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CELL BIOLOGY

Single yeast cell nanomotions correlate with

cellular activity
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Living single yeast cells show a specific cellular motion at the nanometer scale with a magnitude that is propor-
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tional to the cellular activity of the cell. We characterized this cellular nanomotion pattern of nonattached single
yeast cells using classical optical microscopy. The distribution of the cellular displacements over a short time pe-
riod is distinct from random motion. The range and shape of such nanomotion displacement distributions change
substantially according to the metabolic state of the cell. The analysis of the nanomotion frequency pattern
demonstrated that single living yeast cells oscillate at relatively low frequencies of around 2 hertz. The simplicity
of the technique should open the way to numerous applications among which antifungal susceptibility tests

seem the most straightforward.

INTRODUCTION

Our team developed previously an atomic force microscopy (AFM)-
based assay to assess the effects of chemicals on the viability of bacteria
(1). The detection is based on the observation that living organisms
oscillate at a nanometric scale and transfer these oscillations to the
AFM cantilever onto which they are attached. These oscillations stop
as soon as the viability of the cells is compromised. We demonstrated
that these oscillations are present in living bacteria, yeasts, plant, and
mammalian cells (2). The nanomotions of living bacterial cells that
are attached to a surface have been confirmed by using other detec-
tion methods such as plasmonic imaging of the z motion of bacteria
(3), tracking the submicron scale x-y motion of attached bacteria (4),
sensing of attached bacterial vibrations with phase noise of a reso-
nant crystal (5), and subcellular fluctuation imaging (6).

We recently noticed that an optical microscope equipped with a
video camera can detect the motions of single yeast cells that are
sedimented on a glass surface. In this work, we explored the nano-
motion of nonattached yeast cells using this optical nanomotion de-
tection (ONMD) method. The cellular x-y motions were monitored
by recording 12-s-long movies (1000 frames) taken at a magnifica-
tion of x400 (Fig. 1). By periodically recording these movies, tem-

YInternational Joint Research Group BioNanotechnology & NanoMedicine (NANO),
Vrije Universiteit Brussel—Ecole Polytechnique de Lausanne (EPFL), B-1050 Brussels,
Belgium—B-1015 Lausanne, Switzerland. Structural Biology Brussels (SBB), Department
of Bioengineering Sciences, Vrije Universiteit Brussel, B-1050 Brussels, Belgium. >Alliance
Research Group NanoMicrobiology (NAMI), Vrije Universiteit Brussel, Brussels B-1050,
Belgium—Ghent University, B-9000 Ghent, Belgium. *Visiting professor, Department
of Bioscience Engineering, University Antwerp, B-2020 Antwerp, Belgium. *Laboratoire
de Physique de la Matiere Vivante, Ecole Polytechnique Fédérale de Lausanne
(EPFL), CH-1015 Lausanne, Switzerland. ®Electronics and Informatics Dept (ETRO), AVSP
Lab, Vrije Universiteit Brussel, B-1050 Brussels, Belgium. "Institute for Multidisciplinary
Research, University of Belgrade, 11000 Beograd, Serbia. ®Centro de Investigacion y
Desarrollo en Fermentaciones Industriales, Universidad Nacional de La Plata, 1900,
La Plata, Argentina. °Institute of Microbiology, Lausanne University Hospital and
University of Lausanne, CH-1011 Lausanne, Switzerland. 10Interuniversity Micro-
electronics Centre (IMEC), B-3001 Heverlee, Belgium. 'Visiting professor, Shaanxi
Provincial Key Lab on Speech and Image Information Processing, Northwestern
Polytechnical University (NPU), Xi‘an, China. '2Unité Facultaire d’Anatomie et de
Morphologie (UFAM), CUMRL, University of Lausanne, CH-1005 Lausanne, Switzerland.
*Corresponding author. Email: ronnie.willaert@vub.be (R.G.W.); sandor.kasas@epfl.ch (S.K)
1These authors contributed equally to this work.

