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Abstract

Mitochondrial DNA molecules coated with proteins form compact particles called mitochon-
drial nucleoids. They are redistributed within mitochondrial network undergoing morphological
changes. The straightforward technique to characterize nucleoids’ motions is fluorescence
microscopy. Mitochondrial nucleoids are commonly labelled with fluorescent protein tags,
which is not always feasible and was reported to cause artifacts. Organic DNA-binding dyes
are free of these drawbacks, but they lack specificity to mitochondrial DNA. Here, considering
physico-chemical properties of such dyes, we achieved preferential live-cell labelling of mito-
chondrial nucleoids by a nucleic acid staining dye SYBR Gold. It enabled time-lapse imaging
of mitochondrial nucleoids by structured illumination microscopy and quantification of their
motions.

Introduction

Genetic material of mitochondria consists of a circular 16.5 kbp DNA molecule, which
encodes tRNAs, 22 rRNAs, and 13 polypeptides needed for mitochondrial oxidative phosphor-
ylation complexes. Mitochondria communicate with the rest of the cell in both directions:
mitochondrial dysfunction alters expression of nuclear signaling factors (e.g. [1]); on the other
hand, nuclear signaling factors affect mitochondrial function: to give few examples, transcrip-
tional co-activator peroxisome proliferator-activated receptor gamma co-activator-1 alpha
(PGC-1a) is well-known to control mitochondrial transcription and mitochondrial biogenesis
[2]; recently, it was shown that MOF (responsible for acetylation of lysine 16 of histone H4
which is important nuclear transcription activation) binds mtDNA and also affect mitochon-
drial transcription [3]. mtDNA in complex with mitochondrial transcription factor A (TFAM)
and several other proteins form compact structures called nucleoids [4] [5-8]. Mitochondrial
network undergoes morphological remodeling, fission/fusion etc, depending on cell cycle
phase, stress and other factors (reviewed e.g. in [9]). These morphology rearrangements are
accompanied by mitochondrial nucleoids redistributions and motions [10] [11-13]. In addi-
tion, mitochondrial nucleoids motions may play a role in diseases: e.g. extrusion of mtDNA
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out from neutrophils was reported to be an important step in systemic lupus erythematosus
[14]. Light microscopy is the straightforward tool to study organelles in living cells. Regular
wide-field microscopy have been used to quantitatively characterize motions of mitochondrial
nucleoids [12], within the limits of the instrumentation of that time (2003): at temporal resolu-
tion of 1 frame per 15 s and the spatial resolution of ~200 nm, larger than mitochondrial nucle-
oid size~100 nm [15-17] [18]. “Super-resolution” microscopy developed over last decades,
namely STED (stimulated emission depletion) [19] and SMLM (single molecule localization
microscopy) [20, 21], as well as electron microscopy, permitted significant progress in charac-
terizing nucleoids structure in fixed samples (e.g. [17, 22] [15, 23]). However, SMLM tech-
niques are rather slow, which limits their suitability to track motions of subcellular structures.
To date, few super-resolution observations of mitochondrial nucleoids in live cells were
reported, for instance: 1) mtDNA was visualized by dSTORM (direct stochastic optical recon-
struction microscopy) together with other DNAs [24], but time lapse series were not acquired;
2) live STED imaging revealed fine sub-mitochondrial structures, whose positions correlated
with mtDNA (nucleoids) positions [25]. Although STED is much faster than SMLM (the for-
mer can achieve frame rate faster than 1 fps), both STED and SMLM require high illumination
doses, which may cause severe phototoxic effects on living cells (e.g. [26]). Thus, non-perturb-
ing time lapse imaging of mitochondrial nucleoids at super-resolution is a current methodo-
logical challenge. Here, we have chosen SIM (structured Illumination microscopy) which
enables to double the resolution of wide-field images in three dimensions [27]. In contrast to
STED and SMLM techniques, SIM does not require high illumination power density [28] [29].
Moreover, SIM is not restricted neither to particular fluorophores nor to imaging buffer com-
position, while multi-color three-dimensional imaging can be easily implemented [28].
Specific labelling of mitochondrial nucleoids in live cells is not straightforward. The “default”
live cell-compatible strategy is fluorescent tagging of a protein associated with mitochondrial
DNA, e.g. TFAM [22]. However, this strategy needs overexpression of the tagged construct,
which is not feasible in many cases, namely for difficult-to-transfect cell lines and for primary
cells. Moreover, overexpression of a fluorescent protein-tagged TFAM caused significant
increase of nucleoid number per cell [30], thus producing a serious artifact. Direct DNA label-
ling with organic dyes has advantages over FP-based strategy. First, nucleic acid-binding dyes
can be added to any cell type and at any time point of experiment, without experimental con-
strains of transfection or stable expression. Second, many nucleic acid-binding dyes, e.g. dyes
of TOTO™ and SYTO™ families https://www.thermofisher.com/de/de/home/references/
molecular-probes-the-handbook/nucleic-acid-detection-and-genomics-technology/nucleic-
acid-stains.html#datatable), have excellent photophysical properties (extinction coefficient and
quantum yield), well superior to these parameters of most of FPs (fluorescent proteins) [31];
moreover, no bright FP exist in violet-blue and far-red regions of visible spectrum (http://nic.
ucsf.edu/dokuwiki/doku.php?id=fluorescent_proteins). Third, FPs are in general less photo-sta-
ble than organic dyes [32]. Finally, organic dyes are much smaller than fluorescent proteins and
antibodies, enabling a higher labelling density and more precise localization of the labelled
structures (insufficient labelling density may limit the resolution). Several DNA-binding dyes
were used for live cell imaging of mitochondrial nucleoids by diffraction-limited microscopy,
e.g. DAPI [33], SYBR Green [34], Vybrant DyeCycle [35] [36] and picoGreen [37-39] [24].
However DNA-binding dyes have a substantial drawback for nucleoid labelling: they stain all
DNAs of the cell, so most of cellular fluorescence originates from abundant nuclear DNA; more-
over, bright fluorescence of nuclear DNA produces stray signal outside the nucleus. Preferential
labelling of mitochondrial DNA by an organic dye would be more advantageous, but it has not
been reported yet to our best knowledge. To achieve this, rational selection of such a dye was nec-
essary. A range of organic dyes, such as rhodamine 123 and TMRE (Tetramethylrhodamine Ethyl
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Ester), are used to stain live mitochondria (e.g. [40]). They are known to accumulate in the live
organelles preserving their negative membrane potential, thanks to the following properties of the
dye: 1) delocalized positive charge which attracts the molecule to mitochondrial matrix, and 2)
lipophilicity, which permits penetration across cellular membranes. The optimal dye for specific
labelling of mitochondrial nucleoids should have these properties, in combination with high affin-
ity to DNA and strong enhancement of fluorescence upon DNA binding. Considering these
parameters, cyanines constitute a promising group of dyes: on the one hand, cyanines tend to be
accumulated in polarized mitochondria (for instance, Cy3 and Cy5 conjugates showed enhanced
retention in the organelle [41]); on the other hand, certain cyanines are cell-permeant and bind
nucleic acids with high affinity. For instance, a cyanine dye picoGreen stains DNA in live cells
and has been used to visualize mitochondrial nucleoids, however, nuclei have been abundantly
stained [37-39] [24]. Here, we explored a positively charged unsymmetric cyanine dye SYBR
Gold™ (US Patent US5658751), the most sensitive nucleic acid stain in vitro [42]. We achieved tar-
geting to mitochondrial nucleoids in live cells by SYBR Gold and demonstrate its suitability for
time-lapse SIM in live cells and for quantification of mitochondrial nucleoid motions.

