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Abstract 

In this review, we aim to summarize experimental data and approaches to identifying 
cellular targets or mechanisms of action of antibacterials based on imaging techniques. 
Imaging-based profiling methods such as bacterial cytological profiling, dynamic bacterial 
morphology imaging and others have become a useful research tool for mechanistic studies 
of new antibiotics as well as combinations with conventional ones and other therapeutic 
options. The main methodological, experimental details and obtained results are 
summarized and discussed. The review covers the literature up to Feb 2024. 
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Introduction 

The search for and development of new antibiotics today is impossible without elucidation 
or at least experimental confirmation of their mechanism of action and cellular target [1,2]. 
When we refer to a “target”, we are talking about partner biomolecules that are involved in 
either covalent or non-covalent binding to the antibiotic. The term “Mechanism of action” 
(MoA), as a more general concept, refers to the type of cellular process that the antibiotic 
disrupts. Although such an understanding is not a legislative requirement for substances 
newly introduced into medical practice, nevertheless, in the professional community there 
is a deep conviction about the necessity and practical value of this information [3]. Indeed, 
comprehending the mechanism makes it possible to predict the spectrum of activity of the 
substance, its possible toxic effect and many other parameters. Without understanding 
them, expensive and time-consuming preclinical and clinical trials are an extremely risky 
endeavor. 

Traditional phenotypic screening remains the primary and most productive approach to 
the search for antibiotics [4,5]. “Phenotypic” in this context means a type of screening 
aimed at identifying substances that change the phenotype of a bacterial cell in a desired 
way: i.e., primarily, reducing its viability and/or growth rate. The main problem with this 
approach is precisely the lack of information about the mechanism underlying the 
observed phenotypic changes. To solve this problem, various approaches have been 
developed to elucidate the mechanism of action, both newly developed [3,6–8] and 
conventional, or "classical" ones. The “gold standard” for establishing the mechanism of 
action of an antibiotic is a macromolecular synthesis assay utilizing radioactively labeled 
precursors [9,10] (Fig. 1). However, this method, in addition to a number of practical 
problems associated with manipulating radioactive substances, has the disadvantage of not 
allowing reliable determination of all types of inhibition. This limitation arises because the 
action of an antibacterial agent is not always directly related to the inhibition of the 
biosynthesis of DNA, RNA, proteins, fatty acids or peptidoglycan. Consequently, the 
development of alternative approaches for determining the mechanism of action is an 
urgent task [11]. 
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Fig.1. Macromolecular synthesis assay 

In this review, we aimed to provide an analytical digest of experimental data and 
approaches for identifying cellular targets based on bacterial imaging. Imaging-based 
profiling and elucidation of the mechanism of action of a substance on a cell was proposed 
in a pioneering work [12]. But for a long time, a similar approach could not be applied to 
bacteria. The fact that antibiotics cause phenotypic changes in sensitive cells was reported 
at the dawn of the antibiotic research era, the 1940s. [13–15] Interestingly, these 
observations were made at a time when not only there was no understanding of the 
mechanism of action of antibiotics, but the complex structure of the bacterial cell remained 
terra incognita in many ways. Despite all these prerequisites and the successful use of 
cytoprofiling on cultures of eukaryotic cells (including yeasts) [16,17], it was not until 
2012-2013 that a technique for bacterial cytological profiling (BCP) was introduced 
[18,19]. 

The key stages of the BCP method are presented in Fig. 2. First stage involves sample 
preparation, staining and imaging. Typically, cells in the mid-log phase are used to 
minimize cell heterogeneity and simplify the resulting picture. To obtain a more detailed 
images the fluorescent dyes are usually added to the samples. Subsequently, the aquired 
images undergo processing, wherein the intensities are normalized and bacterial cells are 
segmented (i.e. distinguished from the background and artifacts). The bacterial phenotype 
can be represented as a set of measurable parameters. For example, the length, width and 
area of the membrane, the length, width, area and number of nucleoids, and various ratios 
of such extractable features. So, the feature extraction and data analysis constitute the next 
key stage of BCP workflow. 

The conceptual basis of the method is that phenotypic changes are weakly dependent on a 
specific effect. Stress can be caused by substances of various structures, factors regulating 
the expression of certain proteins (knockdown/overexpression), environmental factors 
(osmotic stress, bacteriophages, etc.). Moreover, phenotypic alterations strongly depend on 
the mechanism of action (MoA) of a given substance or factor. The detailed mechanism of 
this relationship continues to remain unclear, and the theory linking the macroscopic 
phenotype and biochemical stress under the influence of an antibiotic is under 
development [20–24]. However, it can be confidently stated that the connection between 
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the observed morphology of bacteria and the mechanism of action of the substance is 
rooted in the intricate interplay of all cellular processes [25] and is substantiated by 
experimental evidence. 

 

Fig. 2. Main steps of bacterial cytological profiling 

Over the past 12 years, advancements in the application of BCP and similar methods in 
antibiotic research have received only brief mention in review articles covering other 
topics [6,26,27]. That is why we consider it necessary to conduct a more comprehensive 
and critical examination of the accumulated data. 

Methodology 

The search and preliminary selection of sources was carried out using the Web of Science, 
Google Scholar and PubMed search platforms using keyword combinations (“bacterial 
cytological profiling”, “bacterial morphoprofiling”, “image-based antibacterial drug 
profiling”, “dynamic bacterial morphology imaging”), along with and cross-references. The 
inclusion criteria were: 

1. Use of the bacterial cytological profiling methodology described above or one similar in 
basic parameters.  

2. Primary use of imaging for profiling and/or elucidation the mechanism of action of a 
substance or other object of study. Publications where cytoprofiling or another analogous 
method were utilized for alternative purposes (for example, as in [28],to determine the 
sensitivity of bacteria to antibiotics) were excluded. 

