptation have not yet been analysed in any organism.  

 

 

 

 

 

 

Figure 17: NMD pathway is needed for efficient HSR. (A-B) The heat-sensitivity phenotype of upf1-5 and upf3-

1 mutants compared to wild type (Col-0) plants; genotypes and temperature regimes are shown.  

Therefore, we tested the HS-sensitivity of upf1-5 and upf3-1 lines compared to wild-

type (Col-0). NMD mutants upf1-5 and upf3-1 were heat-sensitive when exposed to TMHT 

(Fig 17), suggesting that NMD play roles in temperature adaptation. 

5.2.2.2. TFIIS and NMD factors interact genetically 

To investigate the roles of NMD and its interaction with the TFIIS pathway, we crossed 

the single upf mutants to generate the tfIIs-1;upf1-5 and tfIIs-1;upf3-1 lines for further study. 

We examined their developmental phenotypes: the single mutant of tfIIs-1 develops normally, 
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the upf1-5 and upf3-1 exhibit milder phenotypes such as curly leaves; in addition to these, the 

upf3-1 shows slightly retarded growth compared to the wild-type (Col-0) (Fig 18). Notably, 

the double mutants exhibit significant developmental alterations: tfIIs-1;upf1-5 show elongated 

curly leaves with serrated margins, besides flowering and seeding normally compared to the 

single mutants. In contrast, tfIIs-1;upf3-1 displays strongly retarded growth with a similar leaf 

shape to tfIIs-1;upf1-5 (Fig 18). The tfIIs-1;upf3-1 plants exhibit a significantly delayed 

transition to flowering, ultimately leading to complete sterility (Szaker, Verma et al., 

submitted). 

 

 

 

 

 

 

 

Figure 18: Genetic interaction between TFIIS and NMD factors. Developmental phenotype of tfIIs-1, upf1-5, 

upf3-1, tfIIs-1;upf1-5 and tfIIs-1;upf3-1 mutants compared with wild type (Col-0) under ambient growth 

conditions (see main text for description). 

The retarded growth of tfIIs-1;upf3-1 reminded us of immunity mutants (56, 66). To 

see if the autoimmunity pathway is upregulated in these plants, we measured the mRNA level 

of PATHOGENESIS RELATED 1 (PR1), a marker gene for immunity (56, 66). PR1 levels were 

several-fold increased in the tfIIs-1;upf3-1 mutant plants compared to wild type (Col-0) and 

single mutants, ultimately supporting the hypothesis (Szaker, Verma et al., submitted). To 

further substantiate this, we have grown plants at elevated temperatures, as autoimmunity is 

suppressed at high temperatures (120). The stunted phenotype of tfIIs-1;upf3-1 was reverted. 

However, the leaf shape phenotype persisted, and the plants were able to produce seeds, 

although in a very low quantity (Szaker, Verma et al., submitted). These observations suggest 

that in tfIIs-1;upf3-1 plants have at least two independent pathways that are compromised: (i) 
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the immunity pathway that caused the stunted growth in an NMD-independent manner, (ii) the 

developmental pathway that causes leaf deformations NMD-dependently. 

 

 

 

 

 

 

 

 

 

 

 

Figure 19: The NMD pathway remains active under heat stress conditions. (A-B) Expression changes of eRF1-

1 and SMG7 in wild type (Col-0), tfIIs-1, upf1-5, upf3-1, tfIIs-1;upf1-5 and tfIIs-1;upf3-1 mutants at different time 

points (Non-Treated (NT), TMHT/1h, TMHT/1d and recovery (1d+rec). Bars represent standard errors based on 

at least three biological replicates; P-values based on two-tailed Student’s t-test (*P < 0.05, **P < 0.01, ***P < 

0.001, non-significant (ns)). 

