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ABSTRACT

Chromatin remodelers have been thought to be cru-
cial in creating an accessible chromatin environment
before transcription activation. However, it is still un-
clear how chromatin remodelers recognize and bind
to the active regions. In this study, we found that
chromatin remodelers SPLAYED (SYD) and BRAHMA
(BRM) interact and co-occupy with Suppressor of
Ty6-like (SPT6L), a core subunit of the transcription
machinery, at thousands of the transcription start
sites (TSS). The association of SYD and BRM to
chromatin is dramatically reduced in spt6l and can
be restored mainly by SPT6L�tSH2, which binds to
TSS in a RNA polymerase II (Pol II)-independent man-
ner. Furthermore, SPT6L and SYD/BRM are involved
in regulating the nucleosome and Pol II occupancy
around TSS. The presence of SPT6L is sufficient to
restore the association of the chromatin remodeler
SYD to chromatin and maintain normal nucleosome
occupancy. Our findings suggest that the two chro-
matin remodelers can form protein complexes with
the core subunit of the transcription machinery and
regulate nucleosome occupancy in the early tran-
scription stage.

INTRODUCTION

The cell-type-specific expression of genes is central to nu-
merous biological processes and modulated primarily at the
transcription level. In eukaryotic cells, the genomic DNA

wraps around the histone octamer (comprised of two copies
of H2A, H2B, H3 and H4) and forms the nucleosome, the
fundamental repeating unit of chromatin (1). The tight con-
tacts between nucleosomes and DNA are considered as the
major barriers for transcription to proceed (2,3). In eu-
karyotic cells, multiple mechanisms have been developed to
counteract this barrier and ensure efficient Pol II transcrip-
tion. Generally, three broad classes of such mechanisms
have been identified: elongation factors facilitated Pol II
activity, chromatin remodelers mediated nucleosome mobi-
lization, and chromatin-modifying factors mediated nucle-
osome alteration (4–8).

SPT6 is a well-known conserved histone chaperone ini-
tially identified by its capacity to maintain genome in-
tegrity via the interaction with histones and nucleosome
assembly (9,10). In addition, SPT6 serves as an essential
transcription elongation factor associated with phospho-
rylated Pol II during transcription (7,11–13). Mutations
in yeast SPT6 lead to significantly elevated levels of tran-
scripts within coding regions (14,15), implying SPT6’s po-
tential role in controlling the precision of transcription ini-
tiation. Arabidopsis thaliana (Arabidopsis) contains two ho-
mologs of SPT6: SPT6 and SPT6L (16). SPT6 transcript is
undetectable in most tissues and mutations in SPT6 cause
invisible defects (16,17), suggesting that it may serve as
a pseudogene and thus less studied. SPT6L, however, is
ubiquitously expressed, and loss of SPT6L leads to se-
vere morphological defects (16,18). Similar to other organ-
isms, SPT6L contains a tandem SH2 domain (tSH2), which
is required for its association with Pol II (18). In yeast,
deletion of the Spt6 Pol II binding domain led to much
less recruitment of Spt6 on chromatin (19). However, in
plants, the removal of tSH2 domain shifts the binding of
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SPT6L from gene bodies towards TSS and the introduc-
tion of SPT6L�tSH2 into spt6l improves the occupancy of
Pol II around TSS (18), suggesting its potential role in early
transcription.

Chromatin remodelers control access to genomic
DNA by noncovalently modifying nucleosome archi-
tecture through an ATPase catalytic subunit. Those
ATP-dependent chromatin remodelers are evolutionally
conserved from yeast to mammalians and plants. Based
on the ATPase’s similarity and difference, those chromatin
remodelers are generally divided into four families, namely
switching defective/sucrose nonfermenting (SWI/SNF),
inositol requiring 80 (INO80), chromodomain helicase
DNA binding (CHD), and imitation switch (ISWI) (5,20).
Each ATP-dependent chromatin remodeling family per-
forms specialized functions in vivo. For example, the
SWI/SNF complex alters chromatin accessibility by
repositing, ejecting, and sliding nucleosomes (21,22). The
INO80 family carries out histone removal and replace-
ment, whereas CHD and ISWI chromatin remodelers
mediate nucleosome assembly, spacing, and maturation
(23,24).

Originally identified in Saccharomyces cerevisiae, the
SWI/SNF family contains highly conserved multi-subunit
remodelers. Yeast has two SWI/SNF-type ATPases,
SWI2/SNF2 and SNF2 homolog 1 (STH1), whereas
the Drosophila SWI/SNF family contains one ATPase-
BRM. Similarly, the human SWI/SNF family has two
ATPases, BRM and BRM-related gene 1 (BRG1) (25,26).
In Arabidopsis, four SWI2/SNF2-type chromatin re-
modelers have been discovered, including SYD, BRM,
MINUSCULE 1 (MINU1), and MINU2 (20,27). Increas-
ing evidence has shown that Arabidopsis SWI2/SNF2
subunits interact with other chromatin regulators, in-
cluding histone deacetylase HISTONE DEACETYLASE
2C (HD2C) and histone H3 lysine 27 trimethylation
(H3K27me3) demethylase RELATIVE OF EARLY
FLOWERING 6 (REF6) (28,29). Our previous work
demonstrated that SYD and BRM target to TSS (30), but
it remains to be investigated how those chromatin remod-
elers are recruited to TSS. Early works on yeast shown that
numerous chromatin remodelers and histone chaperones
coordinate transcription (31–33). Much remains to be
clarified on whether and how chromatin remodelers asso-
ciate with the transcription machinery to promote plant
transcription.

In this report, we analyzed the genome-wide associa-
tion between the transcription elongator SPT6L and the
SWI2/SNF2 chromatin remodelers SYD/BRM and found
that SPT6L functions as a critical player that bridges chro-
matin remodelers to the transcription machinery. We pro-
vide further evidence showing that SPT6L is required and
sufficient for the recruitment of chromatin remodelers at
TSS in a Pol II-independent manner and is involved in reg-
ulating the nucleosome occupancy around TSS. Taken to-
gether, our results suggest a possible scenario that the two
chromatin remodelers can directly form protein complexes
with the core subunit of transcription machinery and regu-
late the nucleosome occupancy during early transcription.
Our study, therefore, sheds fresh light on mechanisms un-
derlying the transcription initiation in plants.

