Downloaded from genome.cshlip.org on June 19, 2026 . Published by Cold Spring Harbor Laboratory Press

ENOME
ESEARCH

Size-based expectation maximization for characterizing
nucleosome positions and subtypes

Jianyu Yang, Kuangyu Yen and Shaun Mahony

Genome Res. 2024 34: 1334-1343 originally published online June 17, 2024
Access the most recent version at doi:10.1101/gr.279138.124

References This article cites 34 articles, 6 of which can be accessed free at:
http://genome.cshlp.org/content/34/9/1334.full.html#ref-list-1

Creative This article is distributed exclusively by Cold Spring Harbor Laboratory Press for the
Commons first six months after the full-issue publication date (see
License https://[genome.cshlp.org/site/misc/terms.xhtml). After six months, it is available
under a Creative Commons License (Attribution-NonCommercial 4.0 International),
as described at http://creativecommons.org/licenses/by-nc/4.0/.

Email Alerting  Receive free email alerts when new articles cite this article - sign up in the box at the
Service top right corner of the article or click here.

e
B The NEW Vortex Mixer scimitec

To subscribe to Genome Research go to:
https://genome.cshlp.org/subscriptions

© 2024 Yang et al.; Published by Cold Spring Harbor Laboratory Press


http://genome.cshlp.org/lookup/doi/10.1101/gr.279138.124
http://genome.cshlp.org/content/34/9/1334.full.html#ref-list-1
https://genome.cshlp.org/site/misc/terms.xhtml
http://creativecommons.org/licenses/by-nc/4.0/
http://genome.cshlp.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=protocols;10.1101/gr.279138.124&return_type=article&return_url=http://genome.cshlp.org/content/10.1101/gr.279138.124.full.pdf
http://genome.cshlp.org/cgi/adclick/?ad=57163&adclick=true&url=https%3A%2F%2Fwww.usascientific.com%2Fvortex_mixer%3Futm_source%3DCSHL%26utm_medium%3DeTOC_VMX%26utm_campaign%3DVMX
https://genome.cshlp.org/subscriptions
http://genome.cshlp.org/
http://www.cshlpress.com
http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cship.org on June 19, 2026 . Published by Cold Spring Harbor Laboratory Press

Method
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Genome-wide nucleosome profiles are predominantly characterized using MNase-seq, which involves extensive MNase
digestion and size selection to enrich for mononucleosome-sized fragments. Most available MNase-seq analysis packages
assume that nucleosomes uniformly protect 147 bp DNA fragments. However, some nucleosomes with atypical histone
or chemical compositions protect shorter lengths of DNA. The rigid assumptions imposed by current nucleosome analysis
packages potentially prevent investigators from understanding the regulatory roles played by atypical nucleosomes. To en-
able the characterization of different nucleosome types from MNase-seq data, we introduce the size-based expectation max-
imization (SEM) nucleosome-calling package. SEM employs a hierarchical Gaussian mixture model to estimate nucleosome
positions and subtypes. Nucleosome subtypes are automatically identified based on the distribution of protected DNA frag-
ments. Benchmark analysis indicates that SEM is on par with existing packages in terms of standard nucleosome-calling ac-
curacy metrics, while uniquely providing the ability to characterize nucleosome subtype identities. Applying SEM to a low-
dose MNase-H2B-ChlP-seq data set from mouse embryonic stem cells, we identified three nucleosome types: short-fragment
nucleosomes, canonical nucleosomes, and di-nucleosomes. Short-fragment nucleosomes can be divided further into two
subtypes based on their chromatin accessibility. Short-fragment nucleosomes in accessible regions exhibit high MNase sen-
sitivity and are enriched at transcription start sites (TSSs) and CTCF peaks, similar to previously reported “fragile nucleo-
somes.” These SEM-defined accessible short-fragment nucleosomes are found not just in promoters but also in distal
regulatory regions. Additional analyses reveal their colocalization with the chromatin remodelers CHDé, CHDS8, and

EP400. In summary, SEM provides an effective platform for exploration of nonstandard nucleosome subtypes.

[Supplemental material is available for this article.]

The nucleosome is the basic packaging unit of chromatin, typically
comprising ~147 bp DNA wrapped around the histone octamer
(Luger et al. 1997). Nucleosomes participate in gene regulation
both by physically impeding access to DNA and by serving as a
substrate for interactions with regulatory proteins (Klemm et al.
2019). Chemical modifications on histone tails, including methyl-
ation, acetylation, and ubiquitination, can alter DNA affinity to
the octamer and can be engaged by regulatory proteins (Kouzar-
ides 2007; Torres and Fujimori 2015). Several histone tail chemical
modifications are well correlated with transcriptional activity or re-
pression (Kim et al. 2005; Papp and Miiller 2006; Wang et al. 2008).
Histone variants, such as H2A.Z and H3.3, have also been reported
to play roles in many important biological events, such as DNA
replication and enhancer activity (Chen et al. 2013b; Zentner
and Henikoff 2013).

