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ABSTRACT The MET3 promoter (MET3pr) inserted into the silenced chromosome in
budding yeast can overcome Sir2-dependent silencing upon induction and activate
transcription in every single cell among a population. Despite the fact that MET3pr is
turned on in all the cells, its activity still shows very high cell-to-cell variability. To
understand the nature of such “gene expression noise,” we followed the dynamics
of the MET3pr-GFP expression inserted into ribosomal DNA (rDNA) using time-lapse
microscopy. We found that the noisy “on” state is comprised of multiple substable
states with discrete expression levels. These intermediate states stochastically transi-
tion between each other, with “up” transitions among different activated states oc-
curring exclusively near the mitotic exit and “down” transitions occurring throughout
the rest of the cell cycle. Such cell cycle dependence likely reflects the dynamic ac-
tivity of the rDNA-specific RENT complex, as MET3pr-GFP expression in a telomeric
locus does not have the same cell cycle dependence. The MET3pr-GFP expression in
rDNA is highly correlated in mother and daughter cells after cell division, indicating
that the silenced state in the mother cell is inherited in daughter cells. These states
are disrupted by a brief repression and reset upon a second activation. Potential
mechanisms behind these observations are further discussed.
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Gene expression is intrinsically variable from cell to cell due to the low copy number
of DNAs and mRNAs in a single cell. Such variability, or “noise,” of gene expression

can lead to significant physiological consequences (1–3). The noise level also reflects
the underlying gene regulatory pathway (1–3). Elucidating the sources and the control
mechanisms of gene expression noise is thus an important aspect of understanding
gene regulation.

A well-characterized mechanism of gene repression in budding yeast is Sir2-
dependent silencing. Transcriptional silencing occurs at HML/HMR, the telomere, and
ribosomal DNA (rDNA) repeats through inhibitory chromatin configurations mediated
by histone deacetylase Sir2 and associated complexes (the Sir2-4 complex at mating-
type loci and telomere and the RENT complex at rDNA) (4, 5). The physical association
and the chemical modifications generated by these complexes induce a repressive
chromatin structure that blocks the assembly of DNA polymerase II (Pol II) and/or a
downstream step and attenuate transcription (6, 7).

Besides reducing the average expression in a population of cells, silencing was also
found to elevate the expression noise by generating bimodal, “on” or “off,” expression
in individual cells (8–10). In “telomeric position effects,” for example, the expression of
a reporter gene inserted into subtelomeric regions can switch stochastically between
“on” and “off” states, and each state can propagate stably for multiple cell generations
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(8). As a result, cells containing the ADE2 gene near the telomere grow into white (ADE2
on) or red (ADE2 off) subpopulations; with URA3 at a similar locus, the cells are either
uracil independent (URA3 on) or 5-fluoroorotic acid (FOA) resistant (URA3 off) (8).
Besides these phenotypic assay, the bimodal URA3 expression can be directly measured
through fluorescence microscopy or flow cytometry (11). URA3 inserted into HML or
HMR was completely silenced in wild-type cells but also exhibited bimodal expression
upon mutation of certain silencing factors, such as Sir1 (12). Interestingly, the “on” state
is likely to be different from the “unsilenced” state: by isolating uniformly “on” or “off”
cell populations and probing the chromosome configurations near the telomeric URA3,
it was found that the “on” cells have distinct chromatin state that lies in between the
fully silent and fully derepressed chromatin (11). The “on” telomeres are still associated
with some silencing factors such as Sir3 and hypoacetylated H4, but they lack other
features such as the depletion of H3K79 methylation. Correspondingly, the “on” state
gene expression may have characteristics different from those of expression in regular
euchromatin. Such expression is not well characterized, especially at the single-cell
level.

In our previous work (13), we generated strains with MET3 promoter (MET3pr)
driving the green fluorescent protein (GFP) gene inserted into all three silenced regions.
MET3pr is an inducible promoter that is activated by Met4 when methionine is
depleted. Consistent with previous findings that strong transcription activation over-
comes silencing (14), MET3pr can be activated in these regions with an expression level
lower than that in euchromatin. Our subsequent single-cell analysis revealed that the
MET3pr-GFP is expressed in all cells. Despite the fact that the whole cell population is
converted to the “on” state upon induction, the steady-state GFP level still shows
unusually high noise. In particular, compared with transcriptional interference, another
mechanism of gene repression, silencing can reduce the MET3pr-GFP expression to a
similar extent but generate much higher cell-to-cell variability (13). The mechanism of
such elevated noise is not understood.

We previously measured the MET3pr-GFP expression using flow cytometry by taking
“snapshots” of a population of cells at a single time point. In this work, we followed the
activation, repression, and steady state of the MET3pr-GFP expression inserted into
rDNA using time-lapse fluorescence microscopy. We found that the noisy “on” state is
in fact a collection of multiple substable, partially silenced states with discrete expres-
sion levels. GAL1Spr-GFP inserted into the same rDNA locus and MET3pr-GFP inserted
into other Sir2-silenced regions also show multimodality in their expression. These
intermediate states stochastically transition between each other, with “up” transitions
occurring exclusively near the mitotic exit and “down” transitions occurring throughout
the rest of the cell cycle. These states are likely to be inherited in daughter cells, as the
GFP expression states in mother and daughter cells are highly correlated for a few
hours after cell division. These states are disrupted by a brief repression and reset upon
a second activation. Potential mechanisms behind these observations are further
discussed.

RESULTS
MET3pr-GFP expression in rDNA shows higher variability among single cells.

We constructed two diploid strains containing a single copy of MET3pr-GFP inserted
into either silenced (NTS1 in rDNA) or euchromatic (ATG36 open reading frame [ORF])
regions. We monitored the GFP expression during the MET3pr activation by combining
time-lapse fluorescence microscopy with a microfluid device (see Materials and Meth-
ods) (15). As a control, these strains also contain a MET3pr-mCherry reporter at CDC20
in euchromatin. As shown in Fig. 1A to D, GFP is induced in both strains upon the
depletion of methionine. However, while the expression of GFP at the ATG36 locus is
roughly uniform across the cell population, GFP in rDNA shows very high cell-to-cell
variability.

