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Nucleosomes, the basic unit of chromatin, have a critical role in the
control of gene expression. Nucleosome positions have generally
been determined by examining bulk populations of cells and then
correlated with overall gene expression. Here, we describe a
technique to determine nucleosome positioning in single cells by
virtue of the ability of the nucleosome to protect DNA from GpC
methylation. In the acid phosphatase inducible PHO5 gene, we
find that there is significant cell-to-cell variation in nucleosome
positions and shifts in nucleosome positioning correlate with
changes in gene expression. However, nucleosome positioning is
not absolute, and even with major shifts in gene expression, some
cells fail to change nucleosome configuration. Mutations of the
PHOS5 promoter that introduce a poly(dA:dT) tract-stimulated gene
expression under nonpermissive conditions led to shifts of posi-
tioned nucleosomes similar to induction of PHO5. By contrast,
mutations that altered AA/TT/AT periodicity reduced gene expres-
sion upon PHOS5 induction and stabilized nucleosomes in most cells,
suggesting that enhanced nucleosome affinity for DNA antagonizes
chromatin remodelers. Finally, we determined nucleosome positioning
in two regions described as “fuzzy” or nucleosome-free when exam-
ined in a bulk assay. These regions consisted of distinct nucleosomes
with a larger footprint for potential location and an increase popula-
tion of cells lacking a nucleosome altogether. These data indicate an
underlying complexity of nucleosome positioning that may contribute
to the flexibility and heterogeneity of gene expression.

chromatin structure | gene regulation

he eukaryotic genome is packaged into chromatin, which

consists of a basic repeating unit of nucleosomes arranged in
regularly spaced arrays. A nucleosome is comprised of a histone
octamer wrapped around 147 bp of DNA (1, 2). Nucleosomes
coat much of genomic DNA, but specific functional regions of
the DNA such as promoters, enhancers, and terminators are
relatively depleted of nucleosomes (3-7). Although “pioneer”
DNA-binding transcription factors can bind nucleosomal DNA
(reviewed in ref. 8), many other factors compete with nucleo-
somes for DNA binding (9-13) and often cannot bind to DNA
without the removal of nucleosomes (reviewed in ref. 14). For
example, the TATA-binding protein cannot bind nucleosomal
DNA, resulting in a failure of recruitment of RNA polymerase 11
and inhibition of transcription initiation (15). Conversely, a well-
positioned nucleosome can promote transcription factor binding
if it sits proximal to the binding site, thereby forcing the DNA
to be accessible for factor binding. Thus, understanding how
nucleosomes are naturally positioned and how such positioning
changes under physiological and stress conditions can provide
significant insight into predicting gene expression.

Histone octamers do not bind DNA randomly, instead, a “nu-
cleosome code,” which consists of the primary DNA sequence (4)
and the secondary DNA structures, helps dictate where nucleo-
somes form (16-18). Twisting of DNA and hence the ability of
DNA to wrap around the histone octamer is facilitated by the
periodicity of the bendable dinucleotide AA/TT/AT sequence,
spaced every 10 bp to fit in the minor grove of the helix (4, 19, 20).
By contrast, the homopolymeric sequences of poly(dA:dT) are
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inherently stiff (16, 21-23) and can create nucleosome-free regions
(22, 24, 25). Sequence, however, is not the sole determinant of
nucleosome positioning. Proteins compete with nucleosomes for
binding to specific DNA sequence (26) and ATP-dependent chro-
matin remodelers actively displace nucleosomes (27). Barriers
created by DNA sequence or protein factors that exclude nucle-
osomes may create a particularly well-positioned nucleosome ad-
jacent to that barrier. As a result, subsequent nucleosomes may be
constrained, and an array of positioned nucleosomes can thus be
created (28). The relative contributions of DNA sequence, protein
binding, and histone modifications to nucleosome positioning are
still not fully elucidated.

One major drawback to the nucleosome mapping studies to
date is that they are performed as bulk experiments. Much of our
knowledge of nucleosome-positioning patterns relies only on
gene-averaged events and even upon examination of a specific
locus, nucleosome positioning is based on information averaged
from millions of cells. Similarly, gene expression studies are
generally performed on bulk populations, and gene expression
may vary significantly from cell to cell. When single cells are
examined, a more “digital” on or off state for gene expression
may be observed. An illustrative example of the difference be-
tween a bulk and single-cell expression is the case of yeast cells
that are grown in galactose, glucose, or galactose—glucose mix-
tures as their carbon source (29). The galactose inducible GAL
genes are highly expressed when yeast are grown in galactose,
and these genes are silenced when the organism is grown in
glucose. When grown in a mixture of galactose and glucose, the
population expresses the GAL genes at intermediate levels that
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depend quantitatively on the galactose/glucose ratio. Single-cell
analysis, however, revealed that in a galactose—glucose mixture, in-
termediate gene expression does not result from each cell transcribing
a moderate level of protein and each cell gradually changing its ex-
pression level with increasing galactose. Instead, each individual cell
behaves in a binary fashion: either strongly expressing or strongly
repressing the GAL genes. As the ratio of galactose/glucose increases,
the probability of any given cell expressing a set level of GAL gene
increases. Similarly, population studies of nucleosome positioning
could be misleading. Indeed, recent work from the Boeger laboratory
examines nucleosome positioning by electron microscopy and finds
that numerous nucleosome configurations exist on the promoter,
which include both nucleosome-rich and nucleosome-free archi-
tectures (30). Thus, examination of single cells at the level of nucle-
osome positioning may help explain the molecular basis of the
cellular decision to activate a gene.

Here, we present a method for mapping nucleosome positioning
at specific loci based upon the ability of a nucleosome to protect
DNA from methylation by an exogenous enzyme. Using this
method, we examined the cell-to-cell variation of nucleosome
positioning in the acid phosphatase PHO5 promoter under nutrient-
rich conditions associated with low basal level gene expression
and upon phosphate starvation, which induces PHOS5 expression
(31). Furthermore, we examined the nucleosome landscape when
the PHOS promoter was mutated by introduction of a poly(dA:
dT) tract, to antagonize nucleosomes, or by altering the AA/TT/
AT periodicity to stabilize nucleosomes. These experiments pro-
vide direct evidence for a correlation of nucleosome positioning
and gene expression. Finally, we used our method to deconvolute
the nucleosome positioning of two loci that have previously been

described as “fuzzy,” a term used to describe nucleosomes that are
not well localized (3). These data demonstrate that considerable
cell-to-cell variability of nucleosome positioning exists, and low
basal levels of gene expression within a population are attributable
to a subset of cells having permissive nucleosomal positioning.
Furthermore, we found that even upon major shifts in gene ex-
pression not every cell of a population shifts positions in the same
way or becomes nucleosome-depleted. This method allows for the
survey of less well-positioned nucleosomes and determines the
range of sites nucleosomes can associate, which will help us to
further refine our understanding of the “nucleosome code.”
Variation in nucleosome positioning may contribute to flexibility
of gene expression in a cell population and cell-to-cell heteroge-
neity of gene expression.