The most common technique for studying nucleosome land-
scapes across the genome is micrococcal nuclease sequencing
(MNase-seq). MNase is an endo-exonuclease that preferentially di-
gests accessible DNA between nucleosomes. After size selection,
mononucleosome-sized DNA fragments are retained for high-
throughput sequencing (Mavrich et al. 2008; Jiang and Pugh
2009). However, depending on the composition of the nucleo-
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some and the factors engaging the nucleosome, not all nucleo-
somes protect the canonical 147 bp of DNA. For example,
nucleosomes engaged by Pol II lose one H2A-H2B dimer and tran-
siently become hexamers (Ramachandran et al. 2017). Nucleo-
somes containing the histone variant H2A.Z can exhibit a
distinct unwrapping state from the canonical nucleosome (Wen
etal. 2020). Some studies employing alternative nucleosome map-
ping methods, including low-dose MNase-seq, methidiumpropyl-
EDTA sequencing (MPE-seq) (Ishii et al. 20135), cleavage under tar-
gets and release using nuclease (CUT&RUN) (Brahma and Henikoff
2019), and chemical mapping (Voong et al. 2016), found MNase-
sensitive nucleosome subtypes in yeast and mouse that protect
shorter DNA fragments than canonical nucleosomes (Ishii et al.
2015; Voong et al. 2016; Brahma and Henikoff 2019). These stud-
ies have begun revealing variations in nucleosome composition
across the genome.

Despite experimental results that have characterized a wider
diversity of nucleosome composition, most nucleosome-calling
software packages still assume that nucleosomes uniformly protect
~147 bp of DNA (Becker et al. 2013; Chen et al. 2013a; Zhou et al.
2016). Current approaches use this rigid assumption when esti-
mating the locations and occupancy properties of nucleosomes,
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SEM: size-based expectation maximization

making their performance suboptimal when characterizing nucle-
osomes of noncanonical DNA length. Although some packages
have begun incorporating the ability to detect nucleosome posi-
tioning dynamics (Chen et al. 2013a; Zhou et al. 2016), none
are yet able to distinguish various nucleosome subtypes from
MNase-seq data.

To resolve the lack of an effective method for characterizing
nucleosome subtypes, we introduce a new nucleosome-calling
package called size-based expectation maximization (SEM). We
evaluate the performance of SEM by comparing it to existing nu-
cleosome-calling packages. We then apply SEM to analyze a low-
dose MNase-ChIP-H2B data set from mouse embryonic stem cells
(mESCs) (Ishii et al. 2015), thereby demonstrating SEM’s ability to
characterize various nucleosome subtypes genome-wide.

Results

A hierarchical Gaussian mixture model for characterizing
nucleosome types

SEM is a hierarchical Gaussian mixture model (GMM), which
probabilistically models the positions, occupancy, fuzziness, and
subtype identities of nucleosomes from MNase-seq data (Fig. 1).
The components of the mixture model represent individual nucle-
osomes; the properties of each nucleosome are modeled based on

the mapped locations and lengths of MNase-seq fragments.
Specifically, each nucleosome component is defined by its dyad lo-
cation, occupancy, fuzziness, and the probability of belonging to
each nucleosome subtype.

SEM runs in two major phases: nucleosome subtype discov-
ery and nucleosome finding. During the first phase, SEM fits a
GMM onto the fragment size distribution of the entire MNase-
seq data set to determine the Gaussian distribution parameters of
each nucleosome subtype (Fig. 1A,B). The number of clusters, cor-
responding to the number of nucleosome subtypes, is an essential
parameter of the model. It can be specified by the user according to
prior knowledge of the biological sample, or SEM can automatical-
ly determine the best fit value using a Dirichlet process mixture
model (DPMM).

In the second phase, SEM uses a hierarchical GMM to com-
pute the likelihood that each specific nucleosome is responsible
for generating each MNase-seq fragment in the data set. A general-
ized expectation maximization (GEM) framework is used to calcu-
late the latent assignment of MNase-seq fragments to nucleosomes
and to estimate the various properties associated with each nucle-
osome (see Methods). Briefly, the expectation step in the algo-
rithm probabilistically assigns MNase-seq fragments to the
nucleosome components that are most likely to have generated
them based on their current locations and properties (Fig. 1C).
Then the maximization step updates the properties of the nucleo-

some components based on the best fit to
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Figure 1. Overview of the SEM algorithm. (A) SEM first calculates the global fragment size distribution

from the MNase-seq data. (B) A Gaussian mixture model (GMM) is used to deconvolve the fragment size
distribution into a set of nucleosome subtypes. (C) In the expectation step of the algorithm, each MNase-
seq fragment is probabilistically assigned to nucleosome components according to the current locations,
strengths, and subtype identities of the components. (D) In the maximization step of the algorithm, the
various nucleosome properties are updated based on the current fragment assignments. (E) Detailed il-
lustration of how nucleosome properties are updated during EM iterations.

tribution of assigned fragments. The
algorithm iterates through expectation
and maximization steps until conver-
gence (Fig. 1E).

To better reflect the known biologi-
cal properties of nucleosomes, several pri-
ors are integrated into the model. First, a
sparse prior on nucleosome occupancy
eliminates components that do not have
enough fragments assigned, thereby en-
couraging solutions in which each nucle-
osome is supported by MNase-seq data.
Another sparse prior on subtype probabil-
ity encourages each component to be a
member of individual subtypes, which
improves the interpretability of nucleo-
some subtype assignments. The physical
exclusion of adjacent nucleosomes is
also taken into consideration to ensure
that neighboring nucleosomes do not
overlap in the model.

