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ABSTRACT

We present Nucleosome Dynamics, a suite of pro-
grams integrated into a virtual research environment
and created to define nucleosome architecture and
dynamics from noisy experimental data. The pack-
age allows both the definition of nhucleosome archi-
tectures and the detection of changes in nucleoso-
mal organization due to changes in cellular condi-
tions. Results are displayed in the context of ge-
nomic information thanks to different visualizers and
browsers, allowing the user a holistic, multidimen-
sional view of the genome/transcriptome. The pack-
age shows good performance for both locating equi-
librium nucleosome architecture and nucleosome dy-
namics and provides abundant useful information in
several test cases, where experimental data on nu-
cleosome position (and for some cases expression
level) have been collected for cells under different ex-
ternal conditions (cell cycle phase, yeast metabolic
cycle progression, changes in nutrients or difference
in MNase digestion level). Nucleosome Dynamics is
a free software and is provided under several distri-
bution models.

INTRODUCTION

Eukaryotic chromatin is organized in a hierarchical man-
ner, where the basic structural units are repetitive elements
named nucleosomes. Each of them is defined by around
147 base pairs of DNA wrapped around a protein octamer,
the histones. The position of the nucleosomes in the cell is

not random and recurrent patterns have been detected in
cell populations (1-3), indicating a maintenance of the nu-
cleosome architecture which seems to be crucial for a cor-
rect regulation of genome activity (4). The protein octamer
serves as an anchoring point for proteins recognizing his-
tone epigenetic signals, while unwrapped DNA is targeted
by transcription factors and enhancers (5,6). Thus, nucleo-
somes shifting due to alterations in the sequence (7), DNA
methylation (8) or the action of chromatin remodelers (5,9—
13) can result in dramatic changes in gene expression. Char-
acterizing such changes is crucial for the understanding of
the connection between chromatin structure and genome
functionality (6).

Experimental determination of nucleosome positioning
is typically performed by treating a group of cells (in
the range 10°-10°) with enzymes acting on nucleosome-
free DNA. ATAC-seq (14) uses a hyperactive transposase
for tagging nucleosome-free DNA segments for sequenc-
ing (the linkers). MNase-seq, the most widely used tech-
nique for nucleosome localization, uses Micrococcal nucle-
ase to degrade linker DNA preserving the DNA segments
wrapped in the nucleosomes, which are then sequenced.
Both MNase-seq and ATAC-seq, after filtering nucleoso-
mal reads by size (14), provide at the end the same type of
information: DNA reads that need to be grouped into in-
dividual nucleosomes using a variety of computational ap-
proaches (15-18), which in all cases suffer from the intrinsic
dispersion in read coverage. The resulting nucleosome maps
show well defined depleted regions (the nucleosome free re-
gions, NFR), well-positioned (W) nucleosomes, and a large
number of ‘fuzzy’ (F) nucleosomes giving partial protection
signals longer than 147 bps (19). Fuzzy positioning signals
are the result of nucleosomes not being in exactly the same
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genomic position in the cell population, and are intrinsically
difficult to annotate by any nucleosome calling algorithms
(15,17). While it is known (20,21) that this technique can be
affected by MNase concentration and sequence-preference
biases that affect the detection of the so called ‘fragile’ nu-
cleosomes, it is still the most widely used to detect nucleo-
some positioning for its versatility and accuracy. In 2012,
Brogaard et al. developed a chemical cleavage method that
provides a very accurate positioning of nucleosomes (22).
However, this technique requires to do genetic engineering
replacing the endogenous histone H4 (or H3 (23)) by a mu-
tated version, therefore restricting its use (24-27). More-
over, it has been shown that the MNase sequence bias can
be corrected using digested naked DNA as baseline (20,21),
obtaining more pronounced nucleosome coverage peaks.
The noisy nature of experimental data such as MNase-
seq, makes very difficult to compare nucleosome architec-
ture in two samples, as the signal is masked by the intrin-
sic fuzziness of the maps. Methods available such as DAN-
POS and Dimnp (15,28) can detect only a limited number of
changes affecting large percentage of the cells, as they work
at the level of the fragment coverage, missing the opportu-
nity to work with the raw data: the fragments themselves.
We present here Nucleosome Dynamics, a complete vir-
tual framework to characterize the structure and dynamics
of nucleosome architectures. The package consists of two
main blocks: an improved version of our nucleR algorithm
for nucleosome location (17), and NucDyn, an algorithm
specifically created to detect changes (shifts, evictions and
insertions) in nucleosome architectures based on the direct
processing of raw data (the sequencing reads) obtained from
pairs of experiments. The Nucleosome Dynamics package
(available under the Apache 2.0 License) can be installed
from the source code, obtained from BioConductor (29), or
run as a web tool hosted by the MuGVRE workspace (30)
as well as in a Galaxy server (31), where additional analysis
algorithms, browsers and visualization tools are included.