We quantified the GFP and mCherry fluorescence intensities as a function of time in
each single cell (sample traces are plotted in Fig. 1B and D). GFP intensity increases
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sharply after �30 min of induction and reaches steady state after �3 h. The increase in
the mCherry intensity slightly lags behind that of GFP due to a lower maturation rate
(15). The mCherry expression levels in Fig. 1B and D are comparable, showing that the
two strains have similar degrees of the methionine starvation response (e.g., similar
concentrations of the transcriptional activator Met4). The average expression of GFP is
�60% lower in the rDNA region with much higher cell-to-cell variability. This partial
silencing completely relies on SIR2, as SIR2 deletion restores the MET3pr activity to the
euchromatic level (see Fig. S1 in the supplemental material). Importantly, the expres-

FIG 1 MET3pr-GFP expression in rDNA shows higher variability among single cells. (A) Time-lapse images of a diploid strain containing a single copy of
MET3pr-mCherry at the CDC20 locus and MET3pr-GFP at the ATG36 locus (both inside euchromatin). (B) Quantification of the mCherry (orange) and GFP (green)
expression upon induction in the strain used for panel A. The cells were first incubated in 10� methionine medium before switching to 0� methionine medium
at 0 h. Each trace represents the fluorescence measured in a single cell (total number of cells, 104). (C and D) The same as for panels A and B, respectively, except
in a strain with mCherry at the same locus but GFP in rDNA. These cells show high cell-to-cell variability in the GFP expression (total number of cells, 105). (E
and F) Correlation of mCherry and GFP expression levels in individual cells of the strain in panel A (E) and strain in panel C (F). Each dot represents the average
steady-state GFP versus mCherry intensity (4 h after induction) of one cell. The correlation coefficients are 0.616 and 0.273, respectively. (G) The same as for
panels C and D except both mCherry and GFP are in allelic loci in rDNA. (H) Correlation of mCherry and GFP expression levels in the strain used for panel G.
The correlation coefficient is 0.034.
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sion of GFP in rDNA has low correlation with that of mCherry in the same cell (Fig. 1E
and F), indicating that the variation in the GFP expression is not due to global variables
such as cell size or fluctuations of transcription factor concentration (“extrinsic noise”)
but is more related to local features such as variations in the rDNA chromatin structure
(“intrinsic noise”) (16).

To further prove that the variability in GFP expression is indeed intrinsic, we
generated another strain with MET3pr driving mCherry and GFP inserted into the allelic
NTS1 loci (Fig. 1G). Similar to the case for GFP, mCherry expression is partially repressed
with high variability. Again, the correlation between mCherry and GFP expression in the
same cell is very low (Fig. 1H) (R � 0.034), confirming that the gene expression variation
observed on these two alleles is caused by local and independent factors.

Comparison of the GFP activation rates in rDNA and in the euchromatic region.
GFP activation in the rDNA region involves competition between the silencing and
activating factors. It was proposed that the silent chromatin is a relatively stable
structure that resists activation to some degree (14). We therefore compared the
MET3pr-GFP activation times in rDNA and euchromatin (see Materials and Methods).
When induced by medium containing no methionine (maximum activation strength),
the activation of MET3pr in rDNA is only slightly slower than that in euchromatin (Fig.
2A and B), showing that silencing causes only a minor delay in the activation. Another
variable that may affect silencing strength is the cell cycle. Telomeric silencing, for
example, is more likely to be antagonized after the end of S phase due to the disruption
of silent chromatin during DNA replication (14, 17). If such a trend is also present in
rDNA silencing, the activation time of MET3pr-GFP may show cell cycle dependence. We
therefore constructed a new strain containing a cell cycle indicator, Myo1-mCherry (18).
This protein forms a ring around the yeast bud neck from S to M phase, and its

FIG 2 Comparison of the GFP activation rate in rDNA versus the euchromatic region. (A) Sample traces of the MET3pr-GFP expression in the early stage of
induction by 0� methionine medium. MET3pr-GFP is located in the euchromatic (blue; n � 193) or rDNA (red; n � 187) region (the same color scheme applies
for other panels). The crosses mark the starting point of the GFP activation. (B) Box plot of the GFP activation time in the rDNA versus the euchromatic region.
GFP in both regions is activated within 1 h. (C) Sample traces of the MET3pr-GFP expression aligned by the cell cycle (0 marks the time of cytokinesis, as in other
panels). The curves were deliberately separated along the y axis for visualization purpose. (D) Histogram of the GFP activation time across the cell cycle for both
regions (n � 65 and 82 cycles for euchromatin and rDNA, respectively), focusing on mother cells. The activation can happen at any cell cycle stage, and there
is no significant difference between the MET3pr located in euchromatin or rDNA. Error bars were calculated from �p�1�p� ⁄ N, where p is the probability and
N is number of cell cycles. (E to H) The same as for panels A to D, respectively, except that cells were activated by medium containing 0.02� methionine (n
� 79 and 89 for euchromatic and rDNA regions, respectively). The activation time in the euchromatic region is not affected, while that in rDNA region tends
to be slower with broader distribution. The cell cycle distributions of the activation time in the two regions remain the same (n � 27 and 45 cycles for
euchromatic and rDNA, respectively).
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disappearance marks the time of cell division (18). After aligning the activation curves
relative to the cell division time (only mother cycles were aligned, as mother and
daughter have different G1 lengths), we found that the activation can occur at any cell
cycle stage, with the activation time uniformly distributed over the cell cycle (Fig. 2C
and D).

As activation needs to compete with silencing, the repression effect may be more
severe with lowered activation strength. To test this idea, we dosed the induction
medium with 0.02� methionine (0.4 mg/liter), which lowers the MET3pr activity in both
euchromatic and rDNA regions (see Fig. S2 in the supplemental material). Under this
condition, MET3pr shows a much-delayed activation in rDNA compared to euchromatin
(P � 10�22) (Fig. 2E and F). These results are consistent with the notion that silencing
is more effective against weaker activation. Even with the lowered induction, the
activation still occurs rather uniformly across all cell cycle stages (Fig. 2G and H),
indicating that the variability of the silencing strength over the cell cycle, if any, is not
large enough to cause a significant differential in the activation time.