SEM accurately predicts conventional
nucleosome properties
We first evaluated the performance of

SEM in predicting conventional nucleo-
some properties, including nucleosome
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dyad location, nucleosome occupancy, and fuzziness, on both
simulated and real MNase-seq data sets. To generate the simulated
data set, we took reference nucleosome dyad locations from yeast
(Jiang and Pugh 2009), based on a collection of nucleosome dyad
locations compiled from six data sets. The occupancy and fuzzi-
ness of each nucleosome were then computed using a H4
MNase-ChlIP-seq data set against the reference nucleosome dyads
(see Methods). Background “noise” reads following a Poisson dis-
tribution were added globally to the simulated data set to test
the robustness of each algorithm.

SEM'’s performance in this simulated data set was evaluated
against two other nucleosome-calling packages: DANPOS and
PuFFIN (Chen et al. 2013a; Polishko et al. 2014). All three packages
were executed using their default settings (see Methods). The num-
bers of nucleosomes predicted by each package was similar to the
number in the reference set (i.e., about 60,000 nucleosomes).
SEM and PuFFIN outperform DANPOS in predicting simulated nu-
cleosome dyad locations (Fig. 2A). PuFFIN achieves the best esti-
mates of simulated nucleosome occupancy, as evaluated by the
Pearson correlation coefficient (Fig. 2B). Although SEM and
DANPOS have similar correlations with the simulated occupancy,

DANPOS has a general tendency to overestimate nucleosome oc-
cupancy (Fig. 2B, middle panel). SEM outperforms PuFFIN and
DANPOS in estimating the simulated fuzziness levels, again evalu-
ated by Pearson correlation coefficient (Fig. 2C).

We further evaluated the performance of SEM using real
MNase-seq data (Zhou et al. 2016). Because no ground truth of nu-
cleosome occupancy or fuzziness is available, our evaluation solely
focused on predictions of nucleosome dyad locations. The nucleo-
some dyad locations obtained from the chemical cross-linking ex-
periment were used as the “gold standard” owing to its ability to
specifically break DNA nucleotides near the dyad location. We in-
cluded a fourth nucleosome-calling package, Cplate, in this com-
parison, as predicted nucleosome dyad locations in the same
data set were available in the original Cplate publication (Zhou
et al. 2016). Notably, although SEM, DANPOS, and PuFFIN exhib-
ited significant performance disparities in simulated data sets, all
four software packages exhibited comparable performance when
evaluated on the real MNase-seq data set (Fig. 2D).

Additionally, we evaluated SEM’s ability to distinguish vari-
ous nucleosome subtypes. A simulated MNase-seq data set, in
which reads are sampled from three distinct nucleosome subtypes,
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Figure 2. Comparison of SEM to existing nucleosome-calling packages on common metrics. (A) Cumulative percentage of distances between predicted
nucleosome dyads and simulated nucleosome dyads in simulated MNase-seq data. (B) Correlation between predicted occupancy and simulated occupan-
cy. Each simulated nucleosome is assigned to the closest predicted nucleosome for the purposes of comparison. (C) Correlation between predicted fuzz-
iness and simulated fuzziness. Each simulated nucleosome is assigned to the closest predicted nucleosome for the purposes of comparison. (D) Cumulative
percentage of distances between predicted nucleosome dyads and chemical cross-linking dyads in real MNase-seq data (Voong et al. 2016). (E) Numbers
of total simulated nucleosomes and correctly predicted nucleosomes of each nucleosome subtype.
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was generated. SEM achieved high accuracy in correctly identify-
ing the subtypes from which each simulated nucleosome was sam-
pled (Fig. 2E).

To summarize, our results indicate that SEM performs com-
parably with existing nucleosome-calling packages in predicting
nucleosome dyad locations. Although PuFFIN displays greater ac-
curacy in predicting nucleosome occupancy, SEM outperforms it
in predicting nucleosome fuzziness. Overall, SEM yields compara-
ble performance to other nucleosome-calling packages when it
comes to conventional nucleosome metrics. In addition, SEM
can precisely predict nucleosome subtypes in simulated data.

Genome-wide detection of nucleosome subtypes in mESCs

To assess whether SEM can distinguish different types of nucleo-
somes from MNase-seq data, we applied it to a low-dose MNase-
H2B-ChIP-seq data set from mESCs (Ishii et al. 2015). The original
study focused on characterizing the locations of so-called fragile,
or MNase-sensitive, nucleosomes, which protect shorter DNA frag-
ments than canonical nucleosomes under low-dose MNase diges-
tion (Ishii et al. 2015; Chereji et al. 2017). Although the study
found evidence for MNase-sensitive nucleosomes at TSSs and
CTCF binding sites, the overlapping fragment size distributions of
canonical nucleosomes and fragile nucleosomes make it difficult
to distinguish between these nucleosome subtypes at individual
sites. The original study applied hard fragment-length cut-offs (50—
100 bp, 101-140 bp, 140-190 bp) to define different nucleosome
subtypes. However, the application of these thresholds does not ad-
equately distinguish between nucleosome subtypes at TSSs or CTCF
binding sites, given the variations observed in the overall fragment
size distribution (Fig. 3A,B; Supplemental Fig. STA). Our goal here
is to assess whether SEM can more clearly discriminate nucleosome
subtypes and add additional insights into the nature of the MNase-
sensitive nucleosomes characterized in the original study.

