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Abstract

Various transcript elongation factors (TEFs) including modulators of RNA polymerase Il (RNAPII) activity and histone chaperones tune the ef-
ficiency of transcription in the chromatin context. TEFs are involved in establishing gene expression patterns during growth and development
in Arabidopsis, while little is known about the genomic distribution of the TEFs and the way they facilitate transcription. We have mapped the
genome-wide occupancy of the elongation factors SPT4-SPT5, PAF1C and FACT, relative to that of elongating RNAPII phosphorylated at residues
S2/S5 within the carboxyterminal domain. The distribution of SPT4-SPT5 along transcribed regions closely resembles that of RNAPII-S2P, while
the occupancy of FACT and PAF1C is rather related to that of RNAPII-S5P Under transcriptionally challenging heat stress conditions, mutant
plants lacking the corresponding TEFs are differentially impaired in transcript synthesis. Strikingly, in plants deficient in PAF1C, defects in tran-
scription across intron/exon borders are observed that are cumulative along transcribed regions. Upstream of transcriptional start sites, the
presence of FACT correlates with nucleosomal occupancy. Under stress conditions FACT is particularly required for transcriptional upregulation
and to promote RNAPII transcription through +1 nucleosomes. Thus, Arabidopsis TEFs are differently distributed along transcribed regions, and
are distinctly required during transcript elongation especially upon transcriptional reprogramming.

Graphical abstract
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Introduction

Protein-coding genes are transcribed by RNA polymerase 11
(RNAPII), which plays a fundamental role in differential gene
expression to ensure that appropriate amounts of mRNAs
are produced in a spatially and temporally coordinated man-
ner. Proper mRNA synthesis is an essential prerequisite for
growth, development and response to environmental condi-
tions. RNAPII transcription is characterised by a cycle of
events including initiation, elongation and termination, and
in addition to controlling the initiation step, the efficiency
of mRNA production is regulated during elongation (1,2).
Throughout the transcription cycle, the carboxyterminal do-

main (CTD) of the largest subunit of RNAPII is dynamically
phosphorylated within its heptapeptide repeats including S2P
and S5P, which are characteristic of the elongating polymerase
(3,4). In the cell nucleus, the DNA template for transcription is
wrapped around histone octamers, forming nucleosomes that
represent obstacles for RNAPII progression. Consequently,
the elongation phase of transcription on chromatin templates
is a dynamic and discontinuous process (5,6). Studies pri-
marily in yeast and mammals demonstrated that transcrip-
tional elongation (and its coordination with co-transcriptional
events) is promoted by a variety of transcript elongation fac-
tors (TEFs) to assist mRNA synthesis by RNAPII. TEFs serve
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diverse functions including modulating the catalytic proper-
ties and processivity of RNAPII and relieving progression of
the enzyme through repressive chromatin (2,7-9). During the
past few years, advances in cryo-electron microscopy in com-
bination with X-ray crystallography allowed elucidation of
many details regarding the three-dimensional organisation of
elongating RNAPII associated with various TEFs (9-11).

The heterodimeric TEF, SPT4-SPT3, is conserved in eu-
karyotes and archaea and associates with RNAPII in a
transcription-dependent manner (12). SPT4-SPTS5 is involved
in various aspects of transcript elongation including sta-
bilisation of the RNAPII elongation complex, transcription
through nucleosomes, regulation of RNAPII pausing, as well
as transcriptional termination and the coordination with co-
transcriptional mRNA processing (13,14). The multifunc-
tional TEE, PAF1C, in higher eukaryotes consists of six sub-
units and associates with RNAPII to stabilise the elongation
complex and to promote transcription (15,16). Furthermore,
PAF1C links transcript elongation with post-translational his-
tone modifications along actively transcribed regions, includ-
ing H2B mono-ubiquitination and various histone methyla-
tions (i.e. H3K4me2/3, H3K36me3, K3K79me2/3). There-
fore, as a global regulatory factor PAF1C functions at the in-
terface between chromatin and transcription (15,16). Another
factor that is considered to be a TEF is the FACT histone chap-
erone consisting of the SSRP1 and SPT16 subunits. FACT can
facilitate disassembly and reassembly of nucleosomes, thus it
is effective in various DNA-dependent processes such as repli-
cation, repair and transcription (17,18). The reversible nucle-
osome reorganisation is accomplished by multiple contacts of
the FACT subunits with histones and the nucleosomal DNA.
During elongation FACT promotes transcription of RNAPII
through nucleosomes, but importantly it also assists reassem-
bly of nucleosomes after RNAPII passage (17-19).

A number of studies, particularly in the Arabidopsis
thaliana model, have revealed that various TEFs play vital
roles in governing plant growth and development (20,21).
In Arabidopsis, each subunit of SPT4-SPTS5 is encoded by
two genes and the ubiquitously expressed SPT5-2 proved es-
sential. SPT4-RNAI plants expressing reduced amounts of
SPT4 (and SPTS5-2) exhibit growth and developmental de-
fects of which some may be caused by inadequate auxin sig-
nalling (22). Moreover, SPT4-SPT5 modulates plant thermo-
morphogenesis and salt tolerance (23,24). Along with other
TEFs, SPT4-SPTS5 associate with elongating RNAPII, form-
ing the active elongation complex (22,25). Arabidopsis PAF1C
consisting (as in mammals) of six subunits associates with
RNAPII (25) and was initially recognised because of its role
in the transition from vegetative to reproductive development.
The early flowering phenotype of plants deficient in PAF1C
subunits is associated with reduced expression of the floral
repressor FLC (26-30). In addition, PAF1C proved to be in-
volved in plant response to mechanical stimulation inflicted
by repeated touch (31) as well as in the response to elevated
salt concentration (32,33). The FACT histone chaperone com-
posed of SSRP1 and SPT16 associates with transcribed re-
gions of Arabidopsis genes in a transcription-dependent man-
ner (25,34,35). FACT proved essential for viability (36,37)
and decreased SSRP1/SPT16 expression levels resulted in a
variety of vegetative and reproductive defects including in-
creased number of leaves, early bolting, reduced seed set and
impaired circadian rhythm (37,38). Moreover, FACT is criti-
cally involved in the repression of aberrant transcript initia-
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tion from within coding regions of RNAPII-transcribed genes
(39).

While substantial information has been gathered about
the role of TEFs in plant development, knowledge regarding
genome-wide impact of TEF function on RNAPII transcrip-
tion as well as their contribution to (rapid) transcriptional re-
programming is rather incomplete. Therefore, we have com-
paratively analysed three types of Arabidopsis TEF (SPT4-
SPTS, PAF1C and FACT) regarding their genomic distribu-
tion relative to elongating RNAPIL. In addition, their involve-
ment in the transcriptional response to challenging conditions
was examined by analysing corresponding mutant plants rela-
tive to wildtype. The comparative analysis uncovered that the
three types of TEFs distinctly influence transcript elongation
in the context of plant chromatin.

