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The basis of quantitative regulation of gene expression is still poorly
understood. In Arabidopsis thaliana, quantitative variation in expres-
sion of FLOWERING LOCUS C (FLC) influences the timing of flowering.
In ambient temperatures, FLC expression is quantitatively modulated
by a chromatin silencing mechanism involving alternative polyadeny-
lation of antisense transcripts. Investigation of this mechanism un-
expectedly showed that RNA polymerase II (Pol II) occupancy changes
at FLC did not reflect RNA fold changes. Mathematical modeling of
these transcriptional dynamics predicted a tight coordination of tran-
scriptional initiation and elongation. This prediction was validated by
detailed measurements of total and chromatin-bound FLC intronic
RNA, a methodology appropriate for analyzing elongation rate
changes in a range of organisms. Transcription initiation was found
to vary ∼25-fold with elongation rate varying ∼8- to 12-fold. Pre-
mature sense transcript termination contributed very little to expres-
sion differences. This quantitative variation in transcription was
coincident with variation in H3K36me3 and H3K4me2 over the FLC
gene body. We propose different chromatin states coordinately in-
fluence transcriptional initiation and elongation rates and that this
coordination is likely to be a general feature of quantitative gene
regulation in a chromatin context.
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The influence of chromatin on transcription and cotranscrip-
tional processing is of central importance in the regulation of

gene expression (1, 2). An intensively studied example where the
local chromatin state is considered to influence transcription in
Arabidopsis is FLOWERING LOCUS C (FLC). FLC encodes a
MADS-box transcription factor and acts as a floral repressor (3, 4).
FLC expression is tuned by different genetic pathways: FRIGIDA
activates FLC expression through a mechanism requiring Trithorax
homologs, Paf1C, and SET DOMAIN GROUP 8 (SDG8), an
H3K36 methyltransferase (5). FLC expression is repressed by the
autonomous pathway and vernalization (5). Both these re-
pressive pathways involve a group of antisense long noncoding
transcripts collectively termed COOLAIR, which initiate imme-
diately downstream of the poly(A) site at the 3′ end of FLC. These
antisense transcripts terminate at either proximal sites internal to
the FLC gene, or distal sites within the FLC promoter (6, 7).
Mutation of autonomous pathway components, including the RNA
binding proteins FCA and FPA and the conserved components of
the 3′ processing complex FY, Cstf64 and Cstf77, leads to relative
reduction in use of the proximal polyadenylation sites and in-
creased FLC sense expression (reviewed in ref. 8). FCA localizes
to FLC chromatin near the proximal poly(A) sites (9), and this
together with the fact that PRP8 and CDKC;2 (P-TEFb com-
ponent), identified in FCA suppressor screens (10, 11), both
require COOLAIR to repress FLC, supports the idea that pro-
motion of proximal polyadenylation of COOLAIR is directly
linked to reduced FLC expression. FLOWERING LOCUS D
(FLD), an H3K4me2 demethylase, also functions in this mech-
anism and fld is the most effective suppressor of FCA function at
FLC (9). FLD modulates H3K4me2 levels in the gene body of

FLC; however, how FCA functions with FLD to achieve FLC
repression remains to be fully elucidated.
Here, we investigate how FCA and FLD transcriptionally re-

press FLC through analysis of Pol II occupancy. We use these
data together with RNA measurements to parameterize an an-
alytic mathematical model of FLC transcription. Model predic-
tions are then tested through detailed measurements of intronic
total and chromatin-bound RNA levels. This methodology is
very appropriate for evaluating elongation rate changes in whole
organisms where pulse-chase experiments are technically un-
feasible. At FLC, we find that both FCA- and FLD-mediated
repression occurs not only through reduced transcription initia-
tion, but also through a coordinately reduced Pol II elongation
rate. We propose that chromatin modifications at FLC induced
by FCA and FLD, influenced by the antisense transcript pro-
cessing, coordinately change initiation and elongation to quan-
titatively regulate the transcriptional output of the locus.