Visual inspection of the DNA fragment size distribution sug-
gests that there are three main modes of MNase-protected frag-
ments in the MNase-H2B-ChIP data set and, thus, three distinct
nucleosome subtypes (Fig. 3A). We confirmed that including three
nucleosome subtypes in the SEM model provided the best fit to the
data by evaluating the Bayesian information criterion (BIC) metric
over varying numbers of subtypes (Fig. 3C). Based on their mean
fragment sizes, we refer here to each SEM-defined nucleosome sub-
type as short-fragment nucleosomes (~115 bp mean size), canon-
ical nucleosomes (~185 bp mean size), and di-nucleosomes (~295
bp mean size) (Fig. 3A,D). Here, the larger mean size of DNA frag-
ments protected by the canonical nucleosome, compared with the
typically reported 147 bp, likely results from incompletely digested
linker DNA at a subset of nucleosomes under the light MNase
digestion conditions used in the MNase-H2B-ChIP experiment.
SEM discovered a total of 6,200,234 nucleosomes along the mouse
genome (Supplemental Data D1). More than half exhibit mixed
nucleosome subtype identity, indicating the highly dynamic na-
ture of nucleosomes across the whole genome (Supplemental
Fig. S1C,D). In comparison with hard fragment-length cut-offs,
SEM’s detection of nucleosome subtypes more clearly separates
nucleosomes belonging to each subtype at TSSs and CTCEF sites
(Fig. 3E; Supplemental Fig. S1B). Specifically, short-fragment nu-
cleosomes are enriched at the centers of TSSs and CTCEF sites,
whereas canonical nucleosomes are well positioned in the flanking
regions (Fig. 3E; Supplemental Fig. S1B).

The enrichment of SEM-defined short-fragment nucleosomes
at TSSs and CTCF sites mirrors that of the MNase-sensitive nucleo-

somes defined in the original study. However, only a small propor-
tion of all SEM-defined short-fragment nucleosomes overlap TSSs
or CTCEF sites (Fig. 4A). We therefore asked whether SEM’s short-
fragment nucleosome category consists of a homogenous class of
MNase-sensitive nucleosomes or whether it encompasses multiple
short-fragment nucleosome subtypes. To more clearly delineate
the properties of each nucleosome subtype, we focus only on
SEM-defined nucleosomes with occupancy greater than five reads
and unambiguous subtype assignments (i.e., one of the nucleo-
some subtype probabilities >0.9).

We first subcategorized SEM’s nucleosome subtypes accord-
ing to their association with potential regulatory regions by over-
lapping with mESC ATAC-seq peaks (Ostapcuk et al. 2018). Two-
thirds of the SEM-defined accessible short-fragment nucleosomes
overlap with TSSs or CTCF binding sites, whereas the nonaccessi-
ble short-fragment nucleosomes are primarily located in distal re-
gions (Fig. 4A). We then calculated the MNase sensitivity of each
nucleosome subcategory by comparing the number of MNase-
seq fragments from the low-dose MNase-H2B-ChIP-seq data set
with the number of fragments from a high-dose MNase-seq data
set (Ishii et al. 2015) in the +50 bp region surrounding each nucle-
osome dyad (Supplemental Fig. S2A). Accessible short-fragment
nucleosomes display high MNase sensitivity, consistent with the
MNase-sensitive short-fragment nucleosomes found in the origi-
nal study. However, the nonaccessible short-fragment nucleo-
somes do not display significantly higher MNase sensitivity than
the nonaccessible canonical nucleosomes (Supplemental Fig.
S2A).

Because the nonaccessible short-fragment nucleosomes do
not display higher MNase sensitivity, we asked whether their
shorter fragment lengths could be accounted for by MNase diges-
tion biases toward A/T-rich sequences (Dingwall et al. 1981). We
therefore compared the MNase sensitivity index for each nucleo-
some to the A/T content in the £50 bp region surrounding each
nucleosome dyad (Fig. 4B). Although higher A/T content appears
to correlate with higher MNase sensitivity at nonaccessible nucle-
osome categories, the A/T content properties of nonaccessible
short-fragment nucleosomes are again similar to those of nonac-
cessible canonical nucleosomes. However, nonaccessible short-
fragment nucleosomes display significantly higher A/T content
at entry and exit sites compared with nonaccessible canonical nu-
cleosomes (t-test statistic = 45.78, P-value < 2 x 1073%®) (Supplemen-
tal Fig. S2B). This suggests that the MNase bias toward digesting
A/T-rich sequences at nucleosome flanks could be responsible for
the shorter fragment distributions at this subset of short-fragment
nucleosomes. In other words, there may not be any substantial dif-
ference between the nonaccessible short-fragment nucleosomes
and canonical nucleosomes as defined by SEM, other than a great-
er susceptibility to MNase biases at entry and exit sites.