MATERIALS AND METHODS

Plant materials and growth conditions

Transfer DNA (T-DNA) insertion mutants syd-5
(SALK 023209) (34), spt6l (SALK 016621) (16,18),
brm-1 (SALK 030046) (35) and brm-3 (SALK 088462)
(36) were obtained from the Arabidopsis Biological Re-
source Center and have been previously reported. All
Arabidopsis lines used in this study were in Columbia (Col-
0) background. Seeds were stratified in the dark at 4◦C for
3 days before being sown on agar plates containing 2.22
g/l Murashige and Skoog basal medium with vitamins mix
(Cat. M519, PhytoTech LABS), 1.5% sucrose (pH 5.75),
and 0.8% agar (hereafter referred to as 1/2 MS). Plant
growth was in long-day photoperiod (16h light/8h dark
cycles) at 22◦C. All materials used in this study were 10-day
old otherwise specified elsewhere. Those transgenic lines
ProSPT6L:SPT6L-GFP, ProSPT6L:SPT6LΔtSH2-
GFP, ProSPT6L:SPT6LΔtSH2ΔYqgF-GFP,
ProSYD:SYDΔC-GFP and ProBRM:BRM-GFP were
previously reported (18,30,35). Primers used in this study
were listed in Supplementary Dataset S1.

For genotype analyses, spt6l seeds were selected from
spt6l+/− based on its defected morphological phenotypes
reported previously (16), followed by sown on 1/2 MS
plates. To identify spt6l syd-5 and spt6l brm-1 double mu-
tants, spt6l syd-5+/− and spt6l brm-1+/− seeds were selected
from spt6l+/− syd-5+/− and spt6l+/− brm-1+/−, respectively,
and then sown on 1/2 MS plates. On the 10th day, each
seedling was taken photos and PCR was then performed
to identify spt6l syd-5 and spt6l brm-1 seedlings.

Generation of plasmid constructs

We generated a new binary vector containing a 3× MYC
sequence modified from pMDC123 (hereafter named m123-
MYC). The previously reported pMDC107-gSYD con-
struct was used as the template to amplify a 12 kb ge-
nomic sequence, including the SYD promoter/regulatory
region (30). The PCR product was purified and subcloned
into the modified vector m123-MYC between the PmeI and
PacI sites. Next, the construct was sequenced to confirm
that the SYD coding sequence was in-frame. The entry vec-
tors pDONR221-SPT6L, pDONR221-SPT6LΔtSH2 and
pDONR221-SPT6LΔtSH2ΔYqgF, which were described
previously (18), were inserted into the destination vec-
tor pEarleyGate303 according to the manufacturer’s in-
structions (Gateway™ LR Clonase™ II Enzyme mix, Cat.
11791020, Invitrogen). The genomic sequence of NRPB1
(including 2308 bp upstream of ATG) was amplified and
fused a 3× FLAG sequence to its C-terminal, which was
then inserted into the pGreen0029 binary vector. We fused
the genomic sequence of SPT6L with a glucocorticoid re-
ceptor (GR) sequence and a 3× FLAG sequence (SPT6L-
GR), which was finally inserted into the pGreen0029 binary
vector.

Plant transformation

The constructs were introduced into Agrobacterium tume-
faciens strain GV3101, which were then transformed into
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plants using the floral dip method (37). Homozygous trans-
genic lines with each homozygous genetic background were
selected from the T3 generation, in which the functional
tagged proteins were detected.

Immunoblot and co-immunoprecipitation (Co-IP)

One hundred milligrams of 10-day-old seedlings were har-
vested and homogenized to fine powder, which was subse-
quently dissolved in 300 �l lysis buffer (100 mM Tris–HCl
pH 7.5, 300 mM NaCl, 2 mM EDTA, 1% TritonX-100,
10% glycerol, 1 mM PMSF, and protease inhibitor cock-
tail) for 30 min at 4◦C with gentle shaking. Next, the crude
lysate was centrifuged at 18 000 g for 10 min at 4◦C to re-
move debris. For Western blot (WB), the supernatants were
mixed with 4× SDS loading buffer and loaded onto SDS-
PAGE gels. For Co-IP, we added 25 �l anti-GFP nanobody
agarose beads (Cat. KTSM1301, KT HEALTH) to the su-
pernatants and incubated for 2 h at 4◦C with gentle shak-
ing. The interacting proteins were eluted and then loaded
onto SDS-PAGE gels. For affinity purification (AP), the ly-
sis buffer excluded EDTA, PMSF, and protease inhibitor
cocktail. Then 50 �l HisPur Ni-NTA resin (Cat. 88222,
Thermo SCIENTIFIC) was added to the supernatants and
incubated for 2 h at 4◦C with gentle shaking. The His-tagged
proteins were eluted and loaded onto SDS-PAGE gels.

The following list is the antibodies used in this study:
anti-GFP (Cat. ab290, Abcam; 1:20 000 dilution), anti-H3
(Cat. ab1791, Abcam; 1:20 000 dilution), anti-MYC (Cat.
ab9106, Abcam; 1:20 000 dilution), anti-Pol II CTD repeat
YSPTSPS (phospho S5) (Cat. ab193467, Abcam; 1:20 000
dilution), anti-RNAPIISer2P (Cat. ab5095, Abcam, 1:20
000 dilution), and anti-DDDDK-tag (Cat. M185, MBL
Life science; 1:10 000 dilution).

Dexamethasone (DEX) treatment

DEX (Cat. D1756, Sigma-Aldrich) was suspended at 20
mM in dimethylsulfoxide (DMSO) and kept at −20◦C. In
the DEX induction experiments, spt6l SPT6L-GR SYD-
GFP seeds were sown on 1/2 MS plates containing either 20
�M DEX or the equivalent volume of DMSO grown for 10
days. For the short-time DEX induction, spt6l SPT6L-GR
SYD-GFP seeds were sown on 1/2 MS plates for 10 days,
followed by a 1.5 h treatment of 100 �M DEX or the equiv-
alent volume of DMSO.