Next, we analysed the NMD activity at the molecular level under HS conditions in our 

mutant set, by measuring the transcript levels of SMG7 and eRF1-1 autoregulatory components 

of the NMD pathway (67). All transcripts were expressed at significantly higher levels in the 

NMD mutant background plants upf1-5, tfIIs-1;upf1-5, upf3-1 and tfIIs-1;upf3-1. Importantly, 

these transcripts remained at low levels in wild-type (Col-0) and tfIIs-1 compared to the NMD 

mutant background plants throughout all TMHT time points (Fig 19). This indicates that NMD 

maintains its activity at both ambient and high temperature (37˚C) regimes.  
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To assess the biological relevance of TFIIS and NMD pathway interactions, we 

subjected double mutants to the TMHT regime. The double mutants tfIIs-1;upf1-5 and tfIIs-

1;upf3-1 plants were more sensitive to TMHT than the corresponding single mutants upf1-5 

and upf3-1, and the already sensitive tfIIs-1 genotype (Fig 20A-B). These data show that the 

two pathways interact to support efficient HS survival. 

 

 

 

 

 

 

Figure 20: Genetic interaction between TFIIS and NMD is needed for HSR. Heat sensitive phenotype of tfIIs-

1, upf1-5, upf3-1, tfIIs-1;upf1-5 and tfIIs-1;upf3-1 mutants compared to wild type (Col-0) under TMHT; genotypes 

and temperature conditions are shown. 

5.2.2.3. The impact of combined TFIIS and NMD absence on proteostasis 

The faulty transcripts, containing substitutions or indels, may lead to a marked 

alteration in the proteome (Szaker, Verma et al., submitted). Therefore, we aimed to analyse 

the impact of TFIIS and NMD mutants along with their combinations on cellular proteotoxicity. 

It has been proposed that the level of ATP-independent sHSP holdases serves as a readout of 

proteotoxicity and their protective effect is dose-dependent (76, 81, 83). First, we measured the 

accumulation of sHSP class I mRNAs (sHSP18.2). The sHSP transcripts accumulated at 

significantly lower levels during early heat stress but were strongly increased after TMHT/1d 

treatment in tfIIs-1 backgrounds (Fig 21A). The increase of sHSP mRNA levels occurred at a 

lower extent when tfIIs-1 was combined with either upf1-5 or upf3-1 mutations under HS (Fig 

21A), in contrast to expectations . We also analysed changes in sHSP protein accumulation and 

found that during the late HS response, significantly higher levels of sHSP-CI proteins 

accumulated in tfIIs-1, upf1-5, tfIIs-1;upf1-5 and tfIIs-1;upf3-1 mutant plants compared to wild 

type (Col-0)(Fig 21B). The accumulation of sHSP-CI was additive in tfIIs-1;upf1-5 and       
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tfIIs-1;upf3-1 relative to the single mutant plants upf1-5 or upf3-1. sHSP-CI levels persisted 

during the recovery period in tfIIs-1, tfIIs-1;upf1-5 and tfIIs-1;upf3-1 plants, but reached wild 

type (Col-0) level in the upf1-5 and upf3-1 plants (Fig 21B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 21: ATP-independent sHSP holdase mRNA and protein level changes in absence of TFIIS and NMD. 

(A) Expressional studies of sHSF18.2 transcripts in tfIIs-1, upf1-5, upf3-1, tfIIs-1;upf1-5 and tfIIs-1;upf3-1 and 

wild type (Col-0). (B) sHSP-CI protein accumulation in tfIIs-1, upf1-5, tfIIs-1;upf1-5, upf3-1 and tfIIs-1;upf3-1 

mutants compared to wild type (Col-0). Bars represent standard errors based on at least three biological 

replicates; P-values based on two-tailed Student’s t-test (*P < 0.05, **P < 0.01, ***P < 0.001, non-significant 

(ns)). 

The elevated level of sHSP holdases in tfIIs-1 and NMD mutants upf1-5 or upf3-1, and the 

additive increase in the double mutants suggest that both TFIIS and NMD are required to 

protect the cells from proteotoxic stress during HS. These data also imply that TFIIS and NMD 

may protect the cells from proteotoxic stress during HS through different mechanisms.  