In contrast to the nonaccessible short-fragment nucleosomes,
the accessible short-fragment nucleosomes display high MNase
sensitivity despite being generally G/C-rich (Fig. 4B). We con-
firmed the levels of MNase sensitivity using the MNase accessibil-
ity (MACC) score (Mieczkowski et al. 2016). The MACC score is the
slope of the fitted line between fragment counts and logarithmic-
scaled MNase concentration in titrated MNase-seq experiments, in
which a high MACC score represents a highly MNase sensitive re-
gion. The MACC score is substantially higher at accessible short-
fragment nucleosomes compared with random nucleosome posi-
tions (Supplemental Fig. S3A). This indicates that SEM-defined ac-
cessible short-fragment nucleosomes represent a subpopulation of
G/C-rich, MNase-sensitive short-fragment nucleosomes that is
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Figure 3. SEM characterizes three nucleosome subtypes in a low-dose MNase-ChIP-seq data set from mESCs. (A) Fragment size distribution of the
low-dose MNase-ChlIP-seq data set. (B) Heatmap and profile plot of MNase-seq fragments split by fragment size (50-100 bp, 100-140 bp, 140-190
bp, 190-300 bp, 300-400 bp, 400-500 bp) around TSSs. (C) Bayesian information criterion (BIC) computed across varying numbers of nucleosome sub-
types. (D) Fragment size distribution of each nucleosome subtype as determined by SEM. (E£) Heatmap and profile plot of each SEM-defined nucleosome

subtype around TSSs.

distinctly separated from the broader pool of short-fragment
nucleosomes.

Although the analyzed MNase-ChIP-seq experiment incorpo-
rated a H2B ChIP pulldown, it is possible that our detected short-
fragment nucleosome subcategories result from MNase protection
by nonnucleosomal regulatory proteins that artifactually cross-
link with neighboring nucleosomes. To assess this potential con-
cern, we examined nucleosome centering positioning (NCP)
scores derived from a H4S47C-mediated chemical cross-linking ap-
proach (Voong et al. 2016). The accessible short-fragment nucleo-
somes display a clear peak in NCP scores, as well as nucleosome
array phasing similar to canonical nucleosomes, providing orthog-
onal evidence for the presence of nucleosomes at the short-frag-
ment nucleosome loci (Supplemental Fig. S3B).

In summary, SEM identified three distinct nucleosome sub-
types in mESCs from the low-dose MNase H2B ChIP-seq data set.
By integrating chromatin accessibility data, the SEM-defined
short-fragment nucleosomes were further subdivided into two
subcategories. Accessible short-fragment nucleosomes display sev-
eral properties corresponding to the previously proposed fragile
nucleosomes, including high MNase sensitivity and enrichment
at TSSs and CTCF binding sites.

Accessible short-fragment nucleosomes associate with distinct
regulatory activities

Most previous studies of fragile or MNase-sensitive nucleosomes
have focused on their occurrence at TSSs and CTCF binding sites
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Figure4. Subcategorization of SEM nucleosome subtypes reveals a pop-
ulation of accessible short-fragment nucleosomes. (A) Percentages of
short-fragment nucleosome subtype and subcategories located at TSS re-
gions (£500 bp) and CTCF binding sites. (B) 2D density plots show the
relationships between A/T content and MNase sensitivity of each nucleo-
some subtype and subcategory; color bars indicate the log density of nu-
cleosomes. Nucleosome subcategories were obtained by examining if the
nucleosome is fully overlapped by ATAC-seq peak (ATAC-seq +) or not
(ATAC-seq -).

(Ishii et al. 2015; Voong et al. 2016). As shown above, SEM-defined
accessible short-fragment nucleosomes are highly enriched at these
regions (Fig. 4A). However, a substantial portion (33%) of SEM’s ac-
cessible short-fragment nucleosomes do not overlap either TSSs or
CTCFbinding sites (Fig. 4A). To investigate the types of locations oc-
cupied by non-TSS/CTCF accessible short-fragment nucleosomes,
we overlapped these nucleosomes with candidate cis-regulatory ele-

ments (cCREs) from the ENCODE SCREEN database (Fig. 5A; The
ENCODE Project Consortium et al. 2020). Notably, 17% of the ac-
cessible short-fragment nucleosomes overlap with either proximal
or distal enhancer-like signatures (pELSs or dELSs, respectively).

The association between accessible short-fragment nucleo-
somes and cis-regulatory elements suggests a possible role in
transcriptional regulation. Therefore, we investigated whether ac-
cessible short-fragment nucleosomes overlap the occupancy of
factors involved in nucleosome composition or histone modifica-
tions associated with regulatory activities in mESCs. A previous
report in Drosophila suggested that H3.3/H2A.Z-containing nucle-
osomes are enriched at regulatory regions and are unstable under
high-salt conditions (Jin et al. 2009). Thus, we examined the en-
richment of both histone variants around nucleosome subcatego-
ries. We found that H3.3 is highly enriched at regions flanking the
accessible short-fragment nucleosomes, albeit locally depleted at
dyad locations (Fig. 5B). H2A.Z also displays higher levels of en-
richment flanking accessible short-fragment nucleosomes com-
pared with nonaccessible nucleosome subtypes (Fig. 5B). Active
histone modifications, including H3K27ac, H3K4me3, H3K9ac,
and H4ac, were enriched at sites adjacent to accessible short-frag-
ment nucleosomes (Supplemental Fig. S4), whereas repressive
marks, including H3K27me3 and H2AK119ub, do not show en-
richment at accessible short-fragment nucleosome sites. Finally,
several chromatin remodelers are enriched at accessible short-frag-
ment nucleosome dyad locations, including SMARCA4, CHD4,
CHD6, CHDS8, and EP400. EP400 is more prominently enriched
at accessible short-fragment nucleosomes relative to other remod-
elers and is centrally enriched at accessible short-fragment nucleo-
some dyad locations (Supplemental Fig. SS5). These chromatin
remodelers are known to influence the contact between DNA
and the nucleosome (Clapier et al. 2017). EP400 has also been re-
ported to deposit H3.3 at promoter and enhancer regions (Pradhan
et al. 2016), which may correspond to the H3.3 enrichment ob-
served at accessible short-fragment nucleosome sites. Therefore,
the enrichment of chromatin remodelers at accessible short-frag-
ment nucleosomes suggests a mechanism for their destabilization.