Cell fractionation

Cell fractionation was performed as described previously
(38) with minor modifications. Briefly, approximately 1
gram of seedlings was ground into fine powder and resus-
pended with 3 ml Honda buffer (0.4 M sucrose, 1.25% Fi-
coll, 2.5% Dextran T40, 20 mM HEPES (pH 7.5), 10 mM
MgCl2, 0.5% Triton X-100, 1 mM DTT and protease in-
hibitor cocktail). After homogenization by gentle rotating
at 4◦C for 30 min, the solution was filtered through the
40 �M cell strainer. We collected 100 �l filtrate as the to-
tal fraction. The remaining filtrate was centrifuged at 4◦C,
2000 g, for 5 min. The supernatant was collected and kept
as the cytoplasmic fraction, while the nuclear pellet was

washed with 1 ml Honda buffer three times. Finally, the pel-
let was retained as the nucleic fraction. For WB, the subcel-
lular fractions were mixed with 4× SDS loading buffer and
loaded onto SDS-PAGE gels. For Co-IP, the nuclear pellet
was dissolved with 300 �l lysis buffer (100 mM Tris–HCl
pH 7.5, 300 mM NaCl, 2 mM EDTA, 1% TritonX-100, 10%
glycerol, 1 mM PMSF, and protease inhibitor cocktail) for
30 min at 4◦C with gentle shaking. Then 25 �l anti-GFP
nanobody agarose beads (Cat. KTSM1301, KT HEALTH)
were added to the solution and incubated for 2 h at 4◦C
with gentle shaking. The interacting proteins were eluted
and then loaded onto SDS-PAGE gels.

Chromatin immunoprecipitation (ChIP)

ChIP assays were carried out as described previously
(39–41) with minor modifications. Generally, plants were
crosslinked with 1% formaldehyde for 20 min under vacuum
at room temperature and quenched with 0.125 M glycine
under vacuum for an additional 5 min. Approximately 500
mg of tissues were used for each ChIP assay. The chromatin
was sonicated using a Covaris M220 sonicator (peak power:
75; duty factor: 20; cycles/burst: 200) for 210 s at 6◦C. The
lysates were centrifuged at 18 000 g for 10 min at 4◦C to
remove debris. Ten microliters of supernatant were used as
the input sample, whereas the remaining supernatant was
kept for the downstream procedure. Ten microliters of Dyn-
abeads Protein A (Cat. 10002D, ThermoFisher SCIEN-
TIFIC) were added to each sample to prewash for 1 h at
4◦C with gentle rotating. ChIP was carried out using anti-
bodies: anti-GFP (Cat. ab290, Abcam) and anti-Pol II CTD
repeat YSPTSPS (Cat. ab817, Abcam). Approximately 40
�l of Dynabeads Protein A were mixed with 4 �l of anti-
bodies and incubated for about 6 h on a rotator at 4◦C to
form antibody-bead complexes. The prewashed chromatin
was incubated with the antibody-bead complexes overnight
at 4◦C with a slight rotation. The remaining steps were the
same as described previously (40). ChIP DNA was used for
qPCR with three biological replicates, and results were gen-
erated as the percentage of input DNA. The locations of
primers on each gene used for qPCR are shown in Supple-
mentary Figure S1. ChIP DNA libraries were prepared fol-
lowing the published protocol (42) with at least two biolog-
ical replicates otherwise specified elsewhere.

ChIP-seq data analyses

ChIP-seq data were analyzed as described previously
(18,43). Briefly, adapters were removed from raw sequenc-
ing reads with cutadapt (version 3.4, -m 10). And the
processed reads were mapped to the Arabidopsis genome
(TAIR10) by Bowtie2 (44) with default settings. Then
PCR duplicates were removed by using samtools (45) (for
pair-end reads) or running the MACS2-filterdup program
(46,47) (for single-end reads). The reads information of each
sample was listed in Supplementary Dataset S2. The corre-
lation between replicates was analyzed and shown in Sup-
plementary Figure S2A, B. To identify read-enriched re-
gions (peaks), the MACS2 program was employed to per-
form peak calling with the following settings (-g 135000000,
-nomodel, and -p 0.01). Highly confident peaks were gener-
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ated by running idr (2.0.3) (–idr-threshold 0.01) with bio-
logical replicates. All the peak and gene coordinates were
listed in Supplementary Dataset S3. Heatmap and binding
profiles were generated using deeptools (48). The averaged
coverage file from two or three biological replicates was gen-
erated by running a GitHub script (http://wresch.github.
io/2014/01/31/mergebigwig-files.html). Genome tracks were
generated with pyGenomeTracks (49).

Micrococcal nuclease (MNase)-qPCR and MNase-seq

The MNase assays were carried out as described previ-
ously (50) with minor modifications. Approximately 400
milligrams of seedlings were used per sample. Additionally,
equal amounts of spike-in nuclei extracted from Saccha-
romyces cerevisiae were added to each sample before MNase
treatment, which worked as the internal control among
samples (51). For MNase treatment, the prepared nuclei
were resuspended in prewarmed MNase digestion buffer,
followed by the addition of 8 units of MNase (Cat. 2910A,
TaKaRa) and incubation (15 min at 37◦C with periodic ag-
itation). Finally, the mono-nucleosomal DNA was isolated
from 2% agarose gels and quantified by the Qubit dsDNA
HS assay kit (Cat. Q32851, ThermoFisher SCIENTIFIC).

For MNase-qPCR, the nucleosome occupancy for a spe-
cific region was determined as the percentage of input-
MNase-digested DNA, which was then normalized to
the spike-in-control yeast NUC6. Primers used for qPCR
are listed in Supplementary Dataset S1. The locations of
primers on each gene used for qPCR are shown in Sup-
plementary Figure S1. For MNase-seq, DNA libraries were
generated following the published protocol (42).

MNase-seq data analyses

The raw MNase-seq reads were processed with cutadapt
(version 3.4, -m 10) to remove adaptors. And then, the
processed reads were mapped to the Arabidopsis genome
(TAIR10) by Bowtie2 (44) with default settings. The
uniquely mapped pairs were obtained by removing un-
mapped, improperly paired, and duplicated reads using
samtools (44). The reads information of each sample was
listed in Supplementary Dataset S2. The correlation be-
tween replicates was analyzed and shown in Supplemen-
tary Figure S2C. The nucleosome positions were deter-
mined by applying the improved nucleosome-positioning
algorithm iNPS (52) with default settings. The smoothed
bigwig files across biological replicates were generated by
using ‘dpos’ function in DANPOS3 (53). Finally, MNase-
seq data among samples were normalized by applying quan-
tile normalization methods to normalize occupancy with
‘wiq’ function in DANPOS3.