MATERIALS AND METHODS
Package overview

The input data for Nucleosome Dynamics is one or sev-
eral files containing sequence reads aligned to the reference
genome and stored in BAM format. The user can select (see
Figure 1) between: (i) processing a single file to define the
consensus nucleosome architecture using an extended ver-
sion of nucleR (17) or (ii) detecting changes in nucleosome
distribution between two experiments, by comparing pairs
of mapped sequence files using the newly developed Nuc-
Dyn module. For a complete description of the parameters
of the available functionalities, see Supplementary Table S1.
In the MuGVRE implementation (see Table 1), the user has
access to a wide range of analysis and visualization tools to
characterize the nucleosome patterns, their changes across
different conditions, and to put all the data in the context
of other information mapped to the genome (genome struc-
ture, expression, epigenetic signals, etc). We have evaluated
the performance of nucleR and NucDyn generating syn-
thetic nucleosome maps and have tested their descriptive
power using publicly available nucleosome positioning ex-
perimental data.

Single experiment analysis

Nucleosome positioning and coverage. BAM files from a
single MNase-seq experiment are processed to define nu-
cleosome coverage, which can be directly visualized using a
genome browser (Figure 2A) or processed to obtain nucle-
osome positions. Accordingly, following signal theory the
read coverage is described as a combination of periodic
waves, which are then subjected to Fast Fourier Transfor-
mation (FFT) to remove the high frequency components re-
sponsible for the noise (see Supplementary Figure S1). The
parameters for FFT filtering can be adjusted taking into ac-
count the nucleosome repeat length and noise level of each
organism and cell type (see Supplementary Table S1). Clean
profiles are processed to annotate the nucleosome dyads (lo-
cated at the local maxima of the distributions). Putative nu-
cleosomes are then scored based on the shape of the asso-
ciated peaks (see Supplementary Figure S1). Those leading
to sharp signals are labelled as well-positioned (W) nucleo-
somes (high localization score), while flat peaks are labelled
as ‘fuzzy’ (F) nucleosomes (low localization score). Once all
nucleosomes are localized, the software analyses the nucleo-
some architecture (see Supplementary Figure S2A) around
the transcription start sites (TSS) and classifies the nucle-
osome architecture for each gene based on (19): the exten-
sion of the nucleosome free region (NFR) around the core
promoter (open (0), closed (¢) or missing —1 or +1 nucleo-
some) and the degree of localization of the +1 (downstream
the TSS) and —1 (upstream the TSS) nucleosomes (see Sup-
plementary Figure S2A). Data are presented at the individ-
ual gene level as well as summarized at global level (Fig-
ure 2). Nucleosome Dynamics performs a global detection
of all NFRs, as these regions usually are the main recog-
nition sites for effector proteins, and well-defined and ex-
tended NFRs typically signal active regions in the genome.

Periodicity at coding regions. The software evaluates the
periodicity in the nucleosome pattern inside the genes, fol-
lowing signal propagation theory from two ‘emitting sites’
located at well-positioned nucleosomes. The first signal
comes from the 5" end of the gene (the +1 nucleosome lo-
cated just downstream the TSS) and the second from the
3’ end of the gene (the —last nucleosome located just up-
stream the transcription termination site; TTS). We assume
that both signals proceed in opposite directions (from +1
to —last nucleosome) following an exponential decay peri-
odic function (32). We found out that when the +1 and —last
originated waves are in phase the signals sum up and nu-
cleosomes are well located inside the gene body, while when
they are in antiphase the signals cancel out and the gene typ-
ically shows fuzzy nucleosomes. The periodicity (T) of the
signal is obtained by maximizing the autocorrelation func-
tion (Equation 1: see an example in Supplementary Figure
S2):

R(T) = [} I(x) % I(x — T)dx (1)

where X} and X are the intervals of the window, /( x ) stands
for the coverage. This value will be dependent on the nucle-
osome repeat length of each species and cell type (see Sup-
plementary Table S2 for suggested T in different cell types).
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Figure 1. Analysis pipeline for Nucleosome Dynamics. A single MNase-seq experiment can be analysed, obtaining: nucleosome calls with nucleR, their
fuzzy/well-positioned classification and stiffness estimation, Nucleosome Free Regions location, classification of TSS according to —1 and +1 nucleosomes,
and nucleosome phasing along the gene body. Comparing two MNase-seq experiments, NucDyn identifies hotspots of changes (SHIFT +, SHIFT -,
INCLUSION and EVICTION), and reports a significance score of the difference in the coverage profiles at base-pair level. Summary statistics per gene

as well as genome-wide are also reported for each calculation.

