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Wavelet transform analysis of chromatin texture changes during
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Summary

Texture analysis can be a useful tool to investigate the organi-
zation of chromatin. Approaches based on multiscale analysis
and in particular the ‘à trou’ wavelet analysis has already been
used for microscopy (Olivo Marin). In order to analyse texture
changes, the statistical properties of the wavelet coefficient
images were summarized by the first four statistical orders:
mean, standard deviation, skewness and kurtosis of the co-
efficient image histogram. The ‘à trou’ transform provided a
representation of the wavelet coefficients and texture parame-
ters with the same statistical robustness throughout the scale
spaces. It was applied for quantifying chromatin texture and
heat-induced chromatin changes in living cells. We investi-
gated the changes by both laser scanning and spinning disk
confocal microscopies and compared the texture parameters
before and after increasing duration of heat shock exposure
(15 min, 30 min and 1 h). Furthermore, as activation of the
heat shock response also correlates with a rapid localization
of HSF1 within a few nuclear structures termed nuclear stress
bodies (nSBs), we compared the dynamics of nSBs formation
with that of textural changes during 1 h of continuous heat
shock. Next, we studied the recovery phase following a 1-h
heat shock. Significant differences were observed, particularly
affecting the perinucleolar region, even for the shortest heat
shock time affecting mostly the skewness and standard de-
viation. Furthermore, progressive changes could be observed
according to the duration of heat shock, mostly affecting fine
details (pixel-wise changes) as revealed by the parameters, ob-
tained from the first- and second-order wavelet coefficients. ‘A
trou’ wavelet texture analysis provided a sensitive and efficient
tool to investigate minute changes of chromatin.
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Introduction

Nuclear texture analysis provides information about chro-
matin packing and nuclear organization. Chromatin consists
mainly of DNA and histones. Several levels of chromatin orga-
nization have been described in the interphase nuclei starting
from the fundamental nucleosomal unit made of 146 base
pairs of DNA wrapped around a histone octamer, to higher
order levels of organization (Felsenfeld & Groudine, 2003).
Acetylation and deacetylation are important epigenetic post-
translational modifications (PTM) targeting histones that lo-
cally affect histone dynamics, chromatin structure and their
interaction with other partners (Julienne et al., 2013; Ho et al.,
2014). Histone acetylation by HATs (histone acetyl trans-
ferase) is known to correlate with chromatin opening. Acety-
lated histones are enriched at euchromatic regions favouring
binding of chromatin remodelling factors, transcription fac-
tors and gene expression (Bartova et al., 2008). Conversely,
deacetylation of histones by HDACs (histone deacetyl trans-
ferases) is associated with gene repression and correlates
with condensed chromatin (heterochromatin). In living cells,
global chromatin decondensation and increased chromatin
accessibility occur in response to trichostatin A (TSA), a his-
tone deacetylase (HDAC) inhibitor (Gorisch et al., 2005; Rao
et al., 2007; Lleres et al., 2009; Watson et al., 2010). In ad-
dition, structural proteins, remodelling factors and histone
variants are also known to modulate higher order chromatin
structure (Misteli, 2010; Woodcock & Ghosh, 2010).

Chromatin remodelling is essential in the regulation of gene
expression and is involved in fundamental cellular processes
such as transcription in close coordination with DNA damage
response (Bell et al., 2011; Adam & Polo, 2014) and differen-
tiation (Talwar et al., 2013, Chen & Dent, 2014). Alteration
of chromatin can result from mutations and miss-expression
of associated proteins. In addition, chromatin structure is
also sensitive to intracellular parameters such as calcium or
ATP concentrations (Lleres et al., 2009; Talwar et al., 2013;
Visvanathan et al., 2013). It is therefore not surprising that
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changes in higher order chromatin are often observed in ma-
lignant cells (Misteli, 2010; Fullgrabe et al., 2011). In this
general context, nuclear texture represents a relevant marker
to assess diagnosis of human diseases (Weyn et al., 1998; Van
De Wouwer et al., 2000; Murata et al., 2002; Huisman et al.,
2005; Scheurer et al., 2007).