Materials and methods

Plant material

Seeds of Arabidopsis thaliana Col-0 were sown on solid 0.5x
MS medium (40) and after stratification for 48h at 4°C
in the dark, the plates were transferred to a plant incuba-
tor (PolyKlima) with long day settings with 16h light (110
umol-m~2-s7!) at 21°C and 8h darkness at 18°C. For heat
stress treatment the plates were transferred to a water bath
set to 44°C for 10 min (41) and snap frozen in liquid ni-
trogen, as previously described (42). Plant lines used in this
study were described before: ssrp1-2 (SALK_001283), spt16-1
(SAIL_392_GO06) (37), elf7-3 (SALK_019433) (26) and SPT4-
RNAI line 3 (termed SPT4-R3) (22).

Chromatin Immunoprecipitation

Chromatin immunoprecipitation (ChIP) was essentially per-
formed as described previously (43,44). Arabidopsis plants
grown in vitro (14days after stratification, 14-DAS) were
crosslinked with formaldehyde and used for isolation of nu-
clei, before chromatin was sheared using a Bioruptor Pico de-
vice (Diagenode, Seraing, Belgium). Immunoprecipitation was
carried out using magnetic Dynabeads Protein A (Thermo
Fisher Scientific). Elongation factor ChIPs were performed
with previously described antibodies directed against purified,
recombinant domains of elongation factors SPT5-2 (aaT792-
P1041) (22), ELF7 (aaD401-E589) (25), SSRP1 (aaV453-
N646) and SPT16 (aaE416-M554) (34). RNAPII ChIPs were
performed with antibodies against RNAPII-S2P (ab5095;
Abcam) and RNAPII-S5P (ab5131; Abcam).

Chromatin immunoprecipitation sequencing
(ChlP-seq)

Libraries were prepared using the NEBnext Ultrall Library
preparation kit with 6bp NEBNext Multiplex Oligonu-
cleotides for Illumina according to the manufacturer with
minor modifications. ChIP-seq was carried out as described
in the Illumina NextSeq 500 System Guide (Illumina), and
the KAPA Library Quantification Kit - Illumina/ABI Prism
(Roche Sequencing Solutions). Equimolar amounts of each
library were sequenced on a NextSeq 500 instrument con-
trolled by the NextSeq Control Software (NCS) v2.2.0, us-
ing the 75 Cycles High Output Kit with single index, single-
read (SR) run parameters. Image analysis and base calling
were done by the Real Time Analysis Software (RTA) v2.4.11.
The resulting .bcl files were converted into .fastq files with
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the bel2fastq v2.18 software. ChIPseq was performed at the
Genomics Core Facility ‘KFB - Center of Excellence for Fluo-
rescent Bioanalytics’ (University of Regensburg, Regensburg,
Germany; www.kfb-regensburg.de). Sequencing resulted in an
average of 17.7M reads per library (min 12.8 M, max 23.9M)
with an average Phred score >34 (Table S1).

ChlIP-seq data analysis

Reads were trimmed using Trimmomatic (v0.39) (45) fol-
lowed by alignment to the TAIR10 genome (https:/www.
arabidopsis.org/) using Bowtie2 (46) using the preset mode
—local —very-sensitive-local. Alignment files were converted
to .bam files containing only alignments with MAPQ
score > 10, sorted and indexed using the samtools suite
(v1.16.1) (47). Coverage tracks were calculated using deep-
Tools ‘bamCoverage’. Downstream analysis was mainly per-
formed using the deepTools2 suite (v.3.5.0) (48). Quality con-
trol was performed at several steps using FastQC (https:
/lwww.bioinformatics.babraham.ac.uk/projects/fastqc/). Ge-
nomic regions with aberrant coverage or low sequence com-
plexity were filtered out, as described previously (49). After
confirming high pairwise correlations and performing hierar-
chical clustering analysis (Supplementary Figures S1, S2), the
biological replicates (four replicates for SPT5, ELF7, SSRP1
and SPT16 and two replicates for RNAPII-S2P and -S5P)
were merged and CPM normalised. Peaks were called us-
ing the MACS3 (50) callpeak function with RNAPII-S2P and
RNAPII-S5P as control, respectively, with the following argu-
ments -g 119 481 543 -B -q 0.01 —nomodel.

MNase-seq data analysis

Analyses were performed as previously described (42) and +1
nucleosomal positions were extracted as the first nucleosomal
position after TAIR10 annotated transcription start sites with
a minimal overlap of 140 bp. The following nucleosomal po-
sitions were extracted following the definition of the +1 nu-
cleosome for each gene.

Transcript profiling by RNA-seq

Nuclei were isolated from aerial parts of 6-DAS plants as
previously described (51) and RNA was isolated using the
TRIzol method (Invitrogen), before it was further purified
and DNase-treated using the Monarch RNA Cleanup Kit
(New England Biolabs) as previously described (42). Library
preparation and RNAseq were carried out as described in
the NuGEN Universal RNA-Seq with NuQuant User Guide
v2.1 (Tecan Genomics), the Illumina NextSeq 500 System
Guide (Illumina), and the KAPA Library Quantification Kit
- Illumina/ABI Prism User Guide (Roche Sequencing Solu-
tions). rRNA was depleted using the A.thaliana AnyDeplete
module during the total RNA-Seq library preparation work-
flow (Tecan Genomics). This module contains probes target-
ing chloroplastic 4.5S, 16S and 23S rRNA as well as cytoplas-
mic 5.8S, 18S and 25S rRNA.

In brief, 25 ng of total RNA isolated from Arabidopsis
nuclei were reverse transcribed into first strand ¢cDNA us-
ing a mixture of random and poly-dT primers with an in-
tegrated DNase treatment step. Second strand synthesis, us-
ing a nucleotide analogue enabling strand retention, gener-
ated double stranded cDNA (ds cDNA). The ds cDNA was
fragmented to a median size of 200-500 bp with a S2 Ul-
trasonication System (Covaris) using the following settings:

intensity 5; duty cycle 10%; cycles per burst 200; treatment
time 180 s; micro tube AFA fiber Snap-Cap. Next, end re-
pair was performed to generate blunt-ended ds ¢cDNA, fol-
lowed by the ligation of the indexing adapters, a strand selec-
tion via nucleotide analogue-targeted degradation and a re-
duction of the Arabidopsis rRNA content by an AnyDeplete-
mediated adaptor cleavage. Finally, cDNA libraries were cre-
ated by 18 cycles PCR enrichment and purified by a magnetic
bead clean-up using 0.8 volumes of the bead suspension. The
libraries were quantified using the KAPA Library Quantifica-
tion Kit. Equimolar amounts of each library were sequenced
on a NextSeq 500 instrument controlled by the NextSeq Con-
trol Software (NCS) v2.2.0 using one 75 Cycles High Out-
put Kit with the single index, single-read (SR) run param-
eters. Image analysis and base calling resulted in .bcl files,
which were converted into .fastq files with the bcl2fastq v2.18
software.