3. Publication type: article in a peer-reviewed journal. Abstracts and conference materials, 
monographs and book chapters, preprints were excluded from consideration. 

As a result, a total of 89 publications meeting these criteria for the period from 01.2012 to 
02.2024 were selected and are presented in Appendix A. 

Data extraction and analysis 

After further examination of all selected articles, the following information was extracted: 
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- The presented phenotypic profiling methodology was categorized as either original or an 
addition to a previously described methodology (see column “Base method”, Appendix A); 

- The dyes or tags used to visualize bacteria in each study were recorded and listed in the 
corresponding column of Appendix A; 

- The test cultures utilized for profiling and studying the mechanism of action were 
documented for each article and included in the "Test culture" column of Appendix A; 

- The mechanism of action of the substances or other objects studied using image-based 
profiling was identified and detailed in the "Object of study" column of Appendix A; 

- The main conclusions obtained by the authors as a result of applying the described 
method were summarized and outlined in the "Main results" column of Appendix A. 

It is important to highlight the significant milestones in the development of the bacterial 
image-based profiling methodology. Initially, the effectiveness of the method was shown on 
conventional antibiotics and typical gram-positive (B. subtilis) [18] and gram-negative (E. 
coli) [19] test cultures. Subsequently, it was shown in [29] that an effect identical to that of 
the inhibitor can be achieved due to inducible degradation of a target protein. This 
combination of inhibition and subsequent profiling is promising for the search for selective 
inhibitors of those targets that have not yet been studied and are not involved in the 
development of new antibiotics. A similar methodology was used in [30] to search for 
inhibitors of msbA (lipopolysaccharide transporter important for outer membrane 
functioning in gram-negative bacteria). In [31], a method akin to BCP was proposed for 
profiling and determining the mechanism of action of anticancer drugs. 

The work [32] highlights the observation that exposure to combinations of antibiotics often 
results in a complex array of combined phenotypes. This approach may be interesting as a 
more informative alternative to the traditional checkerboard assay for studying the 
interactions of various antimicrobial agents. On the other hand, this poses the task of more 
thorough analysis of a large number of images, which is impossible without automation 
and machine learning methods. 

For the first time, the problem of classifying the mechanism of action of substances by 
bacterial phenotype was solved using machine learning methods in [33]. New analysis 
pipelines for both gram-negative bacilli and gram-positive cocci were proposed in [34]. 
With their help, the heterogeneity of phenotypic changes in Salmonella cells under 
ciprofloxacin exposure was shown [35]. Another semi-automated workflow named 
Antibiotic Drug screening and Image Characterization Toolbox (A.D.I.C.T.) was developed 
[36]. Of course, the use of automation methods for analyzing a large number of cells and 
machine learning algorithms for solving clustering and classification problems opens up 
new opportunities for further successful use of morphoprofiling [27,37]. However, none of 
the mentioned semi-automated workflows have yet received widespread adoption in the 
study of new antibacterial agents. Perhaps the availability of open-source tools [38] and 
their integration into widely used open image processing platforms such as ImageJ may 
eventually shift the landscape, leading to broader utilization of modern machine learning 
methods for addressing these challenges. 

One of the new directions is the use of data on the dynamics of individual cells, 
implemented in the Dynamic Bacterial Morphology Imaging (DBMI) method [39]. This 
methodology employs quantitative time-lapse fluorescence imaging to elucidate the 
mechanism of action of antibiotics more rapidly and accurately. However, its 
implementation requires additional experimental techniques and sophisticated data 
analysis. The method has been recently applied to study the mechanism of antibacterial 
action of the natural polyketide harzianic acid [40]. 
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For cytoprofiling the most commonly used imaging method is confocal fluorescence 
microscopy, which involves the use of selective fluorescent dyes: 

1. Dyes that selectively stain nucleoid/nucleic acids; 

2. Dyes that specifically stain the cell membrane; 

3. Dyes that enable differentiation between intact (living) cells and damaged (dead) cells; 

4. Other dyes and labels, among which cell wall imaging is most often used. 

The structures of the dyes employed for phenotypic profiling purposes and those 
mentioned in Appendix A are shown in Fig. 3. 

 

Fig. 3. Fluorescent dyes used in bacterial cytoprofiling. Different types of dyes are marked 
by different colours (see description above): 1-blue, 2-red, 3-green. For all compounds, the 

excitation and emission maxima in nm are given. 

The most commonly used combination includes FM4–64, SYTOXGreen and DAPI. However, 
the structure of certain dyes such as SYTOX Green, SYTO-9, and SYTO-24 remains 
undisclosed by the manufacturer, as this information is considered proprietary. 