In this work, we sought to analyse the consequences of
environmental changes on chromatin texture. Heat-shock
represents a relevant biological way to investigate chromatin
remodelling events accompanying changes in gene expres-
sion. The heat shock response is triggered by temperature rise
of a 5–7°C. It is accompanied by a global arrest of transcription
and translation contrasting with the specific transcriptional
activation of a small set of genes known as hsp ‘heat shock
protein’ genes. Hsp gene activation is mediated by ‘Heat Shock
Transcription Factor 1’ (HSF1), the key transcription factor of
the heat shock response (Akerfelt et al., 2010). In unstressed
cells, HSF1 is present as a monomer. Upon heat shock, HSF1
trimerizes, undergoes posttranslational modifications and
gains the capacity to bind DNA (Herbomel et al., 2013). Inter-
estingly, active HSF1 also accumulates within 1 μm nuclear
structures in human cells, called nuclear Stress Bodies or nSBs
(Biamonti & Vourc’h, 2010). nSBs represent sites of accumu-
lation of HSF1 to pericentric regions enriched in repetitive
satellite III (Sat III) sequences. Pericentric heterochromatin
is transcriptionaly silent in unstressed cells. Upon stress, the
HSF1 dependent activation of Sat III sequences results in the
RNA polymerase II driven accumulation of long noncoding,
stable RNAs. Sat III RNAs remain stably associated with the
9q12 loci (Jolly et al., 2004; Eymery et al., 2009; Eymery et al.,
2010). In contrast to the rest of the nucleus, chromatin at hsp
genes and nSBs is acetylated in heat shocked cells (Thomson
et al., 2004; Fritah et al., 2009).

Higher order chromatin structure has been studied us-
ing various biophysical approaches such as modelling of ex-
periments to evaluate the impact of DNA sequence motifs
(Arneodo et al., 2011), linker lengths (Luque et al., 2014),
tail modifications and chromatin loops (Doyle et al., 2014;
Wang et al., 2015). In situ approaches such as fluorescence in
situ hybridization (FISH), chromosome conformation capture
technology (3C, 4C, 5C, Hi-C) or FRET techniques have been
carried out to measure proximity between DNA sequences
(Dekker et al., 2013; Belmont, 2014) or between nucleosomes
(Lleres et al., 2009). So far, methods based on chromatin tex-
ture analysis, though limited in resolution, have been mainly
used to probe chromatin arrangement and detect changes
in fixed or living cells (Huisman et al., 2005; Depeursinge
et al., 2013). Most of these studies have been performed using
Haralick co-occurrence matrices (Haralick et al., 1973) and/or
Galloway run-length matrices (Galloway, 1975). In these ap-
proaches, the grey-level dynamics has to be drastically reduced
(in general down to 16 or even 8 grey levels) in order to limit
the computation burden as well as the size of the co-occurrence
matrices. This type of approach is indeed relevant when major

changes of texture, characterized by the presence of high con-
trasts, occur. However, when structural changes or changes
of dynamics need to be explored over a very short period of
time, the reduced grey level number may become a problem,
causing small, though significant, changes of texture that are
not detected.

Alternative approaches based on multiscale descriptors
such as fractal descriptors (Bancaud et al., 2012) and wavelet
analysis (Bijaoui et al., 1996; Van de Wouwer et al., 1999; Van
de Wouwer et al., 2000; Olivo Marin, 2002) have also been
introduced to analyse texture by microscopy approaches. So
far, wavelet transformations have been more often used for
image compression than for image analysis. However, de-
velopment of open source image analysis softwares such as
ImageJ (Rasband WS, National Institutes of Health, Bethesda,
Maryland, USA, http://imagej.nih.gov/ij/) makes it now pos-
sible to use this type of powerful process for the quantification
of microscopy images (Unser, 2014). Briefly, wavelet transfor-
mations have been used to decompose images of the nuclear
texture into images (coefficient images) of various scales, from
fine details to large identified structures. Usually, only the re-
spective energies of the wavelet coefficients (i.e. the integrals of
the coefficient images) have been used for texture analysis. In
our study, we have extended the number of texture descriptors
by taking advantage of the first four orders of the statistical dis-
tribution of the coefficient images: mean, standard deviation,
skewness and kurtosis. Furthermore, we have used a vari-
ant of the wavelet transform called ‘à trou’ transform (Bijaoui
et al., 1996; Olivo Marin, 2002). Our objective was twofold:
on the first hand, we wanted a representation of the wavelet
coefficients making it possible to obtain a direct visual inter-
pretation, on the second hand we sought to provide texture
parameters with the same statistical robustness throughout
the scale spaces (images of wavelet coefficients). In contrast
to the classical wavelet, in the ‘à trou’ algorithm, the size of
the image grid is not modified whereas the kernel of the con-
volution wavelet is dilated between the decomposition steps.
This provides the advantage of keeping a constant number of
pixels involved in the calculation of the histogram of wavelet
coefficient whatever the step of decomposition. Therefore, the
higher order moments have the same statistical robustness for
all steps and can be directly compared.

