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ABSTRACT

Antimicrobial resistance is a major threat to human health. Basic knowledge of
antimicrobial mechanism of action (MoA) is imperative for patient care and for
identification of novel antimicrobials. Recently, imaging-based Bacterial Cytological
Profiling (BCP) was developed to predict MoAs of antibacterial compounds against
Gram-negative bacteria. Here, we developed a simple, quantitative time-lapse
fluorescence imaging method using a membrane dye and a nucleoid dye to track the
morphological changes of Bacillus subtilis cells in response to antimicrobials for up
to 60 min. Dynamic Bacterial Cytological Profiling (DBCP) facilitated assignment of
the MoAs of 14 distinct, known antimicrobial compounds to the five main classes.
Using this method, we found that the poorly studied antimicrobial, harzianic acid,
a secondary metabolite purified from the fungal culture of Oidiodendron flavum,
targets the cell envelope. We conclude that DBCP is a simple method, which facilitates
rapid classification of the MoA of antimicrobials in functionally distinct classes.
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INTRODUCTION

As the number of untreatable infections caused by multidrug-resistant “superbugs”
is increasing globally, antimicrobial resistance is becoming a major threat to human
health [1,2]. New antimicrobials with distinct working mechanisms are required to
combat bacteria that have become resistant to all known antimicrobials. Although
thousands of small molecules have now been screened for antibacterial activity in
countless screening programs, the yield of useful compounds from these is relatively
low [3]. One of the reasons is the lack of insight into antimicrobial mechanism of
action (MoA), which makes it difficult to determine the value of a new compound.
Therefore, understanding the MoA is fundamental for identification of novel
antimicrobials.

Recently, imaging-based Bacterial Cytological Profiling (BCP) was developed, a
method similar to cytological profiling of eukaryotic cells [4—6]. BCP utilizes high
resolution fluorescent microscopy to observe changes of fluorescent bacterial cells
(due to fluorescent dye staining or fluorescent reporter gene expression) in response
to antibacterial compounds and compares cytological profiles with cells treated with
control antimicrobials. For Gram-negative bacteria, this method was applied on
Escherichia coli by generating BCP profiles using a single strain with nucleoid and
cell membrane staining at the single-cell level [4]. Several parameters, including cell
size, cell shape, DNA and membrane dye intensity were quantified in individual cells
and antimicrobials were rapidly and successfully classified into five main classes.
For Gram-positive bacteria, a panel of GFP-reporters was generated covering many
pathways and this panel was successfully used for in-depth analysis of antimicrobial
targets [7—9]. However, no single reporter was generated covering more than
two main antimicrobial classes. This suggests that for classification of unknown
antimicrobial candidates against Gram-positive bacteria, multiple reporters will be
needed each time to assign to one of the five MoA classes, cell membrane, cell wall,
protein, DNA or RNA, which is laborious.

Here, we developed a method to rapidly distinguish the effect of anti-bacterial
compounds from all of the five main classes. To achieve this, we used time-lapse
imaging of fluorescent dye-stained B. subtilis to record dynamic changes. We
improved the imaging protocol to make it simple and functional for bacterial
long-term imaging. Using this method, dubbed Dynamic Bacterial Cytological
Profiling (DBCP), we observed bacteria over time and established fluorescence
intensities qualitatively and quantitatively. It allowed to rapidly distinguish
between antimicrobials from all of the five different classes. Finally, we purified an
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antimicrobial activity from the fungal culture of Oidiodendron flavum and identified
it to be harzianic acid, an understudied fungal secondary metabolite. Using DBCP,
we established that harzianic acid targets the cell membrane and cell wall.

MATERIALS AND METHODS

Strains and reagents

B. subtilis 168 was used for imaging in this study [10]. O. flavum (CBS 366.71)
was obtained from Westerdijk Fungal Biodiversity Institute (the Netherlands) and
used for biologically active compound production. Commercial antimicrobials were
purchased from Sigma Aldrich (Table 1). FM4-64, 4’,6-diamidino-2-phenylindole
(DAPI), SYTO-9 and SYTOX-Green were purchased from Thermo Fisher Scientific.

Microdilution assay

MIC was determined by broth microdilution assay. Early exponential-phase cultures
of B. subtilis were diluted 1:100 into Luria-Bertani (LB) medium, and distributed in
96-wells plates. Antimicrobials were tested 1:10 of the stock, then serially diluted
with a factor 2. Bacterial growth was visually inspected after overnight incubation
at 37 °C.

Confocal microscopy

Microscopy was performed as described before with minor modification [7]. Briefly,
bacterial cultures in early exponential-phase were treated with antimicrobials (2.5
x MIC) or 1% dimethyl sulfoxide (DMSO) as control for up to 60 min. Afterwards,
1.5 uM FM4-64 was used for membrane staining. 5 uM DAPI, 50 nM SYTO-9 or 0.5
uM SYTOX-Green was applied to stain nucleoids. Samples were then immobilized
on microscope slides covered with an agarose pad containing 1% agarose and LB
medium, and imaged. Confocal microscopy was carried out using a Perkin Elmer
UltraView VoX spinning disk microscope system and Volocity v6.3 software.
Z-stack images were collected over a length of 3 um with 0.2 um intervals to acquire
signals from the whole cells. Three independent experiments were done using each
antimicrobial (biological triplicates). Images were analyzed using Fiji [11].
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Time-lapse microscopy

A single well agarose pad (2 mLin size) containing 0.75% agarose, 1.5 uM FM4-64, 50
nM SYTO-9 and LB medium was made by a trimmed syringe to immobilize bacterial
cells on its surface. Bacterial culture in early exponential-phase was treated with 1.5
uM FM4-64 and 25 nM SYTO-9 for 10 min, and then 5 uL of it was transferred onto
the agarose pad for imaging. Time-lapse images were collected using the spinning
disk microscope system described above for 30 to 60 min with 3 min intervals. 400
uL. LB medium with antimicrobials (2.5 x MIC) or 1% DMSO (control) was added
into the well on the agarose pad after the second image was taken to make sure the
cells were growing normally. Images were analyzed using Fiji.