Multiple intermediate silencing states exist with discrete expression levels. To
understand the MET3pr-GFP expression noise during steady state, we next carried out
further analysis of the GFP traces after 4 h of induction. We smoothed the GFP traces
and examined the distribution of the GFP intensity at different time points. When
located in euchromatin, the histogram of the MET3pr-GFP intensity shows a single
Gaussian distribution (Fig. 3A and B). In contrast, the GFP steady-state level in rDNA is
better fitted by multiple Gaussian peaks (Fig. 3C and D; see Fig. S3 in the supplemental
material). The multimodal distribution is particularly obvious at early time points in the
steady state (Fig. 3D), and we suspect that this is because stochastic GFP expression
builds up over time and causes mixing of different peaks. As different steady-state GFP
levels reflect variable rates of GFP transcription, these data suggest that there are
discrete intermediate silencing states.

To understand if the multimodality is a general phenomenon, we extended our
analysis to more strains and conditions. First, we analyzed the steady-state expression
of MET3pr-GFP at the rDNA NTS1 locus induced with 0.005� (0.1 mg/liter) or 0.01�

(0.2 mg/liter) methionine. The histograms of GFP intensity again show multiple peaks
(Fig. 3E and F). The peaks with lower GFP intensities become more populated as the
methionine concentration increases and the activation strength decreases (Fig. 3E and
F). Second, to test whether this phenomenon is specific to the MET3pr, we constructed
a strain with Gal1spr-GFP reporter integrated into the same rDNA locus. Similar high
noise and multimodality are found in the Gal1spr steady-state expression level, indi-
cating that such a phenomenon is general among different promoters (Fig. 3G and H).
Third, we constructed a strain with the same MET3pr-GFP reporter integrated into
another rDNA locus (RDN37-1) or a telomere locus (see Materials and Methods). The GFP
expression in RDN37-1 shows lower peaks with a long tail at high expression levels (Fig.
3I and J). GFP expression in the telomere shows multiple peaks with slightly higher
levels than those in the rDNA (Fig. 3K and L). Given that Sir2 is recruited to NTS1,
RDN37-1, and the telomere through different mechanisms (19, 20), these results indi-
cate that the multimodality is a general property of Sir2-mediated silencing.

Cell cycle dependence of the transitions between intermediate states. With
multiple substable states, some cells may experience “transition” from one state to
another, causing large changes in the GFP expression level. The rDNA GFP traces
typically exhibit two types of fluctuations, cell cycle-dependent oscillations and unidi-
rectional shifts in GFP intensity (examples of traces are highlighted in Fig. 3C). The
former results from a DNA content change during the cell cycle (21–23), while the latter
likely reflects the transition between different states. To selectively detect the transition
events, we applied a low-pass filter to the data, which effectively eliminated the cell
cycle oscillations (see Materials and Methods and Fig. S4 in the supplemental material).
We then identified “up” and “down” transitions by applying thresholds on the ampli-
tude and the rate of GFP intensity change (see Materials and Methods and Fig. S5 in the
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supplemental material). In total, we found 37 “up” and 40 “down” transitions among
733 h of steady-state GFP traces, resulting in a transition rate of 0.050 and 0.054 h�1,
respectively.

If the transitions involve changes of chromatin structure, they may preferably occur
at certain cell cycle stages. To test this idea, we determined the transition time with
respect to the cell cycle (see Materials and Methods). We again focused only on the
mother cycles for the cell cycle alignment. The “up” transitions tend to happen near the
beginning/end of a cell cycle (Fig. 4A and B), whereas the “down” transitions occur
throughout the rest of the cell cycle (Fig. 4C and D). To confirm such cell cycle
dependence, we generated a new diploid strain that can be arrested at metaphase by
Cdc20 depletion (see Materials and Methods). Since Cdc20-depleted cells are arrested
in metaphase prior to the end of the cell cycle (24), we expected to see a decreased
“up” transition frequency in the arrested cells. Indeed, in the cycling cells with consti-
tutive expression of Cdc20, GFP expression shows transition dynamics similar to those
of the wild-type strain (Fig. 4E and G). However, in the arrested cells, “up,” but not
“down,” transitions completely disappear (Fig. 4F and G). Overall, these observations
strongly indicate that the cell cycle plays a major role in the transitions between the
substable states.

FIG 3 Multiple intermediate silencing states exist with discrete expression levels. (A and C) Sample traces of the smoothed GFP traces in the euchromatic (A)
or rDNA (C) region induced by 0� methionine medium. (B and D) Histograms of GFP expression levels in panels A and C, respectively, at different time points
(marked by the bars in panels A and C). The distributions are multimodal (*, peak location). (E and F) Same as for panel D except that GFP expression was induced
by medium containing 0.005� (E) or 0.01� methionine (F). (G and H) Same as for panels C and D, respectively, except that GFP is driven by Gal1spr. (I and J)
Same as for panels C and D, respectively, except that the MET3pr-GFP is integrated into a different rDNA locus (RDN37-1). (K and L) Same as for panels C and
D, respectively, except that the MET3pr-GFP is integrated into a telomere locus.
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Since MET3pr-GFP in the telomere also showed multiple levels of GFP expression, we
used the same method described above to identify transition events in these traces and
examine their cell cycle dependence. The overall transition rate in these traces is smaller
than that in the rDNA traces (0.010 h�1 and 0.050 h�1 for “up” transitions in telomere
and rDNA, respectively; 0.022 h�1 and 0.055 h�1 for “down” transitions). More impor-
tantly, the transition time does not show a strong cell cycle dependence (Fig. 4H). The
difference in the transition time in rDNA versus the telomere is likely related to different
dynamic properties of the silencing complexes (see Discussion).

Simulation of the transition between intermediate silencing states. Because it
takes time for GFP to be produced and to mature, the transition time we observed in
the GFP fluorescence may not reflect the transition time at the transcription level. To
further pinpoint the transition time, we constructed a mathematical model to simulate
the experimental data above (see Materials and Methods). In this model, GFP is
produced, matured, and diluted with the rates of kp, km, and kd, respectively (Fig. 5A).
The maturation constant km came from a previous study (25). The dilution constant kd

was fitted by the GFP exponential decay curve to be 1/145 min�1 (see Fig. S6A in the
supplemental material). In our model, kp,eu goes through an initial spike upon induction
before going down to the steady-state level, as derived from the GFP expression data
(Fig. 5B and S6B). Noise was added to kp,eu to account for the cell-to-cell variation of the
production rate, and a sine wave was also added to simulate the cell cycle-dependent
fluctuation of GFP intensity. The steady-state level of kp,eu was fitted so that the
simulated amplitude of the mature GFP (GFP*) matches the corresponding measure-
ment (Fig. 5C and D).