Results
RNA Fold Changes Do Not Reflect Pol II Occupancy Changes. Mea-
surement of steady-state spliced FLC and unspliced FLC RNA
showed an increase in expression of ∼20- to 25-fold between Col
and fca-9 and fld-4 (Fig. 1A). We reasoned that, if this was
caused by a 25× change in transcription initiation, a 25× increase
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in Pol II levels would be found at FLC, assuming transcript half-
lives, splicing/3′ processing efficiency, Pol II processivity, and
elongation rates are unaffected in fca-9 and fld-4 (Fig. 1B). How-
ever, both total Pol II and productively elongating Pol II (Ser2-P)
showed relatively small changes (2–3×) across FLC in the different
genotypes (Fig. 1 C and D, and Fig. S1 A and B). We ruled out a
number of technical issues with Pol II ChIP that could have led to
an underestimation of Pol II occupancy. First, measurements on a
highly expressed gene (ACT7) and a Pol IV/V transcribed region
(IGN5) showed that a wide dynamic range (>1,000× by comparing
levels at ACT7 to IGN5) could be detected in the Pol II ChIP assay
(Fig. 1 C and D). Pol II levels at FLC were well above background
at IGN5 (Fig. 1 C and D, and Fig. S1). Second, specific dilutions of
FLC chromatin, without changing the overall amount of chromatin,
showed rough linearity between the Pol II ChIP signal and the Pol
II concentration at FLC (Fig. S2). Third, cell-specific FLC ex-
pression variation is also highly unlikely to underlie this difference
in RNA and Pol II up-regulation, as both assays use whole plant
seedlings and thus reflect population averages. Based on these
observations, we conclude that FCA/FLD-mediated changes in
FLC transcription are unlikely to occur solely through changes in
transcription initiation.

FLC Transcriptional Dynamics Can Be Explained by Coordination of
Initiation and Elongation. To further understand how FCA- and
FLD-mediated FLC repression occurs at a transcriptional level, we
developed an analytical mathematical model of the transcriptional
dynamics at FLC by incorporating sense FLC and COOLAIR

initiation, elongation, and termination (Fig. 2A; see Support-
ing Information for complete description). The experimental
data described above were used as model inputs. This strategy
enabled us to assign parameter values for key processes during
transcription (e.g., initiation and elongation). Pol II levels reflect a
density that can be described mathematically as a ratio of the ini-
tiation rate (F) over the elongation rate (v) (12). Because our ChIP
signal is not strand specific, we summed the sense and antisense
model Pol II levels to generate a model total Pol II profile along
FLC (Fig. 2B). The small increase of Pol II ChIP signal in the
transcriptionally active fca-9 and fld-4mutants (Fig. 1 C and D, and
Fig. S1) is explained by the model through a coordinated increase
in initiation and elongation rates (Fig. 2 B and C). The model also
reproduced the FLC spliced, unspliced, and COOLAIR fold up-
regulation in fca-9 and fld-4 (Fig. 1A), where a 25× fold increase in
sense Pol II initiation required an 8–12× fold faster rate of elon-
gation to quantitatively fit the Pol II occupancy increase (Fig. 2D).
Elevated Pol II levels at the 3′ of FLC resulted from sense termi-
nation and proximal antisense transcription (Fig. 2 A–D). Our
model does not take into account transcriptional interference (TI)
between sense FLC and COOLAIR (Discussion). Using an exper-
imentally determined value for the termination rate 1/50 s−1 (13),
absolute elongation rates could be inferred from the model, yielding
0.2–0.4 kb/min (Col) and 1.8–3.6 kb/min (fca-9 and fld-4). These
correspond well to values found in other organisms (14–17). The
excellent fit of the experimental data strongly supports a model
where FLC transcriptional dynamics are governed by coordinated
changes in initiation and elongation.