In the work [41], a novel approach utilizing GFP-labeled proteins as markers was 
introduced. This included RecA (DNA-repairing enzyme), DnaN (DNA polymerase subunit), 
RpoC (RNA polymerase subunit), and RpsB (ribosomal subunit) for visualization of main 
intracellular processes (DNA reparation, DNA replication, mRNA synthesis, protein 
synthesis, respectively). Genome-encoded fluorescent fusions are becoming a powerful tool 
for protein localization and mechanistic studies [36,42–46]. Subsequently, a chemical 
alternative to molecular biology-derived instruments was developed. Fluorescent-labelled 
wheat germ agglutinin was used for the detection of cell wall peptidoglycan [47,48] and a 
fluorescent-labelled anti-FtsZ antibody was used for a protein localization study [47]. 
However, these types of instruments are infrequently referenced in literature [35]. 
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The utilization of test-strains is summarized on Fig. 4. The most frequently employed 
strains are Escherichia coli and Bacillus subtilis, because they are widely used as model 
organisms in bacteriology. Another reason is the high susceptibility (and resulting 
sensitivity) of these bacteria toward antibacterials. Despite E. coli being a gram-negative 
bacterium that is often resistant to many antibiotics, sensitized mutants bearing defects 
(lptD4213 mutation) in cell wall porins (LptD) or deficient in the main protein in the efflux 
system (ΔtolC) are easily accessible and have wide susceptibility. 

 

Fig. 4. Statistical analysis of test-strains usage 

The first use of morphoprofilig for anaerobic bacteria (Clostridium perfingens) was 
described in [49]. Next year the methodology was expanded to include Mycobacterium 
species [50,51]. Anti-clostridial [52,53] and anti-mycobacterial [54,55] compounds 
represent a very specific chemical space and the successful application of phenotypic 
profiling in these cases indicates wide applicability of the imaging-based methods. 

Conclusions and outlook 

An in-depth examination of the bacterial phenotype – or bacterial phenomics – under the 
influence of antibiotics opens the path for the study of new effective ways to combat 
bacterial infections. Imaging-based profiling methods have emerged as valuable research 
tool for mechanistic studies of novel antibacterials as well as for investigation of 
combinations with conventional antibiotics and other therapeutic options. However, 
several challenges and limitations must be addressed to facilitate broader adoption of 
these approaches.. 

The small size of bacterial cells imposes many limitations on applicable imaging methods. A 
possible increase in the sensitivity and accuracy of profiling methods may be associated 
with the use of test cultures with larger cells (for example, Bacillus megaterium) or 
expansion microscopy approaches [56–58], making it possible to increase the resolution of 
the resulting images without noticeably complicating and increasing the cost of the 
experimental equipment used. Currently, confocal fluorescence microscopy stands as the 
predominant method for profiling purposes, yet employing simpler and more accessible 
optical microscopy techniques along with associated stains offers an appealing alternative. 

The integration of automation methods for analyzing a large number of images, their 
segmentation, and machine learning algorithms for solving clustering and classification 
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problems opens up new opportunities for further successful use of morphoprofiling. At the 
moment, this option is rarely used in the reviewed works. 
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Appendix А. Selected publications 

Year Ref. 
Base 

method 
(ref.) 

Dyes, probes Test culture Object of study Main results 

2012 [18] - 
FM4–64, SYTOXGreen, 

DAPI 
Bacillus subtilis 

(different strains) 
Bacillus subtilis SDP peptide 

toxin 

Using cytoprofiling, it was shown that the 
effect of SDP toxin is close to the effect of 
dinitrophenol, azide and CCCP. 

2013 [19] - 
FM4–64, SYTOXGreen, 

DAPI 
Escherichia coli 

lptD4213 
41 antibiotics + 

spirohexenolide A 

A bacterial cytoprofiling technique (BCP) 
has been developed to identify the 
mechanism of action of antibiotics. The 
mechanism of action of spirohexenolide A 
has been elucidated. 

2015 [59] [19] 
FM4–64, SYTOXGreen, 

DAPI 
Acinetobacter 

baumannii ATCC 19606 
сecropin A 

Сecropin A rapidly kills bacteria by 
disrupting membrane integrity. 

2015 [60] [19,29] 
FM4–64, SYTOXGreen, 

DAPI 
B. subtilis 168 

A number of naphtyl and 
biphenyl synthetic 
compounds (FtsZ 

inhibitors) 

Among tested compounds, one exhibited 
the clear effect on cell division. Others 
have an action on bacterial membranes, 
in addition to targeting FtsZ. 

2015 [61] [19] 
FM4–64, SYTOXGreen, 

DAPI 
A. baumannii AB5075 

(MDR) 

Combinations of 
azithromycin with other 

antibiotics 

Azithromycin could act synergistically 
with colistin. Main mechanism of action 
retains the same – protein synthesis 
inhibition. 

2015 [62] [19] 
FM4–64, SYTOXGreen, 

DAPI 
E. coli ATCC 25922 

 

Pyridineimidazoles cause morphological 
changes similar to those caused by 
globomycin (inhibitor of lipoprotein 
transport to the outer membrane). 
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2015 [63] [19] 
FM4–64, SYTOXGreen, 

DAPI 
E. coli ATCC 25922 

ΔtolC 

 

Both compounds gave distinctly different 
morphologies, despite the fact that each 
inhibits a component related to cell wall 
biogenesis. 2 affects membrane integrity. 

2016 [29] - 
FM4–64, SYTOXGreen, 

DAPI 
B. subtilis PY79 and 

transformants 

Several standard antibiotics 
and 4 non-steroid anti-

inflammatory drugs with 
antibacterial activity 

Rapid Inhibition Profiling (RIP) was 
described. It’s a system for creating 
cytological profiles of new antibiotic 
targets for which there are currently no 
chemical inhibitors. RIP consists of the 
fast, inducible degradation of a target 
protein followed by BCP. 