RESULTS

Genome-wide co-occupancy of SYD and BRM with SPT6L

The TSS occupancy pattern of the SWI2/SNF2 chromatin
remodelers SYD and BRM revealed in our recent work
(30) resembles the occupancy profile of a truncated ver-
sion of SPT6L (SPT6L�tSH2) (18), a core subunit of the
transcription machinery. Our previous work indicated that

the introduction of SPT6L�tSH2 into spt6l partially res-
cues the occupancy of Pol II at TSS, suggesting the poten-
tial role of SPT6L in the early transcription stage. As the
genome-wide occupancies of SYD, BRM, and SPT6L are
associated with the activation of transcription (18,30,54),
we were prompted to investigate the relationship among
them in the early stage of transcription. By comparing pre-
vious ChIP-seq signals (18,28,30), we observed that SYD
and BRM co-localized with SPT6L�tSH2 around TSS at
several genes (Figure 1A). We next plotted the ChIP-seq
signals of SYD, BRM, SPT6L�tSH2, and SPT6L at SYD-
occupied genes and also found the genome-wide concur-
rent signals of SYD, BRM and SPT6L�tSH2 at TSS (Fig-
ure 1B). To examine the specificity of co-binding between
SWI2/SNF2 and SPT6L�tSH2, we also plotted four other
chromatin remodelers on the same genomic regions and
found that except BAF60 (SWI/SNF family) (55), other
three chromatin remodelers PHOTOPERIOD INDEPEN-
DENT EARLY FLOWERING 1 (PIE1, SWI2/SNF2-
related 1 family) (56), CHROMATIN REMODELING 11
(CHR11, ISWI family) (56), and a putative SNF2-related
chromatin remodeler CHR19 (57) were weakly or even
not enriched at TSS (Figure 1B). This result suggests that
SPT6L�tSH2 may prefer to interplay with SWI/SNF com-
plex at TSS. To further examine the relationship between
SPT6L�tSH2 and SWI2/SNF2 complex, we found the
binding peaks of SYD and BRM largely overlapped with
the peaks of SPT6L�tSH2 (Figure 1C), and the genome-
wide ChIP signals of SYD and BRM were positively corre-
lated with that of SPT6L�tSH2 (Pearson correlation, 0.794
and 0.785, respectively; Supplementary Figure S3). To com-
pare the binding profiles of SYD, BRM, SPT6L�tSH2,
and SPT6L around TSS, we plotted ChIP signals around
all SPT6L binding genes and found that except for SPT6L,
which were enriched on transcribed regions, the other three
proteins were all peaked around TSS (Figure 1D). Inter-
estingly, the peak summits of SYD exactly overlapped with
TSS, whereas the peak summits of BRM and SPT6L�tSH2
were positioned slightly downstream of TSS (Figure 1D).
These results suggest that chromatin remodelers SYD and
BRM may associate with SPT6L and play roles in early
transcription.

SPT6L bridges chromatin remodelers SYD and BRM to
Pol II

Previous work on the purification of transcription elon-
gation complex showed successful purification of multiple
chromatin remodelers with transcription elongation fac-
tors (17). To further investigate the role of chromatin re-
modelers in transcription, firstly, we crossed the SYD-GFP
line with the spt6l heterozygous (spt6l+/−) plant and per-
formed co-IP experiments to examine the interaction of
SYD to Pol II in WT and spt6l backgrounds (effective-
ness of knocking out SPT6L was confirmed by qRT-PCR
in Supplementary Figure S4A). As shown in Figure 2A
and Supplementary Figure S4B, we detected the interac-
tion of SYD with phosphorylated Pol II and found that
the interaction was largely compromised in the absence of
SPT6L, indicating that SPT6L is required for the associ-
ation of SYD with Pol II. To examine the interaction be-

http://wresch.github.io/2014/01/31/mergebigwig-files.html
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Figure 1. SPT6L�tSH2 co-occupies with the SWI2/SNF2 chromatin remodelers SYD and BRM in Arabidopsis. (A) Genome tracks display SYD, BRM,
SPT6L�tSH2, and SPT6L ChIP-seq signals on chromosome 1 (Chr 1: 3100 kb to 3150 kb). The Y-axis values indicate the mean of normalized reads
per 10 bp. The dashed rectangles indicate co-binding peaks among examined proteins. (B) Heatmaps of SPT6L, SPT6L�tSH2, SYD, BRM and other
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the relative mean of normalized reads per 10 bp. The number of genes was indicated (n).

tween SYD and SPT6L, we crossed the SYD-GFP line with
the SPT6LΔtSH2-MYC and the SPT6L-MYC transgenic
plants, respectively. We found that SYD interacted with
both tSH2 deletion and full-length of SPT6L (Figure 2B),
although the latter preferred to associate with gene bodies
rather than TSS (Figure 1B, D) (18). The above interactions
were further confirmed by co-affinity purification assays
(Supplementary Figure S4C). As the tSH2 domain is essen-
tial for the association between SPT6L and phosphorylated
Pol II (Supplementary Figure S4D) (18) and the present of
SPT6L�tSH2 improves the occupancy of Pol II at TSS (18),
the above interactions support a scenario that SPT6L may
bridge the association of SYD to phosphorylated Pol II in
early transcription. To test this hypothesis, we next investi-
gated the interactions among SYD, SPT6L and Pol II af-
ter treating seedlings with the P-TEFb inhibitor, which de-
creases the phosphorylation levels of Pol II and disrupts
its interaction with SPT6L (18,58). As shown in Figure 2C
and Supplementary Figure S5A, the application of the in-
hibitor effectively reduced the phosphorylation level of Pol
II within 1 h, but the interactions between SYD and SPT6L
were still intact, indicating that phosphorylation of Pol II

may not be required for the formation of the SYD–SPT6L
complex.

Since the antibodies of Pol II used were designed to rec-
ognize phosphorylated Pol II, it is hard to estimate the in-
teraction between SYD and Pol II after treating with the in-
hibitor. In addition, the compromised interaction of SYD
to phosphorylated Pol II (Figure 2A) may result from the
reduction of Pol II phosphorylation in spt6l. Therefore, to
further examine the interaction between SYD and Pol II,
we generated a transgenic line by introducing a transgene
of ProNRPB1:gNRPB1-FLAG (NRPB1 encodes the large
subunit of Pol II) into SYD-GFP spt6l+/− plants. By per-
forming the Co-IP experiments, we detected the interaction
between SYD and NRPB1 and found that the interaction
was dramatically reduced after treatment with the P-TEFb
inhibitor, although the amount of NRPB1 was largely
unchanged (Figure 2D). Additionally, with the NRPB1-
tagged line, we also found that the phosphorylation status
of NRPB1 was unaffected in spt6l (Supplementary Figure
S5B) and confirmed that the interaction between SYD and
Pol II was reduced in spt6l (Figure 2E and Supplementary
Figure S5C). Interestingly, we also found that the introduc-
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Figure 2. SPT6L is required to maintain the interaction between SYD and Pol II. (A) Co-immunoprecipitation (Co-IP) examined the interactions of SYD
with serine 5 phosphorylated (CTD) Pol II (Pol II S5P) in WT, syd-5 SYD-GFP (SYD), and spt6l syd-5 SYD-GFP (spt6l SYD). (B) Co-IP performed on
syd-5 spt6l SYD-GFP SPT6L-MYC (SYD SPT6L) and syd-5 SYD-GFP SPT6LΔtSH2-MYC (SYD SPT6L�tSH2). (C) Co-IP examined the interactions
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tion of SPT6L�tSH2 in spt6l can partially restore the in-
teraction of SYD to Pol II (Figure 2E), suggesting the ex-
istence of other mechanisms to regulate the association be-
tween SYD and Pol II. In addition, we detected the interac-
tion of SYD to SPT6L�tSH2�YqgF (Supplementary Fig-
ure S5D), which lost its ability to interact with chromatin
(18), implying that SYD may form a protein complex with
SPT6L independent of chromatin. In summary, these data