Dynamic cytological patterns

Stack images were merged by Z projection using max intensity and cell morphological
patterns were measured by Fiji. A wide line (width: 20-pixel, i.e. 1.3 um) was drawn
to cover a whole cell and the intensity of both membrane signal and nucleoid signal
over the line was acquired with the tool Plot Profile. The graphs of Plot Profile
from each series of time-lapse imaging were then re-plotted into one heatmap with
GraphPad Prism v8.4.1 to generate the dynamic cytological patterns.

Dynamic cytological profiling

Stack images were merged by Z projection using max intensity. One cell unit was
defined as a cell without any septa shown in the image of the initial time point.
Cell status analysis was done by counting cells by eye in each of the three cell type
categories (intact cell, no-nucleoid cell and disintegrated cell). Cell morphology
analysis was done by measuring the length and intensity of both membrane and
nucleoid using Fiji. Bar graphs and line chart were plotted using GraphPad Prism
v8.4.1.

Identification of biologically active compound

O. flavum was cultured on Malt Extract Agar (MEA) for 14 days. Secondary
metabolites were extracted using ethyl acetate and separated using a Shimadzu
preparative high performance liquid chromatography (HPLC) system with a C18
reversed phase Reprosil column (10 um, 120 A, 250 x 22 mm). The mobile phase
was 0.1% trifluoroacetic acid in water (buffer A) and 0.1% trifluoroacetic acid in
acetonitrile (buffer B). A linear gradient was applied of buffer B (5—95%) for 40
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minutes. Fractions were collected and tested on B. subtilis. The active fraction was
assessed for its purity through Shimadzu LC-2030 analytical HPLC using a Shimadzu
Shim-pack GISTC18-HP reversed phase column (3 um, 4.6 x 100 mm). LC-MS was
performed on a Shimadzu LC-system connected to a Bruker Daltonics yTOF-Q mass
spectrometer. High resolution mass spectrometry (HRMS) was measured on an LCT
instrument (Micromass Ltd, Manchester UK). Elemental composition analyses were
performed by Mikroanalytisch Labor Kolbe (Oberhausen, Germany). Finally, the
compound was dissolved in 400 uL CDCl, + 0,03% TMS and analyzed by Nuclear
Magnetic Resonance (NMR) spectroscopy. More specifically, 'H-NMR, Hetronuclear
Single Quantum Coherence (HSQC), Hetronuclear Multile-Bond Correlation
(HMBC) and Correlation spectroscopy (COSY) spectra were measured at 600 MHz
using a Bruker instrument. *C-NMR was measured on the same instrument at 150
MHz.

RESULTS AND DISCUSSION

BCP did not fully distinguish antimicrobials from five main
classes

Most antimicrobials for Gram-positives fall into one of five main classes based on their
MoA: cell membrane, cell wall, protein, DNA or RNA [12]. We set out to use BCP to
distinguish MoAs between different classes of antimicrobials against Gram-positive
bacteria. To this end, we selected one antimicrobial from each class. B. subtilis was
treated for 60 min with the antimicrobials using 2.5 x MIC (Table 1) to ensure the
inhibitory effects. The cells were stained with FM4-64 (red, cell membrane) and DAPI
(blue, nucleoid), immobilized and imaged. Ampicillin (cell wall class) treatment for
60 min did not alter the appearance of cells compared to control treatment (Fig. 1).
The other four antimicrobials induced variations both with respect to membrane and
nucleoid staining. On the membrane, bright fluorescent foci appeared in response to
all four antimicrobials, suggesting that the cytoskeleton was affected [13]. However,
similar foci were also sometimes observed in the control, precluding the presence of
foci as a criterion to distinguish between antimicrobial classes. Nucleoid staining was
divided into two groups: decondensed nucleoids in response to CCCP (cell membrane
class) and rifampin (RNA class), and shorter, more condensed nucleoids in response
to moxifloxacin (DNA class) and chloramphenicol (protein class). Taken together,
analysis of membrane and nucleoid staining of immobilized cells after treatment
with antimicrobials for 60 min was not sufficient to definitively distinguish between
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the five classes of antimicrobials. Nevertheless, some differences were observed and
we hypothesized that the response over time might be distinct. To investigate the
dynamics of the cells’ responses to antimicrobials, we set up time-lapse imaging of
bacteria stained with fluorescent dyes.

chloramphenicol

moxifloxacin rifampin %,

Fig. 1. Cytological profiling of antimicrobial activities. B. subtilis cells were treated with an
antimicrobial from one of the five main MOA classes or 1% DMSO (control) for 60 min. The antimicrobials
we selected were: ampicillin for cell wall, CCCP for cell membrane, chloramphenicol for protein,
moxifloxacin for DNA and rifampin for RNA. The concentrations of antimicrobials were 2.5 x MIC. Cells
were stained with FM4-64 (red, cell membrane) and DAPI (blue, nucleoid), immobilized and imaged by
confocal fluorescence microscopy. Representative images are shown. Scale bar is 5 um.