In this paper the ‘à trou’ wavelet transform was applied to
the study of heat-induced chromatin changes. We investigated
the gross nuclear texture changes induced by heat shock, the
effect of heat shock duration, and the dynamics of texture
changes during induction and recovery.

Materials and methods

Cell culture

Human HeLa cells were transfected using Lipofectamine 2000
(Invitrogen, Carlsbad, CA, USA) and constructs expressing
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the core histone H2A fused to the eGFP auto-fluorescent
protein. Stable eGFP-H2A cell line was selected and was
grown in DMEN supplemented with 10% fetal bovine serum,
0.1 mg mL–1 streptomycin and 1 mM L-glutamine (Invitro-
gen). For measurement, cells were plated on Lab-Tek I cham-
bered cover-glass (Nunc, Roskiklde, Denmark) or Delta T dish
(Bioptechs, Butler, PA, USA) and were observed in cell medium
without phenol red.

CLSM image acquisition

Nuclear texture images were first acquired on a confocal
laser scanning microscope (Confocor II, Zeiss, Iena, Germany)
equipped with a X40 C-Apochromat water immersion objec-
tive (NA = 1.2). The eGFP-H2A protein was excited with a
488 nm argon ion line and the fluorescence emission was
recorded through a 505-nm long pass filter (LP). The pinhole
size was adjusted to 1 Airy unit. To decrease noise, four im-
ages of each section were averaged. Thirty optical sections
were collected through an entire cell nucleus of living cells
with a 0.5 μm between sections. The pixel size was equal to
112 nm x 112 nm. During the experiments, cells were main-
tained at 37°C in an atmosphere containing 5% CO2, using a
small incubator system (Zeiss). Heat shock was performed at
42°C on a heating plate close to the microscope. The heating
time was equal to 15 min, 30 min or 1 h. Under stress, the
response is very fast and occurs within a few minutes (Eymery
et al., 2010). One hour heat shock is commonly used stress
duration and using this condition the response is reversible
(Jolly et al., 1997). In order to check heat shock efficiency, the
formation of nSBs was detected in situ through immunofluo-
rescence or HSF1-tagRFP-T expression. Cells analysed before
heat shock were relocated and analysed after heat shock. For
the texture analysis, five neighbour optical slices were selected
in the middle of the nucleus.

Spinning disk image acquisition

Complementary studies were performed using a spinning disk
confocal laser microscopy system (Andromeda iMIC, FEI, Mu-
nich, Germany), equipped with a X63 plan-apochromat oil im-
mersion objective (NA = 1.46) and an EMCCD camera (iXon3
897, Andor, Belfast, UK). Heat shock was performed directly
on the microscope stage using the Delta T open dish system
(Bioptechs) which uses electrical resistance heating via thin
film bottom coating of the cell dish. Long heat shock recov-
ery was followed using a heating and incubation system (Ibidi
GmbH, Martinsried, Germany). A 488-nm diode laser was
used to excite the fluorescence of eGFP-H2A proteins then a
561-nm solid state laser was used to excite the fluorescence
of HSF1-mRFP-T proteins. The fluorescence emission signals
were recorded sequentially, through a 405/488/561 dichroic
slider and a 446/523/600/677 emission filter. The pixel size
was equal to 100 × 100 nm and the axial step was 300 nm.

For each time point a stack of 30 planes was recorded with the
exposure time 100 ms per frame and electronic gain 100×,
no sign of photobleaching was observed in either fluorescence
channel. Acquisition was limited to three microscopy fields in
order to cumulate data obtained at a very similar time (<50 s).
For the texture analysis, eleven neighbour optical slices were
selected in the middle of the stack.

Wavelet transformation

The wavelet transform decomposes a signal in a series of co-
efficients on an orthogonal basis, which describe the local
contrasts at various scales and a final so-called wavelet plane,
which describes the final residuals. The type of contrast that
is measured is characterized by the properties of the selected
wavelet. In the case of fluorescence texture analysis of nuclei,
we used a Gaussian kernel as the basis for the decomposition
wavelet. We used the ‘à trou’ wavelet decomposition (Bijaoui
et al., 1996; Olivo Marin, 2002) which is better suited for the
calculation of our texture parameters (see Appendix).