Willaert et al., Sci. Adv. 2020; 6 : eaba3139 24 June 2020

poral behavior of the cells was characterized as a function of differ-
ent chemical and physical stimuli (Fig. 1, A and B). To track the
cellular motions of single cells, we used a cross-correlation image
registration algorithm (7). The algorithm is based on the initial esti-
mation of the cross-correlation peak between the first and every sub-
sequent frame. It provides a numerical value for the image translation
with a subpixel (submicrometer) resolution. The cell displacement
for each frame, the trajectories of tracked cells (Fig. 1C), and the root
mean square of the total displacement (Fig. 1F) were calculated.
Single-cell nanomotions were characterized by plotting the distri-
bution of the displacements per frame as a violin plot (Fig. 1D). The
motions of the set of 20 cells were characterized by plotting grouped
cellular displacements per frame as violin plots and the total dis-
placements of 20 cells over 1000 frames as box-and-whisker plots
(Fig. 1E).

RESULTS

First, we compared single-cell nanomotions of Saccharomyces cerevisiae
cells that were grown in the presence of nutrients [by growing them
in yeast extract, peptone, and dextrose (YPD) growth medium] to
cells that were in a nutrient-free physiological phosphate-buffered
saline (PBS) buffer. Single-cell displacements were recorded every
hour during 4 hours (Fig. 2, A and B, and fig. S1, A and B). Actively
growing single cells showed a large distribution of displacements. The
distribution of the displacements is not symmetric, and this reflects
the nonrandom behavior of the cells (as could also be observed from
the x-y displacements graphs in Fig. 3), i.e., cells can make jumps
from time to time. This motion behavior is also reflected in the shape
of the violin plots that represents the displacements distribution. In
this set, a few cells (one to three) display a very small displacement
distribution and can be classified as inactive. In contrast, significantly
more inactive cells were present in the absence of nutrients, especially
after 3 to 4 hours of incubation (Fig. 2B and fig. S1B). This behavior
is also reflected in the grouped displacements violin plots (Fig. 2,
A and B, bottom) and the total displacements boxplots (fig. S1, C
and D). In these last plots, the adaptation of the cells to the new
growth condition can clearly be observed, i.e., a significant increase
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Fig. 1. Overview of the optical nanomotion method to detect cellular nanomotions. (A) Time period of cells in growth medium followed by, e.g., an antifungal treat-
ment. (B) At different time points, movies are recorded of 1000 frames. Cell movements within the box are detected and analyzed. (C) The x-y displacements of individual
cells (typically 20 cells) are calculated using the cross-correlation algorithm. (D) For each cell, the displacement per frame is calculated, and this distribution is represented
by a combined violin and box plot. (E) The displacement per frame for all cells for a condition/sampling point is represented as a combined violin plot and box plot.
(F) The mean of the total displacements of 20 cells is calculated for each condition/sampling point and represented in a box plot.

of the total displacement after 1 hour, in contrast with the measure-
ments obtained in PBS.

The cellular nanomotions were also compared to the motions of
silica beads recorded in the same conditions (fig. S2, A to D). The
distributions of the displacements were symmetric. The magnitudes
of the motions were much reduced compared to living cells and were
of the same order of dead cells (fig. S2E).

To assess the effect of the temperature on the nanomotion pat-
tern of yeast, we monitored the cellular oscillations at different tem-
peratures in the range of 13° to 35°C (Fig. 2, C and D, and fig. S3).
Each strain is characterized by a different distribution of grouped
displacement distributions. For both yeast strains, a maximal activ-
ity was detected at around 30°C. This value is in concordance with
the documented optimal growth temperature of 30° to 35°C for
S. cerevisiae BY4742 (8) and 33° to 38°C for Candida albicans (9). These
experiments demonstrate that the magnitude of the cellular activity
is proportional to the magnitude of the distribution of the displace-
ments and the total displacement over 1000 frames.