DBCP distinguished antimicrobials from distinct MoA classes

To acquire dynamic cytological profiles, SYTO-9 was used as nucleoid dye, because
DAPI is toxic to bacterial cells. SYTO-9 shows low bacterial toxicity, fast staining,
high fluorescence intensity in the green spectrum and therefore good compatibility
with FM4-64 fluorescence.
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To enable time-lapse imaging of bacteria, we designed the following workflow (Fig.
2). A thick agarose pad providing enough nutrition to sustain cell growth and the well
on top of the agarose was convenient for adding antimicrobial solutions to bacteria
at any stage of the imaging process. Images were taken every three minutes, which
was sufficient to obtain information about the dynamics of antimicrobial treatment,
but not too frequent thus preventing cells from laser damage. To confirm that the
bacteria were growing healthily, two images were acquired before antimicrobials
were added. To facilitate quantitative dynamic imaging of individual cells, the
fluorescence intensity was integrated and quantified along the length of the cell and
plotted. Control cells treated with DMSO showed steady growth over the course of
60 min (Fig. 3). DBCP was initially performed with the same antimicrobials as in the
static BCP experiment. Images were collected for 60 min and resulting movies are
shown in Movie S1-S6.

Cells treated with different classes of antimicrobials had notably distinct profiles.
The ampicillin and CCCP profiles stood out, because the nucleoid fluorescence
signals suddenly became almost undetectable (Fig. 3). Ampicillin treatment inhibited
cell growth and subsequently, the nucleoid fluorescence was lost. Strikingly, the
membrane fluorescence at the septum started to decrease a few minutes after cell
growth was inhibited. Part of the membrane fluorescence was lost at the end of the
imaging series, showing that cells treated with ampicillin disintegrated, which was

= > | |
4 l Iy
l" 0 min 15 min ‘I

[ microscope
T, -E
== =

0 min 15 min

Fig. 2. Workflow for time-lapse imaging of bacteria. A single well LB agarose pad was made using
a trimmed syringe to immobilize bacterial cells on its surface. A glass slide was used to keep the agarose
surface flat and smooth. Upon solidification of the agarose, the glass slide was removed and drops with
bacterial cultures were added onto the surface. Once the drops were dry, the agarose pad with bacteria was
transferred into a confocal dish for imaging. The thick agarose pad provided enough nutrition to sustain
growing cells, allowing time-lapse imaging for hours, even overnight. The well on top of the agarose pad
was used for easy addition of antimicrobial solutions to bacteria at any stage of the imaging process.
After imaging, raw micrographs were converted into dynamic patterns by quantifying the fluorescence
intensities of the membrane and nucleoid staining separately along the length of the bacteria.
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Fig. 3. Distinct dynamic profiling patterns of cells upon antimicrobial treatments. B. subtilis
cells were treated with antimicrobials (2.5 x MIC) as indicated or 1% DMSO (control). The antimicrobials
we selected were: ampicillin for cell wall, CCCP for cell membrane, chloramphenicol for protein,
moxifloxacin for DNA and rifampin for RNA. Cells were stained with FM4-64 (red, cell membrane) and
SYTO-9 (green, nucleoid) and imaged by time lapse confocal fluorescence microscopy for 60 min with
3 min intervals. Column A and D show the actual micrographs of the first and the last picture of the
series (contrast was adjusted for individual graph to show details). The FM4-64 (column B) and SYTO-9
(column C) signals in a single cell (arrow in micrographs) were quantified over the length of the cell and
plotted (y-axis, numbers in pm) over time (x-axis, numbers in min). Representative cells are shown. Scale
bar is 5 pm.
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DMSO FM4-64 DMSO SYTO 9 DMSO SYTO 9 HC DMSO DAPI

CCCP FM4-64 CCCP SYTO 9 CCCP SYTO9 HC CCCP DAPI

Fig. 4. Dual nucleoid staining of cells following CCCP treatment for 3 min. B. subtilis cells
were treated with CCCP (2.5 x MIC) or 1% DMSO (control) for 3 min. Cells were stained with FM4-64
(red, cell membrane), SYTO-9 (green, nucleoid) and DAPI (blue, nucleoid), immobilized and imaged by
confocal fluorescence microscopy. Representative images are shown. Scale bar is 5 pm. SYTO-9 graphs
were shown both in normal contrast and high contrast (HC).

also evident from the actual micrograph (Fig. 3D). Interestingly, this pattern was
not observed with ampicillin treated cells in Fig. 1. This discrepancy is likely caused
by the different imaging methods that were used. Time lapse imaging of the same
cell showed disintegration of the cell (Fig. 3D), whereas treatment in liquid medium
for 60 min and subsequent transfer for imaging may cause disintegrated cells to
go unnoticed and only intact cells are imaged (Fig. 1). In response to CCCP, the
membrane pattern remained normal. However, the nucleoid fluorescence intensity
decreased sharply already after 6 min of treatment and cells stopped growing at the
same time. The apparent loss of SYTO-9 staining was unexpected, because CCCP-
treatment did not significantly affect DAPI-stained nucleoids (Fig. 1). Double labeling
of nucleoids with SYTO-9 and DAPI showed that CCCP-treatment for 3 min already
greatly reduced the SYTO-9 signal. In high contrast, SYTO-9 was still detectable.
Yet, DAPI labeling appeared not to be affected in the same CCCP-treated cells (Fig.
4). Similar results were obtained after CCCP-treatment for 60 min (Fig. S1B). These
results indicate that rapid reduction in SYTO-9 labeling of nucleoids was not due to
loss of nucleoids from the cells, but rather to loss of SYTO-9 fluorescence by rapid
changes in local conditions, e.g. membrane potential, pH and/or ion concentration.
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Table 1. List of antimicrobials used in this study. The MIC was determined by our stain of Bacillus
subtilis strain 168 in this study.