Cotranscriptional Splicing, Combined with Coordinated Initiation and
Elongation, Generate Distinctive Patterns of RNA Up-Regulation Along FLC
Intron1.We next tested the predicted coordinate increase in initiation
and elongation rates experimentally. Measurement of elongation
rates on a subset of highly expressed, long mammalian genes (>50 kb)
has been achieved using GRO-seq (14). This technique involves
inhibition of elongation and then release and relies on rapid removal
of an inhibitor that is difficult in whole organisms (15, 16). We tried
an alternative approach via generation of an FLC-MS2 fusion (13),
but this was not expressed at a sufficiently high level to be useful. To
overcome these limitations, we used our theoretical model to make
specific predictions with regards to intronic FLC RNA production,
which we then tested experimentally. If introns are spliced cotran-
scriptionally once Pol II has reached the 3′ end of the intron, then
nascent RNA from the 5′ end of the intron resides on the chromatin
longer than that from the 3′ end. This generates a nascent RNA
profile along an intron with declining levels from the 5′ to 3′ end (17,
18). An analytic mathematical analysis (Fig. 3A and Supporting In-
formation) predicts that the ratio of Pol II initiation (F) over the
elongation rate (v) determines the slope of the nascent intronic
RNA levels between the 5′ to 3′ ends, whereas the initiation rate
over the splicing rate (ks) determines the levels of completely
transcribed, unspliced introns (Fig. 3A). This analysis indicates that
nascent RNA levels close to the intron 3′ end will be mostly de-
termined by the ratio of the initiation rate to the splicing rate, and
independent of the elongation rate. Away from the 3′ end of the
intron, transcripts emerging from Pol II still transcribing the intron
will also contribute to nascent RNA levels, and hence the ratio
of the initiation rate to the elongation rate will also be important
(Fig. 3A). Taking into account both increased initiation and elon-
gation rates in the fca-9 mutant compared with Col (Fig. 3B), this
analysis enabled us to predict a spatially varying fold up-regulation
of nascent RNA along FLC intron1 (Fig. 3B).
We tested this key model prediction by measuring the chroma-

tin-bound RNA profile at FLC (Fig. 3C and Fig. S4). Comparing
fca-9 to Col, the chromatin-bound fold up-regulation inside exon1
was much larger than at the exon1–intron1 junction (Fig. S4 A and
G), suggesting that splicing of intron1 does occur mostly cotran-
scriptionally. In the first kilobase of intron1, as predicted by the
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Fig. 1. Large increases in RNA are associated with small changes in Pol II
occupancy. (A) RNA fold up-regulation in fca-9 and fld-4 mutants compared
with Col: spliced and unspliced FLC (∼25×), proximal (∼2×) and distal
COOLAIR (∼13×). The model values are the fits to the experimental data.
Experimental values are mean ± SEM from three to six independent samples.
(B) Schematic illustration of a scenario where transcription initiation is the
only difference between Col and fca-9, so that a 25× fold change in Pol II
occupancy should be observed as illustrated on the Right. (C and D) ChIP
experiments assaying Pol II occupancy across FLC using the antibodies anti
CTD 8WG16 (C) and anti Ser2 P CTD 3E10 (D). The bar charts at the Bottom
indicate Pol II levels at various control genes. Three overlapping primer pairs
are used to measure IGN5 expression (P1–P3). Values are mean ± SEM from
two independent samples, with data presented as the ratio of Pol II at FLC/
input at FLC to Pol II at ACT7 (−995)/input at ACT7 (−995).
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model, there was only a small fold increase in fca-9 compared with
Col (Fig. 3C and Fig. S4A). This is due to the dependence on the
ratios of the initiation and elongation rates and their coordinated
increases in fca-9 (Fig. 3B). By contrast, the fold up-regulation was
much larger close to the intron acceptor site in fca-9. This is in
agreement with the model, where we used the experimentally de-
termined splicing rate of 1/100 s−1 (17) for both Col and fca-9, with
other parameters determined from our prior fitting to the Pol II
ChIP data (Supporting Information). Importantly, the chromatin-
bound RNA profile along intron1 is not flat, which is what would
be predicted without changes to the elongation rates between fca-9
and Col.
We also fitted the model to the chromatin-bound RNA data di-