To model GFP expression in rDNA, we added another variable called the “silencing
strength.” For simplicity, we assumed that this silencing strength can take on two
discrete values, representing two silencing states. The net GFP production rate, kp,rDNA,

FIG 4 Cell cycle dependence of the transitions between intermediate states. (A) Sample traces of “on” transitions aligned with the cell cycle. The curves are
deliberately separated along the y axis for visualization purpose. The crosses mark the starting points of the transitions. (B) Histogram of the “up” transition
time relative to the cell cycle. Most of the “up” transitions occur near the end of the cell cycle (n � 33 cycles, focusing on mother cell cycles). (C) Sample traces
of “down” transitions. (D) Histogram of the “down” transition times (n � 36 cycles, focusing on mother cell cycles). (E and F) Sample traces of GFP expression
in the strain containing inducible CDC20 in the absence (E) or presence (F) of cell cycle arrest (total number of cells, 42 and 56, respectively). (G) Frequency of
“up” and “down” transitions in wild-type cells (blue), Cdc20p� cycling cells (yellow) and cdc20p-arrested cells (purple). The error bars show the SE among three
biological replicates. In the arrested cells, the “up” transition is completely eliminated. The frequencies reported here are after 4 h of induction. (H) Histogram
of the “up” (green) and “down” (orange) transition time relative to cell cycle for MET3pr-GFP in the telomeric region.

Intermediate rDNA Silencing States Molecular and Cellular Biology

December 2019 Volume 39 Issue 23 e00146-19 mcb.asm.org 7

 on July 1, 2020 at P
enn S

tate U
niv

http://m
cb.asm

.org/
D

ow
nloaded from

 

https://mcb.asm.org
http://mcb.asm.org/


FIG 5 Simulation of the transition between intermediate silencing states. (A) Dynamics of the production,
maturation, and dilution of GFP in the cell. [GFP] and [GFP*] represent the concentrations of immature and mature
GFP. (B) Modeling of the production rates. kp,eu and kp,rDNA are the production rates in the euchromatic region and
the rDNA region, respectively. The kp,rDNA transitions between two silenced states. (C and E) Examples of simulated
traces in euchromatin (C) and rDNA (E). (D and F) Histograms of GFP expression levels in panels C and E,
respectively, at different time points. (G and H) Histograms of the “up” (G) and “down” (H) transition times relative
to the cell cycle from simulated GFP traces.
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was calculated as kp,eu minus the silencing strength (Fig. 5B). The GFP* level simulated
with such kp,rDNA shows a clear bimodal distribution (Fig. 5E and F). When we allowed
the silencing strength to drop from the upper to the lower state exclusively during the
last 10% of the cell cycle (corresponding to the “up” transitions in the GFP level) and
the reverse change to occur randomly during the rest of the cell cycle, the GFP*
transition kinetics agreed well with the experimental data (Fig. 5G and H). We therefore
conclude that the “up” transitions at the transcription level happen near the mitotic
exit.

Expressions in mother and daughter cells are correlated. Silencing relies on
histone modification, which can be partially inherited through DNA replication (26). The
inherited histones may in turn facilitate the establishment of silencing. Through this
mechanism, the silencing state from the mother cells can potentially be copied into the
daughter cells. Even if the silencing state changes over time, similar starting points of
the chromatin configuration in mother and daughter cells may allow them to change
in a more synchronized fashion. Consistent with this idea, a previous study showed that
mother and daughter cells often silence in concert upon the induction of Sir2 (27).

To understand whether the intermediate silencing states are correlated in mother
and daughter cells, we tracked the change in GFP expression (ΔGFP) in mother/
daughter pairs at different time points after their division (Fig. 6A). For comparison, we
shuffled the mother/daughter cells, picked pairs of unrelated cells that have similar GFP
levels upon division, and calculated the GFP level change at the same time points.
Within 2 to 4 h, the correlation of ΔGFP between unrelated pairs is �0 (�0.3) (Fig. 6B),
which is expected because cells starting with the same GFP level tend to have similar
GFP expression changes (e.g., cells with a very low GFP level are more likely to have
“up” instead of “down” transitions). Importantly, such correlation is much higher in
mother/daughter pairs (�0.7) (Fig. 6B). These results indicate that the change of

FIG 6 Expressions between mother in daughter cells are correlated. (A) Method to quantify the inheritance of GFP expression in rDNA. When the mother cell
(m) gives birth to the daughter cells (d), they have the same GFP intensity. The changes of GFP expression at different time points after cytokinesis are calculated
for mother (ΔGFPm) and daughter (ΔGFPd) cells. For comparison, we found another daughter cell (d=) that was born with a GFP intensity similar to that of m
and d, and we calculated the ΔGFPd= at the same time points. (B) ΔGFP at 2, 3, 4, and 5 h after cell division of mother/daughter cells (red) in comparison to
unrelated cells (black). At 2, 3, and 4 h, the former shows higher correlation in ΔGFP.
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silencing states is more synchronized in mother and daughter cells, which may reflect
similar chromatin structures in rDNA after DNA duplication.

Intermediate states are not “memorized” after a brief repression. Upon MET3pr
repression, the activators will dissociate from the promoter, causing the partially
activated local chromatin to revert back to its original configuration. We next asked
whether the intermediate silencing state can be “memorized” through a brief repres-
sion. We first induced the MET3pr-GFP expression to the steady state, followed by 10�

methionine repression for 1 to 3 h, and then induced again (Fig. 7A; see Materials and
Methods). If there is a memory of the previous silencing state, we expect to see a
positive correlation between the steady-state GFP levels during the first and second
inductions. The MET3pr-GFP expression in euchromatin shows a small positive correla-
tion between the two inductions, regardless of the repression time (Fig. 7B and C). We
speculate that this correlation results from some global cellular properties that are
maintained during the measurement, e.g., cell size. For MET3pr-GFP in the silenced
locus, the correlation between the two expression levels turns out to be even smaller
(Fig. 7B and C). We observed many cases where a low-expression state during the first
induction jumped to a high-expression state after the brief repression and vice versa.
These results indicate that the configuration of the silencing state is quickly lost once
it is disrupted by repression, and the expression level during the subsequent induction
needs to be “reset” by the competition between the activator and the local repressive
chromatin.