To de facto quantify the cellular proteotoxicity in our mutants during HS, we separated the 

insoluble protein aggregates from the soluble protein faction and calculated the insoluble/ 

soluble ratios under non-treated and heat-treated conditions. The tfIIs-1;upf plants, and 



 40 

especially the tfIIs-1;upf3-1, had significantly higher amounts of insoluble aggregates 

compared to the corresponding single mutants and wild type (Col-0) and tfIIs-1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 22: Comparison between insoluble proteins and soluble proteins in wild type (Col-0), tfIIs-1, upf1-5, 

upf3-1, tfIIs-1;upf1-5 and tfIIs-1;upf3-1  (A) Coomassie blue staining gel images of single mutants along with 

double mutants under different time points  (non-treated, NT, 1h, 4h, 1d, 1d+rec));(Rubisco large subunit, RbcL 

as control, HSP101, sHSP-CI are shown below  (B) Quantifications of the ratios of Coomassie blue staining 

insoluble to soluble protein amounts. Bars represent standard errors based on at least three biological replicates; 

P-values based on two-tailed Student’s t-test (*P < 0.05, **P < 0.01, ***P < 0.001, non-significant (ns)). 

 

The enhanced proteotoxicity within the double mutant genotypes is in correlation with 

the sHSP changes; the distribution pattern of the HSP101 protein closely resembles that of 

sHSP-CI. These observations provide further evidence of imbalanced proteostasis in the 

absence of TFIIS and NMD factors, and upon their combined absence. (Fig 22A-B). Lastly, 

error-containing mRNAs may contribute to the production of faulty proteins, thereby 

exacerbating proteotoxicity. We postulate that erroneous transcription in the tfIIs-1 mutant and 

combined with the hypo- or non-functional upf1-5 or upf3-1, respectively, underpins the 

increased proteotoxic stress observed in these plants during high-temperature stress.  
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5.2.3. TFIIS is a fidelity factor 

Besides the retarded and qualitatively altered expression of HS-transcripts, faulty 

transcription may be another reason for imbalanced cellular proteostasis. As TFIIS was 

previously described as a transcriptional fidelity factor, we aimed to analyse transcriptional 

fidelity in its absence and in plants exposed to high temperature stress. 

5.2.3.1. TFIIS is needed under imbalanced nucleotide concentrations 

First, to demonstrate that accurate transcription is crucial for the HSR process, we 

created an environment that increased the likelihood of transcription errors. For this, we treated 

A. thaliana wild-type (Col-0) and tfIIs-1 mutant seedlings with Mycophenolic Acid (MPA) or 

solvent control (CTL). MPA is a pharmaceutical that inhibits IMP-dehydrogenase, a vital 

enzyme in the guanosine nucleotide (GTP) synthesis pathway. When GTP levels are reduced, 

the transcription error rate rises, resulting in the generation of faulty transcripts in the yeast 

system (123-124). 

 

 

 

 

 

 

 

Figure 23: TFIIS is essential for viability under imbalanced nucleotide conditions. (A) Schematic representation 

of the MPA treatment; (B) MPA-sensitivity phenotype of wild type (Col-0) and tfIIs-1 mutant plants, photographed 

after 2 weeks; genotypes and treatment conditions are shown.  

 

Upon MPA treatment, the tfIIs-1 mutants showed increased sensitivity, exhibiting 

slower growth, distorted leaves, and accumulation of anthocyanins; several tfIIs-1 plants died, 

while wt plants although have shown strong phenotypic alterations were able to survive (Fig 

23A-B). These findings suggest that error correction by the anti-arrest elongation factor TFIIS 

is crucial. We attempted to combine MPA treatment with heat stress, but the results were 

inconclusive; therefore, understanding the effects of MPA during HS conditions needs further 

investigation. 
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5.2.3.2. Circular Sequencing Methodology 

To analyse the impact of transcriptional fidelity at the nucleotide level as a potential 

underlying cause of HS- and nucleotide imbalance sensitivity in tfIIs-1 and upf single or double 

mutants, we performed Circle-sequencing transcriptome analysis (CirSeq) (39). Notably, 

CirSeq can distinguish between technical artifacts and bona fide biological mRNA errors, 

which cannot be achieved using conventional RNA-seq analysis (see below, and Fig 24.).  