Materials and methods
Reagents and plasmids

Hoechst 33342 (bisbenzimide ethoxide trihydrochloride), acridine orange (3-N,3-N,6-N,6-N-
tetramethylacridine-3,6-diamine), Mitotracker CMXRos Red™, Mitotracker Deep Red™, pico-
Green™, Propidium Iodide, and SYBR Gold™ were purchased from Thermofisher. The plasmids
encoding TFAM-mEos2 and mCherry-MAP4 constructs were kindly provided by Dr. Tim
Brown (HHMI, Ashburn, VA, USA) and Dr. Jan Ellenberg (EMBL, Heidelberg, Germany),
respectively, and described elsewhere [22], [43].

Cells and labelling

HeLa, Vero and A549 (human lung carcinoma) cells were kindly provided by Dr. Asifa Akhtar
(Max Planck Institute, Freiburg, Germany), Dr. Jan Ellenberg (EMBL, Heidelberg, Germany),
and Dr. Nadia Naffakh (Institut Pasteur, Paris, France). In all experiments, cells were cultured
in high glucose DMEM supplemented with 10% FBS, glutamine, penicillin/streptomycin and
pyruvate (all from Gibco/Thermofisher). Labelling was performed on live adherent cells at
37°C in the darkness under 5% CO, atmosphere. Stock DMSO solutions of SYBR Gold™, pico-
Green™, propidium iodide, Hoechst 33342 and, if appropriate, Mitotracker Deep Red™ or
Mitotracker CMXRos Red™ were diluted to needed concentration in phenol red-free DMEM
supplemented with 10% fetal bovine serum, glutamine, penicillin/streptomycin and pyruvate.
The following final concentrations of the dyes were used for the labelling: 0.5 microG/ml acri-
dine orange; 0.1 microG/ml Hoechst 33342; 10 microM propidium iodide, various concentra-
tions of SYBR Gold and picoGreen (as indicated on the figures); 500 nM Mitotracker Deep
Red and Mitotracker CMXRos Red. After incubation with the dyes, the cells were washed with
the same medium. For live-cell immunolabelling of TFAM, the rabbit polyclonal anti-TFAM
antibody (PA523776, Life Technologies) was covalently attached to PF555 organic dye (Pro-
moKine, Germany) with PromoFluor Protein & Antibody Labelling Kit (PromoKine, Ger-
many). Antibody transfection to HeLa cells was performed with Pierce™ Protein Transfection
Reagent (ThermoFisher) according to manufacturer’s manual. Adherent cells were incubated
for 4 hours with antibody/transfection reagent mixture diluted in OptiMEM medium without
serum, then washed 2 times with complete DMEM and then stained with SYBR Gold and
Mitotracker Deep Red as described above.
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Microscopy samples

All micrographs were acquired on live (or fixed for S4 Fig) cells cultured in glass bottom Ibidi
Microslides™ or glass bottom Ibidi 35-mm dishes (Ibidi, Germany), in high glucose phenol
red-free DMEM (Gibco/Thermofisher) supplemented with 10% FBS, glutamine, penicillin/
streptomycin and pyruvate.

Diffraction-limited microscopy

Adherent cells were imaged with AxioObserver Z spinning disk microscope equipped with
Evolve EM-CCD camera (Photometrics), LSM880 Airyscan Fast confocal microscope, and
LSM780 confocal microscope, (all from Carl Zeiss, Germany), with 63x/1.4 oil objectives using
standard filter combinations for green, red and far red fluorescence to acquire SYBR Gold and
SYBR Green signals (green), Mitotracker CMXRos Red and PI (red) and Mitotracker Deep
Red signal (far red), except specially described cases. Signals in different color channels were
acquired sequentially.

