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Abstract 

B acteria ha v e de v eloped a wide range of strategies to respond to stress, one of which is the rapid large-scale reorganization of their nucleoid. 
Nucleoid associated proteins (NAPs) are belie v ed to be major actors in nucleoid remodeling, but the details of this process remain poorly 
understood. Here, using the radiation resistant bacterium D. radiodurans as a model, and advanced fluorescence microscop y, w e e xamined 
the changes in nucleoid morphology and volume induced by either entry into stationary phase or exposure to UV-C light, and characterized the 
associated changes in mobility of the major NAP in D. radiodurans , the heat-unstable (HU) protein. While both types of stress induced nucleoid 
compaction, HU diffusion was reduced in stationary phase cells, but was instead increased following exposure to UV-C, suggesting distinct 
underlying mechanisms. Furthermore, we show that UV-C-induced nucleoid remodeling in v olv es a rapid nucleoid condensation step associated 
with increased HU diffusion, f ollo w ed b y a slo w er decompaction phase to restore normal nucleoid morphology and HU dynamics, before cell 
division can resume. These findings shed light on the diversity of nucleoid remodeling processes in bacteria and underline the k e y role of HU in 
regulating this process through changes in its mode of assembly on DNA. 
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Introduction 

An organism’s capacity to survive depends largely on its abil-
ity to sense and respond to changes in its environment. This
is particularly true for bacteria that are constantly exposed
to adverse environmental conditions, affecting their physiol-
ogy, growth and survival. To respond to such stress, bacte-
ria have developed a wide range of strategies. Among these,
large-scale reorganization of the overall architecture of the
genome appears to be one of the most rapid and effective, es-
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pecially in response to sudden stress ( 1 ,2 ), and is generally as- 
sociated with temporal changes in the gene expression profile 
of the bacterium ( 3–6 ). Stress-induced nucleoid remodeling is 
a widespread mechanism shared across many bacterial species 
including human pathogens and often results in a more com- 
pact nucleoid. It typically occurs in bacteria entering station- 
ary phase or undergoing sporulation ( 1 ,7–9 ), states in which 

bacteria can withstand major changes in their environment,
such as reduced nutrient availability ( 10 ,11 ). Nucleoid remod- 
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ling has also been reported in bacteria exposed to antibiotics,
ow pH, or oxidative stress ( 2 , 6 , 12 , 13 ). Nucleoid condensa-
ion has been proposed to insulate genomic DNA from its en-
ironment by creating a physical barrier between the genome
nd the stress factors ( 2 ,14 ), and to facilitate DNA repair by
imiting the diffusion of broken chromosomes ( 15 ). Despite
he well-recognized importance of nucleoid remodeling as a
ajor response to stress, the molecular mechanisms underly-

ng this reorganization remain poorly understood. 
The bacterial nucleoid displays a highly hierarchical organi-

ation, composed of macro- and micro-domains that play key
oles in genome maintenance and regulation of gene expres-
ion ( 1 ,9 ). This packaging of the genome is achieved by sev-
ral factors, including DNA supercoiling, molecular crowding
nd the abundant nucleoid-associated proteins (NAPs). NAPs
re small positively charged proteins that interact with the ge-
omic DNA to define the architecture of the nucleoid. NAPs
referentially bind to DNA in a non-specific manner and con-
rol DNA packaging through DNA bending, wrapping or
ridging distant strands. However, they have also been re-
orted to bind specifically to DNA motifs, thereby contribut-
ng to regulating processes such as gene-specific transcription,
eplication, recombination and repair ( 1 , 16 , 17 ). A large num-
er of genes involved in bacterial viability, metabolism and
tress response are thus directly or indirectly regulated by
APs ( 6 , 18 , 19 ). Environmental changes have been shown to

ffect the expression level and / or DNA binding properties of
APs, notably through post-translational modifications such

s phosphorylation, acetylation, methylation, succinylation,
xidation and deamination, in turn affecting the DNA topo-
ogical organization ( 20–23 ). In many bacteria, NAPs and in
articular Dps (DNA-binding protein from starved cells) pro-
eins have been shown to contribute to nucleoid condensa-
ion and DNA protection, notably in stationary phase ( 24–
8 ). NAPs are thus likely to be key players in stress-induced
ucleoid remodeling ( 29 ,30 ). 
Most of our current knowledge on nucleoid organiza-

ion comes from the study of rod-shaped bacteria like Es-
 heric hia coli , while studies on cocci are still sparse. A fas-
inating model is the well-known Deinococcus r adiodur ans,
 non-pathogenic gram-positive coccus ( 31 ,32 ) . The excep-
ional resistance of D. r adiodur ans to a wide range of geno-
oxic stresses including desiccation, oxidizing agents, and ion-
zing and UV radiation, has been attributed to its effective
nti-oxidant and reactive oxygen species (ROS)-scavenging
trategies combined with a highly efficient DNA repair ma-
hinery ( 33 ,34 ). This outstanding resilience makes D. radiodu-
ans particularly relevant for investigating microbial responses
o space conditions (radiation, desiccation, vacuum, extreme
emperature) and is sparking considerable interest in its po-
ential applications in space exploration ( 35–37 ). D. radiodu-
ans possesses a complex multipartite and multicopy genome
rranged into a condensed nucleoid ( 8 ,15 ). Interestingly, it
as shown that D. r adiodur ans nucleoids remain nonetheless
ighly dynamic, capable of adopting multiple distinct struc-
ures in exponential phase as cells progress through their cell
ycle ( 8 ). Strikingly, in comparison with radiosensitive bacte-
ia ( 18 ), the high level of chromosome compaction in D. ra-
iodurans is managed by a small number of versatile NAPs
 38 ,39 ). Indeed, amongst the five most abundant NAPs found
n E. coli (HU, IHF, H-NS, Fis and Dps), only two of them,
U and two Dps variants (Dps1 and Dps2), are present in
. r adiodur ans ( 31 , 40 , 41 ). These two Dps proteins, however,
do not appear to play a major role in nucleoid organization
and condensation as observed in E. coli , but have instead been
shown to contribute to protection against oxidative stress by
regulating the availability of manganese and iron in the cell
( 42–44 ). Moreover, the Hfq regulon that has been proposed
to contribute to nucleoid packaging in bacteria ( 28 ,45 ), is also
missing in D. r adiodur ans . 

The ubiquitous histone-like HU protein is the most
widespread and abundant NAP in bacteria ( 46 ). Extensive
studies have shown that HU is a dimeric protein that ex-
ists mostly as a homodimer, but also as a heterodimer in
enterobacteria such as E. coli , where it can form either
homo- (HU α-HU α) or heterodimers (HU α-Hu β) ( 42 , 47 , 48 ).
In spore-forming bacteria, HU is encoded by a single gene in
Bacillus spp. ( HBsu ) and assembles exclusively as a homod-
imer, while Streptomyces genomes carry two distinct genes
( hupA and hupS ) ( 9 , 49 , 50 ). HupA is a conventional HU pro-
tein similar to the heterodimers (HU α/ Hu β) found in E. coli
and is expressed during vegetative growth. HupS, in contrast,
is specifically expressed during sporulation and is associated
with nucleoid condensation within mature spores ( 9 ,49 ). The
role of HU in nucleoid compaction appears multifold. Recent
single-particle tracking experiments have suggested that HU
mainly contributes to nucleoid organization via transient non-
specific interactions ( 51 ,52 ). At the same time, in vitro stud-
ies have shown that HU exhibits both non-specific binding to
unstructured DNA and higher affinity specific binding to dis-
torted DNA structures ( 53–55 ). HU is also able to multimerize
on DNA, leading to DNA stiffening or compaction depending
on its concentration ( 6 , 39 , 48 ). HU-DNA interactions have in-
deed been proposed to be affected by the local HU concentra-
tion, but also by post-translational modifications, in particular
phosphorylation and acetylation, which contribute to the fine
tuning of the global architecture of the nucleoid ( 20 , 21 , 23 , 56 ).
Beyond its role in nucleoid organization, HU, like other NAPs,
has been reported to play a role in transcriptional regulation,
DNA replication and DNA repair ( 53 ,57–59 ). HU-deficient E.
coli cells remain viable with a modest change in phenotype,
but have been found to be more sensitive to UV irradiation
( 60 ), suggesting a role for HU in bacterial stress-response. 

In D. r adiodur ans , unlike in E. coli , the hbs gene encoding
HU is essential for cell viability, and the progressive depletion
of D. r adiodur ans HU (DrHU) using a thermosensitive plas-
mid leads to nucleoid decondensation, fractionation and even-
tually cell lysis ( 42 ). Together with the DNA gyrase that mod-
ulates the topology of the genomic DNA, DrHU thus appears
to be the primary structuring protein orchestrating nucleoid
organization in D. r adiodur ans ( 61 ). Interestingly, DrHU har-
bors an additional 30 amino acid long N-terminal lysine-rich
extension, that is reminiscent of the C-terminal domain of
eukaryotic histone H1, which is also involved in DNA com-
paction ( 61 ,62 ). 