Library preparation and RNAseq were performed at the
Genomics Core Facility ‘KFB—Center of Excellence for Fluo-
rescent Bioanalytics’ (University of Regensburg, Regensburg,
Germany; www.kfb-regensburg.de). Sequencing of three bio-
logical replicates per genotype and condition resulted in an
average of 8.4M reads per library (min 6.9M, max 14.4M)
with an average Phred score > 34 (Table S2).

RNA-seq data analysis

Quality control of raw RNAseq reads was performed with
FastQC v0.11.8 (https://www.bioinformatics.babraham.ac.
uk/projects/fastqc/) and MultiQC (52). After the initial qual-
ity assessment, reads with low base quality and adapter con-
taminations were removed using Trimmomatic (v0.39) (45).
The remaining reads were aligned to the TAIR10 genome as-
sembly with STAR (v2.7.3a) (53). The resulting alignment
maps were converted to .bam files with Samtools (v1.9) (47).
Quality control of the alignment was performed with FastQC,
MultiQC and Qualimap v2.2.1 (54). Read normalisation was
performed with Samtools and Deeptools v3.3.0 (48). Count
table was made with subread package v1.6.3 (55). Consis-
tency of the biological replicates was evaluated by calcula-
tion of pairwise correlations and principle component anal-
yses (Supplementary Figure S3, S4). Differential expression
analysis was performed with DeSeq2 v1.24.0 (56). Unnor-
malised .bam alignment files were merged and then indexed
with Samtools v1.9. log, ratios of the HS libraries were
calculated using the merged no HS control for each geno-
type as control with parallel sequencing depth normalisa-
tion with bamCompare (Deeptools v3.3.0). Internal exons
and intron/exon borders were extracted using the R package
TxDb.Athaliana.BioMart.plantsmart28 (version 3.2.2) with
R (version 3.6.1).

Results

Differential distribution of TEFs over transcribed
regions

Chromatin immunoprecipitation combined with high
throughput sequencing (ChIP-seq) was used to map the
distribution of TEFs and RNAPII genome-wide. To detect
native SPT4-SPT5, PAF1C and FACT, antibodies directed
against Arabidopsis SPT5-2, ELF7 (orthologue of PAF1) and
SSRP1/SPT16 (22,25,34) were used. To detect elongating
RNAPII, commercial antibodies were used that are directed
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against the phosphorylated residues S2P and SSP of the
heptapeptide repeats occurring in the CTD of the NRPB1
subunit (57). Analysis of the ChIP-seq data obtained with 14
days after stratification (DAS) Col-0 plants demonstrated that
expectedly elongating RNAPII and TEFs are detected over
RNAPII-transcribed regions (Figure 1A-C). RNAPII-S2P and
S5P show a divergent pattern with the S2P signal gradually
increasing from the transcriptional start site (TSS) towards
the transcriptional end site (TES) and exhibiting a prominent
peak just downstream of the TES, while S5P is more evenly
distributed throughout the gene body. The distribution of
RNAPII-S2P and S5P over transcribed regions (Supplemen-
tary Figure S5) is essentially in agreement with earlier studies
in Arabidopsis (43,58). Moreover, as recently discussed (21),
the result confirms the different genomic distribution of S5P
in Arabidopsis in comparison to that observed in yeast and
mammals, which exhibits maximum enrichment around the
TSS with markedly declining coverage over the transcribed
region towards the TES. The profile of SPTS5 closely resembles
that of S2P (Figure 1A), also evident from the high Pearson
correlation of 0.95 (Supplementary Figure S6). ELF7 is spread
over the transcribed region and no clear enrichment is seen at
the TES (Figure 1B). The FACT subunits, SSRP1 and SPT16,
share a highly similar distribution (Figure 1C) with a Pearson
correlation of 0.99 (Supplementary Figure S6), which also
illustrates the robustness of the analysis. The FACT occu-
pancy over the transcribed region is shifted towards the TSS
(relative to that of RNAPII) and more closely resembling
the distribution of SSP rather than S2P. In line with their
concerted involvement in transcriptional elongation the
analysed TEFs and RNAPII-S2P/S5P share relatively high
pairwise correlations (Supplementary Figure S6). Further
analysis of the distribution patterns by hierarchical clustering
confirmed the more pronounced conformity of SPTS with
S2P, and the higher conformity of FACT and ELF7 with
SS5P (Figure 1D). Next the analysed genes were divided into
quartiles depending on the corresponding transcript levels
(Supplementary Table S3). SPT5 shows a very clear linear
correlation with S2P, while ELF7 shows a marked correlation
with SSP and it is somewhat overrepresented in the gene
body of very highly transcribed genes (Figure 2). Both SPT16
and SSRP1 exhibit striking similarity with each other and are
(compared to S2P and S5P) overrepresented in the gene body
of genes dependent of transcriptional activity (Figure 2). To
identify regions of TEF enrichment relative to RNAPIIL, the
ChIP-seq signals were analysed by differential peak calling of
SPTS5/ELF7/FACT relative to RNAPII-S2P/S5P. This analysis
revealed that in line with the above results SPTS largely
shared the distribution of RNAPII-S2P, but (other than ELF7
and FACT) was enriched upstream of the TSS relative to
RNAPII-S5P (Figure 3A). Consistently, relative to S5P, SPTS
is enriched mostly outside transcribed regions (Figure 3D, E).
The enrichment of ELF7 is essentially restricted to the gene
body (Figure 3B), where it co-localises with S5P rather than
S2P (Figure 3D, E). For FACT a characteristic accumulation is
detected downstream of the TSS (Figure 3C). This prominent
promoter-proximal accumulation is seen both relative to S2P
and SSP (Figure 3D, E). Analysis of the genes associated with
the three TEFs revealed that 540, 907 and 1260 genes show
peaks only for ELF7, SPTS or SSRP1 and that a considerable
portion of 1386 genes are enriched in both ELF7 and SSRP1
peaks (Supplementary Figure S7A). In line with that, the
genes enriched in the different TEFs classify into essentially
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Figure 1. Elongation factors exhibit distinct distribution over transcribed
regions relative to each other and relative to RNAPII. (A-C) Metagene
profiles of TEFs and elongating RNAPII (S2P and S5P) distribution based
on ChIP-seq data (based on four replicates for SPT5, ELF7 SSRP1, SPT16
and two replicates for S2R S6P). TEF and RNAPII ChiIP-seq coverage
(normalised to counts per million reads) was plotted over TAIR10
annotated, non-overlapping, protein coding genes (n = 24 474). Lines are
colourcoded as indicated and represent the accumulation of RNAPII and
elongation factors, while the shaded area indicates the standard error of
the mean. For comparison input samples of the respective TEF ChIPs are
shown. Genes were scaled over the annotated region and 500 bp
upstream and downstream of TSS and TES are shown unscaled. (D)
Pearsson correlation together with hierarchical clustering illustrates the
differential distribution of TEFs and RNAPII. Pairwise correlation was
calculated over all TAIR10 annotated, non-overlapping, protein coding
genes (n = 24 474) divided into 10 bins per gene.
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Figure 2. RNAPII and elongation factor occupancy increases with transcript levels. (A) Enrichment of elongating RNAPII (S2F S5P) and elongation
factors (SPT5, ELF7 SSRP1, SPT16) along transcribed regions depicted as metagene plots based on ChIP-seq data. Genes were divided into four groups
according to transcript levels (logTPM, transcripts per million) based on RNA-seq data of Col-0 plants (n = 6177 in each group with quartile ‘low Tx'":
logTPM 0.0 to -1.9; quartile ‘'mid Tx": logTPM 0.6 to 0.0; quartile "high Tx": logTPM 0.9 to 0.6; quartile ‘very high Tx": logTPM 3.4 to 0.9). Lines are
colourcoded as indicated and represent the normalised coverage of RNAPII and elongation factors, while the shaded area indicates the standard error of
the mean. (B) Differential occupancy of RNAPII and elongation factors along transcribed regions dependent on transcript levels shown as heatmaps.