Quantification of SYBR Gold and picoGreen localization upon labelling
under various conditions

1.2x1.2 mm fields of view (single confocal slices) were imaged on LSM880 Airyscan Fast
microscope (Carl Zeiss, Germany) with a 20x/Air objective. Hoechst 33342 and SYBR Gold or
picoGreen signals were acquired sequentially with 405 nm and 488 nm lasers, respectively,
with standard filter sets. Since Hoechst dye had been previously reported to emit green fluores-
cence under certain conditions {Szczurek, 2014 #224}, we controlled for possible bleed-
through in the green channel; no signal was detected in Hoechst33342-stained samples in the
absence of picoGreen and SYBR Gold (not shown). Quantification of the green (SYBR Gold or
picoGreen) signal in the cytoplasm and in the nucleus was performed by a “pipeline” com-
posed in CellProfiler software [44]: nuclei were identified from Hoechst 33342 signal using
automatic thresholding; then the nuclei were used to identify cytoplasm by “Distance N” algo-
rithm; finally, intensity parameters of the green signal were calculated for individual nuclei
and cytoplasm compartments, and the ratio of these two values was calculated for each cell.

Co-localization of SYBR Gold with TFAM in live cells

HeLa or HEK-T cells transiently expressing TEAM-mEos2 were co-stained for 30 min. with
SYBR Gold (final dilution 1:10000) and Mitotracker Deep Red™ (final concentration 250 nM).
Images (z-stacks) of live cells were acquired on LSM780 laser scanning confocal microscope
with 63x 1.4 oil immersion objective and standard excitation and emission channel settings.
Signals were acquired sequentially; to minimize motion-related shift between channels,
“switch channels every line” option was used. Quantification of the nucleoid staining by
TFAM and SYBR Gold in 3D datasets was performed according to two strategies. 1. Co-locali-
zation analysis using Coloc module of the Imaris 8.1.1 software (Bitplane, Switzerland), with
automatic threshold setting. Pearson coefficient was calculated for ROIs representing mito-
chondria; ROIs were created from the masks comprising mitochondria (Mitotracker Deep
Red staining). 2. Nucleoids were detected and counted as “spots” using “Spots” module of Ima-
ris 8.4.1 software, independently in TFAM channel and in SYBR Gold channel. To estimate if
all “TFAM-positive” spots are labelled with SYBR Gold as well, the raw datasets were masked
with SYBR Gold channel (such that only SYBR Gold-positive volume remained in the data-
sets), and TFAM detection was performed again within this masked volume. The portion of
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SYBR Gold-stained nucleoids was calculated as the ratio of nucleoid number in the “SYBR
Gold-masked” 3D image to the nucleoid number in the same 3D image before masking.

Testing SYBR Gold effect on cell viability

On day 1, the adherent cells cultured in 35-mm dishes were incubated with the SYBR Gold at
various dilutions; on day 3, cells were stained with PI and Hoechst 33342. Immediately after
staining, live cells were washed with phenol red-free DMEM and imaged on LSM880 micro-
scope (Carl Zeiss) with a 20x air objective. Propidium iodide, SYBR Gold and Hoechst signals
were acquired sequentially with 561, 488 and 405 nm excitation, respectively, with standard fil-
ter sets, in 1.19x1.19 mm fields of view. Then, total number of cells was determined by count-
ing the nuclei in Hoechst 33342 channel, while number of dead cells was determined from
counts of PI-stained cells, using a pipeline written in CellProfiler software [44].

Effect of mitochondrial membrane potential on SYBR Gold localization

HeLa or A549 cells were incubated for 15-30 min. with FCCP (carbonyl cyanide-4-(trifluoro-
methoxy)phenylhydrazone) at indicated concentrations, or with DMSO; then SYBR Gold and
Mitotracker CMXRos Red or Mitotracker Deep Red were added to the medium containing
FCCP. After 30 min of labelling, the solution of the dyes was replaced with the same medium
containing FCCP, and images of live cells were acquired on LSM880 Airyscan Fast confocal
microscope with 63x/1.4 oil objective and standard filter sets.

SIM

SIM was performed on Elyra PS1 microscope (Carl Zeiss), with Plan Apochromat 100x/1.46
Oil objective, 1.6x lens in the detection light path and Andor iXon 885 EMCCD camera; image
pixel size was 50 nm; SIM raw images were acquired with 3 grid rotations and 5 phases, at 50
ms exposure for each orientation and phase combination. In multi-color images, channels
were acquired sequentially using standard single-band filter sets. Z-stacks were acquired with
100 nm intervals. Raw SIM images were processed with Zen Black 2012 software (Carl Zeiss).
2D time lapse series of 50-100 frames were acquired at the speed of 1.8 s per frame, in SYBR
Gold channel only. Confocal imaging for comparison with SIM was performed using the LSM
light path of Elyra PS1 microscope, which enabled acquisition of the same fields of view in con-
focal and SIM modes, using Plan Apochromat 100x /1.46 Oil objective, with pixel size matched
to that of SIM images.

Quantification of mitochondrial nucleoids positions

The nucleoids were detected and their positions were determined by “Spots” module of Imaris
8.4.1 software. Spot-to spot closest distance plug-in (“Xtension”) of Imaris XT module was used
to calculate for each spot the distance (in 3D) to the closest neighbor; then distributions of
these distances (pooled data from multiple 3D images) were plotted.

Mitochondrial nucleoids tracking

Mitochondrial nucleoids tracking on SIM 2D time lapse series (SYBR Gold channel) was done
by Lineage module of Imaris 8.4.1 software (Bitplane, Switzerland) with “Autoregressive
Motion” algorithm, with maximum gap of 1 frame and with longest distance between nucleoid
positions in the consecutive frames set to 0.45 pm; tracks shorter than 4.5 s were discarded.
Mitochondria contours were not imaged during tracking, and their positions were not used as
“constrains” for software to build the tracks. Tracks parameters (mean speed, maximal instant
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Fig 1. Comparison of live cell labelling with picoGreen and SYBR Gold at various dilutions. A549 cells were incubated with Hoechst 33342 and picoGreen
or SYBR Gold at indicated dilutions and imaged. Representative fields of view of the labeled cells in the “green” channel. LSM880 Airyscan Fast, 20x/Air
objective, scale bar 50 um. Single optical sections. White squares mark the areas shown at a higher zoom to the right of the entire 423x423 um fields of view.
For 1:1000 and 1:2000 dilutions, the same images are shown at two brightness settings: the “default” brightness settings optimized for 1:10000 dilution, and
the “reduced brightness” settings adjusted to minimize saturation.

https://doi.org/10.1371/journal.pone.0203956.9001

speed, etc) were calculated for each track individually. Further, the values of each parameter
for individual tracks under each condition (control or nocodazole-treated cells) were com-
bined in a worksheet (e.g., maximum instant speeds for all tracks in control cells), and histo-
grams showing distributions of a parameter were plotted.