In this work, using notably a combination of 3D spinning-
disk microscopy and single-particle tracking experiments, we
have performed an in-depth study of nucleoid remodeling in
D. r adiodur ans and its associated changes in HU dynamics,
induced by two types of stress: (i) entry into stationary phase,
a stress that occurs frequently in the natural environment,
during which bacteria are faced with resource-limited condi-
tions preventing any further growth ( 63 ,64 ), and (ii) exposure
to intense UV-C light that produces extensive DNA damage,
and notably the formation of pyrimidine photoproducts, but
also ROS ( 65 ). The data reveal that the nucleoid adopts a
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compacted and spherical morphology both in stationary
phase and immediately after exposure to UV-C radiation.
However, strikingly, single-particle tracking of HU revealed
that while HU diffusion decreases during stationary phase, it
dramatically increases following exposure to UV-C, suggest-
ing that the underlying mechanisms are distinct. Furthermore,
by comparing the cellular response of D. r adiodur ans to sub-
lethal and lethal doses of UV-C light, we determined that the
nucleoid remodeling process starts with a rapid nucleoid con-
densation step associated with increased HU diffusion, which
is then followed by a slower decompaction phase, seen only
in surviving cells, during which genome integrity and nucleoid
organization are restored before DNA replication and cell
growth can resume. Together, these findings highlight the key
role of HU in stress-induced nucleoid remodelling, but also
the complexity of this phenomenon in bacteria. 

Materials and methods 

Bacterial cultures 

Bacterial strains used in this study are listed in Supplementary 
Table S1 and illustrated schematically in Supplementary 
Figure S1 . All D. r adiodur ans strains were derivatives of the
wild-type strain R1 ATCC 13939 (DR 

WT ). The genetically
engineered strain of D. r adiodur ans expressing HU fused to
mEos4b (GY16993; DR 

HUmEos ) was obtained by the tripar-
tite ligation method ( 66 ). For this, a codon-optimized gene en-
coding mEos4b to which we added the 9 N-terminal residues
of mCherry was synthesized and subloned into plasmid pEX-
128 by Eurofins MWG Biotech ( Supplementary Figure S1 ).
Obtaining a viable and functional strain of D. r adiodur ans
expressing HU fused to a fluorescent protein is not trivial.
Since we knew that mCherry fusions were functional, we de-
cided to add the extra N-terminal residues of mCherry to the
N-terminus of mEos4b. We inserted a hygromycin resistance
( hph ) cassette into the AgeI / XbaI sites of pEX-128 down-
stream of the mEos4b gene, then amplified the mEos4b �hph
cassette and the regions flanking the insertion site (3 

′ end of
hu gene, DR_A0065) by PCR using oligonucleotides listed in
Supplementary Table S2 , and after restriction digestion the
three fragments were ligated together. D. r adiodur ans cells
were then transformed by the ligation product and plated on
selective medium containing 50 μg / ml hygromycin, leading
to allelic replacement on one genome copy. Because D. ra-
diodurans is multigenomic, the transformant colonies were
further streaked three times successively on selective medium
to ensure that all copies of the genome had incorporated
the foreign DNA. This was then confirmed by PCR analy-
sis and DNA sequencing, which also revealed a point muta-
tion in mEos4b (Ala 112 to Val 112 ). D. r adiodur ans cells were
grown aerobically at 30 

◦C in a shaking incubator (160 rpm) in
Tryptone-Glucose-Yeast extract 2x (TGY2X) medium supple-
mented with the appropriate antibiotics: 3.4 μg / ml chloram-
phenicol for DR 

HUmCh GY15743 strain and oriC / ter labelled
strains GY15787 and GY15800, and 50 μg / ml hygromycin
for DR 

HUmEos GY16993. Typically for microscopy experi-
ments, D. r adiodur ans cells were pre-grown the day before and
then diluted for an overnight growth until reaching exponen-
tial (OD 650 ∼ 0.3–0.5) or early stationary phase (OD 650 > 3)
the next morning. oriC / ter labelled strains GY15787 and
GY15800 were grown overnight and were diluted 60X the
next morning in TGY2X and grown for a further 5h un-
til reaching an OD 650 between 0.3 and 0.5. Esc heric hia coli 
strain DH5 α was grown at 37 

◦C in LB medium. Optical den- 
sity measurements were made on a Clariostar (BMG Labtech) 
plate reader. 

UV irradiation and survival curve 

Before irradiation, cells were washed two times with minimal 
medium M9DR (45.5 mM Na 2 HPO 4 , 22 mM KH 2 PO 4 and 

15.1 mM (NH 4 ) 2 SO 4 , pH7.3) to eliminate the strongly UV- 
absorbing TGY2X medium. Cells were finally resuspended in 

M9DR medium at an OD 650 between 0.3 and 0.5 and trans- 
ferred to a 6-well plate (1 ml per well). Cells were irradi- 
ated at a low cell density and in a minimal volume to en- 
sure a homogeneous exposure of the cells. UV-C (254nm) ir- 
radiation was performed using a Stratalinker oven equipped 

with germicide UV-C lamps producing a continuous dose of 
∼30J / m 

2 / s. Cells were typically irradiated between 0.5 and 

5 minutes. The exact dose received by the cells was deter- 
mined using a UV-C light monitor placed next to the 6-well 
plate in the UV oven. Exposure to UV-C irradiation led to a 
small reduction in the fluorescence of the fluorescent proteins 
( Supplementary Figure S2 A). After irradiation, cells were cen- 
trifuged and resuspended in fresh TGY2X medium. For the re- 
covery experiments, these cultures were returned to the 30 

◦C 

shaking incubator. Samples were collected immediately after 
resuspending cells in TGY2X medium ( t 0 ) and then 1, 2, 3, 5,
7, 9 and 24 h post-irradiation (for the confocal analysis) or 
1, 3, 6 and 24 h post-irradiation (for the spt analysis). OD 650 

measurements were made every hour on three independent 
cultures for 9h post-irradiation and then the following day 
( t 24h ). Full UV-C survival curves were performed for E. coli 
DH5 α and exponential and stationary phase DR 

WT by seri- 
ally diluting non-irradiated and irradiated cultures (exposed 

to 0 to 12 kJ / m 

2 for DR 

WT or 0 to 0.95 kJ / m 

2 for E. coli )
and spotting 8 μl of each dilution on TGY1X or LB (for E.
coli ) agar plates. After 48h incubation of the plates at 37 

◦C,
individual colonies were counted and the surviving fraction 

was determined using non-irradiated cells as a reference. A 

similar procedure was used to determine the survival fraction 

of DR 

HU-mCh and DR 

HU-mEos strains after exposure to 1.9 and 

12.0 kJ / m 

2 . 

Sample preparation for confocal microscopy and 

sptPALM 

For confocal microscopy analysis, DR 

WT cells were stained 

with Nile Red (30 μM) and Syto9 (200 nM) for 10 min at 
room temperature, to visualize the cell membrane and nu- 
cleoid, respectively, while DR 

HUmCh cells were only stained 

with syto9 (200 nM). The cells were then harvested by cen- 
trifugation and resuspended in 10 μl TGY2X. 0.5 μl of this 
cell suspension was then placed on a 1.5% (w / v) low melting 
agarose (LMA; Bio-Rad) TGY2X pad prepared on a cover 
glass using a gene frame (Thermo Scientific). A 2 mm-wide 
band of LMA was cut out to provide oxygen. A glass slide 
was then placed on top of the pad and the sample was sealed 

with picodent Twinsil®. Sample preparation for microscopy 
typically took approximately 30 min, so cells were usually im- 
aged 30 min after the designated timepoint. The samples were 
maintained at 30 

◦C during image acquisition. For spt anal- 
ysis, cells were washed 3 times in M9DR medium to limit 
autoblinking, as described previously ( 67 ), and were finally 
resuspended in 20–100 μl M9DR medium, depending on the 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae379#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae379#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae379#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae379#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae379#supplementary-data
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ize of the pellet. 10 μl of this cell suspension was then placed
n a coverslip cleaned with an ozone cleaner device (UVOCS)
nd the cells were left to sediment for 2 minutes, after which
he excess liquid was removed. After a further 2–4 min of air-
rying, 10 μl 1.5% (w / v) LMA in M9DR was poured over the
ells and a glass slide was placed on top to evenly distribute
he LMA. Samples were sealed with picodent Twinsil® and
maged within 20 min. 