Genes are divided in four groups depending on transcript levels (as in (A); n =

6177) and they are sorted from high expression (top) to low expression

(bottom) as indicated on the left as color-coded logTPMs (transcripts per million) of genes in Col-0 (no HS).

different GO terms (Supplementary Figure S7B). To assess the
influence of the three TEFs on the distribution of elongating
RNAPIL, the genome-wide occupancy of RNAPII-S2P was
analysed by ChIP-seq in plants deficient in the three TEFs
relative to Col-0. SPT4-RNAi plants (termed SPT4-R3, also
depleted in SPTS5, (22)), elf7-3 (no full-length ELF7 mRNA is
detectable (26)), ssrp1-2 (substantially decreased expression
of SSRP1 (37)) and for comparison Col-0 wildtype were
comparatively analysed (Supplementary Figure S8). Over
transcribed regions of genes corresponding to low or mid

transcript levels hardly a difference in RNAPII-S2P occu-
pancy is evident in the various genotypes under standard
growth conditions. At genes with high or very high transcript
levels compared to Col-0, in elf7 and ssrpl plants a lower
RNAPII-S2P coverage was detected. In SPT4-R3 plants the
RNAPII-S2P occupancy was rather increased, particularly
in the region between TSS and TES. Taken together, these
analyses illustrate that over transcribed Arabidopsis genes
SPT4-SPTS, PAF1C and FACT are differently distributed
relative to each other and relative to RNAPIL
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Figure 3. Genomic distribution of the TEFs relative to RNAPII-S2P and -S5P. (A-C) Metagene profiles of differential calling of ChIP-seq peaks obtained
for SPT5, ELF7 and FACT (SSRP1, SPT16) relative to those obtained for RNAPII-S2P (TEF/S2P) and S5P (TEF/S5P). Lines are colour-coded as indicated
and represent the accumulation of elongation factors relative to RNAPII, while the shaded area indicates the standard error of the mean. Please note the
different scale of the y-axes. (D) Number of detected, differential peaks relative to S2P and S5P (E) Genomic distribution of the detected differential
peaks. Schematic diagram on top depicting the proximal region (0-300 bp downstream of TSS) and gene body (transcribed region without 0-300 bp).
Bottom scheme depicts the distribution of the differential peaks relative to S2P and S5P in the promoter proximal region, gene body and outside of
transcribed regions. For comparison, the distribution of randomly called peaks within the genome is shown (random).

Transcriptional reprogramming is distinctly
affected in plants lacking different TEFs

To further elaborate the function of the TEFs in transcrip-
tional elongation, in vitro grown plants deficient in TEFs
(mentioned above) in comparison to Col-0 were subjected to
heat stress (HS) to prompt transcriptional reprogramming. 6-
DAS plants were exposed to a rapid HS of 10 min at 44°C (us-
ing a water bath to achieve fast temperature change), adapt-
ing an established protocol (41). Sublethal HS treatment of
that kind evoked altered expression of hundreds of genes
(42,59) and we presumed that this scenario may assist identi-
fying whether/which transcriptional impairments occur in the
different mutants. To examine genome-wide transcriptional
changes of the plants deficient in TEFs relative to Col-0 upon
exposure to heat, nuclear RNA was isolated from untreated
plants (no HS) and plants exposed to HS. We intended to gen-
erate information on transcriptional output (freshly synthe-
sised unspliced/spliced mRNAs including nascent transcripts)
rather than steady-state mRNA levels obtained with total poly
(A) mRNA enrichment (60,61). Therefore, we (i) isolated nu-
clear RNA (rather than total RNA), (ii) used rRNA depletion
(rather than poly (A) enrichment) and (iii) made use of low
RNA size cut-off (>25 nt). Isolated RNAs were assayed by
high throughput sequencing and the reads were mapped to the

Arabidopsis genome. The log-fold change (LFC) in transcript
coverage between the respective mutant and Col-0 is plot-
ted without HS and after HS (Figure 4). The graphs indicate
the mean LFC change over non-overlapping, protein coding
genes. Under standard conditions relatively mild changes in
the transcript patterns are observed for the mutants deficient
in the three TEFs relative to Col-0 plants and the defects are
increased with higher transcript levels (Figure 4A-C, top pan-
els). Upon HS, however, pronounced and distinct defects are
detected for the three genotypes. A common feature evident
from the metagene profiles is a transcript level-dependent shift
of the mapped RNA-seq reads towards the TSS (Figure 4A-
C, bottom panels). In parallel, the transcript reads decrease
along the transcribed region towards the TES, indicating de-
creased RNAPII processivity. This effect is most pronounced
with elf7, while with ssrp1 a prominent peak just downstream
of the TSS becomes apparent upon HS. In case of SPT4-R3
the drop in transcript reads over the transcribed region is less
pronounced than with elf7. The relative shift of the RNA-seq
reads towards the TSS and the decrease over the transcribed
regions upon HS among the expressed gene groups is obvi-
ous over a large set of genes (Figure 4D-F). Thus, the tran-
script profiling analysis highlights that the depletion of TEFs
distinctly impairs transcript synthesis at different genomic re-
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Figure 4. Mutants deficient in elongation factors exhibit distinct transcriptional defects. RNA-seq data (based on three replicates per genotype and
condition) of mutants deficient in elongation factors (A, SPT4-R3; B, elf7; C, ssrp1) relative to Col-0 wildtype plants after 10 min HS (HS) or without HS
(no HS). TSS-centred metagene profiles of the sequencing data split according to expression level of genes after HS into four groups as indicated (low
Tx, mid Tx, high Tx and very high Tx with n = 6177 genes for each group). Replicates were merged and the log-fold changes (LFC) between mutant and
Col-0 of no HS versus HS were calculated with TPM normalisation. (D-F) Heatmaps illustrate the shift of mapped RNA-seq reads of the transcribed

gene groups (n = 6177) towards the TSS upon exposure to HS.

gions, particularly under conditions of massive transcriptional
reprogramming.