Results

Cell-to-Cell Diversity of Nucleosome Positioning. As a model for
determining cell-to-cell diversity of nucleosome positioning, we
used the PHOS promoter as the position of its nucleosomes was
well characterized in bulk studies (canonical nucleosome posi-
tioning depicted in Fig. 14). PCR-based nucleosome-scanning
assay (Fig. 1B) and genome-wide micrococcal nuclease (MNase-
seq) were performed (Fig. 1C), confirming previously reported
nucleosome positioning on the PHOS5 promoter for positions of
the +1 through -3 nucleosomes of the PHOS5 promoter under
phosphate-rich conditions, which is nonpermissive for gene ex-
pression (30, 32-35).

To map nucleosomes in individual cells, we modified a method
developed in the Kladde and Jones laboratories based upon
the ability of nucleosomes to block the GpC-specific DNA
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Fig. 1. Nucleosome architecture of the PHO5 promoter can be ascertained in individual cells and demonstrates heterogeneity. (4) Canonical position of

nucleosomes (gray ovals) in the PHO5 promoter. White circles indicate the locations of cytosines that are part of GC dinucleotides. (B) Mapping of mono-
nucleosomal DNA of cells grown in rich media using a nucleosome-scanning assay. Chromatin was digested with MNase, mononucleosomal DNA was purified,
and MNase protection was determined by quantitative PCR. Enrichment of mononucleosomal DNA (y axis) is indicated by the midpoints of each amplicon (x
axis), and error bars represent 1 SD from two independent biological replicates. (C) MNase-seq track of the PHO5 promoter from cells grown in rich media. (D)
Nucleosome architecture of 806 cells from three bulk populations revealed eight conformations (a to h). Nucleosomes are depicted as gray ovals. Red circles
indicate methylated cytosines, and white circles indicate unmethylated cytosines that are part of GC dinucleotides. The fraction of total cells that demon-
strated each protection pattern is indicated on the right. The SDs for the three experiments were all less than 1.5%.
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methyltransferase M.CviPI from modifying DNA wrapped
around a histone octamer (34, 36, 37). In comparison with
other nucleosome-mapping methods, this method is less de-
structive than MNase for mapping the DNA at the ends of the
nucleosome or chemical mapping, which cleaves the DNA at the
center of the nucleosome (19). MNase cleavage also has sequence
specificity, which can bias the results of nucleosome mapping (38—
41). Although chemical mapping nucleosomes by incorporation
of a modified histone circumvents the sequence specificity, it is not
a very efficient reaction and thus can only map a fraction of the
nucleosomes within a cell (19, 41).

To map nucleosomes in single cells, yeast are converted to
permeable spheroplasts and treated with M.CviPI, which meth-
ylates the cytosines of GpC dinucleotide that are not protected
by DNA-bound proteins including nucleosomes. Single cells
were isolated by serial dilution until there was, on average, zero
or one cell per well. DNA from single cells was extracted,
digested, and treated with sodium bisulfite to convert unmethy-
lated cytosines to uracil. Each cellular equivalent of DNA was
subjected to PCR amplification using primers complimentary to
the promoter of interest, and DNA amplicons were sequenced.
The pattern of GpC methylation within the promoter of each
single cell was compared with all possible GpC sites in the pro-
moter to infer the locations of nucleosomes (Fig. 1D).

It is important to note that this method allows for the inference
of nucleosome location by protection patterns of the GpCs and
therefore does not reveal information regarding nucleosomes being
smaller or larger than 147 bp. Moreover, the methyltransferase
activity and the bisulfite conversion needed to be as close to 100%
efficient as possible to accurately map nucleosomes in individual
cells. If any cytosine that should have been methylated or bisulfite-
converted were not modified, this would give an inaccurate result.
To measure enzymatic efficiency, a time course was performed
with M.CviPI followed by bisulfite sequencing to determine the
incubation time necessary to achieve methylation of all accessi-
ble GpCs (Fig. S1).

In our pilot study of 235 cells, 212 did not have a nucleosome
over the low-affinity upstream activating sequence (UAS), a
pattern further supported in our final data, explained in detail
below (Fig. 1D, conformations a to f). Of the pilot set, only six
cells had unprotected GpCs flanking the low-affinity UAS, sug-
gesting transcription factor binding. Two other cells had a single
unprotected GpC among the seven GpCs between the —2 and -3
nucleosomes. These single unprotected GpCs could be attrib-
utable to an inability of the methyltransferase to access this re-
gion of DNA because of a protein factor or secondary nucleic
acid structure or inefficient methyltransferase or bisulfite con-
version (i.e., less than 100% efficiency); however, taken together,
the data from the pilot experiment strongly indicated that meth-
ylation and bisulfite conversion are extremely effective and thus
can be used for single-cell nucleosome mapping.

We further note that as a quality control for each single-cell
nucleosome-mapping experiment, bulk genomic DNA was trea-
ted with M.CviPI followed by bisulfite conversion and cloning; 25
colonies were sequenced to confirm that all cytosines within
GpCs were methylated and all free cytosines were bisulfite-
converted. Moreover, to corroborate that PCR products of sin-
gle-cell experiments indeed represented DNA from a single cell,
several PCR products from a single cell were cloned from each
experiment and a minimum of 10 colonies were sequenced and
shown to be exactly the same. Together, these controls demon-
strate that GpC methyltransferase activity and bisulfite conver-
sion are ~99% efficient and PCR amplicons do represent single
cells. Thus, we concluded that the technique described above could
be used to determine GpC protection patterns of individual cells.