onfocal data acquisition 

pinning-disk confocal microscopy was performed using an
lympus IX81 inverted microscope equipped with a Yoko-

awa CSU-X1 confocal head. The excitation laser beam (Ilas2
aser bench, GA T ACA systems) was focused to the back fo-
al plane of a 100 × 1.49-numerical-aperture (NA) oil im-
ersion apochromatic objective. For cell and nucleoid anal-

ses, series of Z-planes were acquired every 100 nm using a
RIOR N400 piezo stage. Fluorescence excitation was per-
ormed at 488 nm for Syto 9 and 561 nm for Nile Red or
Cherry. Fluorescence emission was collected with an An-
or iXon Ultra EMCCD camera through a quad-band Sem-
ock™ Di01-T405 / 488 / 568 / 647 dichroic mirror and single-
and emission filters adapted to each fluorophore used: 520
m for Syto9 (FF02-520 / 28 Semrock™), and 600 nm for
Cherry or Nile Red (ET600 / 50m Chroma™). Data ac-
uisition was performed using Metamorph 7.10 (Molecular
evices). 

ptPALM data acquisition and tracking of oriC / ter 
oci 

ptPALM acquisitions on the DR 

HumEos strain were acquired
n a SAFE 360 (Abbelight) SMLM set up. Data was acquired
t 27 

◦C under continuous illumination with 400 W / cm 

2 561
m light and a frame time of 10 ms. The intensity of the 405
m laser was manually increased during acquisition to main-
ain approximately constant localization density. 40 000–60
00 frames were acquired per dataset. A transmission light im-
ge was acquired prior to sptPALM acquisition for segmenta-
ion of the cells. oriC and ter labeled strains of D. r adiodur ans
ere imaged on a home-built PALM set-up. First, a bright field

mage and an image of HU-mCherry were collected (100 ms
xposure time, 10 W / cm 

2 561 nm light). Second, the oriC or
er sites labelled with ParB-GFP were imaged every second us-
ng an exposure time of 100 ms and 10 W / cm 

2 488 nm light,
ntil all sites had bleached ( ∼100–500 frames). 

onfocal data analysis 

D nucleoids were segmented by automatic thresholding of
he Syto9 or mCherry fluorescence signal using the ‘surface’
rocedure of the Imaris software (Oxford instruments) after
arameter optimization (surface smoothing detail = 0.1 μm
nd background subtraction = 0.2 μm). The volume, spheric-
ty and mean channel intensities (in the two channels) of the
egmented nucleoids were then extracted for further analysis.
fter exposure to sublethal and lethal doses of UV-C light,
50–550 individual cells from each timepoint ( t 0 to t 24h ) were
lassified in terms of phase of the cell cycle (phase P1 to P6
or exponentially growing cells and phases P1 to P8 for sta-
ionary cells), cell perimeter, cell integrity, nucleoid volume,
ucleoid morphology and nucleoid position (centered or off-
enter). Cell perimeters were obtained by automatic segmen-
ation of cells using Cellpose ( 68 ) and conversion of the ob-
tained masks into ROIs in Fiji ( 69 ), which could be used to
extract the perimeter of the segmented cells. Phase 5 cells, in
particular, but also some distorted cells were poorly segmented
by Cellpose. In these cases, segmentation was performed man-
ually in ImageJ. 

sptPALM and oriC / ter tracking data analysis 

Nucleoids were manually segmented from an overlay of
the bright field and super-resolved images of HU-mEos4b.
A small fraction of cells with poorly defined nucleoids
were excluded from further analysis. Despite the washing
steps, occasionally a fraction of cells still showed strong au-
toblinking ( 67 ); these cells were also discarded from the
analysis. Single molecules were localized using the Thun-
derSTORM plugin in ImageJ ( 70 ). Trajectories of single
molecules were obtained using the tracking software Swift
(Endesfelder et. al., in prep.), using the following tracking
parameters: ‘exp_displacement = 60 nm’, ‘p_bleach = 0.1‘,
‘p_blink = 0.2 

′ , ‘p_reappear = 0.5 

′ , ‘precision = 22 nm’,
‘max_displacement = 250 nm’, ‘max_displacement_pp = 250
nm’ and ‘max_blinking_duration = 2 frames’. Default values
were used for the other parameters. Swift splits tracks, which
contain motion changes (i.e. immobile → diffusive), into seg-
ments containing unique behaviors. These segments were con-
sidered as trajectories for further analysis. Of note, only a
small fraction of the tracks of HU-mEos4b contained mul-
tiple segments ( ∼1–2%) suggesting that the time HU-mEos4b
spends in a given state is relatively long compared to the av-
erage track length. 

Trajectories were further analyzed in MATLAB to assign
them to specific nucleoid morphologies based on the applied
segmentation and to calculate the apparent diffusion coef-
ficients. Apparent diffusion coefficients of single trajectories
(Di*) were calculated from the mean squared jump distance
as described by Stracy et al. ( 52 ) using: 

D 

∗
i = 

1 

4 n �t 

n ∑ 

i =1 

[ x ( i �t ) − x ( i �t + �t ) ] 2 

+ [ y ( i �t ) − y ( i �t + �t ) ] 2 

where n is the number of displacements over which the mean
squared jump distance is calculated, x (t ) and y (t ) are the co-
ordinates of the molecule at time t and �t is the frametime.
In this work, 4 displacements per track (made of at least 5
measurements) were taken into account ( n = 4). 

OriC and ter loci were localized using ThunderSTORM
( 70 ). Trajectories were obtained using Swift (Endesfelder,
M. et. al., in preparation) with the following tracking pa-
rameters: ‘exp_displacement = 50 nm’, ‘p_bleach = 0.001
‘, ‘precision = 50 nm’, ‘max_displacement = 250 nm’,
‘max_displacement_pp = 250 nm’. Default values were used
for the other parameters. Trajectories were further analyzed
in MATLAB to calculate the apparent diffusion coefficients.
Only trajectories with > 10 localizations were considered. 

Western blot analysis 

Triplicate 10 ml samples of non-irradiated and irradiated
(at t 1h after exposure to sublethal UV-C) exponential phase
DR 

WT , DR 

HUmCh and DR 

HUmEos cultures and 5 ml samples
of non-irradiated stationary phase cultures were collected for
western blot analysis of the HU expression. Each culture
was resuspended in 0.2 ml PBS supplemented with protease
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inhibitors (Roche), DNaseI (Roche) and lysozyme (Roche).
Cell suspensions were lysed by two 10-s sonications with a
microtip followed by 45 min mechanical shaking with 100 μl
glass beads (Macherey Nagel) at 4 

◦C. Cell debris were elim-
inated by centrifugation at 14000 rpm for 10 min and the
soluble fraction was recovered. 4 μg of each cell extract was
loaded on a 12% stain-free SDS-PAGE gel (BioRad), along-
side purified HU, HU-mCherry and HU-mEos4b as described
previously ( 39 ), and separated by gel electrophoresis at 175
V for 45 min, before transferring the bands to a nitrocellulose
membrane using the BioRad transblot system. A stain-free im-
age of the blot was acquired at this point for normalization
of the lanes before blocking the membrane with 3% BSA in
PBS for 60 min. The membrane was then incubated overnight
at 4 

◦C with either a mouse monoclonal anti-mCherry anti-
body (Origene; 1:1500) diluted in 5% milk in PBS, a rabbit
polyclonal anti-HU antibody (1:500) diluted in 3% BSA in
PBS, or both antibodies diluted in 3% BSA in PBS. After five
washes with PBS supplemented with 0.02% Tween20 (PBS-
Tween), the membrane was further incubated for 2 h at 25 

◦C
with a second antibody (anti-mouse conjugated to StarBright
B700 or anti-rabbit conjugated to StarBright B520 from Bio-
Rad or both) diluted 1:2500 in PBS-Tween. After five addi-
tional washes with PBS-Tween, the fluorescently labeled bands
were visualized on a Chemidoc MP imager (BioRad) using ap-
propriate excitation / emission parameters and quantified us-
ing ImageLab (BioRad). The total amount of protein loaded
in each lane was normalized using the stain-free image. All
samples were prepared in triplicate and the mean and stan-
dard deviation of the obtained values were plotted in Graph-
Pad Prism 8. 

Statistical analysis 

Large datasets (e.g. nucleoid volume, sphericity, D app ) were
analyzed using non-parametric Kruskal–Wallis statistical tests
in GraphPad Prism 8, while triplicate measurements of HU
abundance and fluorescence intensity before and after expo-
sure to UV-C light were analyzed using ordinary one-way
ANO VA (uncorrected Fisher’ s LSD) statistical tests in Graph-
Pad Prism 8. Two-tailed P values < 0.05 were considered
as significant and were indicated with asterisks: ns: non-
significant, * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001, ****
P ≤ 0.0001. 