2016 [64] [19,29] 
FM4–64, DAPI, FtsZ-

GFP 
B. subtilis 168, B. subtilis 

SU570 (FtsZ-GFP) 
12 FtsZ inhibitors 

2 distinct cytological profiles caused by 
selected cell division inhibitors were 
described. 

2016 [65] [19] 
FM4–64, SYTOXGreen, 

DAPI 
Escherichia coli 

lptD4213 
B. subtilis 3610 extract 

BCP was used for activity-guided 
purification of molecules with different 
activities. Translation inhibitors 
(bacillaenes) and membrane 
permeabilizers (plipastatin, subtilosin 
and SKF) were identified in the extract by 
the method. 

2016 [66] [18,19] 
FM4–64, SYTOXGreen, 

DAPI 
E. coli NR698 (lptD) 

stenothricin, stenothricin-
GNPS 

Although structurally related, 
stenothricin and stenothricin-GNPS have 
different effects on bacterial cells. 

2016 [67] [19] 
FM4–64, SYTOXGreen, 

DAPI 
E. coli MC4100 

(lptD4213) 

 

Tropodithietic acid operates like nigericin 
to disrupt the proton motive force across 
the cell membrane 
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2017 [68] [19] 
FM4–64, SYTOXGreen, 

DAPI 
E. coli MC4100 

(lptD4213) 

 

HQNO and HMNQ gave different 
phenotypes: HQNO exhibited a unique 
cytological profile, while HQNO are 
similar with membrane disruptors. 

2017 [69] 
[18,19,

29] 
FM4–64, SYTOXGreen, 

DAPI 
Bacillus subtilis PY79 

 

Compound inhibits cell wall biosynthesis 
in Bacillus subtilis. 

2017 [70] 
[18,19,

29] 
FM4–64, SYTOXGreen, 

DAPI 
Bacillus subtilis PY79, 

E. coli ΔtolC 

 

Compound exerts its antibacterial activity 
by inhibiting cell wall synthesis. 

2017 [71] [19] none 

E. coli ATCC 25922, A. 
baumannii ATCC 17978, 

Pseudomonas 
aeruginosa PAO1  

ETX2514 

PBP2 inhibition is the probable 
mechanism of the antibacterial activity of 
ETX2514 versus Enterobacteriaceae. 

2017 [72] [19] 
FM4–64, SYTOXGreen, 

DAPI 
Escherichia coli MC1061 

pBAD and pBAD:Gp2 
Bacterial RNA polymerase 

Gp2 mediated dysregulation of RNA 
polymerase activity results in a biphasic 
growth pattern. 

2017 [73] 
[18,19,

29] 
FM4–64, SYTOXGreen, 

DAPI 
Bacillus subtilis PY79 

 

Compound inhibits cell wall synthesis 

2018 [74] [19] FM4–64, DAPI 
E. coli BW25113 ΔtolC, 
Caulobacter crescentus 

CB15N 
 

Compound arrests cytokinesis during late 
stages of bacterial cell division. The 
phenotype differs from other cell wall 
inhibitors. 

2018 [75] 
[18,19,

29] 
FM 4−64, DAPI, SYTOX 

Green 
Bacillus subtilis PY79 

and transformants 

Bacterial enzymes involved 
in pyrimidine nucleotide 

biosynthesis (thymidylate 

Degradation of enzymes involved in the 
deoxyribonucleotide synthesis branch of 
the pathway (NrdF, TMK) specifically 
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kinase TMK, cytidylate 
kinase CMK, and β-subunit 

of the ribonucleoside-
diphosphate reductase 

NrdF) 

affects DNA replication as expected. 
Degradation of CMK, which is involved in 
the synthesis of both ribonucleotides and 
deoxyribonucleotides, produced a 
complex cytological profile that could be 
recapitulated by simultaneous inhibition 
of DNA replication and WTA synthesis. 

2018 [76] [19] FM1-43fx, DAPI E. coli NB27001 

 LYS228 

LYS228-induced phenotypic profile is 
similar to aztreonam-induced (PBP3 
inhibitor). 

2018 [30] - Nile red, DAPI 
E. coli CFT073, E. coli 

MG1655 (K-12), E. coli 
CFT073 lptD(imp4213) 

 

The msbA conditional knockout 
transformants of E. coli were obtained. It 
was used as a control strains for 
analyzing the MsbA-deficient phenotype. 
3 synthetic quinoloines were identified as 
selective MsbA inhibitors by phenotypic 
screening. 

2018 [77] [19] 
FM 4−64, DAPI, SYTOX 

Green 
E. coli MC4100 

lptD4213 

 

Bacterial cytological profiling and 
comparison with ten antibiotics with 
known modes of action revealed a unique 
profile for thailandamide, suggesting a 
distinct mechanism of inhibition. 

2018 [78] [19] 
Hoechst 33342, FM 

4−64 
A. baumannii 1408 

(MDR) 
Tachyplesin III 

(antimicrobial peptide) 
Tachyplesin-induced phenotype is similar 
with lipid synthesis inhibition. 

2018 [79] [19] 
FM 4−64, DAPI, SYTOX 

Green 
B. subtilis PY79 

E. coli K1 

 

The morphological similarity between 
cells treated with SCH79797 and 
polymyxin B, especially under osmotically 
stabilizing conditions, indicates that 
SCH79797 acts as a membrane-active 
compound. 
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2018 [31] - 
FM4-64, Hoechst 

33342 
E. coli BL21(DE3) 
pCWori-Dendra2 

 
[Ru(bpy)2(dmbpy)]2+ 

An approach to mechanism of action 
studies for potential anticancer 
compounds was developed by utilizing 
the simple prokaryotic system, E. coli, and 
its utility was demonstrated with the 
characterization of a ruthenium complex 
[Ru(bpy)2(dmbpy)]2+. 