Finally, we interrogated whether short-fragment nucleosomes
are related to distinct transcription factor (TF) binding activities.
Specifically, we performed enrichment analysis to investigate which
TFs’ binding sites (sourced through ChIP-Atlas) (Oki et al. 2018; Zou
etal. 2022) significantly overlap with each nucleosome subcategory.
The ChIP-seq peaks of many TFs are heavily enriched around acces-
sible nucleosomes subtypes, including peaks for the pluripotency
factors POUSF1 (also known as OCT4), SOX2, NANOG, and KLF4
(Supplemental Table S1). This observation is not necessarily surpris-
ing given the general enrichment of TF binding sites in accessible
regions. TFs generally show lower fold-enrichment levels at nonac-
cessible short-fragment nucleosomes, aligning with the expectation
that nucleosomes located in less accessible regions would naturally
attract fewer binding factors (Supplemental Table S1).

In summary, accessible short-fragment nucleosomes defined
by SEM are not restricted to TSSs and CTCF binding sites and cor-
respond to sites of specific chromatin remodeler enrichment.
Although the regulatory roles played by these atypical nucleo-
somes require further investigation, our analyses demonstrate
the efficacy of SEM in characterizing diverse nucleosome types.

Discussion

In recent years, there has been growing interest in nucleosome sub-
types and compositional variants beyond canonical nucleosomes
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Figure 5. Accessible short-fragment nucleosomes are associated with regulatory elements and histone
variants. (A) Pie chart summarizing the overlap between SEM-defined nucleosome subcategories and
ENCODE SCREEN cCRE types. (B) Heatmap displaying the enrichment of histone variants H2A.Z and

H3.3 around nucleosome dyad locations.

(Ramachandran et al. 2017; Brahma and Henikoff 2019; Wen
et al. 2020; Hsieh et al. 2022). Here, we introduced SEM, a new
nucleosome-calling framework capable of distinguishing various
nucleosome subtypes from a single MNase-digested sequencing
experiment. When compared with other nucleosome-calling
packages, SEM exhibits comparable performance on conventional
nucleosome-calling metrics while uniquely providing an auto-
matic annotation of nucleosome subtype identity.

Using SEM on a low-dose MNase-H2B-ChIP-seq data set
from mESCs, we identified a nucleosome subtype that protects
shorter DNA fragments compared with canonical nucleosomes.
A further integration of ATAC-seq data classified the short-frag-
ment nucleosomes into two subcategories, which we labeled
accessible short-fragment nucleosomes and nonaccessible short-
fragment nucleosomes. Although SEM-defined nonaccessible
short-fragment nucleosomes may result from MNase digestion
bias at entry and exit sites, it is worth noting that this nucleosome
subcategory could be overlooked in traditional MNase-seq experi-

Accessible short-fragment
nucleosome count: 4,398

short-fragment nucleosome

canonical nucleosome

canonical nucleosome

selection, in combination with SEM
analysis, could more accurately charac-
terize nucleosome positions across the
genome. Future versions of SEM could re-
solve the issues associated with MNase
bias by incorporating the relationship be-
tween sequence content and DNA frag-
ment size into the probabilistic model.

SEM-defined accessible short-frag-
ment nucleosomes share a similar distri-
bution to previously reported fragile
nucleosomes at TSSs and CTCF sites.
However, SEM’s ability to identify short-
fragment nucleosomes genome-wide
shows that accessible short-fragment nu-
cleosomes are not restricted to TSSs and
CTCF sites but are also present in distal
regulatory regions. Previous studies have
suggested that histone variants H3.3 and
H2A.Z regulate nucleosome stability or
lead to nucleosome fragility (Jin and Fel-
senfeld 2007; Jin et al. 2009; Wen et al.
2020). We find an enrichment of H3.3,
and to a lesser extent H2A.Z, at accessible
short-fragment nucleosome sites. Accessi-
ble short-fragment nucleosomes are also
associated with active histone marks but
not repressive marks. Accessible short-
fragment nucleosomes in mESCs are
coenriched with the chromatin remodel-
ers SMARCA4, CHD4, CHD6, CHDS,
and EP400, suggesting that this nucleo-
some subcategory represents hotspots of
chromatin remodeler activity. Assessing
whether these chromatin remodelers
play an active role in establishing short-
fragment nucleosomes will require fur-
ther experimental investigation (e.g., via
knockdown perturbations followed by
MNase-seq experiments). Further work
also remains to investigate whether SEM-
defined accessible short-fragment nucleosomes play distinct regula-
tory roles in mESCs. However, our analyses demonstrate that SEM’s
genome-wide probabilistic approach to nucleosome subtype calling
provides clear advantages over the typically employed fragment-
length threshold approaches.