Class Sub-class Antimicrobials me Mode of Action
(mg/L)
Cell wall Penicillin Ampicillin 5 Binding to Penicillin-binding protein [23]
Penicillin Penicillin G 5 Binding to Penicillin-binding protein [23]
Glycopeptide Vancomycin 0.25 Binding to D-Ala-D-Ala moiety of peptidoglycan [24]
Cell Proton ionophore CCCP 0.4 Transporting protons across membranes [21]
membrane Polychloro phenoxy Triclosan 2.5 Disrupting cellular ionic homeostasis at bactericidal
phenols concentration [22]
Lantibiotics Nisin 25 Generating pores on cell membrane [20]
Protein Amphenicols Chloramphenicol 25 Inhibiting the peptidyl transferase activity [27]
Fusidanes Fusidic acid 0.13 Binding to the elongation factor G (EF-G) [29]
Aminoglycoside Gentamicin 2.5 Binding to the A-site on the 16S ribosomal RNA [28]
DNA Quinolone Moxifloxacin 0.05 Inhibiting DNA gyrase A and topoisomerase |V [17]
Quinolone Nalidixic acid 1.5 Inhibiting DNA gyrase A and topoisomerase |V [18]
Mitomycin Mitomycin C 0.06 Cross-linking and alkylating of DNA [19]
RNA Rifamycin Rifampin 0.13 Inhibiting bacterial RNA polymerase [25]
Actinomycines Actinomycin D 0.03 Inhibiting bacterial RNA synthesis by binding to DNA
at the transcription initiation complex [26]
Unknown Harzianic acid Harzianic acid 50 Unknown

Chloramphenicol and moxifloxacin induced shorter nucleoids relative to the cell
size (Fig. 3), but the dynamics were different. In chloramphenicol treated cells, the
extension of nucleoids was totally arrested, and the nucleoids compacted, resulting
in an apparent increase in space between the nucleoids. In moxifloxacin-treated
cells, the nucleoids still extended, but slower than the cells themselves, resulting in
an increase in the space between nucleoids. Rifampin induced the nucleoid signal to
gradually spread over the cells, suggesting that the nucleoids decondensed, which is
in line with previous studies [14,15]. Taken together, these results suggest that DBCP
distinguished the MoA of antimicrobials from five major classes.

Rapid loss of nucleoid staining was distinct in cells treated with
antimicrobials from cell membrane and cell wall classes

In order to determine whether the DBCP profiles were conserved in each class, we
tested 14 distinct antimicrobials from the five main antimicrobial classes (Table 1)
using DBCP. All the profiles were first analyzed by eye for nucleoid visibility and
membrane integrity to derive cell status, which was featured into three types:
intact cells, having both visible membrane and nucleoid fluorescence; no-nucleoid
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Fig. 5. DBCP of cells treated with antimicrobials from the cell membrane and cell wall

classes. B. subtilis cells were treated with antimicrobials (2.5 x MIC) as indicated or 1% DMSO (control).

Cells were stained with FM4-64 (red, cell membrane) and SYTO-9 (green, nucleoid), and imaged by time

lapse confocal fluorescence microscopy with 3 min intervals. Three distinct cell types were identified:

intact cells (cells with visible membrane and nucleoid fluorescence), no-nucleoid cells (cells with
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apparently intact membrane, but without visible nucleoid fluorescence), and disintegrated cells (cells
with disintegrated membrane and no detectable nucleoid). The number of cells of the three types were
counted from biological triplicate imaging series (n > 40). In-depth cell morphology analysis was done
on 9 cells in total per condition, i.e. 3 cells per biological triplicate. The cell length and nucleoid intensity
data were quantified in these cells at each timepoint. (A) The number of cells in each cell type, intact
cells (green), no-nucleoid cells (yellow) and disintegrated cells (red), was determined and plotted as
percentage (y-axis, numbers in %) over time (x-axis, min). (B) Overall nucleoid intensity, i.e. the SYTO-9
fluorescence intensity inside a whole cell, corrected for background, was determined for individual cells
over time and was depicted as percentage of the value at the start (t = 0 min) (y-axis) over time (x-axis,
min). The mean of antimicrobial-treated cells was plotted in black with error bars representing the SEM.
Gray lines represent individual antimicrobial-treated cells on which the mean was based. (C) Cell length
was determined using the membrane signal (FM4-64) and was represented as percentage, relative to the
initial length (y-axis, numbers in %) over time (x-axis, min). The mean of antimicrobial-treated cells was
plotted in black with error bars representing the SEM. Gray lines represent individual antimicrobial-
treated cells on which the mean was based.

cells, intact cells without visible nucleoid fluorescence; and disintegrated cells, no
detectable nucleoid fluorescence and a disintegrated membrane. Cell status was
evaluated over time to determine the changes in the ratios of each cell type during
treatment.

As expected, antimicrobials within the cell membrane class (triclosan, nisin and
CCCP) and the cell wall class (ampicillin, penicillin G and vancomycin) showed
distinct profiles by cell status analysis and were readily distinguished from the other
three classes (Fig. 5A, S1C). The percentage of intact cells decreased strongly after
treatment with antimicrobials from the cell membrane and cell wall classes, compared
to the other three classes. However, some antimicrobials from RNA and protein
classes, including rifampin, gentamicin and chloramphenicol, also induced loss of
nucleoid fluorescence in a small proportion of the cells (Fig. S1C). Quantification of
nucleoid intensity of individual cells over time indicated that rifampin, gentamicin
and chloramphenicol treatment resulted in gradual loss of nucleoid intensity
(Fig. S1D). In contrast, treatment with cell membrane-active and cell wall-active
antimicrobials resulted in a sharp decrease of nucleoid fluorescence intensity in each
individual cell (Fig. 5B). Next, to distinguish the classes further, quantitative analysis
of the changes in the membrane fluorescence intensity, cell length and the nucleoid
length was done over time. Differences in membrane appearance and nucleoid shape
were also recorded.