Using single-cell mapping, we examined nucleosome occupancy
in three biological replicate mapping experiments, including the
pilot examination of 235 cells, for a total of 806 single cells (Fig.
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1D). We observed that in a population of cells grown under nu-
trient-rich, nonpermissive conditions for PHOS, the majority of
individual cells demonstrated nucleosome architecture that
resembles the canonical nucleosome map (compare Fig. 1 4 and
D). Specifically, 32% of cells had promoters in the same nucle-
osome configuration that fits the canonical nucleosome map (Fig.
1D, conformation a). An additional 11% of the cells demonstrate
only a slight difference of one GpC at the 3’ end of the —1 nucle-
osome (compare conformations a and c in Fig. 1D), which may be
attributable to a small shift in the nucleosome location. It is also
possible that there is a difference in the ability of the methyl-
transferase to modify that particular GpC because there is a single
base that separates the two GpCs. Approximately 91% of all cells
had a nucleosome-rich promoter with nucleosomes occluding both
the TATA box and high-affinity UAS and a nucleosome-free low-
affinity UAS (Fig. 1D, conformations a to f). These data suggest
that generally only small variations in nucleosome positions exist in
the population.

Under nutrient-rich conditions, the PHOS5 promoter displayed
four well-positioned nucleosomes (Fig. 1D). The +1 nucleosome
appears to shift only slightly, if at all, in any of the cells, which is
in agreement with previous reports indicating that nucleosome
positioning is strongest at the +1 position (3, 42). The —1 nu-
cleosome that occludes the TATA box appears less well positioned
by MNase-seq (Fig. 1C); however, upon closer investigation, there
are still about 500 DNA sequence reads that span the 162-bp
region (Fig. 1C), which is in agreement with the nucleosome-
scanning assay (Fig. 1B).

The single-cell data further reveal more differences in posi-
tioning of the —1 nucleosome compared with the +1 nucleosome
because four configurations (including the absence of the —1
nucleosome) were identified. The vast majority of the cells (Fig.
1D, conformations a to f) demonstrated nucleosome occupancy at
the —1 position in two different protection patterns: ~6% of the
cells had a nucleosome shifted away from the TATA box, and
only ~4% of the cells did not show the presence of a nucleosome
at the —1 position. The —2 nucleosome was also well positioned
with only small cell-to-cell variations. The —2 nucleosome was
easier to map accurately compared with the —1 based on GCs
located on each end of the nucleosome, and tight positioning
correlated with the relatively sharp peak in the MNase-seq data
(Fig. 1C). The majority of these cells had a —2 nucleosome oc-
cluding the high-affinity UAS, as previously shown by other
methods (30, 32-35). However, the single-cell analysis showed
that about 10% of cells do not have a nucleosome over the high-
affinity UAS (Fig. 1D, conformations g and h) but instead have
a nucleosome shifted 3’ to the —2 nucleosome that occludes the
low-affinity UAS, a result that could not be ascertained from the
bulk MNase-seq or nucleosome-scanning methods.

The —3 nucleosome demonstrated the most variation in po-
sitioning, which is in agreement with the MNase-seq track and
nucleosome-scanning assay. The two peaks in the MNase-seq are
in very close proximity in a region too small to accommodate two
nucleosomes, so the exact position of these nucleosomes is more
difficult to ascertain from bulk methods. The single-cell data
indicated that the majority of cells occupy one of two con-
formations at the —3 position (Fig. 1D, confirmations a to e), but
almost 20% of the population has a nucleosome that spans the
region between the two conformations (Fig. 1D, confirmations
f to h). Taken together with the data above, this single-cell analysis
illustrates that although many cells conform to the general pat-
tern of the nucleosome architecture defined by assay of a bulk
population, at the single-cell level, considerable variability of
nucleosome positioning exists.

Single-Cell Mapping Deconvolutes Fuzzy Nucleosomes. Although the

PHOS promoter was chosen as one model because of its well-
positioned nucleosomes, our single-cell analysis revealed distinct
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cell-to-cell variation in exact nucleosome positions. Nucleosome
positioning can range from almost perfect positioning (e.g., the
+1 nucleosome of PHOS), with no variability, to undefined posi-
tioning, where a nucleosome can be located at many sites within
a region of DNA. MNase-seq and other nucleosome-mapping
techniques can yield fuzzy nucleosomes in which a broad region
without a peak demonstrates partial protection from digestion.
Only single-cell analysis can determine whether this “fuzziness” is
caused by the nucleosome forming along a continuous stretch of
DNA at numerous positions or is attributable to a smaller set of
cells that contain discrete positions assumed by the nucleosome.
We examined two loci: the 5’ end of CHAI and the promoter
of CYS3, both of which display poorly characterized nucleosomes
by MNase-seq (Fig. 2). In the case of CHAI, the nucleosome-

scanning assay and MNase-seq revealed two potential nucleo-
somes at the 5’ end of the gene followed by a fuzzy, or nucleo-
some-free, region depicted by a low amount of enrichment of
mononucleosomal DNA in the nucleosome-scanning assay (Fig.
2A) and the broad flat region in the MNase-seq track (Fig. 2B).
We analyzed a total of 481 cells and identified 68 different nu-
cleosome conformations of four potential nucleosomes in a
575-bp region of CHAI. The seven most common conformations
were seen in 31% of cells (Fig. 2C, conformations a to g).
However, a great many more conformations exist, some of which
were identified in only one cell (Fig. S2). It is highly likely that
even more variability exists in this region because we are limited
by our ability to only detect differences in positioning via GpC pro-
tection. Although nucleosome scanning and MNase-seq confirmed

A o015
5 0.1
£f
= g 0.05
Q
o+ : : : : .
0 100 200 300 400 500
B CHA1
) 1500 1500
] 7 750
=8 ; --|nlIIlll-Illl"II'||Illlnllllllllllllllllnnnmum.![
+4 +3 +2 +1
< o = e e
b o000 5%
c om0 4%
d 4%
e 4%
f o0 4%
g 00=C- O—0—0—08 4%
D 0.8
§ 06
$E
C: é 04
e 02
0 T )
0 100 200 300 400 500 600
E CYS3
723
=8
=8 .. et Sl
F -2 -1 +1
R —————~
a 16%
b oo 8%
c 7%
d T 5 = e 7%
e o0 7%
f 7%

Fig. 2. Single-cell analysis of nucleosome architecture reveals distinct positions of nucleosomes previously described as fuzzy. (A) Nucleosome-scanning assay

of the 5’ region of CHAT from cells grown in rich media. The experiment was performed as described in Fig. 1. (B) MNase-seq track of CHA1 from cells grown
in rich media. (C) Nucleosome architecture of 481 cells from two bulk experiments revealed 68 conformations of nucleosomes in the 5’ region of CHAT1 (Fig.
S2). An overlay of all possible nucleosome positions is depicted followed by the top seven conformations that represent 31% of the total population. (D)
Nucleosome-scanning assay of the CYS3 promoter from cells grown in rich media. The experiment was performed as described in Fig. 1. (E) MNase-seq track of
CYS3 promoter from cells grown in rich media. (F) Nucleosome architecture of 550 cells from two bulk experiments revealed 20 conformations of nucleosomes
in the CYS3 promoter (Fig. S3). An overlay of all possible nucleosome positions is depicted, followed by the top six conformations that represent 31% of the
total population.
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DNA sequences were protected from digestion, specific locations for
nucleosomes are unclear. Single-cell analysis revealed that in the 43
and +4 nucleosome region, only 17% of cells were actually nucleo-
some-free and an additional 31% contained only one nucleosome in
this region.