indicate that SYD’s interaction with SPT6L is independent
of Pol II, and SPT6L bridges the association of SYD to
Pol II.

As SYD and BRM are closely related chromatin remod-
elers (24,30,59), we also examined the relationship between
BRM and SPT6L. Similar to SYD, BRM interacts with
SPT6L in a Pol II-independent manner, and the interac-
tion of BRM with Pol II depends on SPT6L (Supplemen-
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tary Figure S6A–E). Moreover, we found that BRM in-
teracts with SPT6L�YqgF (Supplementary Figure S6F),
which lost its association with chromatin (18), suggesting
that BRM, similar to SYD, may interact with SPT6L inde-
pendent of chromatin. Altogether, these findings show that
SPT6L can form protein complexes with the SWI2/SNF2
chromatin remodelers SYD/BRM and link them to the
transcription machinery.

Genome-wide association of SYD and BRM is mainly depen-
dent on SPT6L

The interaction and co-occupancy of SPT6L with the two
chromatin remodelers led us to examine the interplay of
their genome-wide recruitment to target genes. We firstly
examined the SPT6L genome-wide binding in the syd-5 null
mutant and found that the binding patterns of SPT6L are
similar to that in WT (Figure 3A and Supplementary Fig-
ure S7A-B), demonstrating that the association of SPT6L
with chromatin is not dependent on SYD. On the con-
trary, the SYD binding signals were dramatically reduced
in spt6l (Figure 3B–D). As the binding profile of SYD is
similar to that of SPT6L�tSH2 (Figure 1A, B) and the
interaction between SYD and SPT6L is unaffected after
deletion of the tSH2 domain (Figure 2B and Supplemen-
tary Figure S4C), we reasoned that the introduction of
SPT6L�tSH2 into spt6l may rescue the association of SYD
to chromatin. Therefore, we profiled the genome-wide bind-
ing of SYD in the spt6l SPT6LΔtSH2 plants and found
that the overall occupancy of SYD was partially rescued
(Figure 3B–D). These results were further confirmed by
ChIP-qPCR analyses at selected genomic loci (Supplemen-
tary Figure S7C). To rule out the potential effect of pro-
tein stability, we checked the amounts of SYD in WT, spt6l,
and spt6l SPT6LΔtSH2 and detected comparable levels of
SYD in these genetic backgrounds (Supplementary Figures
S5B and S7D). In addition, we examined the dependency of
BRM on SPT6L and, as expected, found reduced binding
signals of BRM in spt6l (Supplementary Figure S7E–H), in-
dicating that SPT6L is required for the recruitment of both
SYD and BRM to chromatin.

To clarify the genome-wide dependency of SYD on
SPT6L/SPT6L�tSH2, we went through ChIP-seq signals
of SYD, SPT6L, and SPT6L�tSH2 and identified 1,556
peaks in SYD (hereafter referred to as SYD alone), which
were not overlapped with either SPT6L or SPT6L�tSH2
(Figure 3E). Further, we analyzed the genome features con-
tained in either SYD alone or SYD/SPT6L�tSH2 over-
lapped peaks and found that the proportion of intergenic
region was increased in SYD alone peaks (Supplementary
Figure S7I). By comparing ChIP-seq signals of SYD at the
above two groups of peaks, we found that stronger ChIP-seq
signals at SYD/SPT6L�tSH2 overlapped regions than that
at SYD alone regions (Figure 3E). Unexpectedly, the ChIP-
seq signals of SYD were decreased and partially recovered
both at SYD/SPT6L�tSH2 overlapped and SYD alone
peaks (Figure 3E). Similar phenomena were also found
in BRM/SPT6L�tSH2 overlapped and BRM alone peaks
(Supplementary Figure S7I, J). These results suggest that
the genome-wide association of SYD and BRM is likely

contributed by SPT6L and other unknown factors (such as
Pol II itself).

To further examine the genetic relationship between
SYD/BRM and SPT6L, we identified spt6l syd-5 and spt6l
brm-1 seedlings from the progenies of double heterozygous
plants and compared their morphological phenotypes with
each single mutant. As shown in Figure 3F and Supplemen-
tary Figure S8, the morphological phenotypes of both spt6l
syd-5 and spt6l brm-1 in either 10 or 21 days are similar to
that of spt6l. We then carefully compared and quantified the
proportions of abnormal progenies of the three heterozy-
gous (spt6l+/−, spt6l+/− syd-5+/− and spt6l+/− brm-1+/−)
plants and found that the progenies of spt6l+/− syd-5+/−
but not spt6l+/− brm-1+/− shared similar compositions of
abnormal seedlings to that in spt6l+/− (Figure 3G). These
data indicate that the functions of SYD largely depend on
SPT6L and BRM may have other independent mechanisms
to facilitate its functions.

As we reported previously, the loss of SPT6L dramati-
cally reduced the occupancy of Pol II on chromatin, and
SPT6L�tSH2 could partially rescue the Pol II associa-
tion with TSS (18). Thus, it could be argued that the
loss and partially recovered binding signals of SYD in
spt6l and spt6l SPT6LΔtSH2, respectively, may be resulted
from the changed association of the transcription machin-
ery with chromatin. To examine the potential linkage of
SYD with Pol II, we compared the changed occupancies
of Pol II and SYD at SYD binding genes after introduc-
ing SPT6LΔtSH2 into spt6l and found that the alterations
of Pol II and SYD were not correlated (Figure 3H). In addi-
tion, SPT6L mutation resulted in three different changes in
Pol II occupancies around SYD-associated TSS: decreased
(Group I), unchanged (Group II), and increased (Group
III) (Figure 3I). By plotting SYD signals over the three
groups of TSS, however, we observed decreased SYD bind-
ing signals in all groups (Figure 3I), indicating the occu-
pancy of SYD may not be directly associated with Pol
II. Together, our results suggest that SPT6L recruits the
SWI2/SNF2 chromatin remodeler SYD at TSS in a Pol II-
independent manner.