Next, we characterized the cellular motions of Candida and
S. cerevisiae cells when they are exposed to a killing agent. The Candida
species can be involved in candidiasis, which is a human fungal in-
fection that can be hard to treat due to the acquired resistance (10).
Some of the evaluated yeast strains were hypersusceptible or resist-
ant to the applied antifungal drugs to challenge their viability. First,
we explored the effect of a high ethanol concentration (70%) on
C. albicans, Candida glabrata, Candida lusitaniae, and S. cerevisiae cells.
The x-y displacements are quickly and markedly reduced after add-
ing ethanol (Fig. 3 and movies S1 and S2). The displacement distri-
butions of the single cells (Fig. 4), the grouped displacements of 20 cells
[Fig. 4, E and F (top)], and the total displacements [Fig. 4, E and F
(bottom)] were reduced. Ten minutes after the addition of ethanol,
a reduction of the displacements in the set of 20 cells for all strains
is observed. C. glabrata and—in a lesser extent—S. cerevisiae are some-
what more ethanol tolerant than C. glabrata and C. lusitaniae, since
a significant decrease of the total displacement was only observed
after 60 min. Ethanol tolerance is strain dependent (11, 12), affects
the growth rate, and will impair the cell membrane integrity (13),
which results in ionic species permeability and leakage of metabo-
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lites (14); and freely diffuses inside the cell, where it directly perturb
and denature intracellular proteins (15).

Second, we assessed the effect of killing of cells on the change in
cellular nanomotions by exposing them to different concentrations
of various antifungals. The x-y displacements were significantly re-
duced after treatment of the cells with antifungals (Fig. 3B). The ef-
fect of amphotericin B, caspofungin, and fluconazole on the cellular
motions of C. albicans DSY294 wild-type strain is shown in Fig. 5
(A to C) and fig. S$4 (A to C). The polyene amphotericin B selectively
binds to ergosterol in the cell membrane and causes the formation
of pores (which results in a quicker dead), whereas the azole fluco-
nazole selectively inhibits cytochrome P450-dependent lanosterol
14-a-demethylase, and the echinocandin caspofungin inhibits fun-
gal B-1,3-glucan synthase (16). For all three antifungals, a signifi-
cant decrease in the cellular displacements and total displacement
was detected after 1-hour treatment. Amphotericin B at a high con-
centration is very effective, since after already 1 hour, the cellular
nanomotion decreased to values close to those recorded on dead cells
in the whole set of 20 cells (fig. S4A). Caspofungin did not affect the
nanomotion of the candin-resistant C. albicans DSY4614 clinical strain
(Fig. 5E) but did kill the hypersusceptible (mutant for efflux sys-
tems) C. albicans DSY1024 strain (Fig. 5D and table S1). The re-
ported caspofungin minimal inhibitory concentration (MIC) values
for C. albicans are in the range of 0.03 to 8 pug/ml (17-19). Fluco-
nazole decreased the cellular nanomotions of C. albicans DSY294
significantly after 1 hour (Fig. 5C).

To observe the life-death transition, we exposed C. albicans DSY294
clinical wild-type strain to lower amphotericin concentrations, in-
cluding the MIC (which has been reported for C. albicans DSY strains
as 0.5 pg/ml) (20, 21). The total displacements curves show that there
is an increase after 1 hour for a concentration of 10 pg/ml (Fig. 5F);
the increase is reduced after 2-hour treatment (Fig. 5G). A similar
amphotericin B response was recorded for the C. albicans CAF2-1
wild-type strain (fig. S6). On the single-cell level, a larger number
of cells show a significantly reduced motion for amphotericin B
concentration in the range of 0.1 to 0.5 pg/ml (figs. S5 and S6),
which corresponds to the reported MIC value of 0.3 ug/ml for this
strain (17).
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Fig. 2. Effect of the nutritional environment and the temperature on the cellular nanomotions of yeast cells. (A) The distribution of the displacements per frame of
20 S. cerevisiae BY4742 cells growing in YPD growth medium after 2 hours (top). Time evolution of the merged distributions of the displacements for 20 cells (bottom).
(B) The distribution of the displacements per frame of 20 S. cerevisiae BY4742 cells present in PBS after 2 hours (top). Time evolution of the merged distributions of the
displacements for 20 cells (bottom). (C) Time evolution of grouped displacements in growth medium. Effect of the temperature on the displacement distribution (20 cells) for
S. cerevisiae BY4742 and C. albicans DSY294. (D) Effect of the temperature on the total displacement of S. cerevisiae BY4742 and C. albicans DSY294. Wilcoxon test:

***¥P < 0.0001; ***P < 0.001; **P < 0.01; ns, not significant.

To evaluate whether the cells interact significantly with the glass
surface, which could influence the measured displacements, we
compared the cellular nanomotions on a cell-repellent surface
[poly-L-lysine (PLL)-polyethylene glycol (PEG)-coated glass sur-
face] to the ones on a nontreated glass surface. Comparable results
were obtained for C. albicans DSY294 and DSY1024 treated with
caspofungin (fig. S7). The motion of silica beads on a PLL-PEG-
coated surface showed that there was a small effect on the displace-
ment distribution and the total displacement (fig. S2, A to D). When

Willaert et al., Sci. Adv. 2020; 6 : eaba3139 24 June 2020

the Candida cells were adhered to the glass surface by concanavalin
A, the displacements were reduced strongly and no significant
difference between caspofungin treated and nontreated cells could
be detected (fig. S2, F to K).