Examination of the CYS3 promoter also revealed a collection
of nucleosome conformations (Fig. 2F and Fig. S3). We analyzed
550 cells, and overall we found three nucleosomes positioned in
20 conformations spanning 540 bp in the promoter and 5’ end
of CYS3. Nucleosome scanning and MNase-seq demonstrated
a very well-defined nucleosome in the —2 and +1 positions of
CYS3 (Fig. 2 D and E). We only detected one conformation for
the nucleosome at the —2 position and four conformations at the
+1 nucleosome that span a region of 166 bp (Fig. 2F and Fig.
S3). By contrast, we detected five positions for the —1 nucleo-
some spanning a larger region of 184 bp, and in some cells, there
was complete absence of a nucleosome in this region. In the
majority of cases, a nucleosome is present in one of four con-
formations at the —1 position, but 36% of cells entirely lack
a nucleosome in the promoter. These results demonstrate that
our method can detect distinct nucleosome locations that pre-
viously were described as fuzzy or even nucleosome-free.

Nucleosome Remodeling Is Observed upon Phosphate Starvation.
Using our method for determining nucleosome positioning in
single cells, we next directly tested the correlation between nu-
cleosome positioning and gene expression through the study of
the yeast PHOS gene. When grown in nutrient-rich media, PHOS
expression is low to absent in yeast. Most of the yeast cells grown
under these conditions displayed a nucleosome over the TATA
box and high-affinity UAS (Fig. 1D, —1 and -2 nucleosomes),
presumably blocking transcription factor accessibility and leading
to gene silencing. Nevertheless, even under these nonpermissive
conditions, about 10% of cells lacked a nucleosome over the high-
affinity UAS site and the TATA box (Fig. 1D, conformations
g and h).

PHOS expression is induced upon phosphate starvation (ref.
31 and Fig. S4), and the nucleosomes of this gene were shown to

undergo significant rearrangement upon phosphate starvation, as
determined by electron microscopy (30) and methyltransferase
accessibility (34). In agreement with previous studies (35, 43, 44),
PCR-based nucleosome-scanning assay showed marked shifts in
chromatin structure (Fig. 34). The +1 nucleosome was posi-
tioned and present in the presence or absence of phosphate, but
upon phosphate starvation, the —1 nucleosome was, on average,
threefold less likely to be occupied, and the position of the —2
nucleosome was significantly shifted downstream (Fig. 34). In-
deed, previous predictions and experimental work suggested that
the —2 nucleosome needed to be removed in order for the —1
nucleosome to remodel (30, 34). Single-cell nucleosome map-
ping showed that upon phosphate starvation and activation of
the PHOS gene, 76% of cells now had a nucleosome-depleted
architecture, compared with only 10% when cells were grown in
phosphate-rich media (Fig. 3B, conformations g and h). The +1
nucleosome was present in all cells regardless of nutrient status,
but 50% of cells starved of phosphate lacked the —1 nucleosome
(Fig. 3B, conformation h), and an additional 26% of the cells had
the —1 nucleosome shifted away from the TATA box, allowing it
to be accessible to protein factors (Fig. 3B, conformation g).
Although these data confirmed patterns of nucleosome rear-
rangement upon phosphate starvation mapped in the bulk pop-
ulation of yeast, they also demonstrate that ~25% of cells failed
to undergo a remodeling of the nucleosome architecture and thus
remained in a nucleosome-rich confirmation (Fig. 3B, conforma-
tions a to h), demonstrating a unique subpopulation of cells.
PHOS expression is very low under phosphate-rich conditions.
Theoretically, this level of expression could arise from low-level
transcription from all cells or could result from gene silencing
in most cells and transcription from a small minority of cells. A
yeast strain in which the PHOS5 gene contains a C-terminal
EGFP tag was grown under nutrient-rich, nonpermissive con-
ditions. Less than 1% of the cells were GFP-positive, which
indicates that a low basal level of transcription was occurring
at the PHOS locus. These GFP-positive cells were sorted by
FACS and processed for single-cell mapping. The sorted pop-
ulation showed the same eight conformations of nucleosomes
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Fig. 3. Remodeling of nucleosomes upon phosphate starvation correlates with an increase in gene expression. (A) Nucleosome-scanning assay of the PHO5
promoter from cells grown in rich media (black) and shifted to media lacking phosphate (gray) for 3 h. The experiment was performed as described in Fig. 1.
(B) The nucleosome architecture of cells grown in rich media (column 1 in the table to the right) is from the experiments in Fig. 1. Nucleosome architecture of
465 cells grown in rich media and shifted to media lacking phosphate (column 2, Phosphate starved) from three bulk experiments revealed the same eight
conformations of nucleosomes for the PHO5 promoter, but there is a shift in a greater population of more nucleosome-free conformations (g and h). Nu-
cleosome architecture of 638 cells expressing PHO5 from two bulk experiments (column 3, GFP cells). Cells that contain an EGFP tag on the C terminus of PHO5
were grown in rich media and sorted for GFP-positive cells, which represents ~1% of the total population.
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that were observed in the unsorted population, but there was
a significant shift to more cells displaying an open chromatin
structure (Fig. 3B, conformations g and h, and Fig. S5). Specif-
ically, 54% of the GFP-positive cells showed a loss of nucleo-
somes over the UAS and a loss or shift away of a nucleosome over
the TATA box, compared with only 10% of cells in an unsorted
population.

Furthermore, we found that when cells were grown in the
permissive, low-phosphate conditions, GFP-negative cells dem-
onstrated the same distribution of nucleosome architectures as
GFP-negative cells grown in rich media (Fig. S5), specifically
these cells had a strong tendency to have the —1 and —2 nucle-
osome sites occupied. These data strongly suggest that the small
population of cells that remain in a relatively nucleosome-free
configuration under nonpermissive conditions account for “leaky,”

low-level basal gene expression. The shift from nucleosome-rich
to nucleosome-free promoter configurations correlates directly
with gene expression indicating that nucleosome remodeling is a
barrier to regulate gene expression.