rectly using nonlinear regression (R2= 0.89, F statistic: P = 3 × 10−14).
This procedure also led to the conclusion that significant elonga-
tion rate changes [fold = 9.8 ± 3.8 (mean ± SEM), P = 0.03] are
required to explain the profile (Supporting Information). Importantly,
this method does not rely on the specific values of splicing and
elongation rates and is independent of Pol II ChIP data, and thus
provides additional evidence for the elongation rate changes.
Interestingly, we observed less increase in fold up-regulation

toward the 3′ end of intron1 in fld-4 compared with fca-9 (Fig. 3C
and Fig. S4A). Given the fold change close to an intron acceptor
site is more sensitive to splicing rather than elongation rate
changes (Fig. 3B), we examined whether a splicing rate change
specific to fld-4 could explain its differential fold up-regulation
pattern from fca-9 (Materials and Methods and Supporting In-
formation). Indeed, we found that we could fit the fld-4 profile in
our model by incorporating a twofold faster splicing rate (1/50 s−1)
in fld-4 (Fig. 3C), while keeping all other parameters unchanged.
We further verified this model prediction of an increased splicing
rate in fld-4 by measuring the splicing efficiency of FLC intron1.
As predicted, the efficiency was increased 1.8-fold in fld-4 (Fig.
3D), but not significantly altered in fca-9 (P = 0.1, two-sided un-
paired t test). A simple alternative model with unchanged splicing
and elongation rates between Col and fld-4 would produce a
constant chromatin-bound RNA fold change across intron1. That
would be consistent with the chromatin-bound RNA dataset in
isolation (Fig. 3C) but implies a change in the initiation rates of
approximately sevenfold (Supporting Information), which is in-
consistent with our earlier spliced and unspliced FLC RNA fold
changes (Fig. 1A).
To further support these conclusions, we investigated the total

intronic RNA profile (Fig. 3 E and F, and Fig. S4). Such mea-
surements include intron lariat degradation intermediates, which
are present in the total but not chromatin-bound RNA fraction
(Fig. 3E) (17). Assuming that lariat degradation occurs from 5′
to 3′, lariat RNA at the 3′ generally exists for longer than that at
the 5′. This generates a lariat RNA profile with increasing levels
from the 5′ to 3′ end (Fig. 3E). Importantly, incorporating this
lariat population into the total intronic RNA fold up-regulation
between fca-9 and Col, without altering the model parameteri-
zation that explained the Pol II and chromatin-bound RNA,
produced a predicted profile that is qualitatively different to that
found for the chromatin-bound RNA (Fig. 3 B and E). This
prediction was also validated experimentally (Fig. 3F). Com-
pared with the chromatin-bound RNA profile, there was a sig-
nificantly larger fold increase in the first 2 kb of the total intronic
RNA profile (P = 8 × 10−7 and 4 × 10−7 for fca-9 and fld-4,
respectively; two-sided Welch’s t test) (Fig. 3 C and F, and Fig.
S4 A and B). In the model, we could generate such a profile, by
solely incorporating 5′ to 3′ intron lariat degradation with a rate
of 1.5 bp/s (19), in line with experimentally determined intron
half-lives (17). Potential additional presence of 3′ to 5′ degra-
dation (19) with a rate up to 1 bp/s did not alter our conclusions
(Supporting Information). The profiles for total intronic RNA
look very similar between fca-9 and fld-4 (Fig. 3F), in contrast to
the chromatin-bound data (Fig. 3C). This similarity is because
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Fig. 2. Small changes in Pol II occupancy can be explained by coordinated
changes in transcription initiation and elongation. (A) Schematic of FLC locus
and outline of the mathematical model for FLC transcription (details in
Supporting Information). Black boxes indicate sense exons; gray boxes in-
dicate proximal (Upper) and distal (Lower) antisense exons. (B) Total (sum of
sense and antisense) model Pol II levels in Col and fca-9 across FLC. The fld-4
mutant model results are identical to fca-9. Shown on the Right is a sche-
matic of the convolution process with experimental Pol II ChIP fragment size
distribution (shown in Fig. S3). (C) Total Pol II levels in Col and fca-9 across
FLC from the model convolved with experimental Pol II ChIP fragment size
distribution. (D) Experimental and model Pol II fold up-regulation. Experi-
mental values are mean ± SEM from two to five independent samples, in-
cluding data shown in Fig. 1 C and D, and Fig. S1. Model fold changes are
ratio of profiles shown in C.
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the lariat RNA effectively extends the half-life of intronic RNA
and therefore reduces the effect of the differential splicing rates
between fca-9 and fld-4 (Fig. 3F). Taken together, our total and
chromatin-bound intronic RNA profiles provide strong evidence
that repression of FLC involves a coordinated change of both the
initiation and elongation rates. Moreover, the methods we de-
veloped here can be used to infer elongation rate changes in
whole organisms where pulse-chase experiments are not feasible.