To highlight differences in the oscillation pattern occurring during
the life-death transition, we performed numerical analysis in the fre-
quency domain (fig. S8). Every frequency range is characterized by
its low- and high-frequency limit. With the present method of re-
cording, the low-frequency limit is determined as the reciprocal value
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Fig. 3. Monitoring of life-death transition by observing cellular nanomotions of dying yeast cells in the presence of ethanol or antifungal. Effect of (A) ethanol
(70%, v/v) and (B) caspofungin (100 pug/ml) on the x-y displacements of C. albicans DSY294, C. glabrata DSY562, C. lusitaniae DSY4606, and S. cerevisiae BY4742 cells
during 12 s (1000 frames, 83 fps). Blue dots represent the position of the cell without ethanol or caspofungin treatment; the orange dots represent the positions after

the treatment.

of the signal duration, which equals to 0.083 Hz for 12 s. Calculating
the high limit is more complex and varies between different cells.
We named the high-frequency limit as critical frequency (fit) and
devised a procedure for its calculation. These analyses revealed that
untreated resistant C. albicans cells show a maximum activity in a
frequency range (0.083-f.it) where f. varied, varying from 0.7 to
1.5 Hz. C. albicans DSY294 had also an f at a higher frequency
(2.5 to 3.0 Hz) (fig. S8C), whereas caspofungin-treated cells pre-
sented a broadening of their f., which was most extended for the
hypersusceptible DSY1024 cells (fig. S8D). In that case, we also ob-
served an additional f.;; around 2 Hz. These results show that dying
cells exposed to low antifungal concentrations are characterized by
an increased cellular oscillation frequency, and the largest difference
of the oscillation pattern in the frequency domain between living
and death yeast cells is located in the very low-frequency range.

The data processing was further accelerated by using a deep
learning algorithm that detects individual yeast cells (fig. S9A and
movies S3 and S4). Deep learning models have been widely success-
ful in automated objects (22, 23) and cells detection (24, 25) tasks.
Compared to a manual selection of cells, this approach could per-
mit to analyze automatically a significantly larger number of cells
(100 to 1000). The developed algorithm is based on a medium-sized
shallow You Only Look Once (YOLO) (24) architecture. As a proof
of principle, we reanalyzed the video data demonstrating the influ-
ence of the temperature (fig. S9, B and C). The increase in the samples
size for the analysis resulted in a smaller distribution of the total
displacements.

DISCUSSION

The newly developed ONMD method is based on basic laboratory
material, i.e., an optical microscope, a camera, and a computer. The
technique is label free and does not require the attachment of the
living sample onto a substrate. The method can address the nano-
motion pattern of single cells and cellular populations. ONMD has
the potential to detect a single resistant cell in a large population. A
limitation of the current ONMD method is that only the x-y mo-
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tions are recorded. The measurement envelope could be extended
by considering also the z axis motion (3), which will further increase
the sensitivity of the method.

We could link the cellular nanomotions of single yeast cells to its
metabolic activity by comparing the nanomotions of the cells in the
presence and absence of nutrients, as well as by detecting a maximum
cellular motion at the optimal growth temperature. Living single-
cell nanomotions show a nonrandom behavior as was clear from
the x-y displacements graphs and the distribution of the displace-
ments during 1000 frames.

The nanomotion analysis of increasing amphotericin B concen-
tration on C. albicans DSY294 and C. albicans CAF2-1 showed that
the analysis based on the distribution of the displacements per frame
of single cells seems to be more sensitive than those based on the
total displacement of the whole cellular population. The effect of
concentrations as low as the MIC of this antifungal became notice-
able in a population of 20 cells. In addition, the results showed that
at amphotericin B concentrations of around 10 times the MIC, the
cellular nanomotion is increased. This indicates that the mecha-
nism of action of amphotericin B (which binds selectively to ergos-
terol in the cell membrane and causes the formation of pores) (26)
increases the motion of the cells, i.e., the antifungal action increases
the metabolic activity of the cells, probably due to an increased ac-
tivity of the efflux pumps. An increase of the nanomotion (measured
by the AFM cantilever method) of the bacterium Bordetella pertussis
for the antibiotic was also previously observed (27).