SPT6L and SYD/BRM regulate nucleosome occupancy
around TSS

As chromatin remodelers play essential roles in the regu-
lation of nucleosome occupancy (59,60), the dependency
of SYD and BRM on SPT6L prompted us to further ex-
amine the potential roles of SPT6L on the nucleosome ar-
rangement around TSS. By performing MNase digestion
followed by high-throughput sequencing (MNase-seq) in
WT and spt6l, we found that the nucleosome occupancy
downstream of TSS was increased in spt6l (Figure 4A) and
the introduction of SPT6L�tSH2 partially restored the nu-
cleosome occupancy toward the WT level (Figure 4A). To
further evaluate the effect of SPT6L on nucleosome ar-
rangement, we characterized different types of nucleosome
changes (changes in occupancy, position, and fuzziness)
in spt6l using the DANPOS3 software (53). As shown in
Figure 4B, we detected 50,644 significantly changed (fold
change > 2 and P < 10−5) nucleosomes within SPT6L-
bound regions between WT and spt6l. Intriguingly, nearly
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half of the changed nucleosomes showed position changes,
and the remaining experienced mixed changes (Figure 4B).
Indeed, a shifted profile of nucleosome downstream of TSS
was observed in spt6l by comparing nucleosome occupancy
on SPT6L-bound regions (Supplementary Figure S9A).
The shifting distances were approximately 30 and 20 bp
in upstream and downstream shifts, respectively (Supple-
mentary Figure S9B). To further confirm the nucleosome
changes in spt6l, we continuously monitored the effect of
MNase in WT and spt6l. After normalizing with referencing
yeast chromatin, we also detected larger amounts of nucle-
osomes in spt6l than that in WT at candidate genes (Figure
4C and Supplementary Figure S9C). To sum up, these re-
sults suggest that SPT6L plays a major role in maintaining
normal nucleosome occupancy.

Since the lethality of spt6l and syd brm mutants (18,61),
we could not directly assess the nucleosome changes in
spt6l syd, spt6l brm, and spt6l syd brm. Instead, we com-
pared the nucleosome changes in syd-5, brm-1, and syd-5
brm-3 (brm-3 severed as a weak allele of brm-1) at several
SPT6L and SYD/BRM co-binding genes. Consistent with
the MNase-seq data, the nucleosome occupancies at the
downstream of selected TSS were increased in spt6l and res-
cued in spt6l SPT6LΔtSH2 (Figure 4D and Supplementary
Figure S9D). Furthermore, mutations in the chromatin re-
modelers SYD/BRM also led to increased nucleosome oc-
cupancies at some of the selected genes (Figure 4D and Sup-
plementary Figure S9D), suggesting that both SPT6L and
SYD/BRM are involved in the regulation of nucleosome
occupancy around TSS.

Nucleosome occupancy at TSS has been linked to tran-
scription activation or repression (62–64). To examine this
linkage in spt6l, we profiled the MNase-seq reads on pre-
viously defined three groups of genes, which showed an
increased, unchanged, and decreased Pol II occupancy in
spt6l (Figure 3I). However, regardless of the Pol II change,
we detected increased and partially restored MNase-seq sig-
nals in spt6l and spt6l SPT6LΔtSH2, respectively, in all
three groups (Figure 4E). We also analyzed the relationship
between Pol II and nucleosome occupancy and did not ob-

serve the correlation of changed Pol II and nucleosome sig-
nals in spt6l (Figure 4F), suggesting that alteration of nu-
cleosome occupancy may not directly contribute to the as-
sociation of the transcription machinery. Similarly, we per-
formed Pol II ChIP-seq in syd-5, brm-1 and syd-5 brm-3 and
compared the profiles of Pol II in the three groups of genes
as shown in Figure 3I. The occupancies of Pol II at down-
stream of TSS in brm-1, similar to that in spt6l (Figure 3I),
were slightly decreased and increased in Group I and Group
III, respectively (Figure 4G). By comparing the Pol II pro-
files in spt6l and syd-5 brm-3, we found that the changed
Pol II occupancy in spt6l was weakly correlated with that
in syd-5 brm-3 at Group I and Group II genes (Figure 4G),
suggesting that SYD/BRM and SPT6L may play similar
roles in regulating the occupancy of Pol II around TSS.

SPT6L is sufficient for recruiting SYD/BRM and restoring
nucleosome occupancy

To further examine whether SPT6L is sufficient to bridge
SYD/BRM to the transcription machinery and maintain
nucleosome occupancy, we fused SPT6L with GR, which
can translocate the fused protein into the nucleus upon the
application of DEX. We introduced it into spt6l+/− plants.
Under the mock treatment, we observed spt6l-like pheno-
types in spt6l ProSPT6L:SPT6L-GR-FLAG (hereafter re-
ferred to as SPT6L-GR) seedlings (Figure 5A), and most
of the SPT6L-GR protein was indeed trapped in the cyto-
plasm (Figure 5B). After DEX application, the cytoplasmic
SPT6L was translocated into the nucleus (Figure 5B), and
the SPT6L-GR seedlings were able to develop true leaves
(Figure 5A), indicating that the deformed morphology of
spt6l resulted from the loss-of-nuclear function of SPT6L
and the translocated SPT6L was sufficient to rescue the de-
fects of spt6l partially. With the inducible system, we next
examined the roles of SPT6L in the recruitment of SYD and
regulation of nucleosome occupancy. As shown in Figure
5C and Supplementary Figure S10A, under treatment with
DEX, the translocated SPT6L could interact with SYD and
the association between SYD and Pol II was partially re-