Prior to wavelet decomposition, the intensities of the pixels
were standardized with respect to the mean intensity and stan-
dard deviation in the whole nucleus. This was done in order to
obtain texture information that is not depending on a global
difference of intensity in the fluorescence signal between 3D
series or instabilities in the acquisition process. However, be-
fore performing this standardization we calculated the global
coefficient of variation of grey levels to provide a global mea-
surement of the chromatin organization.

Figure 1 shows an example of the ‘à trou’ decomposition of
a 2D section of a nucleus where each image (Figs. 1C and D) is
that of the wavelet coefficients calculated at a given scale (from
fine to gross resolution). The texture parameters that we mea-
sured are the first four statistical moments of the distribution
(Fig. 1E) of the wavelet coefficients (i.e. contrast levels) at each
scale. In practice, we considered the first five coefficient images
(named C1–C5 and corresponding to space scales 0.22, 0.45,
0.90, 1.79 and 3.58 μm), which gives a total of 20 texture
parameters: mean, standard deviation, skewness and kurtosis
for C1–C5.

However, an important issue had to be solved for the cal-
culation of the wavelet transform. The objects of interest (i.e.
the nuclei) are spatially bounded and do not extend over the
full size of the image whereas the wavelet transform is global.
As a consequence the wavelet coefficients calculated on the
pixels located close the nuclear membrane are influenced by
outside information (black background), furthermore for high
order wavelets (C4 and C5) the wavelet coefficients within a
given nucleus can even be influenced by the information from
another nucleus located in its immediate neighbourhood. In
order to avoid the interference of information coming from
different nuclei within the same image, the first processing
consisted in extracting each nucleus from the image and in
transferring them into separate vignette images. This way,
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Fig. 1. Example of wavelet decomposition. (A) 2D fluorescence image of a section through a nucleus. (B) Modified image, pixels of the background are
set to the average intensity of the nucleus. (C) Images of the first four wavelet coefficients obtained for image A. (D) Images of the first four wavelet
coefficients obtained for image B. Right column: histograms (H1–H4) of the wavelet coefficient values within the nucleus for the corresponding wavelet
images (C1–C4). The measured texture parameters are the first four moments of the histograms: mean, standard deviation, skewness and kurtosis.

the vignette images could be processed and analysed without
interference.

Next, it was necessary to preprocess the vignette images
in order to alleviate the influence of the background. Figure
1(C) shows the first four wavelet coefficient images obtained
from the ‘à trou’ transform of a single image vignette (Fig. 1A)
without preprocessing. It can be seen that the pixels of the
nucleus located close to the edge were brighter than the other
pixels. This is because the background pixels surrounding the
nucleus were taken into account during the wavelet calcu-
lation. Therefore, the edge of the nucleus was detected as a

strong discontinuity in the image and this created a so-called
‘ripple’ or ‘ringing’ effect inside the nucleus. This ringing does
not describe the actual chromatin texture and contaminates
the useful texture information. In order to alleviate this ef-
fect, we processed the vignette images (Fig. 1A) as follows:
(i) the image was segmented in order to extract the binary
mask of the nucleus, (ii) the average grey level of the nucleus
was measured through this binary mask and (iii) the back-
ground pixels (i.e. those outside the binary mask) were set to a
grey-level equal to the average grey level of the nucleus. This
way, the background pixels have a negligible influence on the
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wavelet coefficients calculated for the nuclear pixels close to
the edge. Figure 1(D) shows the result of wavelet decomposi-
tion performed on the preprocessed vignette image (Fig. 1B).
The edge ringing disappeared and now the wavelet coefficients
calculated within the pixels close to the edge of the nucleus
are relevant to the nucleus texture.

For the texture analysis in the nucleus volume, we per-
formed wavelet analyses on neighbour optical slices selected
in the middle of the stack. The final histograms of wavelet
coefficients used for parameter calculations were obtained by
pooling the histograms obtained for each of section planes.

The same nuclei were acquired in 3D and analysed before
and after heat shock. Statistical analysis was performed us-
ing Stata/IC statistics/data analysis software (StataCorp, TX,
USA).

Nuclear stress bodies

Nuclear stress bodies were automatically detected using Im-
ageJ software. The segmentation threshold was defined using
the MaxEntropy method and despeckled using 3 × 3 median
filter. The process was applied on each section plane. Mea-
surement of the total projected area of nSBs was performed
on the cumulative projection of the whole stack of images (Z
projected image).