The analysis of the nanomotion frequency pattern demonstrated
that single living yeast cells oscillate at relatively low frequencies of
around 2 Hz. These results complement those published by Gimzewski
and coworkers (28) who highlighted a periodical motion of the
S. cerevisiae cell wall in the range of 0.8 to 1.6 kHz. These measurements
were accomplished by AFM on yeast cells that were mechanically
trapped into a filter pore. An ultrasonic excitation and interferometric
motion detection permitted to detect resonance frequencies of sin-
gle S. cerevisiae cells in the range of 330 kHz, which correspond to rigid
body oscillations of the cell (29). These high-frequency ranges are too
high to be measured with our optical microscopy setup. Therefore, the
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Fig. 4. Life-death transition by observing cellular nanomotions of yeast cells in the presence of ethanol. The distribution of the displacements of 20 cells at time
0 min (left) and 60 min (right) for (A) C. albicans DSY294, (B) C. glabrata DSY562, (C) C. lusitaniae DSY4606, and (D) S. cerevisiae BY4742. Time evolution of displacements/
frame per frame of 20 cells (top) for (E) C. albicans DSY294, (F) C. glabrata DSY562, (G) C. lusitaniae DSY4606, and (H) S. cerevisiae BY4742 and the corresponding graphs of
the total displacement during 12 s measurement as a function of time (bottom). Wilcoxon test: ****P < 0.0001; ***P < 0.001; **P < 0.01; *P < 0.1.

low-frequency oscillations that we observed probably correspond to
the whole-body displacements of single yeast cells. Future experiments
involving high-speed optical microscopy and AFM-based measure-
ments should highlight the full spectrum of cellular oscillations and a
possible contribution of low-frequency cell wall oscillations.

The molecular processes that could cause the observed oscillations
have not been investigated yet in detail. Additional experiments con-
sisting in blocking or activating molecular actors (processes) would
permit to better understand the observed phenomena. The nanomo-
tion signal is made of vibrations arising from many metabolically re-
lated sources that combine energy consumption with local movement

Willaert et al., Sci. Adv. 2020; 6 : eaba3139 24 June 2020

or molecule redistributions (30). Cellular nanomotion could arise
from processes such as DNA replication, DNA transcription, protein
assembly, cytoskeleton rearrangement, ionic pumps activity, organ-
elle transport, etc. The involvement of the cytoskeleton has already
been demonstrated by depolymerizing the actin cytoskeleton of
osteoblasts by cytochalasin, which resulted in a reduced cellular motion
(as measured by the AFM cantilever method) (2). In addition, confor-
mational changes of proteins [as was demonstrated for human
topoisomerase II (31)] could contribute to nanomotion.

By automatizing the cell recognition using a deep learning algo-
rithm, we could avoid manual cell detection, extend the number of
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Fig. 5. Effect of antifungals on the cellular nanomotion of C. albicans. (A) Effect of amphotericin B (500 pug/ml), (B) caspofungin (100 pug/ml), and (C) fluconazole (400 ug/ml)
on C. albicans DSY294. Time evolution of displacement distributions of 20 cells of (top) and corresponding graphs of the total displacement during 12 s (bottom). Effect
of caspofungin (10 ug/ml) on (D) the hypersusceptible C. albicans DSY1024 and (E) the candin-resistant C. albicans DSY4614. Time evolution of displacement distributions
of 20 cells of (top) and corresponding graphs of the total displacement (bottom). (F) Effect of increasing amphotericin B concentrations on C. albicans DSY294: cellular
displacements (left) and the total displacement for 20 cells (right) after 1-hour treatment and (G) after 2-hour treatment. Wilcoxon test: ****P < 0.0001; ***P < 0.001;

**P<0.01;*P<0.1.

analyzed cells, and reduce the processing time. In addition, this opens
the way to analyze a larger population of cells. Future developments
will include dedicated microfluidic chip development and software
optimization to run the acquisition and/or the data processing steps
onto a low-end computer. These developments could eventually lead
to an easy operational mobile device that can be directly implemented
in hospitals or even in remote doctor’s practices in developing world
countries where it will allow to perform antifungal susceptibility test-
ing in the earliest possible treatment stage and make the appropri-
ate decision for a personalized effective antifungal therapy.