DISCUSSION

Reporter genes inserted into silencing regions often exhibit “position effect varie-
gation” that is characterized by an “all-or-none” expression pattern, leading to a large
cell-to-cell variability in expression. Increasing the strength of activation biases the
expression towards the “on” state. In this paper, we show that even when the “off” state
is completely eliminated by strong activation, the reporter gene in silencing regions still
shows high cell-to-cell variability in the “on” state. Further analyses suggest that the
“on” state is an ensemble of multiple intermediate states, each showing a discrete level
of expression that is in between the basal and fully expressed (unsilenced) level. The
distribution among these substable states is modulated by the activation strength,
which reflects the dynamic equilibrium between activation and silencing. Multiple
intermediate states were also observed at the telomere, indicating that they are not
due to some special properties of the RENT complex but are rather a general character
of the Sir2-mediated silencing.

What could be the molecular nature of these intermediate silencing states? Because
the MET3pr-GFP expression does not correlate with the MET3pr-mCherry expression in
the same cell (Fig. 1F and H), it is unlikely that different silencing states reflect the
activity of a global regulator, such as Met4 or Pol II. Instead, we suspect that the states

FIG 7 Intermediate states are not “memorized” after a brief repression. (A) Sample traces of GFP expression in the euchromatic (blue) or
rDNA (red) region with 4 h of the initial induction, 2 h of repression, and 4 h of the second induction. The steady-state expression following
the first and second inductions used the data in the box. (B) Average steady-state GFP expression level in the first induction compared
with that of the second induction with 2 h of repression. Each dot represents one trace, and the x and y axes represent the average
steady-state GFP expression during the first and second inductions. The correlation coefficient for the euchromatin (blue) and the rDNA
region (red) are shown (total number of cells, 33 and 64 for euchromatin and rDNA, respectively). (C) Correlation of GFP levels with
different repression durations.
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are caused by variations in the local chromatin structure. Upon the induction of MET3pr
in the rDNA, the histone-modifying enzymes and nucleosome-remodeling machineries
recruited by the activator compete with the neighboring repressive chromatin to
generate a local environment that is semipermissive of transcription. For example,
some nucleosomes near the MET3pr may be more dynamic, carrying acetylation marks,
and not associated with the Sir2 protein. The configuration of such partially opened
chromatin may be variable from cell to cell. The discrete expression level of MET3pr-GFP
raises the intriguing possibility that the intermediate states are determined by the
number of permissive nucleosomes near the MET3pr or in the GFP gene body (Fig. 8A).
Further experiments are needed to test this hypothesis, for example, by sorting the cells
with different silencing states using fluorescence-activated cell sorting (FACS) and
probing the chromosome configurations in each group.

We also found that the rDNA silencing states go through transitions, and the
transition time is cell cycle dependent, with the “up” transitions occurring mostly at the
end of the cell cycle. Such timing can be well explained by the dynamics of the RENT
complex. Net1, a core subunit of RENT, is essential for rDNA silencing by tethering Sir2
to this region (28). During mitotic exit, Net1 is inactivated by phosphorylation, and a
fraction of Sir2 leaves the nucleolus (28) (Fig. 8B). It was suggested that rDNA silencing
may be weakened at this point of the cell cycle, and the timing of the “up” transitions
provides strong support for this idea. The RENT complex then reassociates with rDNA
during interphase, which may cause “down” transitions occurring at these stages of the
cell cycle. Such a mechanism indicates that the transition time observed in Fig. 4B and
D should be specific to the RENT complex and rDNA; indeed, transitions in the telomere
do not have the same cell cycle dependence (Fig. 4G). Different from the “up”
transitions between the intermediate states, the activation upon methionine depletion
does not show cell cycle dependence (Fig. 2D and H). This is likely because the
activation is stronger and can outcompete silencing even when the RENT complex is
fully associated with rDNA.

It is important to point out that, although the RENT complex dynamically associates
and dissociates from rDNA, we do not observe “up” and “down” transitions in every
single cell cycle. In fact, these transitions occur approximately once every 7 cell cycles,
and the GFP level is rather stable most of the time. This observation indicates that, in

FIG 8 A model of multiple silencing states and the transitions in between. (A) A model of multiple silencing states.
Higher or lower expression in the rDNA region (left and right panels, respectively) may be caused by different
distributions of the RENT complex and histone modifications. Repressive histone marks may be carried by different
numbers of nucleosomes, causing discrete levels of expression. (B) Maintenance or transition of the silencing states
through mitotic exit. During mitotic exit, the RENT complex is transiently dissociated from rDNA. The remaining
histone marks may be able to maintain the transcription level (pathway 1); in some cases, however, repressive
histone marks may be replaced by more-activating ones, causing the transition to a higher-expression state
(pathway 2).
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most cell cycles, the intermediate silencing state is not destroyed and reset during
every mitotic exit; instead, the information of the previous state can be passed on
despite the temporary disruption of the RENT complex. One potential candidate that
can carry such heritable information is histone modifications. It is possible that certain
histone modifications that contribute to rDNA silencing will be maintained during the
mitotic exit and facilitate the rebinding of RENT during the next interphase, allowing
stable propagation of the silencing states (Fig. 8B). The configuration of the histone
modifications may be maintained during DNA replication, generating two cells with
similar silencing states. We also found that the configuration is not robust against
repression: once the activating components dissociate from the chromatin, the silenc-
ing complex likely reoccupies the reporter gene in a short amount of time. In the next
round of activation, the activators need to compete with the inhibitory chromatin
structure again to establish a new intermediate silencing state that has no correlation
with the old state.

MATERIALS AND METHODS
Strain construction. Strains and plasmids were constructed using standard methods. All strains used