Table 1. Implementation models for Nucleosome Dynamics

Code distribution
Standalone installation Nucleosome Dynamics CLI
nucleR R package
NucDyn R package
Containerized installation Docker
Singularity

Platforms in use
MuG Virtual Research Environment
Galaxy Platform

https://github.com/nucleosome-dynamics/nucleosome_dynamics
https://github.com/nucleosome-dynamics/nucleR Bioconductor:
http://bioconductor.org/packages/nucleR/
https://github.com/nucleosome-dynamics/NucDyn Bioconductor:
(in review)

https://github.com/nucleosome-dynamics/docker Docker-hub:
mmbirb/nucleosome-dynamics
https://github.com/nucleosome-dynamics/
nucleosome_dynamics_singularity Singularity-hub:
https://singularity-hub.org/collections/2579

https://vre.multiscalegenomics.eu/workspace/?from=nucldynwf
https://dev.usegalaxy.es (in development) Galaxy ToolShed:
https://toolshed.g2.bx.psu.edu/repository?repository_id=
822¢9¢879¢f92£d0

A ‘phased’ gene is defined when the distance between +1
and —last nucleosome is close to a multiple of T (Supplemen-
tary Figure S2B). An ‘antiphased’ gene is defined when the
modulus of the ratio between the distance of the +1 and —
last nucleosomes and T is close to T/2 (Supplementary Fig-
ure S2C). The package provides a theoretical nucleosome
map based on signal propagation theory with +1 and —last
nucleosomes as emitting sites. Comparison of the predicted
and the real nucleosome maps helps to detect anomalies in

the gene nucleosome distribution emerging from interacting
proteins or from the effect of the remodelling machinery.

Nucleosome stiffness. Nucleosome Dynamics also analy-
ses the sliding propensities of nucleosomes by computing its
apparent resistance to be displaced along the sequence. For
this purpose, we map the original reads around located nu-
cleosomes and estimate the normalized Gaussian that bet-
ter fits the distribution of reads (see Supplementary Figure
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Figure 2. Visualization of Nucleosome Dynamics results in MuGVRE. (A) Nucleosome positioning along ACE2 (YLRI131C) gene from S. cerevisiae
between G2 and M cell cycle phases (a) YLR131C open reading frame; (b) ACE2 full length transcripts; (c), (¢’) coverage of MNase-seq reads aligned to
reference genome (in G2 and M phase, respectively); (d), (d’) nucleosome calls obtained with nucleR (G2 and M phase, respectively); (¢) NFR coordinates
in G2 phase; (f) prediction of the nucleosome coverage along each gene, using signals from +1 and -last nucleosomes; (g) genes shown as coloured boxes
according to the phasing between the +1 and -last nucleosomes; (h) TSS classification based on nucleosomes —1 and +1 (W, F, missing) and the distance
between them (open or close) represented as coloured boxes, with an arrow indicating the direction of the gene; (i) nucleosomes are coloured by their
apparent stiffness value: darker blue nucleosomes are more stiff and lighter are less stiff; (j) significance of the differences in nucleosome coverage between
G2 and M phases (-logj( of the p-value) (k) movement hotspots represented as colour coded boxes: purple for shift +, blue for shit -, green for inclusion
and red for eviction; (1,m, n, o) Tracks from publicly available data representing (I) TATA elements (Rhee ef al., 2012), (m) TFIIB binding sites (Mayer
et al., 2010), (n) H3K4me3 histone mark enrichment (Liu et /., 2005) and (o) gene expression changes during cell cycle (Deniz et al., 2016). (B) Detailed
view around a hotspot identified by NucDyn in chrXII. (C) Genome wide statistics of NFR width around TSS, in G2 phase. (D) Genome wide frequency

of changes detected by NucDyn between G2 and M.

S2) from which stiffness is derived by the elastic approxima-
tion as shown in Equation (2):

kgT
— tB°

6
sd?

()

where kg T is the thermal energy at room temperature and
sd is the standard deviation of the Gaussian fitted to reads
associated to the nucleosome.

Defining changes in nucleosome distribution

Pairs of BAM files are processed to determine changes in
the nucleosome architecture between two experiments. For
this purpose (see Supplementary Figure S3) the program
pairs the reads obtained from one experiment to the other
to discard those that are unchanged. It also removes reads
that share the same starting or ending point or those that
can be fitted in longer read in the paired experiment, as
they are likely to be generated by spurious differences in

020z Areniga4 Gz uo Jasn euojeoleg ap 1eNsienun Aq 22/ /6GS/1L L S6/8L/.pAoBISqe-aole/ eu/woo dnoolwsapeoe//:sdiy woll papeojumoq



nuclease degradation activity. The remaining reads are then
paired between the two experiments using a dynamic pro-
gramming algorithm designed to maximize: (i) the number
of matches, (ii) the proximity in the middle points of the
paired reads, (iii) the assignment of the paired reads to the
same nucleosome. To achieve these objectives the dynamic
programming highly penalizes gaps and scores read pairs in-
versely proportional to their distance, with a —infinite score
when the distance between the middle point of the reads is
longer than half the length of the nucleosome. The final out-
put of the procedure is a set of read pairs shifted in one
experiment with respect to the other. These shifts are ac-
cumulated to define hotspots that are further analysed to
determine their statistical significance as markers of shifts
in the nucleosome architecture.