Nonaccessible

count: 60,212

Accessible

count: 2,291

Nonaccessible

count: 93,663

Methods

Nucleosome subtype characterization

To model different nucleosome subtypes present in an MNase-seq
data set, we first apply a GMM to the overall fragment size distribu-
tion. This step can be processed with or without a user-defined
number of subtypes. If the number of types has been defined, a fi-
nite GMM is used on the fragment size distribution to find the pa-
rameters of each type. GMM initialization is achieved using k-
means clustering on the fragment sizes. Briefly, fragments are sort-
ed by size and divided into percentile-based groups. The mean
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sizes of each group are used as initial centroids for k-means cluster-
ing. The final assignments from k-means serve as the starting point
for the GMM. Alternatively, if the number of subtypes has not
been defined, a value can be automatically determined from the
fragment size distribution by a DPMM.

SEM probabilistic model

SEM is based on a hierarchical GMM that describes the likelihood
of observing a set of MNase-seq fragments from a set of nucleo-
somes. Fach nucleosome contributes a distribution of reads
surrounding its genomic position to the overall mixture of reads.
We assume that fragment locations are independently condi-
tioned on the dyad location, fuzziness, and subtype mixture prob-
abilities of their underlying nucleosomes.

SEM performs nucleosome discovery by finding the set of nu-
cleosomes that maximizes the penalized likelihood of the observed
MNase-seq fragments. First, we assume there are K nucleosome
fragment size subtypes, where each subtype is a Gaussian distri-
bution with mean W=y, ..., yx, variance ®=¢y, ..., ¢k, and weight
Q=wy, ..., og. Thus, the expected size distribution of fragments
from each nucleosome follows a mixture of the subtype distribu-
tions, conditioned on their subtype probabilities. Throughout
the whole genome, we consider N MNase-seq fragments that
have been mapped to genomic locations E = ¢, ..., ey with size
H=n;, ..., ny and with M potential nucleosomes at genomic loca-
tions U=y, ..., wy with fuzziness © =8y, ..., 8, and subtype mix-
ture probabilities T=T1, ey TM= [‘E]/], ceoy LK) ], veey [TM,I/ ooy TM,KI]'
The locations of fragments from nucleosome m follow a Gaussian
distribution, in which the Gaussian mean equals the nucleosome
dyad location w,,, and the variance equals the fuzziness parameter
6,,. We represent the latent assignment of fragments to nucleo-
somes that caused them as Z=2z;, ..., zy, where z;=j, where j is
the index of the nucleosome whose dyad is at position y; that gen-
erates fragment i.

The conditional probability of fragment r; being generated
from nucleosome j located in y; with mixture probability p; and
fuzziness 6; is

K —L _ M’)Z (mi — ¥)”
1 267 17 242
= e J kT ———=¢ s, (1
2475 v M
where 1 ; represents the probability of nucleosome j belonging to
fragment size type s.

The probability of a fragment is a convex combination of pos-
sible nucleosomes:

Pr(rilj, s)

M K
Pr(riP, U, T, ©) = Y > " g7 sPr(ilj, ), ()

=1 s=1

where p represents the weighted occupancy of a nucleosome. The
overall likelihood of the observed set of fragments is then

N K
Pr(E, HIP, U, T, ®) :]‘[

i=1 j=1 s=

PjTj, sPr(rilj, s). 3)
1

We incorporate several biological assumptions in the form of priors
on the parameters. We place a sparseness-promoting negative
Dirichlet prior o on the nucleosome-weighted occupancy =, based
on the assumption that each nucleosome should have sufficient
numbers of assigned fragments to support its existence in the model

M
Pr(p) o< [ [ (o~

j=1

,a>0. 4)

We also incorporate an additional prior to encourage nucleosomes
to choose less ambiguous subtype identities. To do so, we place a
Dirichlet prior § on the nucleosome type mixture probability :

M K
e[ [[[7£ B> 0. (5)
j=1s=1
In summary, the complete-data log posterior is as follows:

logPr(U, P, T|E, H, «, B)

N M K
=31 33" 1 = j)logp; + logrs + logPr(rilj, 5))
i=1 | j=1s=1 (6)

M M K
— Z ajlogp; — Z Z logrs + C.
=1

j=1 s=1

Expectation maximization

We initialize mixing probabilities p with uniform probabilities, p;=
1/M,j=1, ..., M. At the E step, we calculate the relative responsibil-
ity of each nucleosome subtype per nucleosome in generating each
fragment as follows:

p/T/, Pr(r, I’I S)
Z 2 Pr(nif, S)

E(j, 5) = @)

The maximum posterior probability (MAP) estimation of p, t is as
follows:
R Max(N; — a, 0)
=g ®
> Max(N; — «, 0)
j=1

. Max(N;s — BN;, O

7 = N = BNLO) ©)
3" Max(N;, — BN;, 0)
s'=1

where N; represents the number of fragments assigned to nucleo-
somej, and N; s represents the number of fragments assigned to nu-
cleosome j of type s. The value of o is the minimum number of
MNase-seq fragments required to support a nucleosome surviving
in this round. In the first five rounds of expectation maximization,
sparse priors are set to their minimum value (one for o and zero for
B) to avoid elimination of true nucleosomes owing to poor initial-
ization. Then sparse priors are gradually increased in the following
five rounds until reaching the default or user-defined values. The
default values of o and B are one and 0.05, respectively.