here are based on Y800 background strain. The two strains used for Fig. 1A to D and Fig. 3A to D contain
a single copy of Saccharomyces kudriavzevii MET3pr-mCherry flanked by URA3 marker inserted into the
CDC20 ORF and also a single copy of S. kudriavzevii MET3pr-GFP flanked by a KanMX marker inserted into
the ATG36 ORF (chromosome X: 82713) or rDNA (NTS1 locus between the sequences TATTGCACTGGCT
ATTCATC and TTGCACTTTTCCTCTTTCTT) (13). The KanMX gene in the construct is driven by a strong
promoter, TEF1pr. We suspect that silencing can only quantitatively reduce the activity of TEF1pr, and the
remaining KanMX expression is sufficient for the survival of the strain in G418. The TEF1pr does not
activate MET3pr directly, as the MET3pr-GFP expression is at an undetectable level without methionine
depletion. The strain used for Fig. 1G and H contains the same GFP and mCherry reporters both flanked
by KanMX marker and inserted into the same rDNA NTS1 locus. The strains used for Fig. 2, 4, 3E and F,
6, and 7 lack MET3pr-mCherry; instead, they have MYO1-mCherry at the endogenous MYO1 locus as a cell
cycle marker. For the strain used for Fig. 3G and H, Gal1spr-GFP instead was inserted into the same rDNA
NTS1 locus. For the strain used for Fig. 3I to L, MET3pr-GFP was inserted into RDN37-1 (between the
sequences ACTACCACCAAGATCTGCAC and TAGAGGCCGTTCGACCCGAC) or a telomere locus (between
the sequences TCTGGAACATCATCGCTATC and CAGCTCTTTGTGAACCGCTA). For the cell cycle arrest
strain used for Fig. 4E and F, the endogenous CDC20pr (from �285 to �1 relative to the start of ORF) was
replaced by a modified GAL1pr activated by the LexA-ER-VP16 fusion protein. CDC20 is constitutively
expressed in the presence of 80 nM �-estradiol, allowing the cell cycle progression; washing out the
�-estradiol causes cell cycle arrest.

Time-lapse fluorescence microscopy. The time-lapse microscopy and the data acquisition proce-
dure were described in our previous studies (29, 30). In short, cells were grown in CellASIC Onix
microfluidic plates, which are controlled by CellASIC Onix2 microfluidic system. The software (CellASIC
Onix2 software 1.0.4) controls the medium flow into the plates. For induction studies for Fig. 1 and 4, cells
were first grown in synthetic complete medium with glucose (SCD)–10� methionine medium (repressive
condition) for 2 to 4 h before switching to SCD– 0� (0.5%�, 1%�) methionine for induction. For
induction for Fig. 3G and H, cells were first grown in SC-raffinose medium (repressive condition) for 4 h
before switching to SC-galactose for induction. For the cell cycle arrest experiment for Fig. 4E and F, yeast
culture was first grown in SCD–10� methionine– 80 nM �-estradiol, washed 4 or 5 times to remove the
�-estradiol, loaded into the plates, and then induced with SCD– 0� methionine medium in the absence
of �-estradiol (we found that it is hard to wash out �-estradiol inside the microfluidic device, probably
because it gets absorbed onto the plastic surface). For memory experiments for Fig. 7, cells were
activated for 4 h with SCD– 0� methionine medium, repressed for 1 to 3 h with SCD–10� methionine
medium, and activated again for 4 h with SCD– 0� methionine medium. Images were taken every 5 min.

Image analysis. In-house MATLAB software was used to analyze the images. Cell contours were
annotated and tracked from frame to frame, and the mean fluorescence intensities in each cell were
extracted. The Myo1-mCherry fluorescence signals were also annotated and used to define the cell
cycles. Because mother and daughter cells have significantly different G1 phase durations, we focused
only on mother cells. We also ignored very long cell cycles outside 3 standard deviations, which likely go
through cell cycle arrest due to photo damage.

GFP data analysis. The GFP intensity trace was treated by a median filter and then smoothed by a
small moving window (three points moving average). To reduce the cell cycle-dependent fluctuations in
the GFP intensity, a second-order Butterworth filter with cutoff frequency at 1/78 min�1 (the frequency
of the cell cycle) was applied to the GFP traces (see Fig. S4 in the supplemental material). To obtain the
activation and transition times, zero crossings were detected from the first derivative of the low-pass-
filtered fluorescence traces, which cut the curve into several monotonic intervals. An interval will be
considered a transition only if the range and the rate of GFP change are both among the top 1/3 (see
Fig. S5 in the supplemental material). After identifying the transition or activation events, the starting
point was determined by the first point where the first derivative was raised from zero to 10% of its
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maximum value. By comparing the starting point with the cell division time, the starting point in the unit
of cell cycle (from 0 to 1, where 1 is the end of cytokinesis) was calculated.

A Gaussian mixture model was used to fit the steady-state fluorescence distribution. The best fit
was determined by the model with the lowest Akaike information criterion (AIC) score (see Fig. S3
in the supplemental material). In some cases, although the lowest AIC score suggests a model with
multiple components, there is only one dominant peak (for example, GFP expression in the
euchromatic region). To focus on the main components of the distribution, we ignored the peaks
with probability smaller than 10%.

To search for the correlation between mother and daughter cells (Fig. 6), we calculated the change
of GFP intensity in mother and daughter cells after cell division. As a control, we shuffled the relationship
between cells. The daughter cells were randomly linked to unrelated mother cells that divided around
the same time and had similar GFP expression at the end of division.

Simulations. In the model, the initial expression occurs at 16.8 min (standard error [SE] � 0.6 min)
after activation regardless of the time of the cell cycle or the silenced state. The production rate kp first
rises to 2 to 3 times (generated by random numbers) the steady-state level before it goes back down at
around 80 min (Fig. 5B). kp was modeled this way based on the experimental data (see Fig. S6B in the
supplemental material). In the case of silent chromatin, the steady-state kp adopts two values, with the
lower one at 60% of the level of the upper one. To account for the cell cycle-dependent GFP fluctuations,
a sine wave was added to kp, oscillating around the mean steady-state level with a 30% amplitude. The
autofluorescence background was set to a fixed number to mimic the background signal in real
experiments.

The durations of cell cycles and the initial phase of cell cycle are randomly generated to mimic an
asynchronized cell population. The G1, S, and M phases take about 18.8%, 37.5%, and 43.7% of the
mother cell cycle, respectively (31). In M phase, only metaphase and anaphase are considered, and they
span 18.7% and 25% of the cell cycle, respectively (31). To simulate the cell cycle-dependent transitions,
we allow the strong silencing state to switch to the weak one during the last 10% of the cell cycle with
the probability calculated from the experiment, which leads to “up” transitions in GFP expression. We
allow the opposite change to occur randomly during the rest of the cell cycle, leading to “down”
transitions. With kp generated by the model, we calculated the GFP intensity based on the differential
equations in Fig. 5A using the finite-element method. The maturation constant km, ln(2)/18.5 min�1 for
GFP in yeast, was obtained from a previous study (25). The dilution constant kd was fitted to be
1/145 min�1 from exponential decay of GFP after MET3pr-GFP repression. To include the detection noise
and other extrinsic noise, we added white noise to the final GFP (SE � 1.1). Subsequently, all simulation
data were analyzed with the algorithm described in “GFP data analysis” above.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/MCB

.00146-19.
SUPPLEMENTAL FILE 1, PDF file, 0.3 MB.