A second type of changes detected by the program is re-
lated to differences in occupancy (insertions and evictions)
between the two experiments, that are determined directly
from the coverage. To reduce the impact of experimental
noise we analyse the coverage data by computing a Z-score
for every position x across the genome, normalizing it in 10
000 bp windows, which allows us to find locally normalized
differences in coverage (Equation 3).

_m= E (m)
(V (m))?

where m is the number of reads covering position x in ex-
periment 1, E (m) = nf (with f being the fraction of total
reads in the window (N) that corresponds to experiment 1
(M) and n is the number of reads covering position x in both
experiments) and V(m) is the expected variance of a hyper-
geometric distribution, i.e. V (m)= nf(1 — f)2=t. Posi-
tive Z-score peaks mean that at that point the read cover-
age found at experiment 1 is higher than the coverage at ex-
periment 2 and an eviction hotspot is annotated. Similarly,
negative Z- peaks signal inclusions.

The statistical significance of the detected hotspots
(shifts, inclusions and evictions) is scored using the P-values
derived from Fisher’s test from a contingency table between
the reads in each experiment (columns) and the reads at a
given position compared to reads within the window (rows):

z (€)

Exp 1. Exp. 2 Total
Covering x M—m N-M-n+m N-n
Not covering m n—m n
x
Total M N-M N

Software availability and implementation

The Nucleosome Dynamics package is available in dif-
ferent deployment models to fulfil the needs of different
users. Moreover, it is also offered as a service in two dif-
ferent research platforms. All available distributions are
explained at Nucleosome Dynamics landing page: http:
//[mmb.irbbarcelona.org/NucleosomeDynamics/, and sum-
marized in Table 1.
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Code distributions.

e Nucleosome Dynamics is written in R and composed of
two packages (nucleR and NucDyn), and a series of R
wrappers providing a unified interface to such core func-
tionalities and other additional analyses (TSS classifica-
tion, NFR, Phasing, Stiffness, etc., see above). Source
code and documentation are available for standalone in-
stallation (see Table 1). Both nucleR and NucDyn pack-
ages are also distributed via BioConductor. Although
the native R interface is recommended for experienced R
users, other deployments built on top of the R software
are also provided for further accessibility and portability.

e Nucleosome Dynamics package depends on a series of
other R packages and helper applications. To minimize
the possibilities of collision with existing installations,
and to avoid installation issues to the non-experts, the
packages are offered as software containers in both, the
well-known Docker implementation and the Singularity
format, the latter intended for multi-user systems where
running Docker containers natively is not trivial — i.e.
HPC systems. A single container allows the user to obtain
all functions of the package directly from the command-
line, and additionally, the launcher is able to accept a list
of Nucleosome Dynamics analysis commands in bash to
orchestrate a custom workflow. Furthermore, the use of
the containers allows seamless software update. The im-
ages are registered at the corresponding hubs (see Table

1).
Use in research platforms.

e MuG Virtual Research Environment (MuGVRE) is an
integrated workspace designed to put together a series
of applications related to the study of 3D/4D genomics
(30). The MuGVRE workspace allows to combine data,
either uploaded to the workspace or obtained from pub-
lic repositories such as ArrayExpress (33). MuGVRE in-
cludes applications covering a wide range of levels in the
study of chromatin, from atomistic simulation or protein-
nucleic acids docking to coarse-grained simulation of
large nucleic acids molecules or chromatin fibers, as well
as the analysis of Hi-C data. All those applications share
a common data space where interoperability is assured
through a common data model, and a specific protocol to
incorporate new tools. MuGVRE is a cloud-based appli-
cation that simplifies the deployment and provides user
access to visualization tools, additional data in external
repositories, and to a variety of other programs for the
analysis of chromatin at different levels of resolution.