Altering DNA Sequence Shifts Nucleosome-Positioning Preferences.
DNA sequence itself plays a role in nucleosome positioning
because nucleosome formation is affected by the overall ability
for a 147-bp sequence to bend around the histone octamer (16).
The homopolymeric sequence poly(dA:dT) is intrinsically stiff
and strongly inhibitory to nucleosome formation (16, 21-23).
Poly(dA:dT) tracts of only 12-15 bp result in nucleosome-free
regions of more than 150 bp (3, 45). Thus, we asked how the
introduction of a poly(dA:dT) tract in the PHOS promoter would
affect nucleosome organization at the single-cell level.
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Fig. 4. Changes in gene expression correlate with changes in nucleosome positioning. (A) PHO5 gene expression was determined from wild-type (WT) and
PHO5 mutants containing a C-terminal EGFP tag. Gene expression was measured by the relative fluorescence intensity by flow cytometry. In the left graph,
gene expression is shown for wild-type and polyA mutant cells grown in rich media. In the right graph, gene expression is shown for wild-type and periodicity
mutant cells grown in rich media (black) or shifted to phosphate starvation media for three hours (gray). (B, Upper) The canonical nucleosome architecture of
PHO5 as described in Fig. 1. The location of each of the polyA mutation is indicated by a number in a yellow star. (B, Lower) The ten nucleosome con-
formations (a to j) determined from analysis of WT and polyA mutants grown in rich media. Two bulk experiments were performed and the number of cells
analyzed for each mutant was as follows: PolyA_1, 385 cells; PolyA_2, 412 cells; PolyA_3, 368 cells; and PolyA_4, 404 cells. The same eight conformations (a to h)
were observed as in Fig. 1, along with two additional conformations (i and j). The table to the right shows each cell type and the percentage of cells that
were determined to be in each conformation. Data for WT were shown in Fig. 1. (C, Upper) The canonical nucleosome architecture of PHO5 shown as de-
scribed in Fig. 1. The location of each periodicity mutant is indicated by a number in a yellow star. (C, Lower) The eight nucleosome conformations (a to h) of
WT and periodicity mutants are shown. Two bulk experiments were performed, and the number of cells analyzed for each mutant was as follows: Peri-
odicity_1, 443 cells in rich media and 612 cells in phosphate starvation; and Periodicity_2, 461 cells in rich media and 602 cells in phosphate starvation. The
table to the right shows each cell type under “Rich media” and “Phosphate starvation” conditions, and the percentage of cells that were determined to be in
each conformation. In the table, the data shown for WT, Rich media is from Fig. 1 and WT, Phosphate starvation is from Fig. 3.
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We tested four mutations: two of which were tracts comprised
of a mixture of As and Ts (PolyA_1 and PolyA_2), and two of
which were poly(dA:dT) tracts (PolyA_3 and PolyA_4). These
mutations all changed base composition but did not change the
length of the promoter sequence and were not in regions be-
lieved to contain transcription factor binding sites. All but one of
the mutations led to an increase in PHO5-GFP expression, as
determined by flow cytometry (Fig. 44). In the mixed A and T
tract, PolyA_2 did not alter gene expression (Fig. 44), nor did it
significantly alter the nucleosome architecture, because the dis-
tribution of nucleosome locations was similar to that observed in
wild-type cells (Fig. 4B, mutation 2). One possibility for the lack
of change may be that the mixed A and T tract did not suffi-
ciently stiffen the DNA to antagonize nucleosome formation.
However, another mixed A and T tract, PolyA 1, demonstrated
significant alterations in its nucleosome locations that were
similar to the poly(dA:dT) tract mutants PolyA_3 and PolyA_4.
These mutations all demonstrated the eight conformations pre-
viously seen in the wild type cells (Fig. 4B, conformations a to h),
as well as two additional conformations that are nucleosome-free
(Fig. 4B, conformations i and j).

Whereas the wild-type PHOS gene had a nucleosome in the —2
position in 90% of cells, poly A_1 contains a poly(dA:dT) tract
located at the edge of the —2 nucleosome, which led to loss of
the —2 nucleosome in 65% of cells. These cells were also missing
a —1 nucleosome or the —1 nucleosome was shifted away from
the TATA box (Fig. 4B, conformations g to j). Furthermore,
introduction of a poly(dA:dT) tract in the —3 nucleosome (Fig.
4B, mutants 3 and 4) led to an increase in cells lacking both the
—2 and -3 nucleosomes (Fig. 4B, configurations i and j), sug-
gesting that changes in primary DNA sequence can alter the
phasing of a set of nucleosomes. In the previously unidentified
conformations i and j (Fig. 4B), the low- and high-affinity UAS
sites and TATA box are devoid of nucleosomes. This change in
nucleosome conformation strongly suggests that the introduction
of the poly(dA:dT) tract directly antagonizes nucleosome for-
mation and affects gene expression. It is notable, however, that
the change of nucleosome positions is not uniform throughout
the population of yeast cells. Despite the unfavorable thermo-
dynamics of DNA bending, some cells harboring the poly(dA:
dT) tracts maintained the canonical basal nucleosomal con-
figuration of the PHOS5 promoter (Fig. 4B, configuration a).
These data indicate that although the DNA sequence of a pro-
moter is one factor that plays a role in positioning nucleosomes,
other factors such as the position of sequence-specific binding
proteins play an important role. Single-cell analysis suggests that
changes in DNA sequence alters the probability that a nucleo-
some may occupy a particular site and contributes to the po-
tential of a gene to be activated or repressed.

Nucleosome formation is favored by the presence of stretches
of dinucleotides AA/TT/TA on the face of the helical repeat that
can directly interact with the histone (4, 19, 20). Nucleosome
occupancy has been observed to increase dramatically when
a DNA sequence is altered to fit 5-bp intervals of AA/TT/TA
dinucleotides with GC dinucleotides (46). Therefore, we de-
termined how altering the periodicity would change nucleosome
positioning of the PHOS5 promoter. We examined two mutations
predicted to enhance the periodicity (Periodicity 1 and Period-
icity_2). Under nutrient-rich conditions, these mutants exhibited
a stabilized —3 nucleosome. Specifically, there was an increase in
the proportion of cells in configurations ¢ and d and decrease in
configuration b in both mutants compared with wild type (Fig.
4C). Not surprisingly, neither mutation had an effect on gene
expression when cells were grown under nutrient-rich conditions,
because these mutations did not lead to changes in the —2 nu-
cleosome, which occludes the high-affinity UAS.