ACKNOWLEDGMENTS
We are grateful to all members of the Bai lab for insightful comments on the

manuscript.
This work is supported by the National Institutes of Health (R01 GM118682).

REFERENCES
1. Sanchez A, Choubey S, Kondev J. 2013. Regulation of noise in gene

expression. Annu Rev Biophys 42:469 – 491. https://doi.org/10.1146/
annurev-biophys-083012-130401.

2. Munsky B, Neuert G, van Oudenaarden A. 2012. Using gene expression
noise to understand gene regulation. Science 336:183–187. https://doi
.org/10.1126/science.1216379.

3. Raser JM, O’Shea EK. 2005. Noise in gene expression: origins, conse-
quences, and control. Science 309:2010 –2013. https://doi.org/10.1126/
science.1105891.

4. Rusche LN, Kirchmaier AL, Rine J. 2003. The establishment, inheritance,
and function of silenced chromatin in Saccharomyces cerevisiae. Annu
Rev Biochem 72:481–516. https://doi.org/10.1146/annurev.biochem.72
.121801.161547.

5. Srivastava R, Srivastava R, Ahn SH. 2016. The epigenetic pathways to
ribosomal DNA silencing. Microbiol Mol Biol Rev 80:545–563. https://doi
.org/10.1128/MMBR.00005-16.

6. Chen L, Widom J. 2005. Mechanism of transcriptional silencing in yeast.
Cell 120:37– 48. https://doi.org/10.1016/j.cell.2004.11.030.

7. Sekinger EA, Gross DS. 2001. Silenced chromatin is permissive to acti-
vator binding and PIC recruitment. Cell 105:403– 414. https://doi.org/10
.1016/s0092-8674(01)00329-4.

8. Gottschling DE, Aparicio OM, Billington BL, Zakian VA. 1990. Position
effect at S. cerevisiae telomeres: reversible repression of Pol II transcrip-
tion. Cell 63:751–762. https://doi.org/10.1016/0092-8674(90)90141-z.

9. Anderson MZ, Gerstein AC, Wigen L, Baller JA, Berman J. 2014. Silencing
is noisy: population and cell level noise in telomere-adjacent genes is
dependent on telomere position and sir2. PLoS Genet 10:e1004436.
https://doi.org/10.1371/journal.pgen.1004436.

10. Ottaviani A, Gilson E, Magdinier F. 2008. Telomeric position effect: from the
yeast paradigm to human pathologies? Biochimie 90:93–107. https://doi
.org/10.1016/j.biochi.2007.07.022.

11. Kitada T, Kuryan BG, Tran NN, Song C, Xue Y, Carey M, Grunstein M. 2012.
Mechanism for epigenetic variegation of gene expression at yeast telo-
meric heterochromatin. Genes Dev 26:2443–2455. https://doi.org/10
.1101/gad.201095.112.

12. Xu EY, Zawadzki KA, Broach JR. 2006. Single-cell observations reveal inter-
mediate transcriptional silencing states. Mol Cell 23:219–229. https://doi
.org/10.1016/j.molcel.2006.05.035.

13. Du M, Zhang Q, Bai L. 2017. Three distinct mechanisms of long-distance
modulation of gene expression in yeast. PLoS Genet 13:e1006736.
https://doi.org/10.1371/journal.pgen.1006736.

14. Aparicio OM, Gottschling DE. 1994. Overcoming telomeric silencing: a

Intermediate rDNA Silencing States Molecular and Cellular Biology

December 2019 Volume 39 Issue 23 e00146-19 mcb.asm.org 13

 on July 1, 2020 at P
enn S

tate U
niv

http://m
cb.asm

.org/
D

ow
nloaded from

 

https://doi.org/10.1128/MCB.00146-19
https://doi.org/10.1128/MCB.00146-19
https://doi.org/10.1146/annurev-biophys-083012-130401
https://doi.org/10.1146/annurev-biophys-083012-130401
https://doi.org/10.1126/science.1216379
https://doi.org/10.1126/science.1216379
https://doi.org/10.1126/science.1105891
https://doi.org/10.1126/science.1105891
https://doi.org/10.1146/annurev.biochem.72.121801.161547
https://doi.org/10.1146/annurev.biochem.72.121801.161547
https://doi.org/10.1128/MMBR.00005-16
https://doi.org/10.1128/MMBR.00005-16
https://doi.org/10.1016/j.cell.2004.11.030
https://doi.org/10.1016/s0092-8674(01)00329-4
https://doi.org/10.1016/s0092-8674(01)00329-4
https://doi.org/10.1016/0092-8674(90)90141-z
https://doi.org/10.1371/journal.pgen.1004436
https://doi.org/10.1016/j.biochi.2007.07.022
https://doi.org/10.1016/j.biochi.2007.07.022
https://doi.org/10.1101/gad.201095.112
https://doi.org/10.1101/gad.201095.112
https://doi.org/10.1016/j.molcel.2006.05.035
https://doi.org/10.1016/j.molcel.2006.05.035
https://doi.org/10.1371/journal.pgen.1006736
https://mcb.asm.org
http://mcb.asm.org/


trans-activator competes to establish gene expression in a cell cycle-
dependent way. Genes Dev 8:1133–1146. https://doi.org/10.1101/gad.8
.10.1133.

15. Zou F, Bai L. 2018. Using time-lapse fluorescence microscopy to study
gene regulation. Methods https://doi.org/10.1016/j.ymeth.2018.12.010.

16. Swain PS, Elowitz MB, Siggia ED. 2002. Intrinsic and extrinsic contribu-
tions to stochasticity in gene expression. Proc Natl Acad Sci U S A
99:12795–12800. https://doi.org/10.1073/pnas.162041399.

17. Lau A, Blitzblau H, Bell SP. 2002. Cell-cycle control of the establishment
of mating-type silencing in S. cerevisiae. Genes Dev 16:2935–2945.
https://doi.org/10.1101/gad.764102.

18. Bai L, Charvin G, Siggia ED, Cross FR. 2010. Nucleosome-depleted re-
gions in cell-cycle-regulated promoters ensure reliable gene expression
in every cell cycle. Dev Cell 18:544 –555. https://doi.org/10.1016/j.devcel
.2010.02.007.