e The server provides a graphical interface based on an
embedded sequence browser, Jbrowse (34), that allows
visualization of nucleosome architectures in the context
of other omics data (see Figure 2A). For this purpose,
the outputs of all calculations are generated in GFF3 or
bigWig format. Nucleosomes are represented as boxes
coloured with different tones of blue according to their
positioning score, with regions where nucleosome are too
fuzzy displayed in a lighter colour. Similarly, nucleosome-
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free regions are highlighted by yellow boxes in a different
row (see Figure 2A). In both cases, numerical information
(scores, characteristics of the nucleosome or NFR) can be
obtained by clicking on the corresponding boxes. The nu-
cleosome architecture around TSS is classified based on
the length of the NFR and the location score of the +1
and —1 nucleosome (see above). The results are shown as
boxes between the —1 and +1 nucleosome dyads, color-
coded by the corresponding architecture class. The analy-
sis of nucleosome phasing generates a bigWig file with the
theoretical prediction of the nucleosome positions inside
the gene body, based on periodicity considerations and
the +1 and —last nucleosomes (see above), and a GFF3 file
which is displayed as a coloured box indicating whether
the gene shows ‘phased’, ‘antiphased’ or intermediate nu-
cleosome phasing (see Figure 2A). Similarly, the stiffness
associated to the nucleosomes is represented (through a
GFF3 file) as a box mapping to the nucleosome, coloured
according to the estimated stiffness (see Figure 2A). Nu-
cleosome Dynamics data can be put into genomic con-
text by a series of additional tracks (Supplementary Ta-
ble S3) providing gene annotations and relevant litera-
ture data. Further analyses can be obtained from the web
server, such as detailed plots of nucleosome coverage and
changes in nucleosome distribution between the two ex-
periments (Figure 2B), genome-wide statistics of nucleo-
some architecture around TSS (Figure 2C), and overall
frequency of inclusions, evictions and shifts between the
two experiments (Figure 2D). Finally, Nucleosome Dy-
namics also generates a table listing the number of nucle-
osomes, their status (fuzzy/well-positioned), the identi-
fied nucleosome changes (inclusions, evictions, shifts), the
classification of the promoter and the width of the NFR
at the TSS for every single gene in the genome (Supple-
mentary Table S4). These analyses are useful to test the
effect of a treatment/growth conditions on nucleosome
positioning both globally, or at gene level.

e Running Nucleosome Dynamics on the galaxy platform:
Galaxy is a web-based scientific analysis platform widely
used by scientists to analyse biomedical datasets such
as genomics, proteomics, metabolomics or imaging (31).
Nucleosome Dynamics docker has been wrapped in a
series of Galaxy tools, one for each analysis. Users
can launch them individually, or as part of a Galaxy
workflow, building a custom pipeline that may inte-
grate other Galaxy applications. The tools are published
in the Galaxy ToolShed (see Table 1) and adopted by
the ELIXIR_ES Galaxy server (currently in develop-
ment phase), together with a complete ready-to-use Nu-
cleosome Dynamics workflow. The output calculations,
mainly GFF3 and bigWig files, are treated in the plat-
form as any other sequence annotation file. Plain files like
GFFs are locally displayed using a column-based visual-
ization, while the genomic-context analysis is based on
the UCSC genome browser (35). Galaxy transparently
loads the data to the central UCSC browser service, and
there, the sequences are loaded as custom tracks and vi-
sualized together with the other UCSC annotations.

Benchmarking data sets

The ability of the package to determine the location and
nature of nucleosomes and nucleosome architectures was
evaluated using synthetic maps from single cell nucleosome
architectures that are combined to create in silico MNase
digestion maps approaching closely to those found in real
yeast MNase-seq experiments. For this purpose, we created
multiple single cell nucleosome architectures by first placing
NFRs at specific positions separated by ~2000 bp (the typ-
ical range of NFR-NFR distances in yeast) in a 10 kb DNA
fragment. As the NFR are highly conserved, their positions
are located with small noise in the different cells. Once the
NFRs for a single cell have been placed, we defined windows
for nucleosome positioning using the known average nucle-
osome periodicity (165 bp for yeast in the experiments sim-
ulated here). Each window was associated to either a W or
F nucleosome following probability functions reproducing
their expected populations at different distances from NFR.
Windows that (in a given cell) appeared to be associated to
W nucleosomes have a high probability to be occupied by
a nucleosome, which is placed within a narrow range from
the centre of the window (see Supplementary Figure S4).
On the contrary, windows associated to F nucleosomes have
a higher probability to be empty in a given cell, and once
the nucleosome is assigned, its position is variable within
the window. Once obtained, the population of in silico cells
was processed by in silico MNase digestion repeating this
process many times, introducing ‘digestion noise’ to repro-
duce the distributions of read lengths observed in typical
yeast experiments. The integration of the reads for the entire
population provides an in silico MNase-seq map where we
know exactly the real population and fuzziness of all nucle-
osomes at all positions in the pool of cells. This constitutes
an unambiguous benchmark to validate the performance
of nucleosome annotation software. The probability func-
tions used to generate the different cell nucleosome archi-
tectures were adjusted to qualitatively reproduce reads ob-
tained in real MNase-seq experiments (Supplementary Fig-
ure S4). Synthetic data simulating ATAC-seq experiments
can be derived in a very similar manner.

The synthetic data obtained as explained above were the
starting point to generate pairs of in silico experiments sim-
ulating changes in nucleosome architectures. To this end, a
percentage of the reads was either shifted or removed for a
given nucleosome. Shifts from 1 to 5 turns of DNA (I DNA
turn = 10 bp) were introduced generating 100 replicates in
each case to evaluate the sensitivity of the method to detect
shifts of different lengths and affecting different percentage
of the total population.