Results

SYBR Gold preferentially stains mitochondrial nucleoids at low
concentration

First, we evaluated intracellular distribution of picoGreen and SYBR Gold upon incubations at
several dilutions of these dyes (Fig 1). At high concentrations (dilutions of commercial stock
1:1000-1:2000), SYBR Gold and picoGreen mostly labelled the nuclei and showed a punctate
staining in the cytoplasm, in agreement with published data on the latter dye [24]. Importantly,
SYBR Gold fluorescence intensity was much higher than that of picoGreen upon labelling and
imaging under identical conditions. Considering that, we tried to label live cells at lower con-
centrations, expecting that specific attraction of a positively charged dye to active mitochon-
dria will be more pronounced under these conditions. Indeed, we observed that upon short (1
hr or less) incubation at 1:10000 dilution, SYBR Gold stained nuclei only weakly, while bright
green dotted pattern appeared in mitochondria (Fig 1); the ratio of integrated cytoplasmic sig-
nal intensity to integrated nuclear signal intensity was 1.06 (Fig 2), which corresponds to
highly preferential staining of mitochondrial nucleoids, considering their small volume and
small total mtDNA content, in comparison to that of the nucleus. In addition, at 1:10000 dilu-
tion, the nucleoids are much brighter than the nuclei (brightness per pixel), which will permit
one to filter nuclear signal out during image analysis, when only nucleoids signal is of interest.
PicoGreen at 1:10000 dilution showed a staining pattern similar to that of SYBR Gold; however
fluorescence was much dimmer, hampering reliable signal quantification. (Fig 1). We tried to
stain live cells at a wider SYBR Gold concentration range (S1 Fig) with simultaneous co-stain-
ing of mitochondria with Mitotracker CMXRos Red. At 1:500 and 1:1000 dilutions, SYBR
Gold localized both in the nuclei and in mitochondria, while at 1:10000 and 1:50000 dilutions,
most of staining appeared in mitochondria. Moreover, after labelling at 1:500 and 1:1000
SYBR Gold dilutions, mitochondria appeared more fragmented than after labelling at 1:10000
and 1:50000 dilutions, suggesting possible perturbation of the cells at the higher concentra-
tions. Direct observations of the cells incubated with SYBR Gold solution (S2B Fig) showed
that accumulation of the dye nearly reached a plateau after ~20 min.

Further, we evaluated stability of SYBR Gold localization over time (Fig 3). In the cells cul-
tured for 2 days after 1-hr long labelling, SYBR Gold localization was very similar to that
immediately after labelling (Fig 1), suggesting that SYBR Gold does not redistribute between
compartments spontaneously, and thus can be suitable for long-term nucleoids tracking.
Interestingly, when cells were cultured for 2 days in the presence of 1:10000 diluted SYBR
Gold, then the dye localization was similar to that observed upon short incubation high con-
centrations: both nuclei and mitochondrial nucleoids were brightly stained.

To confirm that the SYBR Gold-positive spots are mitochondrial nucleoids, we labelled
with SYBR Gold (diluted 1:10000) HeLa cells transiently expressing TFAM-mEos2 fusion
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condition were used for the quantification. The ratio of the integrated cytoplasmic and nuclear signals was calculated for each cell (n = 841...2769). Normalized
distributions of these ratios are shown. Median value for each distribution is shown in the upper right corner. Note different scale on y axis for 1:10000 dilution.

https://doi.org/10.1371/journal.pone.0203956.9002

protein, a well-known mitochondrial nucleoid marker [8, 17]. In addition, it was important to
estimate the portion of nucleoidswhich are SYBR Gold-positive, because a similar dye pico-
Green had been reported to preferentially stain relaxed DNA and had been hypothesized to
“omit” a subpopulation of nucleoids [38]. Here, we observed that SYBR Gold spots in the
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Fig 3. Effect of incubation duration and concentration on SYBR Gold localization in live cells. Indicated dilutions
of SYBR Gold in DMEM were added to live HeLa cells in simultaneously; cells were kept with SYBR Gold for 1 hour or
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for 2 days (as indicated on the Figure). Then, cells were stained with Hoechst 33342 and imaged in parallel (i.e. all
samples were imaged 2 days after the start of incubation). LSM880 confocal microscope; 20x/Air objective; scale bar
100 um. 415x415 pm fields of view are shown. Further details are described in Materials and Methods.

https://doi.org/10.1371/journal.pone.0203956.9003

cytoplasm mostly co-localized with TFAM-Eos2 spots (Fig 4). Further, we calculated the por-
tion of TFAM-positive spots which were also stained by SYBR Gold (see Materials and Meth-
ods) and found it to be 0.87+/-0.11 (mean+/-SD, n = 9). In HEK-T cells, similar results were
obtained: 0.84+/-0.14 (mean+/-SD, n = 18) (S3 Fig). These observations confirmed that most
of mitochondrial nucleoids are stained with SYBR Gold. To obtain an additional proof that
SYBR Gold-positive spots in cytoplasm represent mitochondrial nucleoids, we aimed to esti-
mate SYBR Gold co-localization with immunostained endogeneous TFAM. However, we
found that SYBR Gold staining is strongly perturbed by permeabilization (see the next chap-
ter); this made standard immunofluorescence protocols incompatible with SYBR Gold stain-
ing. To circumvent the problem, we delivered fluorescent anti-TFAM antibody directly to live
cells using a protein transfection reagent, and then labelled the cells with SYBR Gold and Mito-
tracker. We observed that mitochondrial SYBR Gold spots localize within the areas stained by
the TFAM antibody (S4 Fig). Mediocre penetration of the TFAM antibody into mitochondria
and non-specific staining by this antibody outside mitochondria did not permit us to quantify
co-localization of endogeneous TFAM with SYBR Gold. Nevertheless, this observation sup-
ports our conclusion (based on robust co-localization data on fluorescent protein-tagged
TFAM) that SYBR Gold spots in the cytoplasm are mitochondrial nucleoids.