 

 

 

 

 

 

 

 

Figure 24: Circular Sequencing Methodology: Total RNA was extracted from Arabidopsis plants. (A) workflow 

of conventional RNA sequencing; (B) workflow of CirSeq: the poly-A RNA is purified, fragmented, and 

circularised, resulting in concatemers through cDNA synthesis. Library construction and high-throughput 

sequencing, combined with bioinformatic analysis, enables differentiation of errors originating from reverse 

transcription (RT), library preparation, PCR amplification, or sequencing errors that cannot be filtered out in 

conventional RNA sequencing (A). 

For CirSeq, total RNA was extracted from A. thaliana plants, then polyadenylated RNA 

was purified to enrich for RNAPII products. The mRNA was then enzymatically fragmented 

and circularized. Using a rolling cycle reaction with strand-displacing reverse transcriptase, the 

circular RNAs were reverse transcribed into a long, single-stranded concatenated cDNA 

molecule. This single-stranded cDNA was converted to double-stranded cDNA, fragments 

end-repaired, dA-tailed, and later, adapter-ligated for library construction and deep sequencing. 

If transcription errors are consistently detected at the same position in every copy, they were 
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likely already present in the mRNA. In contrast, technical errors (arising from reverse 

transcription, PCR amplification, and sequencing) are distributed randomly across the 

sequence. Biological errors were distinguished from technical errors through a bioinformatic 

sorting process (done by Szaker HM, Fig. 24). 

5.2.3.3. The error landscape of Arabidopsis thaliana 

We performed CirSeq on Col-0, tfIIs-1, upf1-5 and tfIIs-1;upf1-5, but we were unable 

to include tfIIs-1;upf3-1 lines in the analysis, because these plants are sterile at 21˚C. Analysis 

was done on non-treated (NT) and TMHT/1d samples. The TMHT/1d condition was chosen to 

assess the effects of heat on transcription fidelity because (i) at this time point, the phenotype 

of HS-sensitive tfIIs-1 is almost negligible, therefore does not result in secondary effects, and 

(ii) there is sufficient time for the production and stabilization of erroneous transcripts.  

Using CirSeq, we detected a total of 29,730 transcription errors. These errors originated 

almost exclusively from RNAPII poly-adenylated transcripts in both wild type (Col-0) and 

mutant samples, with 97.5% reads in our libraries consisting of RNAPII transcripts. The total 

error rate of RNAPII transcription in wild-type (Col-0) under NT was 1.6 x 10-5 (± 3.3 x 10-6), 

while the error rate of HS-treated wild-type (Col-0) plants was 1.7 x 10-5 (± 3.4 x 10-6), not 

significantly different from the error rate measured at ambient temperature (21˚C) (Fig 25A).  

Notably, the error rate increased 2-fold (to 3.6 x 10-5, ± 4.1 x 10-6) in the absence of TFIIS 

under NT, and further elevated by 3.4-fold (to 5.8 x 10-5, ± 3.4 x 10-6) during high-temperature 

conditions (TMHT/1d) (Fig 25A). These observations show that heat stress compromises 

transcriptional fidelity and establishes TFIIS as a fidelity factor for transcription under both 

ambient and HS conditions. The total transcription error rate in the upf1-5 mutant was very 

similar to the wild type (Col-0) (1.7 x 10-5, ± 2.3 x 10-6 under NT, and 1.8 x 10-5, ± 3.4 x 10-6 

under HS). In contrast, the error rate in the tfIIs-1;upf1-5 double mutant was similar to the tfIIs-

1 single mutant (3.5 x 10-5, ± 3.8 x 10-6 under NT, and 5.7 x 10-5, ± 3.9 x 10-6 under HS). These 

findings suggest that NMD may have a specialized role in fidelity control (Fig 25A). It must 

be noted that the upf1-5 is a hypomorph NMD mutant, so its impact is likely underestimated in 

this analysis. 