2018 [41] - 

GFP-labelled proteins: 
RecA (DNA-repairing 
enzyme), DnaN (DNA 

polymerase 
subunit), RpoC (RNA 
polymerase subunit), 
and RpsB (ribosomal 

subunit) 

B. subtilis 168 
transformants 

 

The cellular localization of none of GFP-
labelled proteins was affected by 
rhodomyrtone, indicating that the 
compound does not inhibit any of these 
intracellular processes (DNA reparation, 
DNA replication, RNA synthesis, protein 
synthesis) 

2018 [80] [19] FM4-64, SYTO-9 
Salomella enterica 

subsp. enterica serotype 
Typhimurium 

4 synthetic compounds 
(SM1, SM3-5) 

Compounds alter Salmonella cell 
membrane and cell wall integrity 

2018 [81] [19] FM4-64, SYTO-9 
E. coli O78 (avian 

pathogenic) 
11 synthetic compounds 

Compounds affect bacterial cell 
membrane. Treated bacteria showed 
membrane disrupted morphology along 
with formation of membrane defects. 

2019 [47] [19] 

Wheat germ 
agglutinin-

tetramethylrhodamine
, Alexa-488-conjugated 

rabbit anti-FtsZ 
antibody 

B. subtilis JH642 

 

Min-1-treated cells of B. subtilis exhibit 
unique phenotype (reduced length). 

2019 [82] [19] 
FM4-64FX, Hoechst 

34580, SYTO-9 
E. coli BW25133 

13 beta-lactams, NXL105 
(PBP2 inhibitor) and 

cycloserine 

Deep profiling of cell wall inhibitors 
revealed the identification not only 
mechanism but main target. 
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2019 [48] [19] 

FM1-43, propidium 
iodide (PI) 

FM4-64, WGA- Alexa 
Fluor 488 

S. aureus ATCC 25923, 
B. subtilis PY79 

 

Violacein quickly permeabilizes bacterial 
cells. Cell permeabilization was 
accompanied by the appearance of visible 
discontinuities or rips in the cytoplasmic 
membrane, but it did not affect the cell 
wall. 

2019 [83] [19] 
FM 4-64, DAPI, SYTOX-

Green 

A. baumannii ATCC 
19606,  

ATCC 17978, E. coli 
AD3644 (ΔtolC) 

22 antibiotics 

BCP was implemented for A. baumannii. 
BCP platform can distinguish among six 
major antibiotic classes and can also 
subclassify antibiotics that inhibit the 
same cellular pathway but have different 
molecular targets. BCP was used to show 
that the compound NSC145612 inhibits 
the growth of A. baumannii via targeting 
RNA transcription. 

2019 [84] [19] 
FM4-64, DAPI, SYTOX-

Green 
A. baumannii AB5075 

(MDR) 

Combination of 
azithromycin and 

minocycline 

BCP demonstrates augmented translation 
inhibition in MDR A. baumannii upon 
antibiotics co-treatment 

2019 [85] [19] 
FM 4-64, DAPI, SYTOX-

Green 
E. coli ATCC 25922 

2 synthetic biotin 
carboxylase inhibitors 

Novel bacterial biotin carboxylase 
inhibitors showed similar phenotypic 
profile like the known compound 1. 

2019 [49] [19] FM4-64FX, DAPI 
Clostridium perfringens 

ATCC 13124 
Ruminococcin C1 

(antimicrobial peptide) 

Ruminococcin treatment leads to three 
morphotypes identical to the ones 
induced by metronidazole. 

2019 [86] [19] 
FM4–64, SYTOXGreen, 

DAPI 
Staphylococcus aureus 

D712 (MRSA, VISA) 
nafcillin 

The effect of nafcillin at various sub-
inhibitory concentrations were 
monitored using BCP 

2019 [87] [19] 
FM4–64, SYTOXGreen, 

DAPI 
B. subtilis 6051, E. coli 

ATCC 25922 

 

DPA 154 causes induction of 
spheroplastic phenotypes with additional 
membrane damage. It’s a DNA synthesis 
inhibitor with a second membrane-active 
mechanism of action. 

2019 [33] [19] 
FM4–64, SYTOXGreen, 

DAPI 
E. coli BW25113, 

A. baumannii ATCC  
ca. 10 000 compounds from 

the Roche pharma 
The semi-automated bacterial phenotypic 
fingerprint (BPF) profiling platform in 
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17978 compound library conjunction with a machine learning-
powered dataset analysis was used for 
screening and prediction of compounds’ 
mode of action. The method identifies 
weak antibacterial hits allowing full 
exploitation of low potency hits 
frequently discovered by routine 
antibacterial screening. BPF classification 
tool can be successfully used to guide 
chemical structure activity relationship 
optimization, enabling antibiotic 
development and that this approach can 
be fruitfully applied across species. 

2019 [88] [19,49] FM4-64FX, DAPI 
Clostridium perfringens 

ATCC 13124 
Enniatins and beauvericin 
(antimicrobial peptides) 

Results showed that in C. perfringens, 
enniatins A and A1 (mainly containing 
sec-butyl groups) act like Rifampicin by 
causing an inhibition of the synthesis of 
RNA, whereas enniatins B, B1, and 
beauvericin (mainly containing iso-propyl 
or phenylmethyl groups) act like 
Tetracycline by inhibiting the synthesis of 
proteins. 