Results

Parameters to analyse heat-induced textural changes

Nuclei were imaged before and after a 1-h heat shock. Their
textures were expressed with four parameters for each of the
five coefficient planes (C1–C5). These parameters were the
first four statistical moments of the coefficient histograms:
mean, standard deviation, skewness and kurtosis. Textural
changes between pre- and postheat shock were investigated
by a multivariate analysis. Nuclear texture images were split
by the ‘à trou’ wavelet transform into five coefficient images
corresponding to contrasts at various scales, from fine to
gross details (Fig. 1) and were measured. As summarized in
Table 1, nearly all parameters were highly significant. The
mean value and the skewness were higher following heat
shock whatever the wavelet scale. Meanwhile, the standard
deviation was higher following heat shock only at high scales
(C4 and C5). As assessed by paired t-test values, kurtosis over
all scales and parameters for scale C5 were the least significant
parameters.

Impact of heat-shock duration on the evolution of textural changes

Changes of nuclear texture were then analysed in cells sub-
mitted to 15 min, 30 min or 1 h heat shock. Figure 2 shows
some examples of the same nuclei before (left column) and
after heat shock (right column). The data are presented in Ta-

ble 1. Interestingly, in all nuclei, nuclear texture appeared as
more heterogeneous after heat shock, whereas in contrast, an
accentuation of dense chromatin areas around the nucleoli
and at the vicinity of the nuclear membrane was observed. In
all cases a statistically significant change of texture parame-
ters altogether was observed (paired Hotelling’s T-squared test,
p < 0.001).

Data analyses showed that stress-induced variations of the
three first parameters were observed at small spatial scales:
skew C1, skew C2 and kurt C1 for HeLa cell line; skew C3,
skew C2 and mean C1 in U20S cell line (data not shown).

Heat-induced chromatin changes were then also analysed
in a U2OS human cell line. Despite significant differences in
their nuclear textural parameters, both HeLa and U2OS cell
lines responded to a 1-h heat shock in a similar way. Data
analyses showed that the three first parameters that changed
upon heat shock were observed at small (C1 and C2) spatial
scales: skew C1, skew C2 and kurt C1 for HeLa cell line; skew
C3, skew C2 and mean C1 in U20S cell line.

The three groups of cells corresponding to the different time
of stress exposure were clearly identified with discriminant
analysis and a progressive impact of the heat-shock duration
was observed (Fig. 3). The first discriminant factor was highly
significant. The parameters correlated with the first discrim-
inant factor were similar to those exhibiting the highest F
values of the ANOVA test (Table 1, last column). Therefore,
among all our texture parameters, some (mean C1, stdv C1,
skew C1, kurt C1, mean C2 and skew C2) were better to trans-
late the evolution of textural patterns due to stress duration.
It appeared that the first wavelet coefficients (C1 and C2) ac-
counted for most of the changes related to the stress duration.
Because C1 and C2 corresponded to the highest spatial fre-
quencies this means that the changes involved fine details of
the chromatin.

Correlation between textural changes and nSB formation

The kinetics of evolution of textural changes upon heat shock
was correlated to the kinetics of formation of nSBs. To this end,
we used a spinning disk system equipped with a system making
it possible to perform sequential acquisitions without bleach-
ing on cells submitted to a continuous heat shock. Acquisitions
were performed at 5-min intervals during 1 h at 37°C followed
by 1 h at 42°C. The successive acquisitions in unstressed and
stressed cells were used to estimate the impact of two successive
acquisitions on the texture itself. All the differences between
two successive acquisitions (δ = 5 min) were calculated. As
expected, the differences (n = 156) we observed, except for
three of them (mean C4, mean C5 and stdv C5) were highly
significant in the heat-shock phase. Significant differences
(n = 144) were also observed in the nonheat-shock phase
for the following parameters: CV, skew C1, skew C2, stdv C2,
stdv C3 and kurt C5. However, in these cases, differences were
of lower amplitude (2- to 5-folds) than the differences observed
in the heat-shock phase.
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Table 1. Differences in size and in texture parameters between nonheat-shocked and heat-shocked cells (mean ± SEM)