In addition to transcribed regions SPT5 localises to
a region upstream of TSSs

SPTS mainly localises to the transcribed region, closely re-
sembling the distribution of RNAPII-S2P (Figure 1). Differen-
tial ChIP-seq peak calling revealed that relative to SSP, SPTS
is also enriched upstream of the TSS (Figure 3). When sum-

marising the differentially called ChIP-seq peaks over closely
spaced genes (<500 bp distance) and more distant genes
(>500 bp distance), it became clear that a notable SPT5 peak
upstream of TSSs is detected only at closely spaced genes
(Figure SA). Unlike SPTS, independent from the gene dis-
tance, FACT and ELF7 exhibit no considerable enrichment
in this region flanking the TSS (Supplementary Figure SOA-
C). The SPTS peak adjacent to transcribed regions reminded
of the genomic distribution of BORDER proteins (BDR1-3)
that were reported to prevent transcriptional interference of
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Figure 5. Beyond its prevalent coverage over transcribed regions, ChlP-seq peaks of SPT5 enriched relative to RNAPII-S5P are detected upstream of
TSSs of closely spaced genes and correlate with BDR1 peaks. (A) TAIR10 annotated, non-overlapping, protein coding genes were divided into two
classes according to their distance to the next annotated gene. Genes with less than 500bp distance to the TSS or TES of the next annotated gene
were classified as closely spaced (<500 bp; n = 9544), while genes with more than 500 bp distance were classified as not closely spaced (>500 bp;

n = 7668). SPT5 ChlIP-seq peaks were centred to the TSS. (B, C) ChIP-seq peaks of SPT5, ELF7 and FACT were centred over ChIP-seq summits (n = 21
334) of BDR1-3 (62). Lines (in A, B) are colour-coded as indicated and represent the accumulation of elongation factors, while the shaded area indicates

the standard error of the mean.

closely spaced downstream genes in Arabidopsis. BDR1/2 oc-
cupied regions just upstream of the TSS and/or downstream
of the TES, while BDR3 showed a strong preference for the
TES (62). Reanalysis of the BDR1 ChIP-seq data demon-
strated a more pronounced enrichment at closely spaced genes
(<500 bp distance) when compared to more distant genes
(>500 bp distance) (Supplementary Figure S9D). Peaks of
SPTS enrichment relative to RNAPII-SSP were centred over
BDR1-3 ChIP-seq summits (62). This analysis demonstrated
that SPTS co-localises predominantly with BDR1 upstream
of TSSs, whereas SSRP1 and ELF7 do not share this genomic
distribution (Figure 5B). The heatmap shows a relative accu-
mulation of SPTS particularly over the centre of BDR1 peaks
while ELF7 and FACT are not enriched (Figure SC). The colo-
calization of SPT5 and BDR1 is also evident from genome
browser views, illustrating individual genes (Supplementary
Figure S10). Additionally, these views show that SPTS is not
enriched at all BDR1 peaks. Comparative analysis of SPTS
and BDR1 peaks observed at closely spaced (<500 bp dis-
tance) or more distant genes (>500 bp distance) illustrated
a weak correlation between the presence of SPTS and BDR1
and lesser distance of the analysed genes (Supplementary Fig-
ure S11). Therefore, unlike PAF1C and FACT, SPTS5 associates
with BDR1 target sites upstream of TSSs of closely spaced
genes.

ELF7 is required for RNAPII to transcribe efficiently

over splice sites

ELF7 was detected over transcribed regions and its distribu-
tion showed a lower correlation with RNAPII than that of
SPTS5 (Figure 1). Furthermore, ELF7 exhibits differences in
the distribution compared to S2P but almost no difference
to S5P (Figure 3B), and compared to Col-0 in elf7 mutant
plants, transcript reads decreased along transcribed regions,

particularly upon HS-induced transcriptional reprogramming
(Figure 4). In search of gene characteristics that may be re-
lated to ELF7-dependent transcriptional defects, genes up-
and downregulated in elf7 relative to Col-0 upon HS were
analysed for the length of their transcribed regions. For down-
regulated genes a median length of 2532 bp was determined,
whereas upregulated genes were shorter (median: 1787 bp)
(Supplementary Figure S12A), suggesting that PAF1C is par-
ticularly required for transcription of longer genes. More-
over, downregulated genes contained ~8.8 exons and upreg-
ulated genes contained fewer exons (~6.2 exons), while exon
length differed only slightly (160 versus 185 bp) between the
two groups of genes (Supplementary Figure S12B, C). Genes
downregulated in elf7 show an increased transcript cover-
age throughout the gene body in Col-0, while this upregu-
lation cannot be seen in elf7 (Figure 6A). However, this dif-
ference between Col-0 and elf7 is only apparent downstream
of the promoter-proximal region. Therefore, genes downreg-
ulated in elf7 are downregulated due to defective elongation
beyond the promoter-proximal region (Figure 6A). For genes
upregulated in elf7 only minor differences are seen over the
transcribed region (Figure 6B). This indicates a distinctive re-
duction of transcription along transcribed regions in ELF7-
dependent genes. As genes downregulated in elf7 contained
a higher number of introns (Supplementary Figure S12C),
RNA-seq data of intron-less genes were compared with those
of intron-containing genes. Intron-less genes showed a simi-
lar pattern in elf7 and Col-0, whereas for intron-containing
genes transcript reads were reduced in elf7 along the tran-
scribed region (Figure 6C, D). To further analyse the possi-
ble correlation of transcriptional changes with the presence
of introns, seen in elf7 in comparison to ssrpl and SPT4-
R3, LECs of the respective mutant relative to Col-0 was plot-
ted over annotated intron/exon borders of non-overlapping,
protein-coding genes. Plotting the relative transcript coverage
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Figure 6. The transcription defects observed in elf7 plants over transcribed regions are correlated with intron/exon borders. (A) RNA-seq data of HS
relative to no HS (LFC) for elf7 and Col-0 plants plotted over genes downregulated in elf7 compared to Col-0 (n = 290), centred to the TSS (position of
TSS is indicated by a dotted line). (B) RNA-seq data of elf7 and Col-0 plants of HS relative to no HS (LFC) plotted over genes upregulated in elf7
compared to Col-0 (n = 129), centred to the TSS. (C) RNA-seq data of elf7 and Col-0 plants of HS relative to no HS (LFC) plotted over genes highly
expressed upon HS containing >10 introns (n = 290), centred to the TSS. (D) RNA-seq data of elf7 and Col-0 plants of HS relative to no HS (LFC) plotted
over genes highly expressed upon HS containing no introns (n = 355), centred to the TSS. (E, F) RNA-seq data (LFC) of the respective mutant relative to
Col-0 with no HS (E) and upon HS (F) over TAIR10 annotated intron/exon borders (I/E) of non-overlapping, protein-coding genes (n = 24474). From left to
right consecutive intron/exon borders are depicted (starting on the left with I/E2 to I/E10 on the right). Dotted line indicates intron/exon borders.