To distinguish the cell membrane class from the cell wall class, we evaluated the
percentage of intact cells (Fig. 5A) and the inhibition of cell growth (Fig. 5C). Cell wall-
active antimicrobial treatment induced loss of nucleoid fluorescence and inhibition of

97



98

CHAPTER 4

moxifloxacin nalidixic acid mitomycin C rifampin DMSO
2 25 2. 254 2 254
J5 s 1 15 154 15
9§ m_-‘_’_‘._,....----—-—-""‘ mw w"_,._H—H“'H_kH “/,.—-—--—H--H -
chloramphenicol fusidic acid gentamicin actinomycin D
22 . 20 20 2 — average
82 . . s "
29 fE——————— et WM_\{ B individual
S

moxifloxacin nalidixic acid mitomycin C rifampin

19

relative
cell length
czasvss

chloramphenicol fusidic acid gentamicin actinomycin D

301 301 301 B

201 20/ 201 2 —— average
15 1 /__,.,.-H—H"""H 15 159
| ———ar Y] individual

relative
cell length

Fig. 6. DBCP of cells treated with antimicrobials from the DNA, RNA and protein classes.
B. subtilis cells were treated with antimicrobials (2.5 x MIC) as indicated or 1% DMSO (control). Cells
were stained with FM4-64 (red, cell membrane) and SYTO-9 (green, nucleoid), and imaged by time
lapse confocal fluorescence microscopy with 3 min intervals. Cell morphology data were analyzed from
biological triplicate imaging series in triplicate, hence from 9 cells in total per antimicrobial and processed
as described in the legend to Fig. 5. Nucleoid length, i.e. the length of all the nucleoids inside one cell
added together, is shown in (A) and cell length in (B). In case nucleoid fluorescence was not detectable,
the nucleoid length was recorded as 0 um. The mean of antimicrobial-treated cells was plotted in black
with error bars representing the SEM. Gray lines represent individual antimicrobial-treated cells on
which the mean was based. DMSO control is depicted in Fig. 5C.

cell growth after 15 - 30 min of treatment. Cell wall-active antimicrobials also induced
disintegration of cells within 12 min after losing nucleoid fluorescence. Disintegrated
cells were only observed upon treatment with cell wall-active antimicrobials, making
this both a unique and a conserved trait for this class. In contrast, cell membrane-
active antimicrobials induced simultaneous arrest of cell growth and loss of nucleoid
fluorescence at an early stage of the antimicrobial treatment. These results indicate
that the loss of nucleoid fluorescence is the first effect of cell membrane-active
antimicrobials and distinguishes the class of cell membrane-active antimicrobials
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actinomycin D moxifloxacin

nalidixic acid mitomycin C chloramphenicol fusidic acid gentamicin
\

rifampin

DMSO ampicillin penicillin G vancomycin CCccP triclosan

0 min

30 min

Fig. 7. Cell membrane and nucleoid staining of cells after 0 min and 30 min treatment with
different antimicrobials. Cells treated with antimicrobials from DNA, RNA and protein class are in
(A) and from cell membrane, cell wall classes and DMSO control are in (B). Special patterns induced
by moxifloxacin, nalidixic acid, mitomycin C, triclosan and vancomycin are indicated by arrow heads.
Representative images are shown. Scale bar is 5 um.

from the other classes. Like for CCCP, co-staining of nucleoids using SYTO-9 and
DAPI indicated that loss of SYTO-9 fluorescence was not caused by loss of nucleoids
themselves (Fig. S1E). Taken together, DBCP facilitates the distinction between cell
wall and cell membrane active antimicrobials.

Next, we assessed differences between the cells treated with the three non-
envelope-associated classes of antimicrobials. Since most of the cells remained
intact during treatment (Fig. S1C), we investigated the potential differences in cell
morphology, first focusing on changes in nucleoid length (Fig. 6A, S1F) in comparison
with changes in cell length (Fig. 5C, 6B). To visualize this comparison, the ratio
between nucleoid length and cell length was calculated (Fig. S1G). If not detectable,
the nucleoid length was recorded as 0 um. In response to cell wall and cell membrane
active antimicrobials, nucleoid fluorescence was lost abruptly. In contrast, the
two antimicrobials from the RNA class (rifampin and actinomycin D) induced an
increase in nucleoid length compared to cell length, albeit with different dynamics.
This indicated that an increased ratio of nucleoid length to cell length was conserved
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following treatment with antimicrobials from the RNA class, which is consistent
with a previous report about nucleoid compaction [16]. In comparison, treatment
with antimicrobials from both the DNA class (moxifloxacin, mitomycin C and
nalidixic acid) and the protein class (chloramphenicol, fusidic acid and gentamicin)
reduced nucleoid length compared to cell length (Fig. S1G). For cells treated with
antimicrobials from the protein class, nucleoid elongation stopped immediately,
suggesting DNA elongation was blocked shortly after the antimicrobial was added.
Since cell growth was not totally inhibited (fusidic acid) or was inhibited more slowly
than the inhibition of nucleoid growth (chloramphenicol and gentamicin), the ratio
of nucleoid length to cell length was reduced. The antimicrobials from the DNA
class did not inhibit nucleoid elongation completely, but reduced it to some extent.
Additionally, during treatment, the separation of nucleoids seemed to be poorly
controlled and unusual shapes of nucleoids were often observed (e.g. Fig. 7A at 30
min), in line with known effects of these antimicrobials on DNA replication [17—-19].
Hence, each class of antimicrobials we tested generated a unique and reproducible
DBCP profile.