2020 [89] [19] 
FM4–64, SYTOXGreen, 

DAPI 
E. coli ATCC 25922 

Clavanin A (antimicrobial 
peptide), combination with 

Zn2+ 

Clavanin A at neutral pH interacts with 
the membrane, while combination with 
Zn2+ at acidic pH reveals unique photypes. 

2020 [90] [19] none 
E. coli ARC2687 

(blaAmpC, blaCTX-M-14) 
Cefpodoxime, ETX1317 and 

combination 

Exposure to ETX1317 caused normally 
rod-shaped E. coli to become spherical, a 
morphology associated with PBP2 
inhibition. Exposure to cefpodoxime 
(PBP1a/b and PBP3 inhibitor) induced 
cell elongation. Treatment with a 
combination of cefpodoxime and 
ETX1317 resulted in a complex “beads on 
a string” phenotype, demonstrating multi-
PBP inhibition. 
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2020 [91] [19] 
FM4–64, SYTOXGreen, 

DAPI 
E. coli lptD4213 

 

SCH-79797 clusters closely to the co-
treatments (trimethoprim with nisin or 
polymyxin B). It indicates that SCH-79797 
kills bacteria by targeting both DHFR and 
the membrane. 

2020 [50] - none 
Mycobacterium 

smegmatis ParB-
mCherry 

12 antimycobacterial 
compounds 

The morphotype database of M. 
smegmatis essential gene knockdown 
mutants was created using CRISPR 
interference approach. The 
morphoprofiling method  was validated 
using 12 compounds with known targets. 

2020 [92] [19] 
Sytox Green, FM4-64, 

DAPI 
E. coli ATCC 25922, 

M. smegmatis mc2155 

 

Compound exhibits the same phenotype 
as ofloxacin. 

2020 [93] [19] 
Sytox Green or NBD-

azithromycin, FM4-64, 
DAPI 

Achromobacter 
xylosoxidans Florida 

(MDR) 
azithromycin 

Azithromycin is acive against bacteria in 
physiology-relevant medium and has 
enhanced entry into bacterial cells. 

2020 [94] [19] FM4-64FX, DAPI 
E. coli ATCC 25922, 

B. subtilis RPT 44 

 

IITR06144-treated cells exhibited a 
strong filamentation phenotype, which is 
indicative of the SOS response. 

2020 [51] [19] SYTO-24, FM4-64FX M. tuberculosis Erdman 
34 antibiotics + 3 synthetic 

compounds 

Rapid profiling platform called 
Morphological Evaluation and 
Understanding of Stress (MorphEUS) was 
developed for M. tuberculosis. Using 
MorphEUS, we identified secondary 
effects for moxifloxacin and bedaquiline. 

2020 [95] [19] 
FM4–64, SYTOXGreen, 

DAPI 
Vibrio parahaemolyticus 

AHPND 
vibriophage Seahorse 

phage Seahorse likely inhibits protein 
translation of bacteria at the early stage 
of infection 
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2021 [96] [19] 
FM4–64, SYTOXGreen, 

DAPI 
B. subtilis ATCC 6633 gausemycin A 

Gausemycin A exhibits profile similar 
with daptomycin. 

2021 [97] [19] FM4-64, SYTO-9 E. coli APEC O78 
3 Lactobacillus rhamnosus 

GG-derived peptides 

In P1-, P2-, and P3-treated APECs, no or 
minimally visible membranes were 
observed, suggesting that peptides 
disrupted bacterial membrane. 

2021 [98] [19] 
FM4–64, SYTOXGreen, 

DAPI 
S. aureus ATCC 29213, 

B. subtilis PY79 

 

BCP gave results consistent with 
membrane permeabilization action of 
cannabidiol. 

2021 [99] [19] 
FM4–64, SYTOXGreen, 

DAPI 
B. subtilis PY79 

S. felis C4 extract and 
micrococcin P1 

S. felis C4 extract and micrococcin P1 
showed greater elongation compared to 
DMSO control and nucleoids that were 
highly condensed into toroidal structures, 
a characteristic of compounds that block 
translation, such as tetracycline. 

2021 [100] [19] 
FM4–64, SYTOXGreen, 

DAPI 
S. aureus D592 and 

D712 
vancomycin 

Bacteriological (cation-adjusted Mueller-
Hinton broth) as well as physiological 
(R10LB) media was used to determine 
the effect of vancomycin on USA100 
strains. 

2021 [101] [19] 
FM4–64, SYTOXGreen, 

DAPI 
E. coli JP313 ΔtolC 

9 derivatives of 5-
benzylidenethiazolidine-

2,4-dione 

Compounds inhibited two distinct 
metabolic processes, DNA replication and 
cell wall biogenesis. Compound 13 
induced membrane permeability and cell 
lysis with no sign of inhibited DNA 
replication. This compound had a 
relatively high MIC compared to most 
other active molecules. In addition to 
nonspecific inhibitors, we identified three 
molecules (compounds 9, 11, and 27) that 
selectively inhibited DNA replication. 

2021 [34] - FM4–64, SYTOXGreen, K. pneumoniae NCTC 9 known antibiotics High-content imaging (HCI) technique for 
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DAPI 43816, S. typhimurium 
NCTC 13348, S. aureus 

ATCC 29213 

phenotyping bacteria under antimicrobial 
exposure at the scale of individual 
bacterial cells was developed. Novel 
analysis pipelines were established for 
both Gram-negative bacilli and Gram-
positive cocci. 