RESULTS
Performance using in silico datasets

NucleR.  We explored the ability of the software to posi-
tion nucleosomes using as reference our highly controlled
synthetic data (see Methods). As a control, we repeated
the exercise using another widely used program for nucle-
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osome annotation, DANPOS (15). Both packages show a
good ability to represent the nucleosome architecture us-
ing MNase-seq data. In terms of occupancy DANPOS per-
forms slightly better than the nucleR module implemented
in our Nucleosome Dynamics package (R> = 0.97 for DAN-
POS versus R? = 0.93 for nucleR), while nucleR can detect
better the nucleosome fuzziness (R?> = 0.94 for nucleR ver-
sus R> = 0.87 for DANPOS; see Supplementary Methods.
for description of the metrics). The location of W nucleo-
somes is nearly identical in both methods, but for F nucleo-
somes the results are quite different, as DANPOS annotates
a wide region of sequence reads as a single nucleosome po-
sitioned with a large uncertainty, while nucleR can assign
several nucleosomes to the wide signal, even when in some
cases the two nucleosomes can partially overlap (see Fig-
ure 3A). As a result, DANPOS provides, probably, the best
‘average’ distribution of nucleosomes, but nucleR provides
a more realistic picture of the cellular variability, capturing
the presence of alternative nucleosome architectures in the
cellular population. As it can be seen in Figure 3A, where
selected examples of DANPOS and nucleR nucleosome dis-
tributions are compared with the real nucleosome architec-
ture existing in our synthetic data; in Figure 3B, where we
compare the ability of DANPOS and nucleR to detect the
presence of a percentage of cells showing a different nucle-
osome architecture and in Figure 3C, where we report the
average distance between the real position of the dyads of
the synthetic nucleosomes and those located by DANPOS
or nucleR.

NucDyn. We tested the ability of our method to detect re-
arrangements in the nucleosome architecture using again
our controlled in-silico MNase-seq data, simulating dis-
placement (shift), insertion or eviction of one nucleosome,
occurring in a different percentage of the cells. Sizeable
changes such as nucleosome insertion or eviction are de-
tected with good sensitivity by our method, even when they
affect a relatively small percentage of cells (Figure 3D),
while DANPOS or Dimnp only detect such changes when
affecting a very large proportion of cells. Small nucleosome
shifts (implying less than one turn of DNA) are not de-
tectable by our algorithm unless they occur in a large per-
centage of the cells; while shifts implying a displacement of
at least two turns of DNA (20 base pairs) are detectable with
good sensitivity, even when affecting less than half of the
cellular population (see Figure 3E). In this case, the com-
parison with other programs is difficult, as only DANPOS
(15) allows an indirect way to detect nucleosome shifts by
looking at distances between nucleosome peaks in both ex-
periments. Unfortunately, with our synthetic data, DAN-
POS achieved poor sensitivity (less than 0.20 for 5 turns of
DNA shift in 70% of cells and <0.1 for 3 turns shifts affect-
ing also 70% of cells; see Supplementary Figure S5).

In summary, analysis of well-controlled in silico data
shows that the Nucleosome Dynamics package (including
NucDyn and nucleR) is not only a very powerful tool to de-
fine nucleosome families from MNase-seq experiments per-
formed with a population of cells, but also a powerful ap-
proach to detect subtle changes in nucleosome architecture
affecting a percentage of the cells in the studied sample.

Nucleic Acids Research, 2019, Vol. 47, No. 18 9517

Test cases

In order to illustrate the information derived from Nucle-
osome Dynamics, we applied our method in different real
cases where experimental MNase-seq data were available.
It is important to mention that the biological relevance of
this type of comparison depends on the quality of the data
and especially on the similar level of MNase digestion of the
samples being compared. Indeed, several groups, including
ours, have demonstrated the impact of the level of MNase
digestion on the final nucleosome maps in several organ-
isms, essentially at the level of the so-called ‘fragile’ nucle-
osomes (19,36-38). To illustrate this observation, we took
advantage of the extensive study made by (36) and used Nu-
cleosome Dynamics to compare nucleosome positioning in
the input of two H2B and two H4 MNase-ChIP-seq sam-
ples, one under-digested and one over-digested (50U and
400 U of MNase respectively for H2B; 25 U and 300 U
MNase respectively for H4). First, we focused on the H2B-
input samples and confirmed that the number of nucleo-
some detected by nucleR decreases as the amount of M Nase
increases (from 80 160 down to 72 775, Supplementary Ta-
ble S5) which is corroborated by the detection by Nuc-
Dyn of 3559 evictions genome wide (Supplementary Ta-
ble S6). At the promoter level, the proportion of W-open-
W TSS increases from 123 to 2026 while the W-close-W
TSS decreases from 2656 down to 346 (Supplementary Fig-
ure S6A). Regarding the phasing analysis, the percentage of
phased genes does not change significantly due to the level
of MNase digestion (Supplementary Figure S6B). Similar
numbers were obtained for the H4-input samples. Hence, it
is important to control MNase digestion level before using
Nucleosome Dynamics package. Another technique that is
not influenced by the level of MNase digestion is chemical
cleavage mapping. NucleR can be applied to map nucleo-
some positions using the coverage obtained from these ex-
periments (Supplementary Figure S7),