Results 

Entry into stationary phase induces nucleoid 

compaction associated with decreased HU 

dynamics 

In our previous work, we characterized the size and morphol-
ogy of D. r adiodur ans nucleoids, revealing a great diversity of
nucleoid shapes in exponential growth phase and more con-
densed and homogeneous nucleoids in stationary phase ( 8 ).
We confirmed these findings by 3D spinning-disk microscopy
imaging of membrane (Nile Red)- and DNA (Syto9)-stained
wild-type D. r adiodur ans (DR 

WT ) cells and of a genetically
engineered strain of D. r adiodur ans expressing HU-mCherry
from its endogenous locus (DR 

HUmCh ) ( Supplementary Figure 
S1 A). Imaging was performed on bacteria in both expo-
nential and early stationary growth phases (Figure 1 A). In
DR 

HUmCh , HU-mCherry covers the genomic DNA and serves
as a proxy to follow changes in the organization of the nu- 
cleoid ( Supplementary Figure S1 A). As reported previously,
the mean volume of DR 

HUmCh nucleoids is slightly higher than 

that of DR 

WT ( Supplementary Figure S2 B), possibly as a re- 
sult of steric hindrance caused by the mCherry label ( 8 ). For 
both strains, we evaluated the fraction of rounded nucleoids,
and determined the volume and sphericity of individually seg- 
mented Syto9-labeled nucleoids, so as to perform a thorough 

statistical comparison of exponential versus stationary phase 
populations. We were particularly interested in following the 
relative changes in nucleoid size and morphology rather than 

defining absolute values, which are likely overestimated (by 
∼20%) due to blur of the diffraction-limited imaging. We 
found that in stationary phase, almost 90% of cells exhib- 
ited a rounded nucleoid ( Supplementary Figure S3 ) and the 
mean nucleoid volume was decreased by almost 50% com- 
pared to that in exponential phase, going from 1.01 ± 0.34 

μm 

3 to 0.53 ± 0.19 μm 

3 (Figure 1 B). The sphericity, in con- 
trast, increased significantly (+12%) and displayed a markedly 
reduced distribution in stationary phase (Figure 1 B), confirm- 
ing that the nucleoid morphology is much more homogeneous 
in this growth phase. Similar observations were made on the 
DR 

HUmCh strain with a 40% drop in the nucleoid volume and 

a significant increase in the sphericity (Figure 1 B). 
Next, we compared the dynamics of HU in exponential 

and stationary phase cells by single-particle tracking (spt; 
Supplementary Figure S4 A). For this, we constructed a D.
r adiodur ans strain expressing HU fused to mEos4b ( 71 ),
DR 

HUmEos ( Supplementary Figure S1 A), enabling the charac- 
terization of HU dynamics (Figure 1 C–E). PALM imaging of 
this strain revealed the same variety of nucleoid shapes as 
seen by confocal microscopy in exponential phase and a sim- 
ilar change in nucleoid morphology upon entering stationary 
phase (Figure 1 E). We plotted the apparent diffusion coeffi- 
cient ( D app ) values calculated from the mean square jump dis- 
tance of 4 displacements per track in exponential and station- 
ary phase cells (Figure 1 C), and extracted the median D app 

per cell (Figure 1 D). We observed that nucleoid rounding and 

compaction upon entry into stationary phase was accompa- 
nied by a marked reduction in the diffusion of HU, with an al- 
most 20% lower D app than that observed in exponential phase 
cells, suggesting a major reorganization of the HU-DNA as- 
sembly in these highly condensed nucleoids. We chose not to 

fit the spt data to distinct populations of molecules as reported 

in several earlier studies ( 51 , 52 , 72 ), since simulations revealed 

that such an analysis would likely be biased by the strong and 

heterogeneous confinement encountered by HU molecules in 

the various nucleoid morphologies observed in D. radiodu- 
rans. A detailed discussion of this issue is provided in the sup- 
plementary data ( Supplementary discussion ) . 

Western blot analysis of HU levels in cell extracts of 
DR 

WT , DR 

HUmCh and DR 

HUmEos revealed that HU levels were 
unchanged upon transition from exponential to stationary 
phase (Figure 1 F and Supplementary Figure S5 ). However,
we observed that when fused to either mCherry or mEos4b,
the levels of HU in untreated cultures were higher than in 

DR 

WT despite being expressed from the same genomic locus 
( Supplementary Figure S6 ). As discussed in the supplementary 
data ( Supplementary note ), considering the similar response of 
the three strains to UV-C exposure, we do not expect this dif- 
ference in HU expression to substantially change the function 

and properties of HU in genome organization. 
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Figure 1. Growth phase-dependent nucleoid remodeling and associated changes in HU dynamics. ( A ) R epresentativ e images of DR 

WT cells (upper 
panels) stained with Syto 9 and Nile Red and DR 

HUmCh (lower panels) in exponential (left) and stationary (right) phase. Scale bar: 5 μm. ( B ) Nucleoid 
volume and sphericity of DR 

WT (blue) and DR 

HUmCh (red) strains in exponential (light color) and stationary phase (dark color) cells (n = 250). Error bars 
represent the median and interquartile range. **** P < 0.0 0 01, Kruskal–Wallis statistical test performed in GraphPad Prism 8. ( C ) Histogram distribution 
of the apparent diffusion coefficient ( D app ) of HU-mEos4b in exponential (light blue; n = 231) and stationary (dark blue; n = 196) phase DR 

HUmEos cells. 
PDF: Probability density function. ( D ) Median D app of HU-mEos4b per cell in exponential (light blue; n = 231) and stationary phase (dark blue; n = 196) 
cells. Error bars represent the median and interquartile range. **** P < 0.0 0 01, Kruskal–Wallis statistical test performed in GraphPad Prism 8. ( E ) 
R epresentativ e images of exponential (left) and stationary (right) phase DR 

HUmEos nucleoids. The right panel is a close up view of the boxed cells in the 
left panel and individual HU-mEos4b tracks are o v erla y ed on the epi-fluorescence image. Scale bar left panel: 0.5 μm. Scale bar right panel: 3 μm. ( F ) 
R elativ e le v els of HU, HU-mCherry and HU-mEos4b in exponential (Exp) and st ationary (St at) DR 

WT (blue), DR 

HUmCh (red) and DR 

HUmEos (green) cells. ns: 
non-significant, uncorrected one-w a y ANO V A statistical test perf ormed in GraphPad P rism 8. 
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UV-C light elicits a rapid dose-dependent 
compaction of the nucleoid 

D. r adiodur ans is known to exhibit an outstanding resistance
to UV light ( 73–75 ). We exposed exponential and stationary
phase DR 

WT cultures to a range of UV-C doses. Up to 1.9
kJ / m 

2 , the survival of D. r adiodur ans was largely unaffected,
but rapidly dropped beyond this dose, regardless of whether
cells were in exponential or stationary phase (Figure 2 A). In
contrast, survival of E. coli under the same experimental con-
ditions was severely impacted already at a dose of 0.2 kJ / m 

2 .
The UV resistance of DR 

HUmCh and DR 

HUmEos strains was sim-
ilar to that of DR 

WT , with between 30 and 50% cell survival
at the sublethal dose of 1.9 kJ / m 

2 and < 0.01% survival at the
lethal dose of 12.0 kJ / m 

2 ( Supplementary Figure S2 C). 
UV-C-induced changes in nucleoid volume and morphol-

ogy were then evaluated by 3D spinning-disk microscopy, as
described above, after irradiation of D. r adiodur ans . Due to
the time needed for sample preparation, images were typically
acquired 30 minutes after irradiation (cf. Materials and Meth-
ods). A dose-dependent compaction of the nucleoid of expo-
nentially growing DR 

WT and DR 

HUmCh was observed up to
1.9 kJ / m 

2 (Figure 2 B, C and Supplementary Figures S7 and
S8 ) reaching a minimal volume of 0.65 μm 

3 for DR 

WT and
1.11 μm 

3 for DR 

HUmCh , corresponding to respectively a 35%
and 18% decrease in the mean nucleoid volume. As in the case
of stationary phase cells, this nucleoid compaction was accom-
panied by an increased sphericity and a marked reduction in
the spread of the sphericity values, suggesting the formation of
more compact and homogeneous nucleoids in the cell popula-
tion (Figure 2 B-C and Supplementary Figures S7 and S8 ). Of
note, in DR 

WT , beyond the sublethal dose of 1.9 kJ / m 

2 , the nu-
cleoid volume remained constant at its minimal value, whereas
the mean sphericity seemed less affected by the higher UV-
C doses, suggesting that nucleoid rounding might be partly
impaired at these highly cytotoxic UV-C doses (Figure 2 B-C
and Supplementary Figures S7 and S8 ). The same experiments
were then performed on stationary DR 

WT and DR 

HUmCh cul-
tures. While no further nucleoid compaction was observed for
DR 

WT stationary phase nucleoids following exposure to UV-
C light, the volume of stationary phase DR 

HUmCh nucleoids
did show a significant dose-dependent reduction going from
0.74 μm 

3 in non-irradiated samples to 0.39 μm 

3 in response
to 12.0 kJ / m 

2 (Figure 2 B, C and Supplementary Figures S7 B
and S8 B). This difference may be explained by the different
levels of compaction of stationary phase nucleoids in the two
strains before irradiation. 