SYBR Gold localization in cells depends on mitochondrial membrane
potential and is perturbed by fixation and permeabilization

Since SYBR Gold molecule has a net positive charge at neutral pH (US Patent US5658751), we
speculated that the negative membrane potential of intact “live” mitochondria should contrib-
ute to specific accumulation of that dye. To confirm this hypothesis, we studied how SYBR
Gold localization is affected by membrane-permeant ionophore FCCP which dissipates mito-
chondrial membrane potential. We observed that if labelling was performed after incubation
with FCCP, then mitochondrial SYBR Gold subpopulation decreased, while its non-mitochon-
drial subpopulation increased, with most pronounced effect at 10 microM FCCP (Fig 5). This
observation shows contribution of the mitochondrial membrane potential to preferential label-
ling of mitochondrial DNA with this dye. Considering the data shown on Figs 3 and 5, we
speculate that electrostatically-driven accumulation of SYBR Gold in mitochondria is relatively
fast and prevails at low concentrations (dilution 1:10000) during the first hour of incubation,
while at higher concentrations of the dye or after the longer incubation (2 days), SYBR Gold
molecules bind all DNA in the cell, which leads to predominant staining of abundant nuclear
DNA. Furthermore, fixation (2% PFA) of the cells live-stained with SYBR Gold slightly
increased nuclear subpopulation of the dye (Fig 6B). Upon subsequent permeabilization with
0.1% Triton X100 detergent, SYBR Gold dotted pattern disappeared from mitochondria, while
dim diffuse staining of the nuclei became predominant (Fig 6C and 6D). If SYBR Gold was
added to cells after fixation and permeabilization, then the entire cells were brightly and dif-
fusely stained within few minutes (Fig 6D).

Thus, summarizing the data described above, we identified the labelling conditions which
permitted preferential labelling of mitochondrial DNA by SYBR Gold, thanks to its advanta-
geous physico-chemical properties: very high brightness of DNA-bound form, net positive
charge and membrane permeability. PicoGreen dye, like SYBR Gold, preferentially binds
mtDNA at low concentrations (1:10000), but its fluorescence is much dimmer under identical
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Fig 4. Co-localization of SYBR Gold with TFAM. Live HeLa cells transiently expressing TFAM-mEos2 and stained for 30
min. with SYBR Gold (final dilution 1:10000) and Mitotracker Deep Red™ (final concentration 250 nM). Images (z-stacks)
of live cells were acquired and used for analysisPS1 Elyra, confocal mode, 100x/1.46 Oil objective; single optical slice from a
representative field of view is shown; scale bar 10 pm. Red dashed squares on the left panels mark the region of interest
which is shown at higher magnification in the right panels.

https://doi.org/10.1371/journal.pone.0203956.9004
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Fig 5. Effect of FCCP on SYBR Gold localization. HeLa cells were pre-incubated with FCCP and then labelled with
SYBR Gold (dilution 1:10000) and Mitotracker Deep Red in the presence of FCCP. Merged SYBR Gold (green) and
Mitotracker Deep Red (magenta) channels are shown. White squares mark regions of interest which is shown on zoomed
images. Individual confocal slices. LSM880; 63x/1.4 Oil objective.

https://doi.org/10.1371/journal.pone.0203956.9005
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Fig 6. Effect of fixation and permeabilization on SYBR Gold localization in the cells. HeLa cells were stained with SYBR Gold (stock diluted
1:10000) and Mitotracker CMXRos Red (250 nM) for 30 min. Single optical slices acquired on spinning disk microscope; sequential acquisition; scale
bar 10 pm. Other conditions are further described: A. Live HeLa cells stained with SYBR Gold; B. HeLa cells stained alive with SYBR Gold and then
fixed with 2% PFA in PBS for 30 min; C. HeLa cells stained alive with SYBR Gold, then fixed with 2% PFA in PBS for 30 min and permeabilized with
0.1% Triton X100 for 15 min; on the lower C panel, the same image is shown, but brightness in green channel is set higher; D. HeLa cells fixed with
PFA, then permeabilized with 0.1% Triton X100 for 15 min. and finally stained with SYBR Gold and Mitotracker CMXRos Red. To acquire images
shown on panel D, EMCCD gain of the camera for green channel was reduced by factor of 12 in comparison to A-C, to avoid overexposure.

https://doi.org/10.1371/journal.pone.0203956.9006

image acquisition settings, making picoGreen much less suitable for preferential staining of
nucleoids. We do not use the term “specific labelling” since a subpopulation of SYBR Gold is
always present in the nucleus, and since “specificity” in biology frequently refers to “lock-and-
key” binding. However our data show that under optimal conditions, the dye preferentially
stains mtDNA. This constitutes a significant advantage over “all-DNA” stainings reported so
far. Perturbing mitochondrial membrane potential by an ionophore and destruction of mem-
branes by a detergent hamper efficient accumulation of SYBR Gold in the nucleoids. This pre-
vents combining SYBR Gold with standard IF protocols, however it enables one to
preferentially label and observe only the nucleoids in “healthy”, non-perturbed mitochondria.

Labelling with SYBR Gold does not reduce cell viability

To estimate if SYBR Gold labelling exerts toxicity, we incubated HeLa cells with the dye and 2
days later quantified their viability by dead cell staining with propidium iodide. Both in control
and in SYBR Gold-labelled samples (representative field of view is shown on S5 Fig), portion
of dead cells was <1% (except labelling at 1:2000 dilution, where the portion was 1.14+0.60%);
difference with control was not significant for all tested labelling conditions (Table 1). This
indicates that SYBR labelling does not affect cell viability and is suitable for long live cell
observations.