To unpick the spectrum of errors, we categorised them into groups, such as nucleotide 

substitutions, insertions, and deletions, and we calculated their rate changes (39,40). Consistent 

with previous findings (39), substitutions were the most prevalent error type (89.2 - 92.5% of  
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 the total errors). The substitution rate was significantly increased in the tfIIs-1 and tfIIs-1;upf1-

5 mutants and further elevated by heat. In contrast, it remained unchanged in the upf1-5 plants, 

indicating that TFIIS serves as the primary fidelity factor controlling substitutions (Fig 25B). 

The rate of insertion was also increased in tfIIs-1 background and further enhanced during 

TMHT/1d condition, and it had a mild increasing trend in upf1-5. The effect of tfIIs-1 and upf1-

5 absence on insertion rate was additive, as observed in the tfIIs-1;upf1-5 double mutant (1.4- 

and 1.2-fold increase compared to the tfIIs-1, p=0.069 and p=0.143 under NT and TMHT/1d 

respectively) (Fig 25C) (Szaker, Verma et al., submitted).  

 

 

 

 

 

 

 

 

Figure 25: Transcriptional fidelity decreases at high temperatures and in the absence of TFIIS. CirSeq assay 

analysis of transcriptional errors was performed on wild type (Col-0), tfIIs-1, upf1-5 and tfIIs-1;upf1-5, plants 

grown at non-treated (NT) and heat-stress conditions (TMHT/1d). (A) Total error’ rates, (B) substitutions’ rates, 

(C) insertions’ rates (D) deletions, rates. Bars represent standard errors based on at least four biological 

replicates; P-values based on two-tailed Student’s t-test *P < 0.05, **P < 0.01, ***P < 0.001 are shown for 

mutant vs wild-type, ⋕P < 0.05, ⋕⋕P < 0.01, ⋕⋕⋕P < 0.001 for TMHT/1d vs NT comparisons. 

These data suggest that the two factors (TFIIS and UPF1) may interact to efficiently 

prevent the accumulation of insertion-containing RNA species. In contrast, the deletions’ rate 

remained unaltered (Fig 25D). These observations indicate that TFIIS prevents the production 

of all types of transcriptional errors, while NMD may be needed to decay the insertion 

containing transcripts.  
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To gain a deeper understanding of RNAPII activity and transcriptional errors, we 

categorized the substitutions based on their exchange types (Fig 26). Three predominant types 

of nucleotide exchanges were found: cytosine-to-uracil (C→U), guanine-to-adenine (G→A) 

and guanine-to-uracil (G→U). The C→U and G→U shifts were rather independent of genotype 

and temperature, while the G→A were influenced by both genotype and temperature 

conditions. There were some low-rate mismatches, including the C→A, U→A  and U→C 

changes that were also genotype- and temperature-dependent (Fig 26). These observations 

suggest that TFIIS efficiently contributes to the eviction of specific transcriptional mistakes, 

while it is less competent in eradication others.  

 

 

 

 

 

 

 

 

 

Figure 26: Single substitution type rates analysed by CirSeq assay; substitution types, genotypes and 

temperature conditions are shown.  

5.3. A working model: Transcriptional fidelity regulation  

Based on our findings, we propose a working model to explore the accuracy of 

transcription. In wt plants under ambient temperature, RNAPII may occasionally introduce 

errors; however, these are efficiently corrected by RNAPII intrinsic cleavage boosted by TFIIS 

activity. High temperatures do not alter transcriptional error rates under these conditions, 

suggesting either the same error rate or an efficient transcriptional fidelity mechanism.  