Having established the global changes in nucleoid shape
and size following exposure to UV-C light, we next exam-
ined the effects of sublethal (1.9 kJ / m 

2 ) and lethal (12.0
kJ / m 

2 ) doses of UV-C radiation on HU diffusion using the
DR 

HUmEos strain. We first ensured that UV-C illumination
did not compromise the fluorescence properties of mEos4b;
only a small reduction (5–10%) in green fluorescence intensity
was observed after exposure to UV-C ( Supplementary Figure 
S2 A). Although UV-C induced a clear compaction of the nu-
cleoids as in cells entering stationary phase ( Supplementary 
Figure S9 ), we observed that UV-C instead led to a sig-
nificant increase in the D app of HU in irradiated cells (at
both sublethal and lethal doses) in both exponential and
stationary phase cells (Figure 2 D, E). In exponential cells,
the median D app of HU-mEos4b in irradiated cells was ap-
proximately twice that measured in non-irradiated samples,
while in stationary phase cells, HU diffusion was ∼30%
higher after irradiation. The more compact structure of sta- 
tionary phase nucleoids may be more restrictive for HU 

diffusion. 
To determine whether the increased HU diffusion observed 

after exposure to UV-C light could be due to increased mo- 
bility of the genomic DNA as a result of UV-induced DNA 

damage, we probed the mobility of the OriC and Ter loci of 
chromosome 1 (the largest chromosome of D. r adiodur ans ,
corresponding to ∼80% of the genome) by spt using a heterol- 
ogous parS -ParB system ( Supplementary Figure S10 A-B) pre- 
viously used to track these loci in D. r adiodur ans cells ( 8 ,76 ).
Exponentially growing D. r adiodur ans strains in which either 
OriC or Ter were labelled with ParB-GFP were thus irradiated 

with a sublethal dose of UV-C light and imaged after 1 hour 
of recovery. No noticeable changes in the mobility of chro- 
mosome 1 loci were observed after exposure to UV-C light 
( Supplementary Figure S10 C, D), suggesting that changes in 

HU diffusion do not result from increased mobility of the 
damaged DNA. 

We also examined whether HU levels changed after ex- 
posure to UV-C by quantifying the abundance of HU in all 
three D. r adiodur ans strains 1 hour after exposure to a sub- 
lethal UV-C dose. Western blot analysis revealed that HU 

levels remained unchanged after irradiation (Figure 2 F and 

Supplementary Figure S5 ), suggesting that the increased ap- 
parent diffusion of HU probably reflects altered HU-DNA 

interactions. 

Cell and nucleoid recovery after a sublethal dose of 
UV-C light involves three distinct stages 

To decipher the different stages of UV-C-induced nucleoid re- 
modeling, we carried out a detailed analysis of the response 
of exponentially growing D. r adiodur ans cells to a sublethal 
dose of UV-C light up to 24h following irradiation (Figures 
3 and 4 , and Supplementary Figures S11- S14 ). For this pur- 
pose, irradiated cells (DR 

WT , DR 

HUmCh and DR 

HUmEos ) were 
transferred back into fresh medium immediately after irradi- 
ation and samples were then collected at different timepoints 
and subjected to a variety of measurements: (i) optical den- 
sity measurements to determine growth curves after irradia- 
tion, (ii) 3D spinning-disk microscopy on DR 

WT and DR 

HUmCh 

to assess cell growth and division, and follow changes in size 
and morphology of the nucleoids, and (iii) spt experiments on 

DR 

HUmEos cells to probe the mobility of HU. Before carrying 
out these analyses, we confirmed that the three strains of D.
r adiodur ans responded in a similar way to exposure to UV-C 

light by establishing their growth curves and determining the 
size and morphology of their nucleoids at selected timepoints 
after irradiation ( Supplementary Figure S11 ). 

The recovery of D. r adiodur ans bacteria exposed to a sub- 
lethal (SL) UV-C dose can be divided into three main stages: 
stage 1 

SL ( t 0 to t 1h post-irradiation) during which cell growth 

and division are arrested and the nucleoids become round and 

more condensed, stage 2 

SL ( t 1h to t 7h post-irradiation) corre- 
sponding to nucleoid decompaction and a progressive recov- 
ery of cellular activity in the cell population, and stage 3 

SL ( t 7h 
to t 24h post-irradiation) in which most cells have recovered na- 
tive nucleoid and cell morphologies ( Supplementary Table S3 ).
Optical density measurements performed on DR 

WT , DR 

HUmCh 

and DR 

HUmEos strains exposed to a sublethal dose of UV-C 

light showed a clear arrest of their cell cycle immediately af- 
ter irradiation causing a 2–3 h delay in their growth curve 
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Figure 2. Dose-dependent effects of UV-C light on nucleoid organization. ( A ) Survival curves of exponential (light blue) and stationary (dark blue) phase 
DR 

WT and E. coli (green) at different UV doses. The sublethal (1.9 kJ / m 

2 ) and lethal (12.0 kJ / m 

2 ) doses used for the subsequent studies are indicated 
with arrows. Data represent the mean and standard deviation of at least three independent experiments. ( B ) Representative images of exponential (top 
panel) and stationary phase (lo w er panel) DR 

WT cells stained with Syto9 and Nile Red before (0 kJ / m 

2 ; left) and after exposure to 1.9 (middle) or 12.0 
kJ / m 

2 (right) UV-C light. Scale bar: 2.5 μm. ( C ) Nucleoid volume and sphericity of exponential (left) and stationary (right) phase DR 

WT cells before (0 
kJ / m 

2 ; blue) and after exposure to 1.9 (orange) or 12.0 kJ / m 

2 (red) UV-C light (n = 250). Error bars represent the median and interquartile range. ns: 
non-significant, **** P < 0.0 0 01, Kruskal–Wallis statistical test performed in GraphPad Prism 8. ( D , E ) Histogram distributions (left panels) of the 
apparent diffusion coefficient ( D app ) of HU-mEos4b and median D app (right panels) of HU-mEos4b per cell in exponential (D) and stationary (E) DR 

HUmEos 

cells before (blue; n = 231 for exp and 196 for stat) and after exposure to 1.9 (orange; n = 32 for exp and 356 for stat) or 12.0 kJ / m 

2 (red; n = 114 for exp 
and 152 for stat) UV-C light. PDF: Probability density function. Error bars represent the median and interquartile range. **** P < 0.0001, Kruskal–Wallis 
statistical test performed in GraphPad Prism 8. ( F ) Relative levels of HU, HU-mCherry and HU-mEos4b in non-irradiated and UV-irradiated (with 1.9 kJ / m 

2 

dose; after 1 h of reco v ery t 1h ) DR 

WT (blue), DR 

HUmCh (red) and DR 

HUmEos (green) cells. ns: non-significant, uncorrected one-w a y ANO V A statistical test 
performed in GraphPad Prism 8. 
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Figure 3. Effects of sublethal UV-C exposure on nucleoid organization and morphology. ( A ) Growth curves of non-irradiated (NIR; full line) and irradiated 
DR 

WT (1.9 kJ / m 

2 ; dashed line). Data represent the mean and standard deviation of at least 3 independent experiments. ( B ) Representative images of 
DR 

WT cells stained with Syto9 and Nile Red at different timepoints after exposure to 1.9 kJ / m 

2 UV-C light. White and yellow arrows indicate cells with 
off-center nucleoids and anucleate cells respectively. Scale bar: 5 μm. ( C ) Nucleoid volume and sphericity of DR 

WT cells at different timepoints after 
exposure to 1.9 kJ / m 

2 UV-C light ( n = 250). Error bars represent the median and interquartile range. ns: non-significant, **** P < 0.0 0 01, Kruskal–Wallis 
statistical test performed in GraphPad Prism 8. ( D ) Evolution of nucleoid morphologies during the recovery from exposure to 1.9 kJ / m 