Variables NHS: 15-min HS NHS: 30-min HS NHS: 1-h HS ANOVA F-value

Cell number 46 45 49
Cross–section area (μm2) 15.09 ± 1.61 17.45 ± 2.25 19.38 ± 1.93 1*
Fl. Coefficient variation –0.061 ± 0.008 –0.071 ± 0.004 –0.148 ± 0.004 72
Mean C1 –0.002 ± 0.000 –0.003 ± 0.000 –0.006 ± 0.000 89
Standard deviation C1 0.022 ± 0.001 0.029 ± 0.002 0.039 ± 0.001 41
Skewness C1 –0.066 ± 0.049* –0.222 ± 0.023 –0.815 ± 0.033 119
Kurtosis C1 0.547 ± 0.267 0.969 ± 0.111 3.060 ± 0.243 38
Mean C2 –0.002 ± 0.000 –0.004 ± 0.000 –0.007 ± 0.000 120
Standard deviation C2 0.017 ± 0.001 0.020 ± 0.002 0.017 ± 0.001 1*
Skewness C2 –0.130 ± 0.029 –0.232 ± 0.020 –0.604 ± 0.021 114
Kurtosis C2 0.054 ± 0.055* –0.122 ± 0.056 –0.425 ± 0.100 11
Mean C3 –0.003 ± 0.000 –0.006 ± 0.001 –0.011 ± 0.001 73
Standard deviation C3 –0.001 ± 0.002* –0.002 ± 0.001* –0.015 ± 0.002 24
Skewness C3 –0.214 ± 0.022 –0.293 ± 0.027 –0.451 ± 0.024 24
Kurtosis C3 –0.302 ± 0.077 –0.554 ± 0.109 –0.942 ± 0.103 11
Mean C4 –0.006 ± 0.001 –0.010 ± 0.001 –0.012 ± 0.001 22
Standard deviation C4 –0.010 ± 0.002 –0.017 ± 0.002 –0.020 ± 0.002 8
Skewness C4 –0.195 ± 0.029 –0.144 ± 0.030 –0.273 ± 0.030 5
Kurtosis C4 0.036 ± 0.077* –0.173 ± 0.080 –0.284 ± 0.092 4
Mean C5 –0.006 ± 0.001 –0.007 ± 0.001 –0.005 ± 0.001 3
Standard deviation C5 –0.009 ± 0.002 –0.012 ± 0.002 –0.006 ± 0.002 2*
Skewness C5 –0.009 ± 0.039* 0.073 ± 0.035 –0.043 ± 0.044* 2*
Kurtosis C5 0.310 ± 0.106 0.146 ± 0.070 0.076 2*

*Nonsignificant value (p = 0.05).

On average, the relocation of HSF in nuclear stress bodies
became visible from 6.25 min and the Z projected areas of
all the nSBs in the nuclei increased according to the dura-
tion of the heat shock (Fig. 4). Textural changes were also
observed at shortest time (5-min heat shock) and increased
according to the duration of the heat shock (Figs. 5A and C).
The main changes were observed for the skewness (that can be
interpreted as the balance between bright and dark contrasts)
parameters, the values of which increased over time, although
with a smaller amplitude for the first and fifth wavelet coeffi-
cients C1 and C5 (Fig. 5A). Furthermore, significant changes
were also observed for the standard deviation (that can be in-
terpreted as the global contrast) however these changes were
less correlated through the scales. As a matter of fact, a de-
crease was observed for wavelet coefficient C1, whereas an
increase was observed for both C3 and C4 (Fig. 5C). The com-
bined changes of the skewness and standard deviation mainly
occurring at intermediate scales would translate an increased
localization of the fluorescence around the nucleoli. Next we
studied the recovery phase following a 1-h heat shock at 42°C
(Figs. 5B and D). A similar optical set up was used but under 5%
CO2 environment. We observed that the skewness parameters
were still increasing during the first hour of recovery, and then
exhibited a significant decay (Fig. 5B) at a time the standard
deviations had already returned to their initial values (shorter
that 1 h after the end of heat shock) (Fig. 5D). On average,

the onset of the skewness decay phase was concomitant with
the disappearance of nuclear stress bodies and was observed
in these cells after 1.25 h of recovery.

Discussion

Several different factors are likely to account for variations in
nuclear texture. In this work, the same cells were imaged over
the course of the heat-shock response and the evolution of the
nuclear texture analyzed through paired t tests. This approach
is more prone to reveal subtle variations, than when different
sets of cells are compared. Besides heat shock, other factors,
such as acquisition process, cell cycle progression, can infer
in the evolution of textural parameters. However, our data
clearly show that heat shock is the main factor contributing
to the differences of texture we observe.