MAP values of ; ; are determined by finding the location with
the maximized probability in £50 bp flanking sites of the current
nucleosome dyad. If the maximization step results in two compo-
nents sharing the same weighted positions, they are combined in
the next iteration of the algorithm.

Considering the efficiency of the algorithm, the fuzziness and
the subtype mixture probabilities of each nucleosome are updated
every two rounds. In the first several rounds, prior a and B is mul-
tiplied by an annealing factor according to the number of complet-
ed rounds to avoid too early elimination of nucleosomes. As
expectation maximization proceeds, the log likelihood increases
after each iteration, and convergence is defined when log likeli-
hood increases <1% compared with the previous iteration.

Exclusion zone

Each nucleosome protects DNA and should sterically exclude oth-
er nucleosomes at the same position. For example, canonical
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nucleosomes protect 147 bp DNA, which means the minimum dis-
tance between two canonical nucleosomes should be >147 bp.
Thus, when there is no nucleosome eliminated during an iteration
after a sparse prior is fully incorporated, an extra step will be taken
to remove nucleosomes that are too close to adjacent nucleosomes.
Each time the overlapped nucleosome with the lowest responsibil-
ity (i.e., occupancy) will be removed, until all nucleosomes have a
large enough spacing to each other. The exclusion zone is current-
ly set to 127 bp to avoid false removal of nucleosomes owing to the
inaccurate prediction of nucleosome dyads.

MNase-seq data simulation

To simulate the MNase-seq data set on the sacCer3 reference ge-
nome, we first took the nucleosome dyad location maps from
Jiang and Pugh (2009) as a reference. MNase H4 ChIP-seq
data sets obtained from the NCBI Sequence Read Archive (SRA;
https://www.ncbi.nlm.nih.gov/sra) under accession numbers
SRR3649286, SRR3649291 (Chereji et al. 2017) were used to infer
the nucleosome occupancy and fuzziness for simulation. Spe-
cifically, we used the MNase-seq fragments within +73 bp around
each nucleosome dyad to compute the occupancy and fuzziness.
Simulated MNase-seq fragments were then generated given the
computed nucleosome metrics, distributed following a Gaussian
with mean (nucleosome dyad), variance (nucleosome fuzziness),
and weight (nucleosome occupancy) parameters set from the above
data. Background noise fragments following a Poisson distribution
were added to the simulated data set to test the robustness of each
algorithm. We used a background noise ratio of 0.05 in this study.
The Poisson mean A is determined by the ratio of background noise
among the whole data set using the formula

A= (# total fr agments)*raﬁobackground / lgenome-

Nucleosome calling on MNase-seq data sets

On both simulated and real data sets, SEM, DANPOS, and PuFFIN
were run under default settings. Cplate predictions on real MNase-
seq data set were taken from Zhou et al. (2016).

Determining nucleosome subcategories in mESCs

SEM was run on a low-dose MNase H2B ChlIP-seq data set (SRA;
SRR2034510, SRR2034511) from Ishii et al. (2015) under default
settings with the number of nucleosome subtypes set to three.
Nucleosomes are then filtered such that occupancy is greater
than five reads and one of the nucleosome subtype probabilities
>0.9. The nucleosome subcategories were determined by overlap-
ping the filtered nucleosomes with ATAC-seq peaks. To ensure
the whole nucleosome is located within an accessible region, we
required that the dyad location of accessible nucleosome has to
be at least 100 bp away from the boundary of the ATAC-seq
peak. The remaining nucleosomes are deemed nonaccessible.

Data processing

All FASTQ files were first trimmed by Trimmomatic (Bolger
et al. 2014) with the options “LEADING:3 TRAILING:3
SLIDINGWINDOW?:4:15 MINLEN:36 {adapter_file}:2:30:10” using
the corresponding adapters, and then trimmed FASTQ files were
mapped to the mm10 reference genome by Bowtie 2 (Langmead
and Salzberg 2012). Mapped BAM files were filtered by the criteria
that MAPQ scores of both reads in a pair be greater than or equal
to 10. ATAC-seq peak calling was performed by using Genrich
(https://github.com/jsh58/Genrich) with the ATAC-seq mode en-
abled by the “-j” option.

ChIP-Atlas enrichment analysis

ChIP-seq peak enrichment analysis was performed through the
ChIP-Atlas website. Specifically, each nucleosome subcategory
was overlapped with peaks from ChIP experiments targeting
“TFs and others” in “Pluripotent stem cell.” The threshold for sig-
nificance was set to 50.

Bayesian information criterion

BIC scores were computed on GMM models fitted with numbers of
the components set to two, three, four, and five. The formula is
BIC = k*In(n) — 2In(L), where L is the likelihood of the fitted mod-
el, k is the number of the parameters, and n is the number of data
points.

Statistical test on A/T content

The ratio of A/T nucleotides at the nucleosome entry and exit sites
was computed by calculating A/T nucleotide percentages in the re-
gions bounded by [-100 bp, -50 bp] and [+50 bp, +100 bp] relative
to the nucleosome dyad. Then, an independent t-test was per-
formed to compare the percentages at nonaccessible short-
fragment nucleosomes to those at nonaccessible canonical
nucleosomes.

Software availability

The SEM software package is available on GitHub (https://github
.com/YenLab/SEM) and Bioconda (https://anaconda.org/
bioconda/sem). The version of the SEM code used in this paper
is archived as Supplemental Code.
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