Cell cycle. The first example comes from the analysis of
the changes in nucleosome organization occurring along
the cell cycle in yeast, using our own previously published
data (39). As shown in Figure 4A, the nucleR module of the
Nucleosome Dynamics package suggests that nucleosomes
tend to be fuzzier (F) in S and M phases compared to G1
and G2 phases. The increase in fuzziness in S and M phases
impacts on the promoter classification as the number of W-
open-W and W-closed-W promoters decreases compared to
G1 and G2 (Figure 4B), but overall the ratio of closed/open
NFRs (nucleosome free regions) is not dramatically altered
along cell cycle (Supplementary Figure S8). Very interest-
ingly, the changes in nucleosome architecture detected by
NucDyn are not randomly distributed along the genome,
but appear to be localized in specific families of genes, which
are related to cell cycle progression, as shown by Gene On-
tology (GO) Enrichment Analysis (40) in Figure 4C. Exam-
ples of the detailed information provided by Nucleosome
Dynamics for some specific genes are shown in Figure 4D,
where we report nucleosome maps of PRY2 (a gene related
to lipid transport), whose expression peaks in G1 phase,
YHP] (involved in negative regulation of transcription of
certain cell cycle genes), and GICI (a GTPase-interaction
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component involved in mitosis regulation) expressed in S
phase (39). In the three cases, expression changes correlate
with significant variation in nucleosome architecture at the
promoter region between two stages of cell cycle. Typically,
eviction or shifts reducing the presence of nucleosome in the
core promoter region are related to active states of the genes
(4,19,28,41,42).

Yeast metabolic cycle. A second example of use of our tool
was the comparison of nucleosome architecture amongst
cells at different stages of the yeast metabolic cycle (YMC).
We took advantage here of high resolution experiments (43)
in which the authors analysed simultaneously gene expres-

sion and MNase-seq maps at regularly spaced periods of
time after adding fresh culture media. At two of these time
points (T9 and T12 in Nocetti and Whitehouse 2016) dra-
matic changes of expression in genes related to reductive
charging (poorly transcribed at T9 and highly transcribed
at T12) and oxidative phase (highly transcribed at T9 and
poorly transcribed at T12) have been detected. Analysis
of global nucleosome architecture shows moderate changes
between T9 and T12 (Figure 5A), but differences are more
noticeable when the analysis is focused on Ox-genes (in-
volved in amino acid synthesis, sulphur metabolism, ribo-
some and RNA metabolism (44), which are expressed in
T9 and repressed in T12) and R/C genes (involved in non-
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Figure 4. Nucleosome Dynamics along the cell cycle. (A) Percentage of fuzzy and well-positioned nucleosomes and (B) promoter classification (number
of genes in each class) for every cell cycle stage. (C) GO terms enriched in genes with nucleosome changes between G1 and S detected by NucDyn. (D)
Example of three cell-cycle dependent genes that present differential nucleosome architectures between G1 and S. In gray, the normalized coverage from
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nucleR are represented (dark blue for well-positioned nucleosomes, light blue for fuzzy nucleosomes). The fifth track contains shifts (yellow for positive,
blue for negative), inclusions (green) and evictions (red) identified by NucDyn.

respiratory metabolism, protein degradation, autophagy
and vacuole (44), which are expressed in T12 and repressed
in T9). Nucleosome Dynamics allows the detection and
quantification of the alterations in nucleosome architecture
coupled to such changes in expression. Thus, for Ox-genes
(Figure 5B), the fuzziness at the —1 nucleosome decreases
when moving from T9 to T12, in agreement with the general
rule that reduced NFR upstream the well positioned +1 nu-
cleosome correlates with inactive genes. On the contrary, for
R/C genes (Figure 5C) the NFR upstream well positioned
+1 nucleosome enlarges, since the —1 nucleosomes become
fuzzier, again in perfect agreement with the changes of ex-
pression. To discard any biases resulting from the MNase
digestion conditions, we confirmed that the length of the se-
quenced fragments was comparable in both samples (Sup-

plementary Figure S9). Examples of the detailed informa-
tion provided by Nucleosome Dynamics for three Ox-genes
(NSRI, RRP4 and SNUI3, all of them related to riboso-
mal biogenesis and RNA metabolism) are shown in Figure
5D, where upon T9—T12 transition, shifts and even inser-
tions are shown leading to a reduction in the width of the
NFR upstream the TSS: a fingerprint of gene deactivation.
Similarly, Figure SE provides the same type of informa-
tion for three R/C genes (CTAI, SUEI and SAFI), which
are associated respectively with peroxisome, cytochrome C
degradation and proteasome (see above). In the three cases,
T9—T12 transition is coupled with massive nucleosome
eviction upstream the TSS, leading to open configurations
of NFR, typical of highly expressed genes.
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Changes in nutrients.