In the absence of TFIIS (tfIIs-1), however, errors are accumulating under NT conditions, 

showing that TFIIS acts as a fidelity factor. Under elevated conditions, error rates are further 

increased, showing that high temperatures cause a decrease in RNAPII fidelity. Some of the 

errors (mainly those consisting of small insertion or deletion mutations of 1–2 nucleotides) are 

detected and eliminated by NMD; in this respect, NMD emerges as a secondary layer of fidelity 

safeguard. In the absence of TFIIS or NMD, the erroneous RNA transcripts (infidel RNA) that    
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enter the cytoplasm will take part in translation and the aberrant/truncated proteins potentially 

disrupt cellular processes through proteotoxicity (Fig 27).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 27: Transcriptional and post-transcriptional pathways interact to ensure transcript fidelity and prevent 

proteotoxicity, a working model. During heat stress, the absence of TFIIS leads to the production of faulty/infidel 

RNAs causing truncated/ aberrant proteins that escape nuclear surveillance. The NMD pathway screens and 

eliminates the PTC-containing transcripts to prevent proteotoxic stress (see text for details).   
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6. CONCLUSIONS AND RECOMMENDATIONS 

In summary, through a heat-stress phenotyping screen, we identified TFIIS as a 

transcription factor involved in the heat stress response (HSR). We have unravelled that TFIIS 

despite being negligible under optimal conditions, its presence is vital for efficient HS 

adaptation in Arabidopsis thaliana plants. We also demonstrated that TFIIS is positively 

regulated by HSFs and is self-regulated. TFIIS protein accumulation during HS is conserved 

across evolutionarily distant species, including the unicellular alga Chlamydomonas 

reinhardtii, dicot Brassica napus and monocot Hordeum vulgare plants (81).  

By creating CRISPR mutants in barley, we have shown that TFIIS functionality is necessary 

for HS survival in barley as well (117). Additionally, we investigated the downstream molecular 

changes regulated through TFIIS activity. TFIIS facilitates efficient transcriptional 

reprogramming from a developmental program to HS program, during which the timely 

expression, properly spliced and matured heat-stress transcript production is ensured, which is 

all needed to enable HS survival.  

Finally, to uncover the mechanistic basis of TFIIS transcriptional regulation, we 

examined its role in transcriptional fidelity in conjunction with the cytoplasmic NMD RNA 

quality control pathway. We have proved that TFIIS acts as a nuclear fidelity factor; besides 

we demonstrated that NMD acts as a second layer to eliminate indel-containing transcripts and 

has a role under HS. Consequently, TFIIS in combination with NMD preserves transcriptome 

quality and prevents proteotoxic stress (Szaker, Verma et al., submitted). 

As a future direction for this research, we aim to identify and study alternative pathways that 

may resolve the arrested RNAPII complex in the absence of TFIIS. 
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7. NEW SCIENTIFIC RESULTS 

 

i. We identified TFIIS, an RNAPII elongation cofactor, to be needed for heat stress 

adaptation. 

ii. We suggest that TFIIS regulation and functions are likely widely conserved in 

the plant kingdom, based on sequence conservation and expression analysis 

experiment in C. reinhardtii, B. napus, A. thaliana, H. vulgare plants. 

iii. Based on RNA transcriptome analysis, we validated the qualitative and 

quantitative differences in the absence of TFIIS and uncovered the 

consequences of these alterations at the proteome level. 

iv. We have shown that the NMD pathway is required for heat stress adaptation. 

v. We demonstrated the interaction between nuclear co-transcriptional and 

cytoplasmic post-transcriptional RNA fidelity pathways. 

vi. We have provided evidence that TFIIS is a fidelity factor under both ambient 

and high temperature conditions; besides, we have described the error landscape 

and temperature-dependence in A. thaliana for the first time. 
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9. APPENDICES  

A1: LIST OF TABLES 

 

Supplementary Table 1. 

 

 

 

 

 

 

 

Supplementary Table 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Continue…. 