MATERIALS AND METHODS

Strains and cell growth

All yeast strains (table S1) were cultured by inoculating 10 ml of
YPD [yeast extract (10 g/liter), peptone (20 g/liter), and dextrose
(20 g/liter)] medium with a colony from a YPD agar (20 g/liter) plate.
The cultures were grown overnight in Erlenmeyer flasks [30°C and
200 revolutions per minute (rpm)]. The overnight cultures were 10- to
20-fold diluted in 5-ml YPD medium to obtain an optical density at
600 nm (ODggonm) of 0.5 and were then allowed to grow in Erlenmeyer
flasks for 1 hour at 30°C and 200 rpm. The cultures were further di-
luted afterward, depending on the cell concentration (ODggnm value)
to obtain an optimal number of cells for visualization.
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Optical nanomotion experiment
Ten microliters of each yeast cell culture was dispensed in one of the
microwells, using a 4 Well FulTrac micro-Insert (Ibidi, Germany) in an
imaging micro-dish (Ibidi, Germany). The yeast cells were allowed
to sediment for a period of 10 min before starting the measurement.
The motion of cells was observed by taking movies of 1000 frames with
a framerate of 84 frames per second (fps) using an electron multiply-
ing charge-coupled device camera (Andor iXon, Oxford Instruments)
using a Nikon TE-2000 microscope with a 40x objective. The petri dish
was kept at 30°C using a microscope stage top incubator (Ibidi, Germany).
For the experiments where the cell activity in PBS [NaCl (8 mg/ml),
KCl (0.20 mg/ml), Na,HPO, (1.44 mg/ml), and KH,PO4 (0.24 mg/ml)]
was compared to YPD growth medium, the overnight cultured cells
were 1000-fold diluted in either YPD medium or PBS and immedi-
ately dispensed in the microwells. The nanomotions of yeast cells
were measured every hour during 4 hours. For the experiments where
the effect of the temperature on the metabolism was evaluated, the
temperature inside the microwells was controlled by adapting the
temperature of water (from a recirculating water bath) circulating
around the microwells. The temperature was successively adapted
from 13° to 20°, 25° 30°, and lastly, 35°C. The yeast cells were allowed
to adapt during 20 min to each temperature before measuring the
nanomotion of the cells. For the experiments with glass surface treatment,
the glass surface was coated with concanavalin A (2 mg/ml; Sigma)
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or PLL-g-PEG (0.1 mg/ml; SuSoS AG, Switzerland) by incubating
the glass surface for 30 min with the coating solutions.

The effect of ethanol on the viability of the cells was compared
with cells grown in YPD medium. Therefore, first, cell nanomotion
videos were recorded, and next (after approximately 1 min), 200 ul
of ethanol (70%, v/v) was added to the top chamber of the four
micro-Insert wells. Videos were recorded every hour during a period
of 5 hours. Caspofungin, amphotericin B, and fluconazole were used
as antifungals to assess their effect on cell viability. Before starting
the treatment with the antifungal, reference (no treatment) videos
were recorded of yeast cells in YPD medium (time = 0 hours). Then
(at time = 1 min), 200 pl of a certain concentration of antifungal was
added to the chamber (200 ul) above the four microwells.

As abiotic reference particles, silica microbeads (monodisperse
silica standard, Whitehouse Scientific) with a diameter of 3 um were
used. The beads were dissolved in YPD medium, and the measure-
ments were performed at 30°C.

Nanomotion detection software

The ONMD algorithm calculates the cell displacement for each frame
and saves the trajectories of tracked cells as well as the root mean
square of the displacement to a MS Excel file. The main part of the
program is based on the algorithm of Guizar-Sicairos et al. (7), ported
from MATLAB to Python in the open-source image processing li-
brary sci-kit image (32). The Python package nd2 reader (Verweij
R, online: www.lighthacking.nl/nd2reader/) was used to import the
videos in the ND2 Nikon format.