Upon phosphate starvation, the periodicity mutants demon-
strated decreased expression compared with the wild-type PHOS
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gene (Fig. 44, Right). We reasoned that these mutations stabilize
the nucleosomes in a manner that antagonizes remodeling upon
phosphate starvation. Single-cell mapping of nucleosomes of
these mutants upon phosphate starvation revealed similar nu-
cleosome positioning to that of the cells when grown in nutrient-
rich media (Fig. 4C). Whereas 76% of cells lose nucleosomes in
the —2 position and the —1 nucleosome shifts away from the
TATA box under phosphate-starvation conditions in the wild-
type cells (Fig. 4C, conformations g and h), the periodicity
mutants demonstrated no increase in the number of cells in
nucleosome-depleted conformations g and h. These data in-
dicate that the mutations that enhance the AA/TT/TA period-
icity stabilize the nucleosomes in a manner that antagonizes
chromatin remodelers.

Discussion

Nucleosome positioning can control the accessibility of pro-
moters to transcription factors and RNA polymerase and thereby
plays a critical role in the control of gene expression. Here, we
present a method for mapping nucleosome positioning at specific
loci in individual cells. Before this work, much of our knowledge
of nucleosome positioning was built on studies of large pop-
ulations of cells that give an approximation of nucleosome
positions based upon averages with the exception of two single-
molecule experiments. One set of experiments used a methyl-
transferase assay followed by bisulfite conversion that monitored
the accessibility of a site in the center of the nucleosome by se-
quencing clones from a bulk population. This work revealed
minimal changes in nucleosome positioning under nonpermissive
conditions for PHOS5 but considerable heterogeneity upon phos-
phate starvation (34). Because this technique monitored changes
in a methylation site only at the center of the nucleosome, the
resolution only allowed for determining the presence or absence
of a nucleosome. In agreement, recent electron microscopy also
demonstrates significant heterogeneity in the nucleosomal con-
figuration of the activated PHOS gene (30). Here, we demonstrate
significant heterogeneity in the PHOS promoter in both activated
and repressed conditions, albeit there is a shift in populations
depending upon PHOS5 expression. This heterogeneity is even
more apparent in the case of fuzzy nucleosomes, because such
regions frequently lack a nucleosome or form a nucleosome at
a larger number of discrete positions. We also demonstrate a dis-
tinct correlation between nucleosome rearrangements and gene
expression as cells expressing PHOS frequently display chromatin
in a more open and partially nucleosome-free structure. Further-
more, DNA mutations predicted to alter nucleosome formation
greatly affect the number of cells with more open chromatin states
and result in changes in gene expression.

Cellular Diversity in Nucleosome Positioning. Single-cell nucleosome
mapping demonstrates that even for promoters that display rel-
atively well-positioned nucleosomes by cell population assays,
significant cell-to-cell variation still exists. For example, under
nutrient-rich conditions, a small fraction of cells were in an open
chromatin state in the PHOS5 promoter, and this small pop-
ulation of cells likely accounts for a low level of gene expression
in the bulk population of cells (Figs. 1 and 3). By contrast, under
conditions in which the PHOS5 promoter was fully induced,
a fraction of cells did not undergo chromatin shifts, and pre-
sumably gene expression was silenced (Fig. 3 and Fig. S5). Pre-
vious experiments performed in bulk yeast cultures showed that
at maximal PHOS expression, the TATA box is accessible in
a fraction of the cells (47). This is consistent with our data
showing that under permissive conditions for PHOS expression,
half of the cell population has no nucleosome near the PHOS
TATA box, about 25% of the population has a nucleosome
shifted away from the TATA box, and the remaining 25% of the
population has a nucleosome occluding the TATA box.
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Our method also allows for the determination of the status of
nucleosomes that cannot be mapped by bulk methods. Indeed,
we detected 68 and 20 combinations of nucleosome positioning
in the 5’ region of CHAI and the promoter of CYS3, respectively
(compared with only eight conformations in the PHOS region). It
is highly likely that significantly more nucleosome conformations
exist that cannot be detected by our method, which is dependent
upon the location of GpC dinucleotides. In both of these
examples, the broad, flat track of MNase-seq of the bulk cell
population correlated with nucleosomes occupying a number of
different configurations but did not indicate that nucleosomes
were necessarily absent. Single-cell analysis demonstrated that
fuzzy nucleosomes are a composite of multiple different discrete
binding configurations such that the average footprint spans
~180 bp, similar to previous reports where the fuzzy nucleo-
somes spanned 156-174 bp (48). This larger span stands in
contrast to the footprint of a well-positioned nucleosome, such
as the —2 position in PHOS that spans just 152 bp.

Because of the lack of firm positioning of a nucleosome, such
regions of chromatin are more likely to be accessible to the actions
of sequence-specific transcription factors that could activate gene
expression. Intriguingly, fuzzy regions do not necessarily occupy
significantly more conformations than well-positioned nucleo-
somes, because the —1 nucleosome in CYS3 occupies four posi-
tions or can be absent (Fig. 2F and Fig. S3) compared with the -2
nucleosome in PHOS5 promoter, which occupies three con-
formations or can be absent (Fig. 1D). The main differences be-
tween a fuzzy nucleosome and a well-positioned nucleosome
appear to be a larger footprint, meaning the ability of a nucleo-
some to form over a wider range of DNA sequence and the fact that
by bulk methods, a greater percentage of the population lacks the
nucleosome entirely. For example, in the PHO5 promoter, the —2
nucleosome is absent in only 10% of the cells (Fig. 1D), whereas in
the CYS3 promoter the nucleosome is absent in 36% of the cells
(Fig. 2F and Fig. S3). Additionally, CHAI has a fuzzy region that
can contain two nucleosomes (+3 and +4), but in 17% of the
population, there are no nucleosomes and an additional 31% of the
population only has one nucleosome in that region (Fig. 2C and Fig.
S2). Although there are many conformations that the +1 and +2
nucleosomes of CHAI can occupy, only 5% of the population lacks
any nucleosomes in that region and an additional 11% contain only
one nucleosome. The region of a fuzzy nucleosome offers oppor-
tunities for tuning of gene expression through dynamic positioning
of nucleosomes. A population of cells displaying a fuzzy nucleosome
may show cell-to-cell diversity in gene expression depending on the
exact placement of the nucleosome in a given cell.