Sense Premature Termination Contributes Little to FLC Repression.
Previous reports have linked the elongation rate to either Pol II
processivity (20) or early termination (21). In these scenarios, Pol II
would terminate prematurely as a result of slow elongation. Our
previous analysis did not require any such premature termination.
Moreover, at an intuitive level, premature termination should lead
to declining levels of Pol II from 5′ to 3′ in the repressed case (Col)
(Fig. S5A and Supporting Information). However, we found no ev-
idence for this in our Pol II ChIP assay (Fig. 1 C andD, and Fig. S1)
and no short transcripts had been detected by Northern blot using
an FLC intron1 probe (22). These findings suggest that premature
termination contributes little to FLC repression. To further confirm
this conclusion, we undertook 3′-RACE to map transcripts ending
within the promoter-proximal region of FLC. We could detect
polyadenylated transcripts that terminated within FLC intron1.

These transcripts all contained FLC exon1 and were mostly
alternatively spliced with the same donor site but with a different
acceptor site, compared with the conventional FLC intron1 (Fig.
S5B). By monitoring the alternatively spliced intron associated with
premature termination, we found these transcripts are of lower
abundance than unspliced intron1 in Col, fca-9, and 35S::FCA (Fig.
S5E). Therefore, sense premature termination occurs only occa-
sionally at FLC and is not a major contributor to FLC repression.
Cotranscriptional decay of nascent transcripts by 5′ to 3′

exonucleases has also been proposed to influence transcriptional
output (23, 24). In such a scenario, the degradation of RNA
should also lead Pol II to terminate prematurely, and therefore
to declining levels of Pol II from 5′ to 3′ in the repressed state
(Col), which is again inconsistent with our Pol II ChIP data. In
addition, we analyzed FLC expression in mutants defective for
these functions (xrn2-1, xrn3-3) (25) in Arabidopsis and found no
increase in FLC nascent or fully spliced FLC RNA levels (Fig.
S6). Therefore, such a decay pathway is unlikely to play a major
role in determining the overall transcriptional dynamics at FLC.

FLD Alters the Local Chromatin State to Influence Transcriptional
Output via Coordinated Changes in Initiation and Elongation. We
therefore continued with our investigation of coordinated initiation
and elongation rates by FCA/FLD-mediated changes in chromatin