In this work, a ‘à trou’ wavelet method was applied to texture
analysis. Such a multiresolution approach presents the advan-
tage of identifying the main scale of chromatin transformation.
The four first moments extracted from the histogram of the
wavelet coefficients complete the information: the kurtosis is a
measure of flatness or peakness, compared to a Gaussian his-
togram, the skewness is a measure of symmetry (and therefore
a measure of chromatin condensation when positive) and the
standard deviation a measure of variability (higher, when pos-
itive and negative contrasts are both present). Skewness values
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Fig. 2. Heat-shock-induced changes of chromatin texture. The same cells were observed before (NHS) and after 15 min, 30 min or 1-h heat shock (HS).
The contrast of fluorescence images was inverted.

we observe are therefore likely to reveal increased chromatin
compaction. Similarly, increased standard deviation value, at
low and intermediate scales, reveals increased heterogeneity
of chromatin texture caused by heat shock. The evolution
of both parameters is in good agreement with the contrast-
ing impact of heat shock on gene expression. The global re-
pression of gene expression on one hand is counter-balanced
by the burst of transcription of pericentric heterochromatin,
primarily on chromosome 9, leading to a contrasted histone
acetylation distribution: foci of acetylated chromatin develop
over a global deacetylated nucleus (Jolly et al., 2004; Fritah
et al., 2009). Based on our wavelet analysis, higher order
chromatin organization appears as a concomitant event to
nSBs formation since a significant chromatin remodelling is
already detected at the early phase of the heat-shock response.
Although cause and consequence are often difficult to discern,
it is however tempting to speculate that the HSF1-dependent
recruitment of histone acetyl transferases and of RNA pol II
at nSBs contributes to global chromatin hypoacetylation and

downregulation of gene expression observed in the rest of the
nucleus (Biamonti & Vourc’h, 2010).

Interestingly, our work identifies major modifications of
chromatin texture at the perinucleolar region, with increased
chromatin density at these regions. Nucleoli correspond to
sites of rRNA synthesis. In addition, the presence of non-rDNA
gene arrays, within or close to the nucleoli, has also been iden-
tified through genomic analysis, demonstrating that 4% of the
entire genome sequences interacts with nucleoli of HeLa cells.
These sequences correspond to pericentric and centromeric
repetitive sequences, to regions with low gene density and to
regions significantly enriched in transcriptionally repressed
genes (Guetg & Santoro, 2012; Padeken & Heun, 2014).

The reason why a higher chromatin density appears at the
nucleolar periphery in heat-shocked cells is still unclear at
present. The nucleolus has already been identified as an im-
portant marker of stress and most stressing situations, includ-
ing heat shock, are accompanied by a reorganization of this
nuclear compartment (Boulon et al., 2010; Jacob et al., 2013).

C© 2015 The Authors
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Fig. 3. Analysis of texture changes as function of heat-shock duration. Box-plots of the first score resulting from a discriminant analysis. A significant
discrimination of the heat-shock groups can be observed in accordance with the heat-shock duration.

Fig. 4. Formation of the nuclear stress bodies during 1-h heat shock. Nuclear stress bodies labelled by HSF1-tagRFP-T were automatically detected and
the mean Z projected areas of all the nSBS were measured every 5 min in HeLa cells (n = 12). Acquisitions were performed during 2 h. The cells had no
stress in the first hour (t = –60 to 0 min), and they were exposed to heat shock in the second one (t = 5 to 60 min).

The nucleolus contains three different structures: the fibrillar
centre (FC) corresponding to the sites where tandem repeats of
the rDNA transcription units are located and where transcrip-
tion of rDNA occurs, the dense fibrillar centre (DFC) where
RNA are stored and the granular centre (GC) where assembly
of rRNA with ribosomal proteins takes place. Several stressing
conditions lead to a reorganisation of the nucleolus character-

ized by the condensation and subsequent segregation, of the FC
and GC, that remain juxtaposed, together with the formation
of nucleolar caps around the nucleolar remnants (Shav-Tal
et al., 2005; Boulon et al., 2010). Interestingly, the nature of
the nucleolar remodelling events depends on the nature of the
stress perceived by the cell (Shav-Tal et al., 2005; Boulon et al.,
2010; Jacob et al., 2013).