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
sorted by SPT6L signal strength in spt6l SPT6L-GFP. The plotted values are the means of normalized reads (1 × sequencing depth normalization) per
10 bp non-overlapped bins, averaged over two biological replicates. (B) Mean density of SYD occupancy in syd-5 SYD-GFP (SYD), spt6l syd-5 SYD-
GFP (SYD spt6l), and spt6l syd-5 SPT6LΔtSH2-MYC SYD-GFP (SYD spt6l SPT6LΔtSH2) at the SYD binding peaks. Y-axis represents the means
of normalized reads per 10 bp non-overlapping bins, averaged over three biological replicates. Reads were plotted on 1 kb upstream and downstream
of peak summits, respectively. The number of peaks was indicated (n). The significances between SYD against SYD spt6l and SYD spt6l against SYD
spt6l SPT6LΔtSH2 were calculated by the two-tailed Mann-Whitney test. (C) Heatmaps of SYD reads measured by ChIP-seq in syd-5 SYD-GFP (SYD),
spt6l syd-5 SYD-GFP (SYD spt6l), and spt6l syd-5 SPT6LΔtSH2-MYC SYD-GFP (SYD spt6l SPT6LΔtSH2) backgrounds over the SYD binding peaks.
From top to bottom, the plotted genomic regions were sorted by SYD signal strength in syd-5 SYD-GFP. The plotted values are the means of normalized
reads per 10 bp non-overlapped bins, averaged over three biological replicates. Reads were plotted on 1 kb upstream and downstream of peak summits,
respectively. (D) Representative SYD peaks at chromosome 1 (Chr 1: 3410 kb to 3465 kb) to visualize peak changes in syd-5 SYD-GFP (SYD), spt6l syd-5
SYD-GFP (SYD spt6l), and spt6l syd-5 SPT6LΔtSH2-MYC SYD-GFP (SYD spt6l SPT6LΔtSH2) backgrounds. The ChIP-seq signal of each sample
was averaged over three biological replicates. Y-axis represents the means of normalized reads per 10 bp non-overlapping bins. (E) Mean density of SYD
occupancy at its binding peaks that overlapped with SPT6L�tSH2 peaks (1,556 peaks that were randomly selected from the overlapped peaks) and its
unique peaks (1556 peaks). Y-axis represents the means of normalized reads per 10 bp non-overlapping bins. Reads were plotted on 1 kb upstream and
downstream of peak summits. (F) The morphological phenotypes of 10-day-old WT, syd-5, brm-1, spt6l, spt6l syd-5, and spt6l brm-1 seedlings. Bar = 1 mm.
(G) Quantification of the progenies of spt6l+/−, spt6l+/− syd-5+/−, and spt6l+/− brm-1+/−. The figures indicate four different morphological phenotypes
(MP1-4) in abnormal progenies. P values between spt6l+/− and spt6l+/− syd-5+/− or spt6l+/− brm-1+/− were calculated by Chi-square test. (H) Scatterplot
of Pol II and SYD changed ChIP-seq signals at SYD binding genes. Differential SYD (Y-axis) and Pol II (X-axis) ChIP-seq signals (log2 fold change) in
spt6l SPT6LΔtSH2 vs. spt6l were plotted. (I) Mean density of Pol II and SYD occupancy at the SYD targeted genes, which were grouped into three groups
based on the different patterns of Pol II at each gene in WT, spt6l, and spt6l SPT6LΔtSH2. The number of genes in each group was indicated (n). Y-axis
represents the means of normalized reads per 10 bp non-overlapped bins, averaged over two biological replicates. Reads were plotted on 1 kb upstream
and downstream of TSS.
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stored. The following ChIP and MNase assays showed that
the translocated SPT6L could at least partially rescue the
occupancy of SYD and nucleosomes at all selected genes
(Figure 5D and 5E and Supplementary Figure S10B). In
addition, to minimize the indirect effects on SYD recruit-
ment, we also performed the short-time induction (1.5 h)of
DEX. As shown in Supplementary Figure S11, the short-
time induction was able to translocate SPT6L into nuclei
and rescue SYD binding at selected genes (Supplementary
Figure S11). However, the nucleosome occupancies at se-
lected genes were not rescued to the level shown in the long-
time induction, suggesting that the effectiveness of chro-
matin remodelers at some loci may take time to be detected.
Together, these results indicate that SPT6L is required and
sufficient to link the SYD/BRM to chromatin and regulate
the nucleosome occupancy during early transcription.

DISCUSSION

Tightly compacted nucleosomes serve as the primary bar-
rier to transcription initiation and elongation (65). Prior to
active transcription, an accessible environment must be cre-
ated for the assembly of the transcription machinery and
its association with chromatin. Therefore, how the arrange-
ment of nucleosomes is precisely regulated during transcrip-
tion is a key issue for understanding the detailed process
of transcription. Our previous work revealed that the con-
served transcription elongation factor, SPT6L, can asso-
ciate with TSS and promote the occupancy of Pol II in
Arabidopsis (18). However, how SPT6L facilitates Pol II
occupancy around TSS is not clear. In this study, we re-
vealed that SPT6L can interact with the SWI2/SNF2 chro-
matin remodelers SYD/ BRM and bridge them to the tran-
scription machinery. Furthermore, the association between
SPT6L and SYD/BRM regulates nucleosome arrangement
around TSS and promotes Pol II occupancy. These findings
not only provide a new mechanism underlying the recruit-
ment of SWI2/SNF2 chromatin remodelers to the tran-
scription machinery but also reveal how SPT6L mediates
Pol II occupancy at the early transcription stage in plants.

It has been known that yeast SPT6 and the FACT com-
plex collaborate to regulate nucleosome occupancy during
transcription (66). In combination with our previous work,
we found that plant SPT6L associates with TSS (18) and
regulates the deposition of the nucleosome (Figure 4A),

suggesting that plant SPT6L, unlike its orthologs in yeast
and Drosophila, may be involved in the transcription ini-
tiation stage. Interestingly, recent work has uncovered that
the phosphorylation status of Arabidopsis SPT16, a sub-
unit of the FACT complex, is involved in regulating nucleo-
some occupancy around TSS (67), suggesting the joint func-
tion of SPT6L and FACT on nucleosome regulation dur-
ing early transcription stage. Additionally, we found an in-
creased nucleosome occupancy around TSS in spt6l (Figure
4A), which is inconsistent with reduced nucleosome occu-
pancy after the mutation of SPT6 in yeast (68). This incon-
sistency likely results from a comprehensive consequence of
compromised SPT6L and chromatin remodelers which as-
sociate with the transcription machinery.