2 UV-C light 
( n > 450). (C, D) The three different stages of the recovery phase are indicated above the plots. ( E ) Examples of the most common UV-C-induced 
nucleoid and cell morphologies observed by confocal microscopy of Syto9 and Nile Red stained DR 

WT cells after exposure to 1.9 kJ / m 

2 UV-C light. In 
(D), rounded nucleoids correspond to ball-like, bilobed and pear-shaped nucleoids, while expanded nucleoids refer to both expanded and large toroids as 
depicted in ( E ). 
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Figure 4. Effects of sublethal UV-C exposure on the mobility of HU. ( A ) Representative images of DR 

HUmEos nucleoids at different timepoints after 
exposure to 1.9 kJ / m 

2 UV-C light. White and red arrows indicate rounded and expanded nucleoids respectively. Scale bar: 2 μm. ( B ) Histogram 

distribution of the apparent diffusion coefficient ( D app ) of HU-mEos4b in non-irradiated stationary DR 

HUmEos (dashed blue line) cells and at different 
timepoints after exposure to 1.9 kJ / m 

2 UV-C light (orange to purple; n > 30). PDF: Probability density function. ( C ) Median D app of HU-mEos4b per cell in 
non-irradiated exponential (light blue) and stationary (dark blue) DR 

HUmEos cells and at different timepoints after exposure to 1.9 kJ / m 

2 UV-C light (orange 
to purple; n > 30). Error bars represent the median and interquartile range. ns: non-significant, **** P < 0.0 0 01, Kruskal–Wallis statistical test 
performed in GraphPad Prism 8. The three different stages of the recovery phase are indicated above the plot. 
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Figure 3 A and Supplementary Figure S11 B), which is in good
greement with the time estimated in earlier studies to al-
ow cells to repair the heavy radiation-induced DNA dam-
ge ( 77 ). We indeed observed that in DR 

WT both septation
nd cell growth were rapidly blocked after irradiation and
hroughout stage 1 

SL of recovery. As a result, transition from
hase 3 to phase 4 of the cell cycle, corresponding to the on-
et of septation, was impaired, leading to an increased frac-
ion of phase 3 cells in the population at the end of stage 1 

SL

 t 1h ; Supplementary Figure S13 A-C). Interestingly, the split-
ing of tetrads into diads (transition from phase 6 to phase
; Supplementary Figure S13 A) did not appear to be af-
ected by the irradiation, as evidenced by a significant re-
uction in the proportion of phase 6 cells during stage 1 

SL

 Supplementary Figure S12 B). No obvious defects in cell mor-
hology were seen in this first stage (Figure 3 B). 
Arrest of the cell cycle immediately after irradiation was ac-

ompanied by a marked reduction in the size of the nucleoid,
onstituting the first step in the nucleoid remodeling pro-
ess (Figure 3 B–D for DR 

WT and Supplementary Figure S12
or DR 

HUmCh ). The minimal nucleoid volume was reached
lready at t 0 (Figure 3 C and Supplementary Figure S12 A),
hile the change in nucleoid morphology was found to
rogress more slowly throughout stage 1 

SL to reach its max-
mum at t 1h with the highest median sphericity value (0.91)
nd near 80% of cells exhibiting abnormal nucleoid mor-
hologies, of which 75% were rounded (Figure 3 B–D and
upplementary Figure S12 B and S14 A). Remarkably, the nu-
cleoids of phase 5 cells (last phase before cytokinesis) re-
sponded differently to those of other cells, with almost 50%
of phase 5 cells maintaining a structured, elongated nucleoid
at t 1h ( Supplementary Figure S14 B), suggesting that nucleoid
compaction may be less efficient in cells in which chromo-
some segregation is already well advanced. Nucleoid round-
ing resulted in different nucleoid morphologies depending on
the phase of the cell cycle the cells were in when exposed
to UV-C light (Figure 3 E, Supplementary Figure S14 C). A
majority of cells in early phases of the cell cycle (phases
1–3) bearing mostly crescent-shaped and ring-shaped nu-
cleoids exhibited ball-like nucleoids after irradiation, whereas
cells at later stages of the cell cycle (phases 4–5) in which
active chromosome segregation was taking place, exhibited
bilobed or pear-shaped nucleoids after irradiation (Figure 3 E
and Supplementary Figure S14 C). Moreover, irrespective of
their phase of the cell cycle, over 30% of cells exhibited
off-center nucleoids at the end of stage 1 

SL (Figure 3 B and
Supplementary Figure S14 D), in contrast with healthy D. ra-
diodurans cells in which the nucleoid is always located in the
center of the cell, except immediately after chromosome seg-
regation in phases 5 and 6 ( 8 ). Spt analysis revealed that HU
diffusion also rapidly increased after irradiation, reaching a
maximum at the end of stage 1 ( t 1h ; Figure 4 A–C). 

In stage 2 

SL ( t 1h to t 7h post-irradiation; Supplementary 
Table S3 ), HU mobility was found to progressively decrease
again (Figure 4 B-C). This coincided with the start of the rever-
sal of the nucleoid compaction process. As with compaction,
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the first step in nucleoid decompaction was the recovery of
a ‘normal’ nucleoid volume as early as t 2h (Figure 3 C and
Supplementary Figure S12 A), whereas full recovery of the di-
verse nucleoid shapes typical of exponentially growing D. ra-
diodurans cells took several hours and most of stage 2 

SL (Fig-
ure 3 D and Supplementary Figure S14 A and D). Nucleoid de-
compaction was also accompanied by a progressive decrease
in the median sphericity of nucleoids and a marked increase
in the spread of the sphericity values, reflecting the great di-
versity of nucleoid shapes observed during the recovery stage,
most likely resulting from active DNA repair and other cell re-
covery processes (Figure 3 C and Supplementary Figure S12 A).

Cell growth and division were also largely recovered dur-
ing stage 2 

SL as illustrated by the increased optical den-
sity of DR 

WT , DR 

HUmCh and DR 

HUmEos cultures (Figure 3 A
and Supplementary Figure S11 B) and a restored distribu-
tion of cells within the different phases of the cell cycle
( Supplementary Figure S13 B). A slow increase in the mean cell
size was nonetheless observed between t 1h and t 3h , which may
have resulted from a slight delay between the recovery of cell
growth and that of cell division ( Supplementary Figure S13 C).
Beyond t 3h , most cells appeared to have recovered their ability
to grow and divide and the mean cell size decreased progres-
sively as the cell density increased and the bacterial population
moved towards stationary phase. However, we also observed
during this period the accumulation of a small fraction ( < 5%)
of anucleate cells (i.e. no Syto9 staining; Figure 3 B and E and
Supplementary Figure S14 D) that typically also exhibited a
damaged cell membrane (discontinuous Nile Red staining),
and a significant number ( ∼10% cells) of abnormally large
cells in which cell division appeared to be impaired or blocked
(Figure 3 B and E and Supplementary Figure S14 E). Many
of these enlarged cells also exhibited abnormally large nu-
cleoids that were either spread out throughout the cell and ex-
hibited significantly increased volumes or forming very large
rings with a largely unchanged nucleoid volume (Figure 3 C–E
and Supplementary Figure S14 F). These cells were likely more
severely damaged, causing a delay or even an arrest in the nu-
cleoid remodeling process. 

In stage 3 

SL of the recovery from a sublethal dose of UV-C
light ( t 7h to t 24h post-irradiation; Supplementary Table S3 ), a
vast majority of cells had fully recovered and exhibited normal
growth and division as evidenced by the rapid increase in the
optical densities of the cultures (Figure 3 A and Supplementary 
Figure S11 B) and the changes in cell phase distribution as
the cells shifted from exponential to stationary phase (Figure
3 A, B and Supplementary Figure S13 B). Indeed, at t 24h post-
irradiation, these cultures had reached early stationary phase
as seen by the accumulation of phase 6–8 cells (Figure 3 B, Fig-
ure 4 A and Supplementary Figures S12 B and S13 B). Most cells
(80–90%) now exhibited normal, structured and centered nu-
cleoids (Figure 3 D and Supplementary Figure S14 D). During
stage 3 

SL , HU diffusion continued its recovery to reach val-
ues under 0.1 μm 

2 / s as obtained in non-irradiated station-
ary phase cells (Figure 4 B, C and Figure 1 E). Surprisingly,
however, at the end of stage 3 