Intriguingly, a very well-positioned nucleosome was found at
the —2 position in the promoter of CYS3 and seems to create
a barrier that the fuzzy nucleosome of CYS3 cannot cross (Fig.
2F). A barrier also exists in the CHAI locus between the +2
nucleosome and the two potential nucleosomes downstream of
it (Fig. 2C). These barriers are in agreement with an analysis of
26 genome-wide maps in Saccharomyces cerevisiae that found
nucleosomes are arranged around a well-defined center, pre-
venting them from invading distinct ranges of other nucleosomes
(48). One reason for the barrier could be that the fuzzy region of
both loci is very AT-rich, and numerous studies in yeast have
revealed that GC-rich sequences enhance nucleosome formation
(reviewed in ref. 49). Thus, a relatively well-positioned nucleo-
some in a GC-rich stretch of DNA cannot move beyond the
confines of this sequence-specific region.

DNA Sequence Can Alter Nucleosome Occupancy. The importance of
DNA sequence in dictating nucleosome positioning has been de-
bated (16). Although the histone octamer’s affinity for a given 147-
bp DNA sequence varies over three orders of magnitude (50),
nucleosome remodelers can override intrinsic DNA sequence
preferences (16). We tested the two major sequence determinants
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that affect bending of DNA and can influence nucleosome for-
mation: poly(dA:dT) tracts and periodicity. As predicted, the poly
(dA:dT) tracts that exhibited an increase in gene expression had
a more nucleosome-depleted architecture (Fig. 4). These results
were also in agreement with the Nucleosome Positioning Prediction
Engine (NuPoP) (51). As predicted by NuPoP, PolyA_1, PolyA_3,
and PolyA_4 all had changes in nucleosome positioning compared
with the wild-type sequence. Specifically, the probability of the —3
nucleosome occupancy was reduced in the PolyA 1 mutation
compared with the wild-type sequence. The probability of a -3
nucleosome in the PolyA_ 3 and PolyA_4 mutations was even fur-
ther reduced to less than 0.05. NuPoP predicted a change of posi-
tioning in the —2 nucleosome for the PolyA 1 mutation, and
accordingly we found that at least 65% of the harboring this mutant
promoter cells lacked this nucleosome, whereas only 10% of the
wild-type cells lacked this nucleosome. PolyA_2 was predicted by
NuPoP to have only a modest change in —2 nucleosome positioning.

The periodicity mutations we assayed were located in the —3
nucleosome of the PHOS promoter. These mutations increased
the probability of a nucleosome at the —3 position and did not
affect the other nucleosomes. Indeed, the NuPoP nucleosome
occupancy score for the —2, —1, and +1 nucleosomes were about
1.0 in wild-type. The NuPoP algorithm however yielded only
a 0.4 probability of nucleosome occupancy for the —3 nucleo-
some in the presence of the periodicity mutation, which is only
a modest increase from 0.3 in the wild-type sequence. In wild-
type cells, the —3 position is occupied in 72% of cells in nutrient-
rich media, decreasing to 21% upon gene induction. By contrast,
the periodicity mutants, while also occupied by a nucleosome
under nutrient rich conditions in ~70% of cells, failed to induce
gene expression and ~60% of cells continued to show occupancy
of this position upon shift to low phosphate media. Our results
indicate that although DNA sequence plays an important role in
nucleosome positioning, its is not the only factor and interplay
with other components of the transcriptional machinery clearly
must play an important role in the placement of nucleosome
during gene induction.

Nucleosome Positioning Directly Affects Gene Expression. Numerous
studies demonstrated that transcriptional noise generates sig-
nificant variability in gene expression in a homogenous pop-
ulation of cells (52-55). Nucleosome positioning may be one
cause of such fluctuations by contributing to variability of gene
expression (30, 31, 56). Generally, under phosphate-rich con-
ditions, PHOS gene expression is very low, and the promoter is
highly occupied by nucleosomes (Fig. 1). Upon phosphate star-
vation, there is a shift to a more nucleosome-free architecture
(Fig. 3). However, the small fraction of cells that express PHOS
under phosphate-rich conditions also exhibits this nucleosome-
free architecture (Fig. 3 and Fig. S5). These data strongly suggest
that nucleosomes play a direct role in antagonizing gene ex-
pression. Why this small fraction of cells lose nucleosomes
remains to be explained but could be attributable to nucleosome
“breathing” (reviewed in ref. 57), which refers to the fact that
nucleosomes are dynamic, and spontaneous unwrapping at the
ends could allow for access to sequence-specific transcription
factors to bind the DNA and interfere with nucleosome posi-
tioning. Furthermore, our data support a model where fluctu-
ations in promoter chromatin structure could trigger pulses of
transcriptional activity (30, 44, 58, 59).

The transition from inactive to active chromatin states of the
PHOS promoter in bulk population has been associated with the
retention of an average of 1.1 nucleosomes on the promoter (35),
which can attributable to static retention of the nucleosome or by
dynamic changes in nucleosomes with nucleosome sliding and
disassembly accompanied by reassembly (44). Although we observe
more than one nucleosome in the active state (conformations g
and h), several aspects of our data support nucleosome sliding and
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are consistent with a certain amount of randomness in positioning
where mapping occupancy is a snapshot of nucleosomes assem-
bling, disassembling, and sliding (30). Nucleosome-scanning assays
in bulk population show the appearance of a nucleosome at a po-
sition between nucleosomes —2 and —3 upon phosphate starvation,
whereas the —1 and —2 nucleosomes become indistinct (Fig. 34).
Single-cell mapping indicates that the —1 nucleosome either shifts
toward the start site to reveal the TATA box or disassembles, and
the —2 and —3 nucleosomes shift away from the start site (Fig. 3B,
configurations g and h). Quantitative measurements made by
linking number differences and limited nuclease digestion assays of
chromatin circles excised from the PHOS5 promoter in vivo
revealed that when PHOS is activated, nucleosomes that were
retained remained in similar positions to their locations in the re-
pressed state. Specifically, Kornberg and colleagues found the
probability of a nucleosome at the —1 position was 0.6, 0.2 at the
—2 nucleosome, and 0.3 at the —3 nucleosome (35). We found in
the activated nucleosome states of PHOS induced by phosphate
starvation (Fig. 3B, states g and h), ~50% of cells entirely lose —1
nucleosome, and in 25% of cells, —1 nucleosome shifts away from
the TATA box (Fig. 3B). In the activated state, the —2 nucleosome
shifts upstream from the start site and thereby shifts the —3 nu-
cleosome as well. These data are consistent with the disassembly
of one nucleosome and sliding of the two others. Furthermore,
when a poly(dA:dT) mutation is introduced, a subset of promoters
becomes completely devoid of nucleosomes (Fig. 4B, configura-
tion j), indicating that although, on average, the PHOS5 gene
retains a nucleosome when activated, this retention is not required
for transcriptional activation.