over intron/exon borders along protein coding genes showed
only minor differences under standard conditions (without
HS) (Figure 6E). In elf7 and SPT4-R3 a slight reduction of
mapped reads can be seen across intron/exon borders. How-
ever, upon HS a pronounced drop of transcripts is detected
in elf7 over intron/exon borders that is cumulative over suc-
cessive intron/exon borders along genes (Figure 6F). These
effects are clearly weaker for SPT4-R3 and not discernible for
ssrp1 plants. Plotting the distribution of RNA-seq reads over
ELF7 ChIP-seq peaks shows that this transcriptional defect is
also present over ELF7 enriched regions (Supplementary Fig-
ure S12D, top). At the same time these ELF7 enriched sites ex-
hibit accumulation of SSP (Supplementary Figure S12D, bot-
tom). This suggests that ELF7 enriched regions in Col-0 coin-
cide with sites of transcription defects in elf7 plants upon HS.
Genes downregulated in elf7 were additionally searched for
the occurrence of prominent sequence motifs. The two most
strikingly identified motifs represent recognition sites for the
spliceosomal factors SRSF2 and SNRNP (Supplementary Fig-

ure S12E), while no significantly enriched motifs were detected
with genes upregulated in elf7 or with the other analysed mu-
tants (ssrp1, SPT4-R3). Analysis of the distribution of the two
motifs demonstrated that the SRSF2 motifs map preferentially
to intron/exon borders, while this is less prominent for the
SNRNP motif (Supplementary Figure S12F). Hence, our anal-
yses highlight that the transcriptional elongation defects ob-
served with elf7 plants correlate with the intron/exon struc-
ture of affected genes.

FACT localises to nucleosomes, correlates with the
accessibility of NDRs and is required to promote
transcription over +1 nucleosomes upon HS

The distribution of FACT over transcribed regions also
showed a lower correlation with RNAPII than that of SPTS
(Figure 1) with a prominent promoter-proximal enrichment
relative to RNAPII downstream of TSSs (Figure 3). Upon HS,
transcript coverage accumulates in ss7pl plants just down-
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stream of the annotated TSS (Figure 4). In view of the func-
tion of FACT as a histone chaperone, its genomic distribution
was superimposed with nucleosome positions derived from
MNase-seq data (42). This dataset was obtained by H3 im-
munoprecipitation after MNase digestion, ensuring that only
DNA protected by histones is sequenced (63). Both the SSRP1
and SPT16 ChIP-seq coverage is enriched over nucleosomal
positions, while the nucleosomal pattern is markedly less pro-
nounced with ELF7 and SPTS5 (Figure 7A) and RNAPII (Sup-
plementary Figure S13A). Comparison of the FACT enrich-
ment relative to RNAPII-S2P revealed that in general, the
SSRP1 coverage correlates positively with the transcript level
(Figure 7B). The accumulation of FACT at highly transcribed
genes is in line with the analyses above (Figure 2). FACT
(both SSRP1 and SPT16) and RNAPII are particularly en-
riched at genes that are downregulated in ssrp1 plants rela-
tive to Col-0 upon HS, while the coverage is clearly lower at
upregulated genes (Supplementary Figure S13B). With genes
that are differentially expressed dependent on ELF7, the dif-
ferences in ELF7 and RNAPII occupancy between up- and
downregulated genes are comparatively clearly lower (Sup-
plementary Figure S13C). This suggests that compared to
PAF1C, FACT is particularly required for transcriptional up-
regulation in response to HS. Genes downregulated in ssrp1
(relative to Col-0) in fact fail to be upregulated upon HS,
while the genes differentially expressed in elf7 show com-
parable S2P/SSP coverage in Col-0 (cf. Supplementary Fig-
ure S13B, C). Consistent with earlier studies (64,65), along
transcribed regions of genes with high or medium expres-
sion, a notable, phased nucleosome pattern is evident that is
not well discernible with low- or non-expressed genes (Fig-
ure 7B). Strikingly, high FACT occupancy is associated with a
clearly more pronounced nucleosome-depleted region (NDR)
upstream of the TSS. Using unsupervised k-means clustering,
two gene clusters were identified according to high and low
FACT occupancy relative to RNAPII-S2P based on the ChIP-
seq data. Genes of both clusters were intersected with nucle-
osomal positions, and centring SSRP1/SPT16 ChIP-seq peaks
to the +1 nucleosomal position of those genes demonstrated
a distinctive accumulation of SSRP1 and SPT16 just down-
stream of the +1 nucleosome of FACT enriched genes (Fig-
ure 7C). Centring MNase histone H3 ChIP-seq data (42) over
the +1 nucleosomal position of the FACT enriched gene clus-
ter revealed a striking depletion of nucleosomes upstream of
the TSS, while there is no marked change in the nucleoso-
mal pattern downstream of the TSS (Figure 7D). The deple-
tion of the NDR is considerably less pronounced with the
FACT non-enriched gene cluster. The mean transcript levels
of FACT enriched genes are higher than those of ELF7- and
SPTS5-enriched genes, suggesting that FACT is especially as-
sociated with high expression levels (Supplementary Figure
S13D). In addition, the transcript levels of FACT non-enriched
genes are lower, but still those genes are transcribed, although
there is a relatively high nucleosome occupancy at the NDR.
Centring the relative fold-change in transcript coverage (cf.
Figure 4) over the two gene clusters highlighted a clear accu-
mulation of transcripts just upstream of the +1 nucleosome
in the FACT enriched gene cluster after HS (Figure 7E). The
accumulation of transcript reads is distinctly weaker for the
FACT non-enriched gene cluster or without HS treatment. The
maximum accumulation of transcripts maps ~40 bp upstream
of the centre of the +1 nucleosome, while the peak centre of
FACT enrichment maps ~110 bp downstream of the +1 nu-
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cleosome (Figure 7F-H). Centring the FACT ChIP-seq cov-
erage and the RNA-seq reads to the +1 to +5 nucleosomal
positions illustrates that the distinctive FACT occupancy as
well as the accumulating RNA-seq reads upon HS occur exclu-
sively at the +1 nucleosome (Supplementary Figure S14A, B).
Furthermore, we plotted FACT ChIP-seq peaks centred to
the +1 nucleosome over FACT enriched/non-enriched, ELF7
enriched/non-enriched and SPTS5 enriched/non-enriched gene
clusters. The specific enrichment of FACT downstream of
the +1 nucleosome is only detected in the FACT enriched clus-
ter, but not in the other gene clusters (Supplementary Fig-
ure S15A-C). The corresponding MNase H3 ChIP-seq pat-
terns reveal that the distinctive cleared NDR upstream of
the TSS is obvious in the FACT enriched cluster, but clearly
less marked in the other gene clusters (Supplementary Figure
S15D-G). Finally, by plotting the MNase H3 ChIP-seq sig-
nal centred to the +1 nucleosome of genes up- or downregu-
lated in ssrp1, the cleared NDR is quite evident for the down-
regulated genes, but markedly less discernible for the upreg-
ulated genes (Supplementary Figure S15H). Thus, the genes
that exhibit particularly increased FACT coverage (Supple-
mentary Figure S13B) are characterised by a prominent NDR
upstream of the TSS (Supplementary Figure S15H) and re-
quire FACT for transcriptional upregulation. Apart from its
influence on the promoter-proximal NDR our results imply
that FACT is required under HS conditions for RNAPII to
efficiently transcribe through +1 nucleosomes of a number
of genes. Recently, the elongation factor TFIIS was found to
be critically involved in plant HS response, in part also by
promoting transcription through the +1 nucleosome (42,59).
Therefore, we examined whether the expression of a common
set of genes is affected in tfIIs and ssrp1 upon HS. However,
comparison of the genes downregulated upon HS revealed
only a minor overlap between the genes affected in #fIIs and
ssrp1 (Supplementary Figure S16A). TFIIS-dependent stalling
of RNAPII at the +1 nucleosome under HS conditions is asso-
ciated with eviction of the histone variant H2A.Z from the +1
nucleosome (42). Hence, we examined H2A.Z occupancy in
absence/presence of HS, derived from H2A.Z ChIP-seq data
(66) over genes that were up- or downregulated in ssrp1 rel-
ative to Col-0. No change in H2A.Z coverage at the +1 nu-
cleosome was apparent in the analysis (Supplementary Figure
S16B). Consequently, both FACT and TFIIS influence RNAPII
transcription at the +1 nucleosome upon HS, but in different
ways.