SL , around 10% of cells still
exhibited major defects (large cells with impaired septation,
expanded nucleoids and high HU diffusion), suggesting that
these large, abnormal cells appeared to still arise at late stages
of recovery, likely as a result of unrepaired DNA damage lead-
ing to cell dysfunctions (Figure 3 B–E, Figure 4 A and C, and
Supplementary Figure S12 B). 
A lethal dose of UV-C light induces a progressive 

loss of nucleoid structure and cellular functions 

We then subjected our three exponentially growing D. radio- 
durans strains (DR 

WT , DR 

HUmCh and DR 

HUmEos ) to a lethal (L) 
dose of UV-C light and followed the effects of this high dose 
on the cells and their nucleoids in the hours following irradi- 
ation (Figures 5 and 6 , and Supplementary Figure S15-S16 ).
As with the sublethal dose, all three strains responded in a 
similar manner ( Supplementary Figure S15 A, B) and the re- 
covery could also be divided into three stages, but the nature 
and duration of these stages differed from those observed after 
exposure to sublethal UV-C. After a lethal UV-C dose, rapid 

nucleoid rounding and condensation were also observed in 

stage 1 

L ( t 0 to t 2h post-irradiation; Supplementary Table S3 ),
but this process lasted longer than after the sublethal dose. In- 
deed, while a reversal of nucleoid compaction was observed 

at t 1h (corresponding to the onset of stage 2 

SL ) after a sub- 
lethal dose, instead, in the case of a lethal dose, we noted 

that after the rapid condensation of the nucleoids immedi- 
ately after irradiation, the mean nucleoid volume ( ∼0.75 μm 

3 ) 
then remained constant for the rest of stage 1 

L until t 2h (Fig- 
ure 5 B, C and Supplementary Figures S15 A and S16 A). The 
change in nucleoid morphology was also more progressive 
with the highest sphericity ( > 0.9) reached at t 2h (Figure 5 B-C 

and Supplementary Figures S15 A and S16 A). With this higher 
dose of UV-C, 100% of cells exhibited abnormal nucleoids 
with ∼95% of cells exhibiting rounded nucleoids and 50% 

of cells having off-center nucleoids at t 2h (Figure 5 B–D and 

Supplementary Figure S16 B). These values are considerably 
higher than those determined for cells exposed to the sub- 
lethal dose (Figure 3 D and Supplementary Figure S14 D). Dur- 
ing stage 1 

L , HU-mEos4b diffusion strongly increased, beyond 

the value obtained for the sublethal dose with a very large 
cell-to-cell variation observed at t 1h (Figure 6 A–C). As ex- 
pected, cell growth and division were rapidly arrested after 
this acute UV-C dose as evidenced by the flat growth curve 
of DR 

WT , DR 

HUmCh and DR 

HUmEos cultures (Figure 5 A and 

Supplementary Figure S15 B) and the stable cell size during 
stage 1 

L ( Supplementary Figure S15 C). 
Whereas nucleoid compaction was reversed in stage 2 

SL 

after the sublethal dose, no such reversal was seen after the 
lethal dose. Instead, during stage 2 

L ( t 2h to t 9h post-irradiation; 
Supplementary Table S3 ), evidence for severe cellular dysfunc- 
tion was observed: (i) lack of cell growth ( Supplementary 
Figure S15 C), (ii) increased fraction of cells exhibiting off- 
center nucleoids (Figure 5 B and Supplementary Figure S16 B),
(iii) accumulation of anucleate cells with reduced size due to a 
damaged cell wall (up to ∼25% of cells at t 7h ; Figure 5 B and 

D), (iv) high levels of HU diffusion (Figure 6 A–C) and (v) pro- 
gressive reduction in the size of rounded nucleoids leading to 

the accumulation of micro-nucleoids with a mean volume of 
0.27 μm 

3 corresponding to a 75% reduction in the nucleoid 

volume compared to non-irradiated samples (Figure 5 E). 
In stage 3 

L ( t 9h to t 24h post-irradiation; Supplementary 
Table S3 ), there is a marked accumulation of cells exhibit- 
ing either no or diffuse staining of the DNA, suggesting that 
for a vast majority of cells, the integrity of the nucleoid was 
severely affected and genomic DNA was being heavily de- 
graded (Figure 5 B-D and Supplementary Figure S16 ). Indeed,
at t 24h , 95% of cells showed either no Syto9-DNA stain- 
ing (40% of anucleate cells) or diffuse Syto9-DNA staining 
throughout the cytosol (55%). In accordance with this, HU 
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Figure 5. Effects of lethal UV-C exposure on nucleoid organization and morphology. ( A ) Growth curves of non-irradiated (NIR; full line) and irradiated 
DR 

WT (12.0 kJ / m 

2 ; dashed line). Data represent the mean and standard deviation of at least 3 independent experiments. ( B ) Representative images of 
DR 

WT cells stained with Syto9 and Nile Red at different timepoints after exposure to 12.0 kJ / m 

2 UV-C light. White and yellow arrows indicate cells with 
micro-nucleoids and anucleate cells respectively. Scale bar: 5 μm. ( C ) Nucleoid volume and sphericity of DR 

WT cells at different timepoints after 
exposure to 12.0 kJ / m 

2 UV-C light (n = 250). Error bars represent the median and interquartile range. * P < 0.05, **** P < 0.0 0 01, Kruskal–Wallis 
statistical test performed in GraphPad Prism 8. ( D ) Evolution of nucleoid morphologies during the recovery from exposure to 12.0 kJ / m 

2 UV-C light 
( n > 450). (C, D) The different stages of the response phase are indicated above the plots. ( E ) Nucleoid volumes associated with different nucleoid 
morphologies ( n > 400). **** P < 0.0001, Kruskal–Wallis statistical test performed in GraphPad Prism 8. 
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Figure 6. Effects of lethal UV-C exposure on the mobility of HU. ( A ) Representative images of DR 

HUmEos nucleoids at different timepoints after exposure 
to 12.0 kJ / m 

2 UV-C light. White and y ello w arro ws indicate micronucleoids and diffuse nucleoids respectiv ely. Scale bar: 5 μm. ( B ) Histograms of the 
apparent diffusion coefficient ( D app ) of HU-mEos4b in non-irradiated exponential DR 

HUmEos (dashed blue line) cells and at different timepoints after 
exposure to 12.0 kJ / m 

2 UV-C light (red to purple; n > 37). ( C ) Median D app of HU-mEos4b per cell in non-irradiated exponential (light blue) DR 

HUmEos cells 
and at different timepoints after exposure to 12.0 kJ / m 

2 UV-C light (red to purple; n > 37). Error bars represent the median and interquartile range. **** 
P < 0.0 0 01, Kruskal–Wallis st atistical test performed in GraphPad P rism 8. T he three different stages of the response phase are indicated abo v e the plot. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

diffusion remained at a high level throughout stages 2 

L and
3 

L , with many cells showing D app values close or above 1
μm 

2 / s, confirming the probable release of HU from the de-
graded genomic DNA in these cells (Figure 6 A–C). Strikingly,
there was also a substantial fraction of cells in which HU dif-
fusion was very low ( D app < 0.1 μm 

2 / s), possibly as a result
of protein aggregation (Figure 6 C). Extensive DNA degra-
dation was also evidenced in Syto9-stained DR 

HUmCh cells,
where an increasing number of HU-mCherry positive and
Syto9 negative nucleoids were seen to accumulate during stage
3 

L ( Supplementary Figure S17 ). 

Discussion 

In this study, we have investigated nucleoid remodeling in D.
r adiodur ans in response to two different types of stress: (i) en-
try into stationary phase, which is associated with nutritional
stress and (ii) exposure to UV-C light, which is known to cause
severe DNA damage. A comparison of the response to these
two types of stress (Figure 7 ) provides important insight into
the mechanisms underlying bacterial nucleoid remodeling. 

In both cases, nucleoids rapidly became more compact and
changed their morphology to adopt a more rounded shape.
Upon entry into stationary phase, strong nucleoid compaction
was accompanied by a significant decrease in HU diffusion,
but no significant change in HU abundance, suggesting that
the available HU is binding more tightly, and perhaps in a dif-
ferent configuration, to the genomic DNA compared to expo- 
nentially growing cells (Figure 7 ). Indeed, a marked reduction 

in the volume of stationary phase nucleoids is likely to result in 

an increased local concentration of HU in the vicinity of the 
DNA, which in turn may modify the DNA binding proper- 
ties of HU and favor the formation of HU-DNA assemblies in 

which HU polymerizes along the genomic DNA, thereby stiff- 
ening and bundling the genomic DNA. A similar model was 
recently proposed by Hammel and colleagues for E. coli HU 

in stationary phase ( 6 ,48 ). This model is also supported by in 

vitro atomic force microscopy studies of DrHU-plasmid DNA 

assemblies, in which stiffening and bridging of plasmid DNA 

by DrHU were observed at high HU:DNA ratios only ( 39 ) and 

would explain the reduced apparent diffusion of HU observed 

in the highly condensed stationary phase D. r adiodur ans nu- 
cleoids. By maintaining this condensed genomic configuration 

in stationary phase, HU also likely affects the transcription 

of stationary phase specific genes required for survival under 
resource-limited growth conditions as has been reported in 