Deep learning cell detection

The described nanomotion analysis previously described starts from
the position of each individual cell, which is currently provided through
a manual selection of the bounding box of a cell in the first video
frame. However, the number of videos and cells present in the videos
can be considerably large, especially when determining the MIC or
the impact of different temperature conditions. Providing cell de-
tection at every few frames instead of only in the first video frame
allows rectifying the position of those cells that drifts away from their
initial positions. In these cases, manual detection efforts could span
over several hours for multiframe annotations and thus must be re-
placed by an automatic detection process of the cells. Therefore, we
decided to use a deep learning algorithm, i.e., a medium-sized YOLO
(24), to automatize cell detection. The training process is performed
using a set of 50,000 synthetic cell images randomly generated. These
synthetic images, obtained using a phase-contrast imaging model
we previously proposed (33), look very similar compared to the cell
images obtained with the microscope in terms of cells distribution,
illumination, and imaging artefacts. Once the YOLO model has been
trained, it is then used to automatically detect cells in real micro-
scopic images, and each detection is then used as initial position to
calculate the optical nanomotion with the cross-correlation algorithm
previously described. The overall processing pipeline starts from a
bulk of video sequences and performs a per-frame automated single-
cell detection. Next, the results are refined by averaging the cells posi-
tion and detection confidence across frames to correct abrupt changes
between consecutive frames. Last, the position of cells detected with
high confidence (i.e., >0.6) is provided as input to the nanomotion
analysis algorithm (fig. S11A and movies S1 to S5).

Automation of the process

The overall process consists of reading a sequence of frames as im-
ages containing the cells and applying the above described cell de-
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tection process every 10 frames to obtain a set of bounding boxes
indicating the location of each individual cell automatically detected.
On the basis of their positions, the cells are tracked across time as
the video analysis process unfolds. At the end, in a subsequence re-
finement stage, we find the contours of cells (34) indicated by the
bounding boxes to confirm that their center roughly corresponds to
that of the bounding boxes, and any mismatch is then used to penal-
ize the cells detection confidence proportionally. In addition, the
bounding boxes position, and detection confidence is averaged across
frames to avoid sharp changes the cells detection positions.

Calculation of the frequency region of optically recorded cell
movements and the critical frequency

The approach based on calculating fast Fourier transform (FFT) am-
plitude spectrum, computed for two signals of cell movements—one
in the horizontal (“x”) and the other in the vertical (“y”) direction—
was developed to calculate the frequency region and critical frequency
of optically recorded yeast cell movements. We named this method
Double Region Interpolation Method. The idea is to perform two
linear interpolations on these averaged amplitudes, in two different
frequency regions. One should be performed on the wideband noise
part of the spectrum, sufficiently distant from the cell activity re-
gion (e.g., 5 to 10 Hz). The other is performed on the low-frequency
region, where the cell is active. Crossing point between these two
straight lines determines the upper critical frequency of the cell ac-
tivity region.

Our approach to determine the frequency range of the cell move-
ments is based on the direct application of the FFT algorithm on two
detrended signals: one obtained for movements in the horizontal
(x) and the other in the vertical (y) direction. Both x and y spectra
have similar profiles; however, some amplitudes were slightly dif-
ferent. We therefore derived their frequency-by-frequency average
to equally incorporate frequencies of cell movements in both direc-
tions. Since signals were recorded with a sampling frequency of 83 fps,
we visually inspected frequencies up to 41 Hz and confirmed that
cell movements are confined to a few Hz only (fig. S8A, inset). As
each signal contained 1000 samples (duration of 12.0482 s), each FFT
spectrum was taken from the first 12 s, resulting in a frequency res-
olution of 0.083 Hz. To maintain this resolution, FFT was applied to
each 12-s signal as a whole, thus avoiding any shorter moving win-
dows. The task of determining the frequency range of cell movements
implies assessing both its upper and lower critical frequencies.

Statistical analysis

Violin and box-and-whisker (10th to 90th percentile) plots were created
with Prism8 (GraphPad). A Wilcoxon matched-pairs signed-rank test
was performed to determine the significant differences between con-
ditions (boxplots of mean total displacements over 1000 frames).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/26/eaba3139/DC1
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