19. Shou W, Sakamoto KM, Keener J, Morimoto KW, Traverso EE, Azzam
R, Hoppe GJ, Feldman RM, DeModena J, Moazed D, Charbonneau H,
Nomura M, Deshaies RJ. 2001. Net1 stimulates RNA polymerase I
transcription and regulates nucleolar structure independently of con-
trolling mitotic exit. Mol Cell 8:45–55. https://doi.org/10.1016/S1097
-2765(01)00291-X.

20. Buck SW, Maqani N, Matecic M, Hontz RD, Fine RD, Li M, Smith JS. 2016.
RNA Polymerase I and Fob1 contributions to transcriptional silencing at
the yeast rDNA locus. Nucleic Acids Res 44:6173– 6184. https://doi.org/
10.1093/nar/gkw212.

21. Walker N, Nghe P, Tans SJ. 2016. Generation and filtering of gene
expression noise by the bacterial cell cycle. BMC Biol 14:11. https://doi
.org/10.1186/s12915-016-0231-z.

22. Voichek Y, Bar-Ziv R, Barkai N. 2016. Expression homeostasis during
DNA replication. Science 351:1087–1090. https://doi.org/10.1126/
science.aad1162.

23. Zopf CJ, Quinn K, Zeidman J, Maheshri N. 2013. Cell-cycle dependence

of transcription dominates noise in gene expression. PLoS Comput Biol
9:e1003161. https://doi.org/10.1371/journal.pcbi.1003161.

24. Uhlmann F, Wernic D, Poupart MA, Koonin EV, Nasmyth K. 2000. Cleav-
age of cohesin by the CD clan protease separin triggers anaphase in
yeast. Cell 103:375–386. https://doi.org/10.1016/s0092-8674(00)00130-6.

25. Charvin G, Cross FR, Siggia ED. 2008. A microfluidic device for temporally
controlled gene expression and long-term fluorescent imaging in un-
perturbed dividing yeast cells. PLoS One 3:e1468. https://doi.org/10
.1371/journal.pone.0001468.

26. Budhavarapu VN, Chavez M, Tyler JK. 2013. How is epigenetic informa-
tion maintained through DNA replication? Epigenetics Chromatin 6:32.
https://doi.org/10.1186/1756-8935-6-32.

27. Osborne EA, Hiraoka Y, Rine J. 2011. Symmetry, asymmetry, and kinetics
of silencing establishment in Saccharomyces cerevisiae revealed by
single-cell optical assays. Proc Natl Acad Sci U S A 108:1209 –1216.
https://doi.org/10.1073/pnas.1018742108.

28. Shou W, Seol JH, Shevchenko A, Baskerville C, Moazed D, Chen ZW, Jang
J, Shevchenko A, Charbonneau H, Deshaies RJ. 1999. Exit from mitosis is
triggered by Tem1-dependent release of the protein phosphatase Cdc14
from nucleolar RENT complex. Cell 97:233–244. https://doi.org/10.1016/
s0092-8674(00)80733-3.

29. Yan C, Wu S, Pocetti C, Bai L. 2016. Regulation of cell-to-cell variability
in divergent gene expression. Nat Commun 7:11099. https://doi.org/
10.1038/ncomms11099.

30. Zhang Q, Yoon Y, Yu Y, Parnell EJ, Garay JA, Mwangi MM, Cross FR,
Stillman DJ, Bai L. 2013. Stochastic expression and epigenetic memory at
the yeast HO promoter. Proc Natl Acad Sci U S A 110:14012–14017.
https://doi.org/10.1073/pnas.1306113110.

31. Brewer BJ, Chlebowicz-Sledziewska E, Fangman WL. 1984. Cell cycle
phases in the unequal mother/daughter cell cycles of Saccharomyces
cerevisiae. Mol Cell Biol 4:2529 –2531. https://doi.org/10.1128/mcb.4.11
.2529.

Zou et al. Molecular and Cellular Biology

December 2019 Volume 39 Issue 23 e00146-19 mcb.asm.org 14

 on July 1, 2020 at P
enn S

tate U
niv

http://m
cb.asm

.org/
D

ow
nloaded from

 

https://doi.org/10.1101/gad.8.10.1133
https://doi.org/10.1101/gad.8.10.1133
https://doi.org/10.1016/j.ymeth.2018.12.010
https://doi.org/10.1073/pnas.162041399
https://doi.org/10.1101/gad.764102
https://doi.org/10.1016/j.devcel.2010.02.007
https://doi.org/10.1016/j.devcel.2010.02.007
https://doi.org/10.1016/S1097-2765(01)00291-X
https://doi.org/10.1016/S1097-2765(01)00291-X
https://doi.org/10.1093/nar/gkw212
https://doi.org/10.1093/nar/gkw212
https://doi.org/10.1186/s12915-016-0231-z
https://doi.org/10.1186/s12915-016-0231-z
https://doi.org/10.1126/science.aad1162
https://doi.org/10.1126/science.aad1162
https://doi.org/10.1371/journal.pcbi.1003161
https://doi.org/10.1016/s0092-8674(00)00130-6
https://doi.org/10.1371/journal.pone.0001468
https://doi.org/10.1371/journal.pone.0001468
https://doi.org/10.1186/1756-8935-6-32
https://doi.org/10.1073/pnas.1018742108
https://doi.org/10.1016/s0092-8674(00)80733-3
https://doi.org/10.1016/s0092-8674(00)80733-3
https://doi.org/10.1038/ncomms11099
https://doi.org/10.1038/ncomms11099
https://doi.org/10.1073/pnas.1306113110
https://doi.org/10.1128/mcb.4.11.2529
https://doi.org/10.1128/mcb.4.11.2529
https://mcb.asm.org
http://mcb.asm.org/

	RESULTS
	MET3pr-GFP expression in rDNA shows higher variability among single cells. 
	Comparison of the GFP activation rates in rDNA and in the euchromatic region. 
	Multiple intermediate silencing states exist with discrete expression levels. 
	Cell cycle dependence of the transitions between intermediate states. 
	Simulation of the transition between intermediate silencing states. 
	Expressions in mother and daughter cells are correlated. 
	Intermediate states are not “memorized” after a brief repression. 

	DISCUSSION
	MATERIALS AND METHODS
	Strain construction. 
	Time-lapse fluorescence microscopy. 
	Image analysis. 
	GFP data analysis. 
	Simulations. 

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