Discussion

Eukaryotic organisms vary substantially regarding genomic
features that most likely influence the process of transcript
elongation by RNAPII. Besides distinctions in chromatin char-
acteristics this includes genome size and in part related to that
enormous differences in the common length of transcribed
regions, on the one hand in mammals (e.g. ~66.6 kb in hu-
man, (67)) and on the other hand in Arabidopsis or yeast
(e.g. ~2.2 kb in Arabidopsis, (68)). Still, the majority of TEFs
are conserved among eukaryotes indicating that they may be
adapted to the respective genomic context and consequently
to the specific requirements for efficient transcription. Here
we have examined the genomic distribution of three differ-
ent types of TEFs in Arabidopsis and investigated their role
in transcriptional reprogramming by analysing the respective
mutant plants under stress conditions.
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Figure 7. FACT is enriched over nucleosomal positions, correlates with the accessibility of the promoterproximal NDR and upon HS is required for
efficient transcription through +1 nucleosomes. (A) SSRP1 and SPT16 exhibit a more pronounced nucleosomal pattern than ELF7 and SPT5. The
respective TEF ChlIP-seq coverage was centred over nucleosome positions (+1 to + 5) from MNase H3 ChIP-seq data (n = 26295 for +1 nucleosome)
(42). (B) Transcriptional activity (Tx, orange), SSRP1 relative to RNAPII-S2P enrichment (red) and mononucleosomal coverage (grey) over all TAIR10
annotated, non-overlapping, protein-coding genes sorted by mean SSRP1 signal intensity (n = 24 474). (C-H) Peaks called from FACT (SSRP1 and
SPT16) relative to RNAPII-S2P ChiP-seq data were divided into two clusters according to high FACT occupancy (FACT enriched; n = 10 360) and low
FACT occupancy (FACT non-enriched; n = 13 901) using unsupervised k-means clustering. (C) Genes from both clusters were intersected with +1
nucleosomal positions. Called peaks from SSRP1 and SPT16 ChlP-seq data were centred to the +1 nucleosomal position in the respective cluster. (D)
MNase H3 ChlP-seq data was centered to the +1 nucleosomal position in the respective cluster. (E) Based on the RNA-seq data, LFC of ssrp7/Col-0
without HS and after HS was centred over the +1 nucleosomal position in the respective cluster. (F) Mean density of FACT/S2P ChlP-seq peaks, (G)
mean MNase H3 ChIP-seq coverage (NDR seen with the FACT enriched cluster indicated by an arrow) and (H) LFC of ssrp7/Col-0 based on RNA-seq
after HS centered to the +1 nucleosomal position in the two above-mentioned gene clusters.
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Our ChIP-seq analysis revealed that SPTS associates with
transcribed regions and its occupancy correlates with that of
RNAPII, closely resembling the distribution of S2P. The en-
richment of SPTS at the TES (along with S2P) suggests that
it remains associated with RNAPII until termination. More-
over, the SPTS5 profile resembles that of the elongation factor
ELF1 in Arabidopsis (69), which is in line with the synergistic
action of yeast SPT4-SPTS and ELF1 on in vitro transcript
elongation on nucleosomal templates (70). In mammals, there
is a prominent promoter-proximal SPTS peak close to the TSS
at the same position as that of another TEF termed NELF
(71), consistent with the role of SPT4-SPT5 and NELF in
establishment/release of RNAPII promoter-proximal pausing
immediately down-stream of TSSs (13,14). Yeast and plants
do not encode NELF and supposedly do not make use of sta-
ble, regulated promoter-proximal pausing of RNAPII the way
mammals do (21,72) and in agreement with that no promoter-
proximal SPTS peak is observed in yeast (73,74) and Ara-
bidopsis (Figures 1 and 2). In mammals and yeast, SPT4-
SPTS5 stabilises the elongation complex and increases RNAPII
processivity and elongation rate (75-78) consistent with its
strategic position on the elongating polymerase (79). In accord
with a reduced elongation rate (80), an increased coverage of
RNAPII-S2P occurred at highly transcribed genes in SPT4-
R3 plants under normal conditions, as previously observed
(22). Upon exposure to HS, decreased mapping of transcript
reads was detected along the transcribed region towards TES
in SPT4-R3 plants, indicative of reduced RNAPII processiv-
ity. Apart from its predominant association with transcribed
regions, a peak of SPTS5 was detected upstream of TSSs of
some closely spaced genes. There it co-localises with BDR1
that has been reported to prevent transcriptional interference
with closely spaced downstream genes (62). While the SPTS
peaks co-localise with BDR1 summits, it is uncertain whether
the accumulation close to TSSs might be an interference with
peaks at TESs of neighbouring genes. The functional implica-
tion of SPTS5 localising upstream of TSSs is unclear, but it may
be related to a possible involvement in transcriptional initia-
tion as proposed for mammalian SPTS (81).