SYBR Gold staining is suitable for live cell SIM imaging of mitochondrial
nucleoids

Optimal SIM imaging needs oil immersion objectives with high numerical aperture. For live-
cell observations, refractive index mismatch between immersion oil and a water-based cell cul-
ture medium might compromise the SIM image quality. Therefore, it was necessary to esti-
mate resolution of our set up for the samples in aqueous media using a reference sample. For
this purpose, here we imaged 100 nm Tetraspek fluorescence beads under the same cell culture
medium and the same microscope settings as used for live mitochondrial nucleoids. We
obtained FWHM of 262 nm in confocal mode and 166 nm in SIM mode (Fig 7). Thus, our live
SIM set up should resolve closely positioned nucleoids which would not be resolved by

Table 1. Effect of SYBR Gold labelling under various conditions on cell viability.

Sample Portion of dead cells, %
SYBR Gold dilution 1:10000, 2 days 0.63+0.06
SYBR Gold dilution 1:10000, 1 hr. 0.66+0.25
SYBR Gold dilution 1:2000, 1 hr. 1.14+0.62
SYBR Gold dilution 1:1000, 1 hr. 0.52+0.27
Control (DMSO) 0.79+0.52

Portion of dead cells is calculated independently for each of 2. . .4 biological replicates, and then standard deviation is

calculated.

https://doi.org/10.1371/journal.pone.0203956.t001
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Fig 7. Comparison of confocal (cyan) and SIM (yellow) imaging of live cells labelled with SYBR Gold. A. Representative images (single optical
slices). The same objective 100x 1.46 Oil TIRF and the same sampling (50 nm/pixel) is used for both LSM and SIM images. Left column shows entire
field of view; Scale bar 10 pm; ROI is marked with red dashed line; ROI is shown in the right column with higher magnification (scale bar 1.25 pm).
B. An intensity profile across two nucleoids (marked as a red arrow on higher magnification panels) in confocal (orange) and SIM (cyan) channels. C.
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Intensity profiles of fluorescent bead (red) and mitochondrial nucleoids (cyan) in SIM images. Further, we acquired SIM 3D datasets of live cells co-
stained with SYBR Gold and Mitotracker Deep Red. Mitochondrial nucleoids appeared as bright spots within mitochondria, frequently as rows with
equal distances between neighbors (Fig 8A). Distribution of distances between neighbor nucleoids showed a single maximum at 450 nm approx. (Fig
8B). This agrees with the values of 400-800 nm previously reported for fixed mammalian cells (Fig 1E in [45]). Interestingly, peaks in SYBR Gold
channel intensity profiles correspond to local minima on the intensity profiles in Mitotracker Deep Red channel (Fig 8A, bottom panels), suggesting
that freely diffusing mitochondrial matrix proteins are excluded from nucleoids; this agrees with previously reported exclusion of a mitochondria
marker YFP-tagged cytochrome oxidase from nucleoids [45]. Thus, SIM imaging of SYBR Gold-stained cells enabled us to reproduce in live cells the
observations of mitochondrial nucleoids, previously done in fixed cells and with diffraction-limited microscopy.

https://doi.org/10.1371/journal.pone.0203956.9007

confocal microscopy. However, the diameter of nucleoids (90-110 nm, as determined by EM
and STED [17]) is close to theoretical resolution limit of SIM microscopy (ca 100 nm), so the
latter should not be used to determine real size and shape of mitochondrial nucleoids.

Time-lapse SIM

Temporal resolution of SIM is modest, since each processed SIM image requires several raw
images acquired with different phases and orientations of the grid. To minimize frame time in
SIM, the fluorophore should be as bright as possible. SYBR Gold is a promising dye: in com-
plex with nucleic acids it has quantum yield of ~0.7 [42]. We found that reconstruction of
super-resolved images of SYBR Gold-stained nucleoids is possible from raw SIM images
acquired at 1% power of 488 nm laser, EM-CCD gain of 50. . .100 and raw image exposure
time of 50 ms (yielding final SIM frame time of 1.8 s for 3 grid rotations and 5 phases). We
quantified photobleaching caused by image acquisition under these illumination conditions.
After acquiring SIM images in 100 time points, signal intensity dropped to 66% of its initial
level (S6A Fig). For comparison, time lapse series of the same sample were acquired using
LSM light path, with the same frame time, same field of view size and same pixel size. Two illu-
mination power values were used for confocal imaging: 1) 13.5 microW, equal to the value
used for SIM, which yielded low noise confocal images; 2) 1.6 microW, which yielded images
with much higher noise (S6B Fig, orange line). LSM imaging at 13.5 microW caused substan-
tially faster photobleaching than SIM did, while during LSM imaging at 1.6 microW, photo-
bleaching was slower than in SIM time series.

For nucleoid tracking described below, we acquired 90 s- and 180 s-long SIM time series
containing 50 and 100 frames respectively, in SYBR Gold channel only. Immediately before
starting the time series, we acquired two-color SIM 3D stacks in SYBG Gold and Mitotracker
channels, because our set up did not permit fast enough acquisition of two color channels over
time. In the single color time series, we tracked the mitochondrial nucleoids and extracted
quantitative parameters of their motions. Most of nucleoids remained apparently at the same
positions, showing short-distance random motions apparently confined to mitochondrial net-
work, as one can see from overlay of tracks images on mitochondria images (Fig 9); however,
no firm conclusion can be made about the confinement of the tracks within mitochondria,
since they were not continuously imaged during tracking time series. Track mean speed was
0.042 um/s. Only few fast directional displacements per field of view occurred during the
observation time window (S1 Video).