DBCP distinguished sub-classes within the cell membrane, cell
wall and RNA classes

Subsequently, we investigated whether DBCP was also able to distinguish sub-classes
within the five main classes. In the cell membrane class, the growth curve of nisin-
treated cells was notable, showing stabilized and even decreased cell size when the
drug was added (Fig. 5C), which might due to loss of turgor pressure. In addition, big
membrane blobs were observed after loss of nucleoid intensity at 30 min (Fig. 7B).
Triclosan and CCCP generated highly similar profiles, but there was still a detectable
morphological difference between the treated cells at 30 min (Fig. 7B). CCCP did
not induce effects on the membrane, whereas triclosan induced small fluorescent
membrane foci. These results are in line with their MoAs: nisin generates pores in
the membrane, whereas triclosan and CCCP destroy membrane polarization, albeit
at different levels [20—22]. This indicates that DBCP may be used to distinguish
between cell membrane-active antimicrobials.

When comparing the profiles within the cell wall class, vancomycin was found to
generate a different profile than ampicillin and penicillin G. The cell growth inhibition
in response to vancomycin was delayed by 20 min compared to the other two (Fig.
5C). Before cell growth inhibition at 30 min, some fluorescent blobs were detected
on the membrane, indicating membrane aggregates during vancomycin treatment,



DYNAMIC BACTERIAL CYTOLOGICAL PROFILING

Antimicrobial treatment

Disintegrating
cells in the end

-
Cell membrane Cell wall Protein DNA RNA
class class class class class.
Before gmwm inhibition|
No further No further Nucleoids totally Nucleoids partially
[= . ] (] ==

Shortened cells with Little or no G viembrane -
Normal
¥ blobs

large membrane blobs membrane blobs

[ ] -
’ . Inhubmng the cross | [ Targeting one of the | [ Targeting one of the Affecting
ST :"SI'"';""Q colular Targeting lipid Il linking of protein synthesis DNA synthesis Al A transcription
cell membrane onic homeostasis . D D polymerase =

larger

Fig. 8. Schematic representation of the DBCP-guided antimicrobial MOA identification.
Green boxes indicate well-identified categories or mechanisms, whereas red ones indicate not well-
identified. DBCP distinguishes antimicrobial MOAs at three levels. Briefly, B. subtilis cells were
treated with antimicrobials and imaged. At the first level, based on the loss of nucleoid staining, every
antimicrobial was grouped into cell-envelope associated stress or non-cell-envelope associated stress. If
the nucleoid staining was suddenly lost, they would fall into cell-envelope stress group. At the second
level, five main MOA classes were identified. For the group of cell-envelope stress, if growth inhibition
and loss of nucleoid staining occurred simultaneously, cell membrane was supposed to be affected. If
growth inhibition occurred before loss of nucleoid staining, cell wall was determined to be affected if
disintegrated cells were observed. For the group of non-cell-envelope associated stress, the changing
of nucleoid length / cell length ratio before loss of nucleoid staining were measured. If the ratio was
becoming larger during imaging, RNA synthesis was supposed to be affected. If the ratio was becoming
smaller, the nucleoid growth had to be checked. If DNA elongation was inhibited, the antimicrobial would
fall into protein class; if not, into DNA class. At the third level, sub-classes would be identified within cell
membrane, cell wall and RNA classes. Protein and DNA classes could not be further distinguished because
the differences within these classes were not evident. For the cell membrane class, if cells became shorter
and large membrane aggregates were observed, probably pores were generated in the cell membrane.
If there were little or no membrane blobs, the cellular ionic homeostasis was supposed to be disrupted.
To further distinguish within cell wall class, we looked back to the time before growth inhibition. If cells
were normal, the cross linking of peptidoglycans, which was the last step of cell wall synthesis, might be
affected. If thicker membrane septa or big membrane blobs were observed, lipid II synthesis might be
affected. For the RNA class, the extent of nucleoid decondensing was different between different targets.
If RNA polymerase was targeted, nucleoids would be totally decondensed. If transcription complex was
affected, the decondensing of nucleoids would be gentler.
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which is distinct from cells treated with ampicillin or penicillin G (Fig. 7B). Ampicillin
and penicillin G generated similar DBCP profiles and they both inhibit cross linking
of peptidoglycans [23], whereas vancomycin affects lipid II synthesis [24]. Thus, we
conclude that DBCP is able to distinguish antimicrobials of the cell wall class.

Rifampin of the RNA class induced rapid elongation of the nucleoid whereas
cell length was almost constant, resulting in an increase in nucleoid length: cell
length ratio (Fig. 6A, B and S1G), indicating that the nucleoids in these cells were
decondensed [16] and almost fully filled the cells (Fig. 7A). Although the increase in
the ratio of nucleoid length to cell length was also observed in actinomycin D treated
cells, it was much slower than in rifampin treated cells, suggesting that actinomycin
D has a different target to block RNA synthesis, which is consistent with previous
reports [25,26].