C© 2015 The Authors
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Fig. 5. Evolution of the nuclear texture in the course of the heat-shock response. Mean changes of H2A-eGFP texture in HeLa cells (n = 12 cells). (A)
Skewness parameter for coefficient C1–C5, prior and during heat shock. Acquisitions were performed at 5-min intervals during 1 h at 37°C (nonheat-
shocked cells) followed by 1 h of continuous heat shock at 42°C (t � 5) under the microscope. The start of the heat shock corresponds to time = 0. (B)
Skewness parameter during recovery phase starting 30 min (time = 0) after the end of a 1-h heat shock. Acquisitions were performed at 15-min intervals
during 12 h. (C) Standard deviation parameter for coefficient C1–C5: same nuclei and same acquisitions as in A. (D) Standard deviation parameter during
recovery phase: same nuclei and same acquisitions as in B.

Perinucleolar rings we observed also resemble those de-
tected in bovine senescent cells using propidium iodide, or im-
munofluorescence analysis against H3K9me3 (Pichugin et al.,
2011). In mouse, perinucleolar rings are also present in early
embryos, before the formation of nuclear clusters of pericentric
heterochromatin also known as chromocenters (Probst et al.,
2010). Interestingly, besides heat shock, early development
(Probst et al., 2010) and senescence (Enukashvily et al., 2007)
represent contexts where pericentric heterochromatin is tran-
scriptionaly competent. The functional signification of this re-
distribution involving heterochromatin itself, rRNA genes or
other noncoding regions should definitely be further explored
in the future.

Conclusion and perspectives

In conclusion, the ‘à trou’ wavelet analysis represents a simple
and efficient tool to investigate changes of chromatin structure
at any scales and may be usefully applied to various textured
biological structures either at the cell or tissue scales. Using the
heat-shock response as a model, we show that this approach
allows the detection of significant changes in chromatin tex-
ture, even at the early onset of the heat-shock response where
changes in chromatin texture cannot be detected through

visual inspection. As expected, we show that the extent of
chromatin remodelling increases with the duration of heat ex-
posure. Whether the transient recruitment and sequestration
of important actors such as histone acetyl transferases to nSBs
(Jolly et al., 2004) plays an active role in global chromatin re-
modelling events remains to be established. Interestingly, our
data indicate that the kinetics of disappearance of nSBs follow-
ing heat-shock correlates with the inversion of the skewness
parameter. The tools we have developed should now allow
us to perform a more precise analysis of the kinetics of nSBs
formation and of chromatin remodelling using different time
exposure and/or intensity of stress. This possibility should help
us to define the role of nSBs in global chromatin remodelling
in the heat-shock response.
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Appendix

Discrete implementation of 2D wavelet decomposition

ci+1 (x, y) = �n�mh (n, m) ci (2x + n − d/2, 2y

+ m − d/2),

where c is a wavelet coefficient image, x and y the discrete
coordinates of a pixel, i the rank of the wavelet coefficient, h
is a d by d wavelet kernel and n and m are ranging from 0 to
d – 1, with d an odd integer.

As a consequence in this usual discrete wavelet decomposi-
tion there is dyadic scale reduction from ci to ci+1, that is, the
number of rows and columns is divided by two and the total
number of pixels is divided by four from one coefficient image
to the next one.

‘A trou’ decomposition

ci+1 (x, y) = �n�mh (n, m) ci (x + (n − d/2) 2i , y

+ (m − d/2) 2i ).

In contrast to the classic decomposition, the ‘à trou’ decom-
position preserves the total number of pixels. Therefore, there
is no scale change from ci to ci+1. This offers many advan-
tages listed by Bijaoui et al. (1996). In our case, the statistical
moments of the histograms of the coefficient images are built
with the same number of pixels and offer the same statistical
robustness.

For our study we use a 3 × 3 Gaussian-like kernel g:

g = [[1/16, 1/8, 1/16] [1/8, 1/4, 1/8] [1/16, 1/8, 1/16]] .

However, using directly this kernel as a wavelet kernel
would not satisfy the condition of orthogonal basis of the co-
efficient planes. In order to satisfy this condition the wavelet
decomposition using g is finally written with the following
equations:

pi+1 (x, y) = �n�mg (n, m) pi (x + (n − d/2) 2i , y

+ (m − d/2) 2i )

ci+1 (x, y) = pi (x, y) − pi+1 (x, y)

with pi the wavelet plane image and p0 the initial
image.

Considering that convolving a wavelet plane image pi by the
kernel g operates a smoothing, that is, a equivalent to a lowpass
filtering, then subtracting the result of this smoothing from pi

is equivalent to submitting it to bandpass filtering. Therefore,

the complete ‘à trou’ wavelet decomposition using kernel g
can be compared to a decomposition of the image by a bank of
octave bandpass filters.
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