Then we aimed to demonstrate that live cell SIM of SYBR Gold-labelled mitochondrial
nucleoids can provide information on a biologically relevant effect. Mitochondria are linked to
microtubules (e.g. [46]); moreover, it was reported that mitochondrial nucleoids are associated
with microtubule network [45]. Thus, here we tested how motions of mitochondrial nucleoids
are affected by microtubule depolymerizing drug nocodazole. After nocodazole-induced disas-
sembly of microtubules (confirmed by images of microtubule marker mCherry-MAP4, Fig
10A), we recorded SIM time series of the cells (e.g. S2 Video), detected the tracks of SYBR
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Fig 8. Quantification of mitochondrial nucleoids positions in live HeLa cells on SIM images. A. Representative optical slice of a z-
stack of live cells labelled with SYBR Gold (green) and Mitotracker Deep Red (magenta). PS1 Elyra, SIM mode. Red dashed square on
the top panels mark a region of interest which is shown on the bottom panels. Scale bar, 10 um. Intensity profile for a linear ROI is
shown on bottom zoomed panels. B. Intensity profile across image of a cell (single optical slice) described above. SYBR Gold signal,
green line; Mitotracker Deep Red signal, magenta line. C. Histogram of distribution of distances to the closest neighbors for
mitochondrial nucleoids in 3D SIM datasets spanning whole cell thickness.

https://doi.org/10.1371/journal.pone.0203956.g008
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Fig 9. Nucleoid tracking on live SIM images. Representative images of a field of view of DMSO-treated cells. Top:
two-color SIM image taken before acquisition of the time lapse series. Green, SYBR Gold channel; magenta,
mitotracker channel. Bottom: Nucleoids tracks from 50-frames SIM time series, in SYBR Gold™ channel (S1 and S2
Videos are examples); frame time 1.8 s; tracking by Imaris 8.4.1 software. Tracks are color-coded by maximal track
speed (um/s); PS1 Elyra, SIM mode, 100x/1.46 Oil objective; scale bar 10 um.

https://doi.org/10.1371/journal.pone.0203956.g009
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Fig 10. Effect of microtubule depolymerization on the nucleoids motions. A. Control of microtubules depolymerization upon
nocodazole treatment. Maximum intensity projections of SIM z-stacks of live HeLa cells stained for mitochondrial DNA (SYBR Gold),
mitochondria (Mitotracker Deep Red) and microtubules (transiently expressed MAP4-mCherry construct), without (top) and with
(bottom) nocodazole treatment. Scale bar, 10 um. B-D. Mitochondrial nucleoids tracks parameters in the absence (blue bars) and in the
presence (orange bars) of nocodazole. Histograms show distribution of track mean speed (B), track maximal speed (C) and track length
(D). Particle tracking is described in Materials and Methods section.

https://doi.org/10.1371/journal.pone.0203956.9010

Gold-stained mitochondrial nucleoids and extracted quantitative track parameters. Results are
summarized in Table 2. In the presence of nocodazole, mean track speed distribution and
maximal instant track speed distribution shifted towards larger values (Fig 10B-10D); few very
long tracks (> 4 um) appeared (Fig 10C). Interestingly, variation of Instant speed within a
track increased from 0.02 to 0.031 upon microtubule depolymerization, showing that motions
of nucleoids became more varying (i.e., instant speeds of the nucleoids varied more during
observation period in the latter case). To explain the observed effects, one has to consider
known “anchoring” of mitochondria to microtubule network via mmb1p protein at multiple
sites [46] on the one hand, and association of mitochondrial nucleoids with mitochondrial
membrane on the other hand [22]. Thus we speculate that nucleoids are indirectly anchored to
microtubule network (as it was suggested earlier [45]), and they become more mobile when
the network disappears. Obviously, detailed characterization of a putative involvement of
microtubules in mitochondrial nucleoids positioning requires further extensive studies, far
beyond the scope of the present report.

Discussion and concluding remarks

To get insights into the processes in which mitochondrial nucleoids are involved, one needs a
specific, live-cell compatible and convenient labelling combined with a microscopy technique
with resolution beyond the diffraction limit (“super-resolution”). Direct labelling of DNA with
nucleic acid-binding dyes have several advantages over other labelling strategies. Here, we
used this strategy. Based on scientific data, we selected a promising candidate for our applica-
tion: SYBR Gold has been claimed since long time to be “the most sensitive nucleic acids stain”
[42], however, it has never been used for cell labelling, to our best knowledge. We found that
SYBR Gold only accumulates in live cells; moreover, this dye efficiently stains nucleoids only
in the mitochondria with intact membrane potential; this reduces the risk of subsequent imag-
ing data collection from biologically irrelevant “sick” and dead cells. Tracking of mitochon-
drial nucleoids at resolution below the diffraction limit and with a modest illumination dose
has been achieved for the first time thanks to SYBR Gold staining in combination with SIM,

Table 2. Effect of microtubule depolymerization on nucleoids motions parameters.

Control Microtubule depolymerization
Track displacement, um 0.24+0.038 0.27+0.034
Track length, um 1.06+0.13 1.29+0.11*
Track maximal instant speed, pm/s 0.078+0.012 0.123+0.008*
Track mean speed, um/s 0.042+0.005 0.064+0.004"
Variation of Instant Speed within a Track 0.020+0.003 0.031+0.001*
Track straightness 0.33+0.044 0.28+0.017

Quantitative parameters of the tracks were obtained by Imaris 8.4.1 software, as described in Materials and Methods.
Student t-test was applied to average values calculated for each field of view (n = 4. . .6).