2021 [35] [34] 

Alexa Fluor 647-
labeled polyclonal 

antibody to the 
Salmonella common 
structural antigens 

(CSA), DAPI, 
SYTOXGreen 

S. typhimurium isolates 
SL1344 (ST19, United 
Kingdom), VNS20081 

(ST34, Vietnam), 
D23580 (ST313, 

Malawi) 

ciprofloxacin 
Ciprofloxacin exposure drives the 
formation of discrete bacterial 
populations of variable lengths. 

2021 [102] [19] FM4-64, DAPI 
E. coli BW25113 and 

ΔmdtK 

Co-culture of bacteria with 
Penicillium sp. str. 12 or 

SAM3 

Experiments showed that effect of co-
cultivation is similar to that of antibiotics 
that target cell wall biosynthesis, such as 
mecillinam and amoxicillin. 

2021 [103] [19] none P. aeruginosa PAO1 

 

The morphology of treated cells is 
consistent with previously described 
phenotypes for PBP2-selective inhibition. 

2022 [104] [18] FM5-95, DAPI B. subtilis 168 

 

Synnepyrrole A compromises the function 
and integrity of the bacterial cytoplasmic 
membrane. 

2022 [32] - 
Hoechst 34580, FM4-

64FX 
E. coli BW25113 

33 antimicrobials and 
combinations 

The patterns of morphological change, 
including morphological potentiation, 
competition, and the emergence of 
unexpected morphologies were 
identified. These frequently did not 
correlate with synergistic or antagonistic 
effects on viability, suggesting 
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morphological approaches may provide a 
distinctive signature of the biological 
interaction between compounds over a 
range of conditions 

2022 [105] [19] 
FM4–64, SYTOXGreen, 

DAPI 

P. aeruginosa PAO1 and 
phage-resistant 

mutants AM.P2-X-1, 
Mat-X-1, Kat-X-2 

LL-37 (antimicrobial 
peptide) 

The LL-37-treated mutants had 
significantly increased SYTOX Green 
staining compared to PAO1 indicating the 
increased antimicrobial peptide 
susceptibility. 

2022 [106] [19,82] 
FM4–64, SYTOXGreen, 

DAPI 

K. pneumoniae 
KPM1026a, A. 

baumannii ATCC 17978, 
P. aeruginosa PAM1154 

 

Xeruborbactam-induced changes in 
cellular morphology are consistent with 
inhibition of multiple PBPs 

2022 [45] [19,64] FtsZ-GFP 
B. subtilis SU570 (FtsZ-

GFP) 
12 FtsZ inhibitors 

BCP was used for target validation of 
synthetic FtsZ inhibitors. 

2022 [36] - 
Ffh-mVenus, FtsY-

mVenus, uL1-mVenus 

Shewanella putrefaciens 
CN-32 and 

transformants with Ffh-
mVenus, FtsY-mVenus, 

uL1-mVenus 

puromycin, rifampicin, 
chloramphenicol 

Antibiotic Drug screening and Image 
Characterization Toolbox (A.D.I.C.T.) 
workflow was developed. It covers 
aspects of experimental setup 
deployment, data acquisition and 
handling, image processing (e.g. ROI 
management, data transformation into 
binary images, background subtraction, 
filtering, projections) as well as statistical 
evaluation of the cellular stress response 
(e.g. shape measurement distributions, 
cell shape modeling, probability density 
evaluation of fluorescence imaging 
micrographs) towards antibiotic-induced 
stress, obtained from time-course 
experiments. 
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2022 [107] [19] 
FM4–64, SYTOXGreen, 

DAPI 
S. aureus BH1-CC 

(MRSA) 

 

The MOA of (-)-spongotine A is linked to 
membrane permeation and disruption. 

2022 [108] [19] 
FM4–64, SYTOXGreen, 

DAPI 

E. coli CGSC 4213 
(ΔlptD, LPS-deficient), 

B. subtilis NR-607 

 

Obtained phenotypes are highly similar to 
those induced by daptomycin. 

2022 [109] [19] FM4-64FX 
M. tuberculosis H37Rv 

mc26020 
evybactin 

M. tuberculosis cells treated with 
evybactin were approximately two times 
longer than non-treated cells. This 
morphological change is typically 
observed in bacteria treated by DNA 
synthesis inhibitors, FtsZ inhibitors and 
β-lactams 

2022 [110] [19] 
FM4–64, SYTOXGreen, 

DAPI 
P. aeruginosa PAO1 

mecillinam, meropenem, 
piperacillin and ceftazidime 

P. aeruginosa treated with these 
antibiotics have morphological 
differences based on the PBP of the 
antibiotic targets 

2022 [111] [19] 
FM4–64, SYTOXGreen, 

DAPI 
E. coli JP313 ΔtolC 4 Streptomyces soil isolates 

E. coli cells incubated adjacent to each of 
the four Streptomyces isolates displayed 
characteristic cytological profiles that, in 
some cases, allowed for the classification 
of these strains according to the MOA of 
the natural products they produced. 

2022 [112] [19] 
FM4–64, SYTOXGreen, 

DAPI 
E. coli lptD4213 

 

Mansonone G displays rapid membrane 
permeabilizing activity 
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2022 [39] - FM4-64, SYTO-9 B. subtilis 168 14 known antibacterials 

Quantitative time-lapse fluorescence 
imaging method, Dynamic Bacterial 
Morphology Imaging (DBMI) was 
developed to facilitate the process of 
antimicrobial MoA identification. 