A B C

D E F

Fig. 3. Combination of increased initiation and elongation, with cotranscriptional splicing and lariat degradation, leads to distinct RNA profiles along FLC
intron1. (A) Schematic indicating intronic nascent RNA, RNAnasc (blue lines), arising from Pol II (blue circles) elongating through the intron and from unspliced
RNAs with full-length intron. Once Pol II has passed the intron acceptor site (IA), splicing can occur. Initiation, elongation, and splicing rates are F, v, and ks,
respectively. Analytic expression for RNAnasc is shown below. (B) Schematic (Left) indicating model profiles of nascent RNA along FLC intron1 in fca-9 and Col.
Between fca-9 and Col, F and v are coordinately increased, but with the same ks. This generates a characteristic pattern of intronic nascent RNA fold changes
between fca-9 and Col (Right) with analytic expression shown. (C) Modeled and experimentally measured chromatin-bound RNA fold changes along FLC
intron1. The lower increase toward the 3′ end in fld-4 is due to increased splicing rate as shown experimentally in D. Crosses indicate positions where data are
from three different, overlapping primer sets that each show similar results (Fig. S4). (D) Estimate of FLC intron1 splicing efficiency (intron cleavage rate) in
fld-4 and fca-9, normalized to the level in Col. Values are mean ± SEM from three independent samples. Asterisks indicate statistical significance: for all of the
figures in this study, *P < 0.05, **P < 0.01, ***P < 0.001, two-sided unpaired t test, unless specified otherwise. (E) Schematic showing effect of 5′ to 3′ intronic
RNA degradation on lariat RNA levels (RNAlariat). Full-length lariat RNA results from splicing and is degraded with rate ki; ID: intron donor site. These
degradation intermediates, together with the nascent RNA described in A, make up total intronic RNA. Fold up-regulation then generates the characteristic
profiles shown. Analytic expressions for RNAlariat and total intronic RNA fold changes are shown. (F) Modeled and experimentally measured total RNA fold
changes along FLC intron1. (C and F) Experimental values are mean ± SEM from at least three independent samples. Absolute levels are shown in Fig. S4.
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modifications. We analyzed the localization of the histone de-
methylase FLD at FLC using a complementing FLD-TAP fusion
expressed from its endogenous regulatory sequences (Fig. S7 A–C).
FLD shows the highest enrichment at FLC ∼1–3 kb downstream

of the transcription start site (TSS) (Fig. 4A). This localization is
consistent with the increased H3K4me2 in the FLC gene body
(1–4 kb beyond the TSS) in the fld-4 mutant (Fig. 4B). Loss of
FLD, and indeed similarly FCA, resulted in changes in a number
of other chromatin modifications (Fig. 4 C–F). H3K4me3 and
H3Ac increased around the FLC sense TSS (Fig. 4 C and D),
coincident with lower H3K4me2 in this region. The relatively
small changes in H3K4me2 were correlated with much larger
changes in H3K36me3 and the mirror modification H3K27me3
(Fig. 4 E and F) along the whole gene. Loss of the H3K36me3
methyltransferase in sdg8 confers early flowering and low FLC
expression (26–28). Combination of fca with sdg8 results in an
FLC level and profile of total RNA across intron1 similar to that
in Col (Fig. 5A and Fig. S8). Therefore, loss of SDG8-directed
H3K36me3 is also likely to coordinately reduce Pol II initiation
and elongation rates at FLC. Taken together, our data suggest
that activities downstream of antisense processing act antago-
nistically to SDG8 function, leading to coordinated changes in
initiation and elongation at FLC (Fig. 5B).

Discussion
Understanding how flowering time in plants is regulated has led
into a detailed mechanistic dissection of the regulation of the
Arabidopsis thaliana floral repressor FLC. Genetic screens have
identified RNA processing factors that target antisense tran-
scripts of FLC and histone modifiers as important components
quantitatively repressing FLC expression. Here, using a combi-
nation of mathematical modeling and experiments, we show FLC
regulation involves coordination of transcription initiation with
elongation. This may be a general feature of gene regulation as
evidenced by genome-wide correlations between gene expression,

A

B

C

D

E

F

Fig. 4. FLD enrichment at the FLC locus is associated with changed histone
modifications. (A) FLD-TAP ChIP enrichment across FLC in Col and FLD-TAP/fld-4.
Values are mean ± SEM from two independent samples, with data presented as
enrichment at FLC relative to enrichment at STM. (B–F) ChIP across FLC in Col,
fca-9 and fld-4 measuring H3K4me2 (B), H3K4me3 (C), H3Ac (D), H3K36me3
(E), and H3K27me3 (F). Values are mean± SEM from two independent samples,
with data normalized to H3. Values at the control genes STM, ACT7, and TUB8
are shown on the Right. H3/input values can be found in Fig. S7.