*Significant difference between the control and nocodazole treatment, P<0.05.

https://doi.org/10.1371/journal.pone.0203956.t002
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which has been chosen since other major super-resolution techniques, STED and SMLM,
require much higher illumination doses, which may cause severe phototoxic effects, especially
during time lapse imaging. We observed that at low concentrations SYBR Gold preferentially
stained mitochondrial nucleoids, while at high concentrations both chromatin and mtDNA
were stained. Interestingly, while this manuscript was in preparation, a similar effect of con-
centration on subcellular localization has been reported for another positively charged probe
I**, which has no structural similarity to SYBR Gold—[47]: the probe accumulated in the live
nuclei at a high concentration, while it localized in the mitochondria at a low concentration;
however, no targeting to nucleoids appeared, in contrast our observations on SYBR Gold.
Unfortunately, mitochondrial nucleoids staining with SYBR Gold is not compatible with con-
ventional IF protocols because it does not resist permeabilization step. However, to label nucle-
oids in fixed cells, other good tools exist, such as antibodies against DNA and TFAM.

We expect that SYBR Gold will be widely used of for live imaging of mitochondrial nucle-
oids. Our study of SYBR Gold emphasizes that other organic dyes widely used in vitro may be
useful for fluorescence microscopy or other cell-based technique like flow cytometry. In gen-
eral, present study illustrates usefulness of “re-targeting” of known molecules, a strategy which
is easier and faster than rational design of novel labels from scratch.

Supporting information

S1 Video. Effect of microtubules depolymerization on mitochondrial nucleoids motions.
SIM time lapse series showing representative SYBR Gold-stained cells without nocodazole
treatment. Scale bar, 5 um. Detected mitochondrial nucleoids are marked as white balls.
Tracks are visualized as “Dragon tails” (8 frames length) and color-coded according to their
maximal instant speeds (color bar in the bottom right shows speeds in um/s). Mitochondrial
nucleoids tracking and visualization by Imaris 8.4.1 software.

(AVD)

$2 Video. Effect of microtubules depolymerization on mitochondrial nucleoids motions.
SIM time lapse series showing representative SYBR Gold-stained cells with nocodazole
treatment. Scale bar, 5 um. Detected mitochondrial nucleoids are marked as white balls.
Tracks are visualized as “Dragon tails” (8 frames length) and color-coded according to their
maximal instant speeds (color bar in the bottom right shows speeds in um/s). Mitochondrial
nucleoids tracking and visualization by Imaris 8.4.1 software.

(AVI)

S1 Fig. SYBR Gold localization in live cells upon labelling at different concentrations.
HelLa cells were incubated for 30 min with mixture of 0.25 uM Mitotracker CMXRos Red and
indicated SYBR Gold dilution; the solution was replaced with DMEM and images were
acquired on LSM880 Airyscan microscope, 63x 1.4 oil objective, sequential acquisition of color
channels; Single optical slices are shown; scale bar 10 pm.

(TIF)

S2 Fig. HeLa cells during labelling with SYBR Gold. First, live HeLa cells were labelled with
Mitotracker CMXRos Red and washed; then SYBR Gold (final dilution 1:10000 in DMEM)
was added to the cells and time lapse acquisition has been started. LSM880 microscope, 63x
1.4 Oil objective, sequential acquisition. Z-stacks were acquired at each time point; maximum
intensity projections are shown. A. Representative fields of view showing the regions of inter-
est where SYBR Gold fluorescence was measured (colored rectangles). B. Mean intensities of
SYBR Gold fluorescence over time in the regions of interest shown on S2A Fig; curve colors
correspond to the rectangles on S2A Fig. C. A field of view at several time points during
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incubation with SYBR Gold. A square region is shown (marked with white line) with higher
magnification in the right column.
(TIF)

S3 Fig. Co-localisation of TFAM and SYBR Gold staining in HEK-T cells. Live HEK-T cells;
LSM780 confocal microscope, 63x/1.4 Oil objective; 3D image stacks were acquired and used
for co-localization analysis. Single optical slice is shown; scale bar 10 um. Signals in Mito-
tracker Deep Red (white), TFAM-mEos2 (red) and SYBR Gold (green) channels were acquired
sequentially, with switching channels every scanned line. 18 fields of view from two indepen-
dent transfection experiments were acquired. A representative field of view is shown. Red
dashed squares on the left panels mark the region of interest which is shown at higher magnifi-
cation in the right panels.

(PDF)

$4 Fig. Localization of anti-TFAM antibody in live cells stained with SYBG Gold. Live
HeLa cells were transfected with anti-TFAM antibody conjugated to PF555 dye and then
stained for 30 min. with SYBR Gold (final dilution 1:10000) and Mitotracker Deep Red™ (final
concentration 250 nM). Images (z-stacks) of live cells were acquired on Zeiss LSM780 micro-
scope with 63x/1.4 Oil objective; channels were acquired sequentially; detection ranges were
adjusted to minimize spectral bleed-through: (500-550 nm for SYBR Gold, 565-598 nm for
PF555 and 645-700 nm for Mitotracker Deep Red. Deconvolution of datasets was performed.
Single optical slice from a representative field of view is shown; scale bar 10 pm. Cyan squares
on the left panels mark the region of interest which is shown at a higher magnification in the
right panels.

(PDF)

S5 Fig. Live cells stained with Hoechst 33342 and propidium iodide, 2 days after incuba-
tion with SYBR Gold. A representative 1.19x1.19 mm field of view used for calculation of the
portion of dead cells (Table 1). Maximum intensity projection of a z-stack is shown. Scale bar
100 pm.

(PDF)

S6 Fig. Comparison of acquisition photobleaching in confocal and SIM modes. A. Time
lapse series of live HeLa cells labelled with SYBR Gold. SIM settings are described in Materials
and Methods section. Briefly, frame time 1.8 s, 488 nm laser, 1% AOTF (corresponding to 13.5
microW, 0.54 mW/mm?). Confocal time series were acquired for the same field of view (50 by
50 um), the same pixel size (50 nm) and same frame time (1.8 s) as for SIM images. Confocal
imaging was performed under two settings: 1) blue, the same illumination power as for SIM (13.5
microW); 2) orange, illumination power reduced to 1.6 microW. B. Intensity profiles across
nucleoids on confocal images acquired with 13.5 microW (blue) and 1.6 microW (orange).
(PDF)
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