Next, we explored differences of the profiles of antimicrobial treatments within
the protein class and the DNA class. Whereas most of the dynamic changes were
similar among the three selected antimicrobials of the protein class, changes
in nucleoid intensity were distinct for each antimicrobial (Fig. S1D). None of the
fusidic acid treated cells showed a reduction in nucleoid intensity, whereas half of
the chloramphenicol treated cells and all of the gentamicin treated cells showed a
decrease in nucleoid intensity. This might be related to their different MoAs [27—
29], but the large variability in nucleoid intensities in chloramphenicol treated
cells precluded nucleoid intensity as a good parameter to distinguish between
antimicrobials within the protein category. For the DNA class of antimicrobials, the
responses were too similar to distinguish between them.

Taken together, DBCP facilitated distinction between antimicrobials from the
five main classes, and allowed to distinguish sub-classes within the cell membrane,
cell wall and RNA classes, using the scheme, depicted in Fig. 8.

Identification of harzianic acid

Previously, we screened fungal metabolites from more than 10,000 fungi for
bioactive compounds [30]. Here, we screened this library for antimicrobial activity
against Gram-positive bacteria (S. aureus). One of the fungi, O. flavum (CBS 366.71),
produced high antimicrobial activity. The active compound was purified and the
chemical characteristics (Table 2, Fig. S2) were consistent with data previously
reported for harzianic acid [31,32] (Fig. 9A).

Harzianic acid: C_H, NO,, dark yellow powder. HRMS: found 388.1750 (M+Na),

197 "2y

calculated 388.1736 for C 'H, NO(Na. Elemental composition analyses: C 61,4%; O
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21,8%; H 7,0%; N 3,8%. NMR (600 MHz, CDCIS): See Table 2. UV-Vis A__ : 244 nm,
363 nm.

Table 2: Assignments NMR-shifts, HMBC and COSY couplings for harzianic acid (in CDCl).
a= measured at 150 MHz, b= measured at 600 MHz, c= overlapping signals

Harzianic acid (CDCls)

# ace SHP HMBC® cosy®

1 13.7 0.95 (), 3H 2,3 2

2 218 1.50 (m), 2H 1,3,4 1,3

3 35.5 2.24 (dd), 2H 1,2,4,5 3,4 or 5

4 149.9 6.37¢ (m), 1H 2,3,5,6,7° 3,60

5 129.6 6.38¢ (m), 1H 2,3,6,7° 3,60

6 147.6 7.55 (m), 1H 4,578 dorse 7

7 119.1 7.00 (d, J=15.1 Hz), 1H 5,6, 8,10 6

8 176.7 - - -

9 173.2 - - -

10 99.7 - - -

11 197.3 - - -

12 64.1 3.63 (dd, J= 10.6, 1,0 Hz), 2H 9, 11, 13, 14, 18, 13

13 33.8 1.89 (dd), 1H 11,12, 14, 15,19 12
2.48 (d), 1H

14 79.9 - - -

15 36.0 2.02 (m), 1H 13,14, 16,17, 19 16 or 17¢

16 175 0.99¢(m), 3H 14, 15¢ 15

17 16.2 0.99¢(m), 3H 14, 15¢ 15

18 26.6 2.97 (s), 3H 9,12 -

19 176.3 - - -

MoA identification of harzianic acid

Little is known about harzianic acid, a compound with antimicrobial activity that was
isolated from fungi decades ago [31]. Harzianic acid also has antifungal activity and
plant growth promoting activity [32—35]. The antimicrobial MoA of harzianic acid is
unknown. DBCP was used to get insight into the MoA of harzianic acid. Imaging data
were analyzed to assess cell status and cell morphology (Fig. 9B, S1). Harzianic acid
induced loss of nucleoid fluorescence at an early stage of treatment. Cell growth was
totally inhibited at an early stage as well. This was reminiscent of the initial action of
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cell membrane-active antimicrobials. Cell length actually appeared to decrease when
the drug was added, suggesting loss of turgor pressure. Big membrane aggregates
were observed when intact cells lost their nucleoid fluorescence, i.e. from 9 min
onwards (Movie S7). These effects were similar to the effects of nisin, suggesting
that harzianic acid generated pores in the membrane. Cell status data also indicated
that part of the cells disintegrated. Note the gaps along the membrane at 30 min
(Fig. 9C) or from 18 min onwards (Movie S7). Whereas disintegrated membranes
were evident in nisin-treated cells as previously shown by BCP [36], we did not
observe disintegrated cells in response to nisin by DBCP up to 30 min treatment.

“HEEEEEEEN)R ?°

relative cell length

°

DMSO |00:09:00 DMSO J00:30:00 DMSO ]00:00:00 harzianic acid | 00:09:00 harzianic acid §00:30:00 harzianic acid

harzianic acid vancomycin

Fig. 9. MOA identification of harzianic acid. (A) Chemical structure of harzianic acid. (B) DBCP
profiles of harzianic acid. B. subtilis cells were treated with harzianic acid (2.5 x MIC). Cells were stained,
imaged, analyzed and plotted as in Fig. 5. (C) Examples of micrographs of cells at 0 min, 9 min and 30 min
that were used for the quantifications in (D). Disintegrated cells at 30 min are indicated by arrow heads.
DMSO treated cells are shown as control. Representative images are shown. Scale bar is 5 um. (D) Cell
permeability assay. B. subtilis cells were treated with antimicrobials (2.5 x MIC) or 1% DMSO (control)
for 60 min. Cells were stained with FM4-64 (red, cell membrane) and SYTOX-Green (green, nucleoid),
and imaged by confocal fluorescence microscopy. Representative images are shown. Scale bar is 5 um.



DYNAMIC BACTERIAL CYTOLOGICAL PROFILING

Disintegration of part of the cells in response to harzianic acid may therefore suggest
that harzianic acid also partially affects the cell wall.