Although chromatin remodelers SYD and BRM share
similar genome-wide profiles (28,30,54) and show similar
functions in controlling plant growth and leaf development
(30,69,70), SYD and BRM may present in two distinct com-
plexes. First, SYD and BRM showed different levels of de-
pendency on SPT6L (Figure 3C and Supplementary Fig-
ure S7E). The reduced but not eliminated binding signals
of BRM in spt6l likely result from other recruitment mech-
anisms, such as the recognition of acetylated histone by its
bromodomain (71) and association with other proteins like
REF6 (28). Consistent with this notion, the proportions
of spt6l+/−syd-5+/− but not spt6l+/−brm-1+/− progenies are
similar to that of spt6l+/− progenies (Figure 3G) also im-
plies that BRM still partially function in spt6l. In addition,
the residual BRM binding signals imply that BRM and its
associated complex may not directly recruit SYD to chro-
matin. Second, the genome-wide binding signals of SYD
and BRM peaked upstream and downstream of TSS, re-
spectively (Figure 1D). Third, the changed nucleosome oc-
cupancies were detected at several genes in brm-1 rather
than syd-5 (Figure 4D) and the deposition of the nucleo-
some in syd-5 brm-3 is similar to that in brm-1 (Figure 4D),
suggesting SYD may present in a different protein complex
and be not involved in nucleosome arrangement.

Our previous work reveals the distinct binding pro-
files of SPT6L and SPT6L�tSH2, suggesting two differ-
ent but continuous roles of SPT6L in transcription (18).
Both SYD and BRM interact with SPT6L (SYD/BRM-
SPT6L), SPT6L�tSH2 (SYD/BRM-SPT6L�tSH2), and
Pol II (SYD/BRM-Pol II) (Figure 2A-B and Supplemen-
tary Figure S6A-C), but the two chromatin remodelers

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
per 10 bp non-overlapping bins, averaged over three biological replicates. The number of genes analyzed was indicated (n). (B) Venn diagrams showing
the numbers of nucleosomes that exhibit different changes in spt6l compared to WT. The changes were subdivided into three types: occupancy change
(red), position shift (blue), and fuzziness change (black). (C) MNase-qPCR determined the relative nucleosome occupancy on AT1G32920 in WT and
spt6l when digested with MNase in the indicating period. The efficiency of digestion across samples was adjusted according to the level of spik-in yeast
NUC6. Error bars indicate standard deviations among three biological replicates. Two-tailed Student’s t test, **P < 0.01. (D) MNase-qPCR determined the
relative nucleosome occupancy on selected genes in different genetic backgrounds. The fold change values across samples were normalized to the level of
spik-in yeast NUC6. Results were normalized to undigested controls and compared to the value of NUC6. Error bars indicate standard deviations among
three biological replicates. Lowercase letters indicate significant differences between genetic backgrounds, one-way ANOVA, P < 0.05. (E) Profile plots
showing the average nucleosome reads signal from WT, spt6l, and spt6l SPT6LΔtSH2 ± 1 kb around TSS in three groups categorized in Figure 3I. Y-axis
represents the means of normalized reads per 10 bp non-overlapping bins, averaged over three replicates. The number of peaks analyzed was indicated (n).
(F) Scatterplot of Pol II and nucleosome changed signals at SPT6L binding genes. Differential Pol II ChIP-seq (Y-axis) and MNase-seq (X-axis) signals
(log2 fold change) in spt6l vs. WT were plotted. (G) Top panel: mean density of Pol II occupancy in WT, syd-5, brm-1, and syd-5 brm-3. Y-axis represents
the means of normalized reads per 10 bp non-overlapping bins, averaged over two biological replicates (Pol II in brm-1 with one biological replicate). Reads
were plotted on 1 kb upstream and downstream of TSS. The numbers of binding genes were indicated (n). The three groups of genes were categorized as
shown in Figure 3I. Bottom panel: scatterplot of Pol II changed signals at the three groups of genes showed in the Top panel. Differential Pol II ChIP-seq
signals (log2 fold change) in spt6l versus WT (Y-axis) were plotted against that in syd-5 brm-3 versus WT (X-axis).
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Figure 5. SPT6L is sufficient to recruit SYD and restore nucleosome occupancy. (A) The morphological phenotypes of 10-day (top) and 21-day (bottom)
old spt6l SPT6L-GR seedlings with and without DEX treatment. The percentages indicate the numbers of seedlings with the presented phenotypes divided
by the total seedlings. Bar = 1 mm. (B) WB assessing the levels of SPT6L in different cell fractions as indicated with and without DEX treatment. H3
levels served as a loading control and indicator of nucleus proportion. (C) Co-IP examined the interaction of SYD with SPT6L in spt6l syd-5 SPT6L-GR
SYD-GFP with and without DEX treatment. IP and WB were performed using specified antibodies. (D) ChIP-qPCR examined the SYD occupancy in
syd-5 SPT6L-GR SYD-GFP (SPT6L-GR SYD-GFP) and spt6l syd-5 SPT6L-GR SYD-GFP (spt6l SPT6L-GR SYD-GFP without/with DEX treatment).
ChIP signals are shown as the percentage of input. Ta3, a transposable element gene, was used as a negative control locus. Error bars indicate standard
deviations among three biological replicates. Lowercase letters indicate significant differences between genetic backgrounds, one-way ANOVA, P < 0.05.
(E) MNase-qPCR determined the fold change of nucleosome occupancy on selected genes in WT and spt6l SPT6L-GR SYD-GFP without/with DEX
treatment. The fold change values across samples were normalized to the level of spik-in yeast NUC6. Error bars indicate standard deviations among three
biological replicates. Lowercase letters indicate significant differences between different backgrounds, one-way ANOVA, P < 0.05.

show enrichment over the TSS regions rather than gene
bodies (Figure 1B, D) (28,30,54), suggesting that on one
side, SPT6L, as the core subunit of the transcription ma-
chinery, may precisely guide chromatin remodelers to active
transcription sites and maintain proper nucleosome envi-
ronment; on the other side, the association between chro-
matin remodelers and transcription machinery may gradu-
ally attenuate during early elongation to productive tran-
scription. Within this transition, the phosphorylation of
the Pol II CTD domain (phos-Pol II) plays a critical role
and the activities of SPT6 and SPT16 are also regulated
in the wave of phosphorylation in yeast and plants, respec-
tively (67,72). By applying the P-TEFb inhibitor, we found
that phos-Pol II is required to recruit chromatin remodel-
ers to the transcription machinery (Figure 2D and Supple-
mentary Figure S5A). As the interactions of SYD/BRM-
SPT6L were intact after applying the inhibitor (Figure 2C
and Supplementary Figure S6D, E), the compromised inter-
actions of SYD/BRM-Pol II may partially result from the
reduced interaction between SPT6L and phos-Pol II. Thus,
further work is warranted to reveal the dynamic recruitment

of chromatin remodelers to Pol II in different transcription
stages.
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The data supporting the findings of this study are
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