E. coli ( 11 , 78 , 79 ). 
As in stationary phase cells, exposure of D. r adiodur ans 

cells to UV-C light rapidly induced nucleoid compaction, al- 
though to a lesser extent, and this phenomenon was again as- 
sociated with changes in HU mobility regardless of the UV 

dose. However, while HU diffusion was decreased in station- 
ary phase cells, it was significantly increased in response to 

UV-C light (Figure 7 ). The structure of condensed stationary 
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Figure 7. Model of stress-induced nucleoid remodeling in D. radiodurans . Schematic diagram summarizing the main stages of nucleoid remodeling in D. 
radiodurans induced by either entry into stationary phase (top right) or by exposure to either sublethal (lower left) or lethal (lower right) doses of UV-C 

irradiation. Changes in nucleoid size and shape are notably accompanied by significant variations in the diffusion of the HU protein, likely reflecting 
altered HU-DNA interactions. Nucleoid remodeling is also tightly coordinated with cell growth and division. 
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hase nucleoids is thus distinct from that of UV-C-irradiated
ucleoids, although in both cases, HU-DNA interactions are
ikely playing an important role in the underlying organi-
ation. Increased mobility of the irradiated genomic DNA
ue to DNA damage could have been one of the causes of
he observed increased HU dynamics, but the tracking of the
riC and ter loci of the major chromosome of D. r adiodur ans
howed no evidence for a substantial change in DNA mobility
fter exposure to UV -C light. Similarly , increased levels of HU
n the cell, and more particularly DNA-free HU, could also
ead to an increased apparent diffusion coefficient for HU,
ut here again, no significant changes in the total levels of
U were detected following exposure to UV-C light. The in-

reased HU diffusion thus probably results from weakened
U-DNA interactions induced by either post-translational
odifications and / or physico-chemical changes occurring at
the level of HU and / or the genomic DNA, directly induced by
the high-intensity UV-C light and the overproduction of ROS
( 80 ,81 ). 

A major consequence of HU release from the genomic
DNA as a result of weakened HU-DNA interactions could
be compaction or collapse of the nucleoid, although addi-
tional factors are likely also involved in this phenomenon.
UV-induced arrest (or partial arrest) of cellular processes, in-
cluding cell growth and division, but also DNA replication
and transcription or protein translation, which are known to
induce changes in nucleoid organization ( 82 ,83 ), is likely to
also contribute to this rapid stress-induced nucleoid conden-
sation. Similarly, reduced transcription and translation as well
as severe damage to the bacterial cytoskeleton network may
be responsible for the subsequent drift of nucleoids off-center,
that was particularly striking in cells exposed to lethal UV-C
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light (Figure 7 ). Using theoretical approaches, Marc Joyeux
showed that bacterial nucleoids preferentially locate to the
edges of the cell, where the curvature of the cell wall is the
highest ( 84 ), suggesting that in healthy cells active cellular pro-
cesses, including transcription and translation ( 83 ), are indeed
responsible for maintaining the nucleoid in a central position.
These processes are likely impaired in the strongly irradiated
cells, causing the nucleoid to lose its structure and drift to the
edge of the cell. 

A major difference in the response of D. r adiodur ans to sub-
lethal versus lethal UV-C doses was the reversibility of the
process. In D. r adiodur ans cells exposed to sublethal UV-C
light, the rapid initial nucleoid compaction stage (stage 1 

SL )
was followed by a slower decompaction phase (stage 2 

SL )
during which the nucleoids progressively recovered their well-
structured states and cells recovered their ability to grow and
divide. HU is likely to play an important role in this recovery
stage. We, indeed, observed that the kinetics of recovery of
nucleoid morphology after exposure to sublethal UV-C light
coincided with that of recovery of HU dynamics, suggesting
that progressive re-assembly of HU on the genomic DNA is
an important determinant of nucleoid organization and may
be critical for regulating access of DNA repair enzymes to the
genomic DNA. On the contrary, a lethal dose of UV-C light
lead to progressive loss of nucleoid structure in stage 2 

L , heavy
degradation of the genomic DNA, full arrest of cell growth
and division, and eventually to the accumulation of damaged
and anucleate cells in stage 3 

L . In such cells, HU diffusion was
found to be either very high, indicating that HU–DNA inter-
actions were largely disrupted, or instead very low, possibly
as a result of HU aggregation in the absence of genomic DNA
on which to assemble. 

Cell survival is thus essential to restore nucleoid organi-
zation following exposure to UV-C light and in contrast to
nucleoid condensation which may be a mostly passive pro-
cess, nucleoid decompaction, and more generally cell recovery,
largely relies on active cellular processes (Figure 7 ). In partic-
ular, active checkpoint control factors must be functional to
rapidly coordinate the arrest of the cell cycle and chromosome
segregation with the intervention of the DNA repair machin-
ery to restore the integrity of the genome. A similar sequen-
tial compaction and expansion of nucleoids was reported in
UV-C irradiated E. coli cells before cell division could restart
( 85 ,86 ). Obsbu and Skarstad proposed that the initial phase
of compaction serves to stabilize the DNA and repair DNA
double-strand breaks, while repair of other lesions takes place
largely during the decompaction stage ( 85 ). In D. r adiodur ans ,
nucleoid condensation appears to occur regardless of the na-
ture of the stress and its intensity, suggesting that it may con-
stitute an early stress response mechanism, which could act
mostly as a protective measure to minimize dispersion of the
damaged genome. Earlier studies have shown that activation
of the DNA repair machinery occurs 30 to 60 minutes after
exposure to radiation ( 87 ,88 ), suggesting that most of the re-
pair process would therefore take place during the early stages
of decompaction (start of stage 2 

SL ), before full reassembly of
HU on the genomic DNA. This hypothesis is in line with stud-
ies in eukaryotic cells showing that the chromatin decondenses
in response to DNA damage to facilitate repair ( 89 ,90 ). The
2–3h delay in the growth of D. r adiodur ans after exposure to
UV-C is also in good agreement with this hypothesis and the
estimated time needed to allow cells to repair heavy radiation-
induced DNA damage ( 77 ). 
In D. r adiodur ans, although many cells recovered well from 

exposure to the sublethal UV-C dose and started to grow and 

divide again during stage 2 

SL of the recovery phase, a frac- 
tion of cells exhibited highly expanded nucleoids. These cells 
were typically larger in size and lacking a division septum,
suggesting that they had recovered their ability to grow, but 
not to divide. Castro et al. showed that E. coli cells that are 
deficient in DNA repair proteins reach the expanded nucleoid 

stage, but are unable to restart cell division after UV-C irra- 
diation, suggesting that DNA repair is required before cell di- 
vision can restart ( 86 ). D. r adiodur ans cells exhibiting highly 
expanded nucleoids were thus probably either failing to repair 
their DNA damage or delayed in their repair process, leading 
to arrested cell division and partial loss of their nucleoid orga- 
nization. A fraction of such cells may eventually recover and 

start dividing again after completion of the repair process. In- 
terestingly, such cells arose progressively during the recovery,
suggesting that cells that initially appeared to have recovered 

subsequently developed cellular defects probably as a conse- 
quence of accumulated DNA damage. 

In conclusion, this study provides a first detailed view of 
the different stages of stress-induced nucleoid remodeling in 

D. r adiodur ans and highlights the key role of HU and the ver- 
satility of its interactions with genomic DNA in this process 
and more generally in the survival strategy of this remark- 
able organism. In the future, combining live cell fluorescence 
imaging of NAPs with label-free imaging techniques, such as 
soft X-ray tomography on intact bacteria or cryo-electron to- 
mography on focused-ion beam (FIB)-milled lamella, to visu- 
alize the ultra-structure of the nucleoid, will certainly provide 
a more in-depth view of the intricate mechanisms underlying 
this complex process. In addition, besides HU, we expect ad- 
ditional NAPs to contribute to this nucleoid remodeling pro- 
cess. These include DdrC, a Deinococcus -specific NAP that is 
strongly up-regulated in response to irradiation ( 91 ,92 ), the 
partitioning factors (ParA / ParB) or the DNA gyrase, all of 
which are known to be recruited to the nucleoid after irra- 
diation ( 38 ), but also new factors that remain to be identi- 
fied, notably through the characterization of the interactome 
of major NAPs such as HU. Finally, a number of recent studies 
have revealed the importance of post-translational modifica- 
tions of NAPs for regulating the activities and DNA-binding 
properties of these small basic proteins, so in the future, es- 
tablishing the post-translational modification profiles of key 
NAPs at different stages of the nucleoid remodeling process 
will certainly shed new light on the underlying mechanisms. 
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