The addition of the poly(dA:dT) sequence, which makes bending
of DNA thermodynamically unfavorable, opposes the formation of
a nucleosome and can increase expression in a manner similar to
increasing the affinity of a transcription factor binding site (24).
Indeed, the introduction of poly(dA:dT) tracts led to a loss of po-
sitioned nucleosomes and correlated with increased gene expression
(Fig. 4). By contrast, altering the sequence to enhance the periodicity
of the AA/TT/AT motif of the —3 nucleosome of PHOS prevented
increase in gene expression upon phosphate starvation and led to
nucleosomes not being remodeled (Fig. 4). These data strongly
suggest that the stabilization of nucleosomes prevents the ability of
chromatin remodelers to shift these nucleosomes. Although signifi-
cant evidence exists for nucleosomes antagonizing gene expression,
these results demonstrate directly that individual cells shift to a nu-
cleosome-depleted promoter when a gene is expressed. Further-
more, these data provide direct evidence for sequence preferences
for nucleosome positioning as mutations, which are only base
alterations and do not add or delete sequence, can influence nu-
cleosome occupancy and ultimately affect gene expression.

Generally, promoters of active chromatin are relatively
nucleosome-free (16), but as we have demonstrated, there is
significant heterogeneity within a cell population. This hetero-
geneity may explain differential gene expression that previously
could not be understood by population nucleosome mapping.
Indeed, recent work from the Fraser laboratory demonstrated
that individual immune T-helper cells had variability within
their chromatin structure because some cells had many inter-
chromosomal interactions, whereas other cells had almost ex-
clusively intrachromosomal interactions (60). In addition, they
found that in individual cells, domains enriched for active
chromatin interact with other active domains and the inactive
domains interact with other inactive domains. These cell-to-cell
differences also appear to apply to nucleosome positioning and
differences in positioning, as well as the presence of a nucleo-
some, could explain differential gene expression.

Our work demonstrates a method for mapping nucleosomes at
the single-cell level. We are now able to identify the heteroge-
neity within cells at positions that previously could only be de-
scribed as fuzzy. Specifically, we found that fuzziness may be, in
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part, attributable to more conformations of nucleosomes but also
a combination of conformations over a larger region, as well as a
considerable population entirely lacking a nucleosome in a par-
ticular region. We have also provided strong, direct evidence for
a correlation between nucleosome occupancy and gene expres-
sion. Understanding nucleosome shifts in individual cells will
likely provide fruitful information because epigenetic changes
are recognized as causes for cancer and other diseases. Indeed,
our method provides further insight into nucleosome locations,
and likely changes in nucleosome occupancy in a specific pop-
ulation of cells could result in detrimental changes in gene ex-
pression that previously could not be determined.

Materials and Methods

PHO5 Mutant Strain Construction. yECS9 containing EGFP-tagged PHO5 was
made by integrative transformation of BY4741 with DNA amplified from
pYM28 (61) using primers specific for C-terminal tagging of PHO5 listed in
Table S1. The PHO5 gene, along with 2,000 bp upstream and 1,000 bp
downstream of the gene, was cloned into pRS316 (pECS24) by introducing
Sacll and Xhol sites and amplifying genomic DNA from yECS9. Mutations in
the PHO5 promoter were introduced into pECS24 using the QuikChange
Mutagenesis Kit (Stratagene). To incorporate these mutations into yeast, the
plasmids were digested with Sacll and Xhol (New England Biolabs), and the
regions of interest were gel-purified and transformed into BY4741, creating
PolyA_1 (ECS54), PolyA_2 (ECS45), PolyA_3 (ECS62), PolyA_4 (ECS68), Peri-
odicity_1 (ECS53), and Periodicity_4 (ECS56).

Yeast Growth. For rich media growth, cells were grown in YPD (at 30 °C to an
OD of ~0.3). For phosphate starvation growth, the cells were washed with
PBS and transferred to complete synthetic dropout media without potas-
sium phosphate for an additional three hours. Cells were counted using
a hemocytometer. GFP-positive cells were sorted using a FACSAria Il. Gene
expression of poly(dA:dT) and periodicity mutants was determined by flow
cytometric analysis (BD LSR II).

MNase Digestion and Library Preparation. Mononucleosomal DNA was prepared
as described previously from spheroplasted yeast grown in rich media (4). Purified
DNA was prepared for lllumina sequencing using NEB Next DNA Library Prep
Reagent Set for Illumina and NEB Next Singleplex Oligos for lllumina. To de-
termine the center-weighted nucleosome occupancy score, we followed our
previously published method (19). Briefly, for each given sequence of length be-
tween 100-210 bp, we assigned a weight of exp[—0.5%(d/20)?] to a position d bp
away from the center of the sequence for d < 60. The center-weighted occupancy
score at any given position is the aggregated weight from all sequences.

Nucleosome-Scanning Assay. Purified mononucleosomal DNA was purified as
described above. The assay was performed as described previously (62) using
primers listed in Table S1. Quantitative RT-PCR was performed using a
LightCycler 4801l (Roche). The relative occupancy was determined by the
comparative C; method.

Methylation and Bisulfite Conversion of DNA. Production of spheroplasts was
performed as previously described (63). Briefly, cells were treated with
0.1 mg of lyticase per 100 mL of culture in 1 M sorbitol and 5 mM 2-mercap-
toethanol for 15 min at room temperature. Spheroplasts were washed with
1 M sorbitol three times before treatment with GpC methyltransferase
and treated with 30 units of M.CviP (NEB) supplemented with 160 uM S-
adenosylmethionine (NEB) at 37 °C for 45 min. The reaction was stopped
with 10 mM Tris (pH 7.9), 300 mM NaCl, 0.5% SDS, and 5 mM EDTA.
Spheroplasts were then diluted based on original cell count to 0.6 cells per
microliter. For diluted cells, 500 ng of ssDNA was added as carrier. DNA was
phenol chloroform-extracted, followed by ethanol precipitation. DNA was
digested with 0.1 units of Hindlll (NEB). For bulk cells, 1ng of DNA was used for
bisulfite conversion, and for diluted cells, the entire eluted DNA was used for
conversion. Bisulfite conversion was performed using the EZ DNA Methylation-
Lightening Kit (Zymo Research).

Amplification and Sequencing of DNA. Primers for amplification were
designed to amplify regions of interest and did not contain GCs. The primers
used are listed in Table S1. DNA was amplified using ZymoTaq (Zymo Re-
search). PCRs were purified using the PCR Purification Clean-up Kit (Qiagen) or
the TOPO-TA Cloning Kit (Life Technologies), and colonies or purified DNA
were Sanger-sequenced. Raw sequences available in Dataset S1.
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