The final disintegrated cell membrane showed similarities to the cell membrane
of vancomycin treated cells, but the dynamics suggested that pore formation in
the membrane was the initial effect of harzianic acid. To investigate this, non-cell
permeable SYTOX Green was used to stain nucleoids. Evidently, treatment with
harzianic acid or nisin, but not vancomycin or vehicle control (DMSO) induced
SYTOX Green staining of the nucleoid (Fig. 9D). In conclusion, harzianic acid
generated pores in the membrane and eventually appeared to affect the cell wall.

CONCLUSION

DBCP facilitates profiling of changes over time in cell morphology and viability.
With the obtained parameters, antimicrobials may be classified at three levels. DBCP
does not require prior knowledge of the antimicrobial MoAs. Hence, DBCP may
be used to rapidly distinguish the MoA class and subclass of known and unknown
antimicrobials.
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Fig. S1. Additional BCP and DBCP profiles.

(A) Cell permeability assay. B. subtilis cells were treated with antimicrobials (2.5 x MIC) or 1% DMSO
(control) for 60 min. Cells were stained with FM4-64 (red, cell membrane) and SYTOX-Green (green,
nucleoid), and imaged by confocal fluorescence microscopy. Representative images are shown. Scale bar
is 5 um.

(B) Dual nucleoid staining of cells following CCCP treatment for 60 min. B. subtilis cells were treated
with CCCP (2.5 x MIC) or 1% DMSO (control) for 60 min. Cells were stained with FM4-64 (red, cell
membrane), SYTO-9 (green, nucleoid) and DAPI (blue, nucleoid), and imaged by confocal fluorescence
microscopy. Representative images are shown. Scale bar is 5 um. SYTO-9 graphs were shown both in
normal contrast and high contrast (HC).

(C) Changes in cell status upon antimicrobial treatment. B. subtilis cells were treated with antimicrobials
(2.5 x MIC) as indicated. Cells were stained with FM4-64 (red, cell membrane) and SYTO-9 (green,
nucleoid), and imaged by time lapse confocal fluorescence microscopy with 3 min intervals. Three
distinct cell types were identified: intact cells (cells with visible membrane and nucleoid fluorescence),
no-nucleoid cells (cells with apparently intact membrane, but without visible nucleoid florescence) and
disintegrated cells (cells with disintegrated membrane and no detectable nucleoid). The number of cells
of the three types were counted from biological triplicate imaging series (n > 20). The ratio of cell types,
intact cells (green), no-nucleoid cells (yellow) and disintegrated cells (red), was determined and plotted
as percentage (y-axis, numbers in %) over time (x-axis, min). See Fig. 5A for DMSO control as this figure
is an extension.

(D) Changes in nucleoid intensity upon antimicrobial treatment. B. subtilis cells were treated with
antimicrobials (2.5 x MIC) as indicated. Cells were stained and imaged as in (C). Cell morphology data
were collected from 9 cells in total per treatment, i.e. technical triplicates from biological triplicate imaging
series. Overall nucleoid intensity, i.e. the SYTO-9 fluorescence intensity inside a whole cell, corrected for
background, was determined for individual cells over time and was depicted as percentage of the value at
the start (t = omin) (y-axis) over time (x-axis, min). The mean of antimicrobial-treated cells was plotted
in black with error bars representing the SEM. Gray lines represent individual antimicrobial-treated cells
on which the mean was based. See Fig. 5B for DMSO control as this figure is an extension.

(E) Dual nucleoid staining of cells following treatment with antimicrobials from cell membrane class or
harzianic acid (HA) for 3 min. B. subtilis cells were treated with antimicrobials (2.5 x MIC) as indicated
or 1% DMSO (control) for 3 min. Cells were stained with FM4-64 (red, cell membrane), SYTO-9 (green,
nucleoid) and DAPI (blue, nucleoid), and imaged by confocal fluorescence microscopy. Representative
images are shown. Scale bar is 5 pm. SYTO-9 graphs were shown both in normal contrast and high
contrast (HC).

(F) Changes in nucleoid length upon antimicrobial treatment. B. subtilis cells were treated with
antimicrobials (2.5 x MIC) as indicated or 1% DMSO (control). Cells were stained, imaged and analyzed as
in (D). Nucleoid length, the addition of the length of all the nucleoids inside one cell, was determined for
individual cells and depicted as percentage of the value at the start (t = omin) (y-axis) over time (x-axis,
min). The mean of antimicrobial-treated cells was plotted in black with error bars representing the SEM.
Gray lines represent individual antimicrobial-treated cells on which the mean was based. This figure is an
extension of Fig. 6A, where the first 45 min of DMSO control has already shown.

(G) Changes in the ratio of nucleoid length to the cell length upon antimicrobial treatment. B. subtilis
cells were treated with antimicrobials (2.5 x MIC) as indicated or 1% DMSO (control). Cells were stained,
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imaged and analyzed as in (D). The ratio of the nucleoid length to the cell length, was calculated for
individual cells over time and was depicted as percentage of the value at the start (t = omin) (y-axis)
over time (x-axis, min). The mean of antimicrobial-treated cells was plotted in black with error bars
representing the SEM. Gray lines represent individual antimicrobial-treated cells on which the mean was
based.
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Fig. S2. NMR spectroscopy of harzianic acid. (A) 'H-NMR spectrum, 600 MHz, CDCL,. (B)
3C-NMR spectrum, 150 MHz, CDClS. (C) HSQC spectrum, 600 MHz, CDClS. (D) HMBC spectrum, 600
MHz, CDCL,. (E) COSY spectrum, 600 MHz, CDCL,.
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