TFIIS-qF ACA TAC GAT ACC CTC GTT GCG ACT

TFIIS-qR TTT ACA ACC GTT AGT GCC TTC GGT

PP2AA3_qF CCT GCG GTA ATA ACT GCA TCT

PP2AA3_qR CTT CAC TTA GCT CCA CCA AGC A

HsfA2-qF TCG TCA GCT CAA TAC TTA TGG ATT C

HsfA2-qR CAC ATG ACA TCC CAG ATC CTT GC

HSP90-1_qF ATG GCG GAT GTT CAG ATG GCT

HSP90-1_qR GGA TCT TGT CAA GAG CAT CAG AAG

uHSP90_qF ATG GCG GAT GTT CAG ATG GCT

uHSP90_qR CGA GCA GAG AGA GAT TTG AAG GG

HSP101_qF CGC TAT AAT CTG CTT GAT TCT CTG C

HSP101_qR GCT TTT GTA ATC CCT TAA AAC GAT AT

uHSP101_qF CGC TAT AAT CTG CTT GAT TCT CTG C

uHSP101_qR ACA AGA TTG TCG CGA TCA TTT ACC T

sHSP18.2_qF ACA AAC GCA AGA GTG GAT TGG A

sHSP18.2_qR GCT CCT CTC TCC GCT AAT CTG C

uTFIIS_qF ACA TAC GAT ACC CTC GTT GCG ACT

uTFIIS_qR ACA ACA CAA GTC AAT GCA ACG AGA

UPF1-5_qF GAT CCA CGG AGG CTT AAT GT

UPF1-5_qR CTC GAC CAA GCA CTC ATG TT

UPF3-1_qF GATCAACCACTATCTTCAGCAGGAAA

UPF3-1_qR GTGGAATGGCTCATATATTTAGCCATA

eRF1-1_qF GAC AGT GAC TTG GCT TTG GA

eRF1-1_qR CTT CTC CAT CCT CGG AAT CA

SMG7_qF TGC CCG TGA CAA CTT GAT TGT TG

SMG7_qR GCT ACC AAG GTC GCA TCT TTC AAT G

qRT-PCR

TFIIS_SALK_056755 for: ACC AAT TTG GAC ATT ATC CTC TGG A

TFIIS_SALK_056755 rev: AGC TGC TTT AGC TGG AGC TTT CAT

UPF1-5_SALK_112922_F ACC CAA AAC ATC CTT ACA ATG GCT

UPF1-5_SALK_112922_R TGG ACA AGC CCA TAA GCC AAT GAT

UPF3-1 SALK_025175_LP AGG TGA TTG CAC AAC CTG TTG AGA

UPF3-1 SALK_025175_RP ACG ATA ATC TGG CTT AGA GCT GCT

Genotyping
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Supplementary Table 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CreTFIIS_qF GCG GGA AAG CGG CTT AAT AA

CreTFIIS_qR TTT TGA CGC ACT GCT TCC AT

CreRACK1_qF CTT CTC GCC CAT GAC CAC 

CreRACK1_qR CCC ACC AGG TTG TTC TTC AG 

HvTFIIS_qF: TCG CCA CGC AGG TTG GCA AAC G

HvTFIIS_qR: TTC AAT AAC AAC CTT CTT CCA G

HvACTIN_qF AAT GGA ACC GGA ATG GTC AAG

HvACTIN_qR CTC GTA GCT CTT CTC AAC TGA GGA G 

BnaTFIISa_qF: GCA CAG GTC AGG AGG TTT CT

BnaTFIISa_qR: TTC TTC CCT ACC TGA GTC GC

BnaTFIISb_qF: TGT TAC CTC CTC AAG CCC G

BnaTFIISb_qR: TCA GCT TCT TCC CTA CCT GG

BnaTFIISc_qF: GCG ACT CAG GTA GGG AAG AA

BnaTFIISc_qR: TAG CCT TGG ATG TCG TCT CC

AAR2.2_qR AGCTATGAAGACAAAGACTGCA

AAR2.4_qR CTCCCTAAACCGTCAGATAAAA

ARO_qF TTCACTCTCTTGTTCAGATGAA

ARO_qF TGGCTTGTGATGAAGATAAGATGAA

BnaPP2AA5_qF ATC TCT TCA TGG GCG ATT ACG TTG A 

BnaPP2AA5_qR AGC GAA CTT TGA GTG CTA CCA AG 

qRT-PCR
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