A

B

Fig. 5. Coordination of initiation and elongation at FLC in the H3K36
methyltransferase-deficient sdg8 mutant. (A) Total RNA levels along FLC
intron1. Model is as described in Fig. 2. All values are relative to fca-9. Ex-
perimental values are mean ± SEM from three independent samples and are
averaged from overlapping primer sets (Fig. S8). (B) Working model of how
FLC expression is quantitatively regulated through coordination of tran-
scription initiation and elongation. In the absence of FCA/FLD, H3K36me3 is
increased at FLC through SDG8 function, and this promotes fast transcription
initiation and elongation. In the presence of FCA/FLD, antisense processing
triggers a reduction of H3K4me2, loss of H3K36me3, and an increase in
H3K27me3, which reduces transcription initiation and slows elongation.
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gene body Pol II levels, and Pol II elongation rates found in yeast
and mammalian cells (14, 29).
How Pol II initiation and elongation are coordinated is still

unclear. In Escherichia coli, newly initiated RNA polymerases can
facilitate elongation of the leading polymerase (30). Such a mech-
anism is unlikely to be the case at FLC, because FLC is not highly
expressed even in its active state (compared with Actin). Elonga-
tion is likely influenced by Pol II CTD modifications and the
chromatin state (31, 32), both directly through nucleosome turn-
over dynamics and indirectly via differential recruitment of elon-
gation factors. In Arabidopsis, elongation factor TFIIS is required
for elongation of many genes but a tfIIs mutant does not show
changed FLC expression (10, 33, 34). However, FLC expression is
particularly sensitive to reduced amounts of the histone chaperone
FACT (35), so it will be interesting to test whether FACT is re-
quired for the fast elongation observed in fca-9 and the co-
ordination mechanism. We have found here that FLD recruitment,
changed H3K4me2, and the resulting changes in H3K36me3 at
FLC are likely important for this coordination. Our analysis of
SDG8 suggests that H3K36me3 is essential to maintain both a fast
initiation and elongation rate at FLC (Fig. 5B). We therefore
propose that changed histone modifications actively influence FLC
regulation and are not just a reflection of transcription.
Our results raise the question whether there is a general need to

coordinate transcription initiation and elongation. Control of gene
expression may necessitate such coordination as, for instance, a slow
elongation rate relative to initiation would cause an accumulation of
Pol II at the promoter that would limit the number of additional Pol
II molecules that can initiate through occlusion (36). Such a limit

might become even more stringent due to bursty initiation or Pol II
pausing/backtracking during elongation (37). Furthermore, antisense
transcription might induce a limit on initiation rates to prevent the
occurrence of TI (38). However, 5′ pausing of Pol II is not a feature
at FLC (as shown by the absence of a 5′ peak in Pol II ChIP), ar-
guing against occlusion effects. The expression of sense and antisense
is positively correlated at FLC, arguing against a major role for TI.
Instead, we suggest that altered elongation rates reinforce selection
of different antisense isoforms, which can then recruit different
chromatin regulators to the gene, thereby modulating coordinated
transcription initiation and elongation (Fig. 5B). An important
question now is to understand how far the lessons from FLC reflect
regulation mechanisms both genome- and organism-wide. Coordi-
nation between initiation and elongation could generally enhance
transcription efficiency, potentially to minimize transcription-
associated genome instability (39). Modulation of the deposition of
different histone modifiers by noncoding transcripts may be a
general mechanism to coordinately affect Pol II initiation and
elongation and thus quantitatively modulate transcriptional output.

Materials and Methods
Experimental procedures and mathematical modeling can be found in
Supporting Information.
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