The Arabidopsis PAF1C subunit ELF7 is almost exclu-
sively distributed over the transcribed region of protein-
coding genes and shows a higher correlation with S5P rather
than S2P. Thus, the genomic distribution largely resembles
that of the yeast orthologues, which are detected along the
gene body with declining occupancy at the TES (73,74). In
mammals, PAF1C exhibits a notably different distribution, as
in addition to its occupancy over the transcribed region, re-
markable enrichment of PAF1C is detected at TSSs and down-
stream of TESs (82). We noticed in elf7 plants a striking de-
cline of transcript reads along the transcribed region towards
TES after exposure to HS that was more pronounced with
longer genes, suggesting reduced processivity. PAF1C has the
capacity to stabilise the elongation complex, which facilitates
transcript elongation on chromatin templates resulting in en-
hanced processivity (83-86). Our analyses of the transcrip-
tional defects observed in elf7 plants revealed a link with the
occurrence of introns. Metagene profiles over genes with in-
trons show decreased transcript coverage in elf7 downstream
of the promoter-proximal region and the effect was cumula-
tive over consecutive intron/exon borders. The sites of im-
paired transcript mapping are also characterised by elevated
ELF7 occupancy and are enriched in RNAPII-SSP, which is
linked to co-transcriptional splicing (87,88). Ongoing tran-
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scription and co-transcriptional intron splicing are closely
coupled, which is manifested by physical interactions between
the RNAPII elongation complex and the splicing machin-
ery that has been also demonstrated in Arabidopsis (25). In
various organisms including plants, transcriptional elonga-
tion and splicing were found to influence each other in com-
plex and not completely clarified manners (87-90). In this
scenario, PAF1C could facilitate recruitment of splicing fac-
tors such as NTC, facilitating intron splicing (91,92) and/or
SRSF2/SNRNP, whose recognition motifs were markedly en-
riched in genes downregulated in elf7. As a consequence of
splicing defects transcriptional elongation may be indirectly
impaired. Just as well the above-mentioned stabilisation of
the elongation complex by PAF1C (83-86) could promote
RNAPII transcription across intron/exon borders, resulting in
enhanced processivity. In view of functional differences that
were observed between PAF1C subunits (15,21), it remains to
be seen, whether our findings related to ELF7 are representa-
tive of the entire PAF1C complex.

The FACT subunits, SSRP1 and SPT16, co-localise over
transcribed regions and compared to RNAPII-S2P/S5P are
shifted towards the TSS particularly at highly transcribed
genes. The distribution of Arabidopsis FACT is similar to that
observed in yeast, while in metazoa FACT is even more en-
riched downstream of the TSS, which may be related to the
regulated RNAPII promoter-proximal pausing (73,93). Be-
yond that FACT displayed a nucleosomal periodicity over
transcribed genes, corresponding to that of yeast FACT. There,
the periodicity was interpreted as preferential binding of
FACT to nucleosomes partially unwrapped by transcribing
RNAPII (94-96). This is in agreement with recent structural
studies, demonstrating that upon unwrapping DNA from the
TSS-proximal side of the nucleosome by the approaching
RNAPII elongation complex and exposure of the proximal
H2A-H2B dimer, FACT is recruited to assist further nucleo-
some transcription (97,98). Upon HS in ss7p1 plants (in which
SSRP1 is downregulated to <50%, (37)) transcript reads accu-
mulated just upstream of the +1 nucleosome, close to the site
of FACT enrichment (Figure 7). This suggests that under HS
conditions FACT is required for early transcript elongation,
particularly for efficient transcription through the +1 nucle-
osome. Since there is only minor overlap between differen-
tially expressed genes in #fIls (42) and ssrp1 relative to Col-0
upon exposure to HS, it is likely that TFIIS and FACT dis-
tinctly affect transcription through the +1 nucleosomes. Con-
sistently, the maximum accumulation of transcripts upon HS
map ~40 and ~20 bp upstream of the +1 nucleosome cen-
tre in ssrp1 and #f1ls, respectively. Similar to yeast FACT (96),
Arabidopsis FACT accumulates downstream of the +1 nucleo-
some. Early transcript elongation appears to be remarkably re-
sponsive to altered temperatures in Arabidopsis, as promoter-
proximal accumulation of RNAPII downstream of TSS oc-
curs both upon exposure to cold and heat (42,99,100). An-
other striking feature related to FACT was the occurrence of a
prominent NDR upstream of the TSS at FACT enriched genes
that is not seen with FACT non-enriched genes or with genes
enriched in ELF7 or SPTS. Depletion of FACT from mouse
cells leads to a loss of promoter-proximal nucleosomal oc-
cupancy resulting in a NDR upstream of TSSs that is asso-
ciated with increased transcription (101). As in our experi-
mental setup, the MNase cleavage was followed by H3-ChIP
before sequencing, we conclude that the highly MNase sensi-
tive region upstream of TSSs of FACT enriched genes is de-
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pleted in nucleosomes. This is consistent with earlier experi-
ments that revealed that at a subset of genes phosphorylation
of Arabidopsis SPT16 is required to establish or retain a NDR
upstream of the TSS (44). NDRs play important roles in reg-
ulating RNAPII transcription as they are sites of transcription
factor binding, preinitiation complex assembly and RNAPII
loading (102,103). Thus, in Arabidopsis and mouse the his-
tone chaperone FACT modulates nucleosome occupancy up-
stream of TSSs and in Arabidopsis FACT is particularly re-
quired upon HS for the efficient upregulation of genes. The
applied rapid HS results in a massive transcriptional repro-
gramming of hundreds of genes (42,59), hence apparently ne-
cessitating FACT activity to adapt to the altered conditions.

Our study analysing the genomic occupancy of three types
of RNAPII elongation factors in plants revealed that SPT4-
SPTS5, PAF1C and FACT predominantly localise to transcribed
regions, albeit with distinct distribution patterns. Examina-
tion of corresponding mutant plants under acute HS condi-
tions highlighted that different TEFs are diversely required to
elicit an appropriate transcriptional response. These insights
into post-initiation regulation of gene activity in Arabidopsis
will serve as a foundation for future studies addressing tran-
script elongation also in other plant species. Moreover, it rep-
resents a starting point for comparative studies to unveil the
similarities and dissimilarities of RNAPII transcriptional reg-
ulation relative to yeast and metazoan models.
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