As a last test, we applied Nucleo-

ose metabolism and redox activities are those for which the

some Dynamics to explore the modifications in nucleosome
architecture in yeast, linked to the change in the media from
glucose-rich to either galactose-rich or ethanol-rich (45).
Changes in the TSS nucleosome architecture classification
occur among the three conditions (Figure 6A). There are
not complete expression data in Kaplan ez al. 2009, but we
expected that replacement of glucose by galactose in the
media would imply changes in expression in genes related
to carbohydrate metabolism and transport which encour-
agingly, are those where sizeable changes in nucleosome ar-
chitecture are detected by Nucleosome Dynamics (Figure
6B). Similarly, replacement of glucose by ethanol was ex-
pected to have an impact on the cell through: (i) expres-
sion of stress response genes, (ii) changing completely hex-
ose metabolism in the absence of hexoses and (iii) eliminat-
ing ethanol through oxidation generating changes in the re-
dox state of the cell which need to be corrected (46). Very
encouragingly again, genes involved in stress response, hex-

largest changes in nucleosome architecture have been de-
tected (Figure 6C).

We analysed in detail some genes which are ex-
pected to change dramatically their expression upon
glucose— galactose substitution, as they are crucial to inte-
grate galactose in normal hexose metabolism: GALI, cod-
ing for a Galactokinase, GALI0, coding for the UDP-
glucose-4-epimerase, and GAL7, coding for the galactose-
1-phosphate uridyl transferase (Figure 6D). In the three
cases evictions and shifts (in some cases noticeably) generate
wider NFRs upstream the gene, changes that in some cases
extend to the coding regions and that signal a pronounced
increase in expression of these galactose-related genes.

A similar detailed analysis was made for three genes
which are expected to be overexpressed when ethanol sub-
stitutes glucose as energy source: two stress response genes
HSP26 and HSPI12, and HXKI, a hexokinase activated
when cells are shifted to a non-fermentable carbon source
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Figure 6. Nucleosome Dynamics under different nutrient conditions. (A) Promoter classification in glucose, galactose and ethanol rich media. (B and C)
GO terms enriched in genes with nucleosome changes detected by NucDyn, changing the medium from glucose to galactose or ethanol, respectively. (D
and E) Example of three genes involved in galactose and ethanol metabolism, respectively, that present differential nucleosome architectures depending
on the carbon source. In gray, the normalized coverage from the BAM files of the two cell cycle stages, 500 bp upstream and 1000 bp downstream the
TSS. Below each BAM file, the nucleosome calls obtained with nucleR are represented (dark blue for well-positioned nucleosomes, light blue for fuzzy
nucleosomes). The fifth track contains shifts (yellow for positive, blue for negative), inclusions (green) and evictions (red) identified by NucDyn.
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such as ethanol (47). Results in Figure 6E illustrate the mag-
nitude of the changes (mainly evictions) detected by Nucle-
osome Dynamics, which affect the NFR, and even in some
cases the coding regions.

DISCUSSION

Different studies demonstrated that nucleosome architec-
ture is coupled to gene function (4,43,48) and that transcrip-
tional activity and nucleosome architecture are tightly cou-
pled. Unfortunately, detecting changes in nucleosome archi-
tecture is complex as nucleosomes are dynamic and even
a population of ‘identical’ well synchronized and grown
under identical conditions cells might have nucleosomes
placed at different positions. This, combined with the in-
trinsic uncertainties of MNase- or ATAC-seq experiments,
generate noisy data which are difficult to process for pre-
cisely locating nucleosomes and even more difficult to de-
tect significant changes in nucleosome arrangements due to
internal or external stimuli. The suite of programs incorpo-
rated in Nucleosome Dynamics allows not only a robust lo-
cation of nucleosomes, even in cases of heterogeneous pools
of cells, but also the detection of changes in nucleosome ar-
rangements, even those affecting a moderate population of
cells. To increase its utility, Nucleosome Dynamics is inte-
grated into a powerful virtual research environment, where
it is combined with different tools for analysis of data and
visualization in the context of genomic metadata, which
help the user not only to analyse nucleosome architecture
and dynamics, but also to put them in the context of known
genomic information (Figure 2).

We validated the methodology using synthetic data that
mimic typical MNase-seq maps, in which the positions of
the nucleosome in the different cells are unambiguously
known. The two main modules of Nucleosome Dynamics
(nucleR and NucDyn) perform very well capturing cellu-
lar diversity and detecting shifts, evictions and inclusions
that affect a moderate percentage of the cellular population.
Furthermore, we tested the power of the methodology by
exploring nucleosome rearrangements occurring along cell
cycle, yeast metabolic cycle, and those linked to the change
in the source of energy from glucose to galactose or ethanol.
In the tested cases, Nucleosome Dynamics provides accu-
rate global and local descriptions of nucleosome structure
and dynamics and deciphers the nature of the connection
between nucleosome organization and gene expression.
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