2022 [44] [18,19] 
HbsU-GFP, WALP23-

mCherry 
B. subtilis 168CA-

CRW419 
tatiomycin 

The cytoplasmic membrane was 
unaffected unlike in the control 
compound nisin, which forms large pores 
in the membrane. Treatment with 
tatiomicin induced chromosome 
decondensation, similar to the effects 
elicited by the RNAP inhibitor rifampicin 

2022 [113] [19] 
FM4–64, SYTOXGreen, 

DAPI 
B. subtilis ATCC 6051 

 

While the BCP analysis clearly shows that 
compound acts through a membrane-
related mechanism, it is apparent that its 
mode of action is not the same as 
calcimycin. 

2023 [114] [19] 
FM4–64, SYTOXGreen, 

DAPI 
V. parahaemolyticus 
EB101 and AHPND 

vibriophage KVP40, lytic 
transglycosylase (LT) and 

mutant protein E80A-
KVP40-LT 

Upon vibriophage KVP40 infection, V. 
parahaemolyticus exhibited 
morphological changes similar to those 
observed when treated with mecillinam. 
Heterologous expression of wild-type 
KVP40-LT induced similar bacterial 
morphological changes to those treated 
with the whole phage or mecillinam, prior 
to cell burst. On the contrary, neither the 
morphology nor the viability of the 
bacteria expressing signal-peptide 
truncated- or catalytic mutant E80A-
KVP40-LT was affected. 

2023 [43] [19] 
FM4-64, DAPI, NG-

GlpT 

E. coli W3110,  
B. subtilis DSM402, E. 

coli BCB472 

38 N4-substituted 
piperazinyl norfloxacin 

derivatives 

Phenotypic analysis of both E. coli and B. 
subtilis confirmed a typical gyrase 
inhibition phenotype for all of the tested 
compounds. Assessment of possible 
additional targets revealed three 
compounds with unique effects on the B. 
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subtilis cell wall synthesis machinery, 
suggesting that they may have an 
additional target in this pathway. 
Comparison with known cell wall 
synthesis inhibitors showed that the new 
compounds elicit a distinct and, so far, 
unique phenotype, suggesting that they 
act differently from known cell wall 
synthesis inhibitors. Interestingly, our 
phenotypic analysis revealed that both 
norfloxacin and ciprofloxacin displayed 
additional cellular effects as well, which 
may be indicative of the so far unknown 
additional mechanisms of 
fluoroquinolones. 

2023 [42] [19] 
FM4-64, DAPI, GFP- 

GlpT 
E. coli BCB472, E. coli 

W3110 

7 N4-substituted 
piperazinyl amino acid 

derivatives of norfloxacin 

Gyrase inhibition could be confirmed for 
4 compounds, but not for 3 others. No 
membrane aberrations were observed in 
the FM4-64 membrane stain. To confirm 
that there are no additional effects on the 
cytoplasmic membrane, a GFP fusion to 
the ubiquitous membrane protein GlpT 
was used as a proxy for the inner 
membrane (strain BCB472), and indeed 
no effects were observed 

2023 [115] [19] FM4-64, DAPI E. coli O157:H7 
2 functionalized chickpea-
derived Leg2 antimicrobial 

peptides 

The formation of “ovoid cells” with 
condensed nucleoid was detected. It could 
be linked with peptidoglycan synthesis 
inhibition. 
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2023 [116] [19] 
FM4–64, SYTOXGreen, 

DAPI 
A. baumannii ATCC 

17978 

 

A high-resolution BCP method that can 
capture morphological variations of 
bacteria upon antibiotic treatment was 
developed. MOA classification accuracy is 
above 90%. Combinations of two 
antibiotics induce altered cell 
morphologies that could be deconvoluted. 
The method successfully revealed 
multiple cytological changes caused by a 
natural product that, by itself, is inactive 
against A. baumannii but synergistically 
exerts its multiple antibacterial activities 
in the presence of colistin. 

2023 [117] [19] 
FM4–64, SYTOXGreen, 

DAPI 
B. subtilis ATCC 23857 

 

The fatty acid was found to rapidly 
destabilize the cell membrane by pore 
formation and membrane aggregation in 
B. subtilis 

2023 [118] [19] 
SYTO-9, Propidium 

iodide 
E. coli BW25113 

psi-capsids (antimicrobial 
peptides) 

The new approach was developed based 
on time-lapse microscopy with 
microfluidics to investigate the 
concentration-dependent killing kinetics 
of stationary-phase bacterial cells. The 
psi-capsids killed cells by disrupting their 
membranes at all concentrations tested 

2023 [119] [19] FM4-64, DAPI 

P. aeruginosa K2733 
(PAO1 ΔmexB, ΔmexX, 
ΔmexCD-oprJ, ΔmexEF-

oprN) 

Combinations of antibiotics 
and phage ФKZ 

The MoA-specific interactions between 
antibiotics and phage ФKZ infection were 
identified. Some classes of antibiotics 
strongly inhibited phage replication, 
while others had no effect or only mildly 
affected progression through the lytic 
cycle. 

2023 [46] [19] 
FM4-64, DAPI, GFP- 

GlpT 
E. coli W3110, E. coli 

BCB472 
19 derivatives of 

norfloxacin 

BCP confirmed inhibition of DNA 
synthesis for all except two tested 
derivatives. Further phenotypic analysis 
revealed polypharmacological effects on 
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peptidoglycan synthesis for four 
derivatives. 

2024 [120] [19] FM4-64, DAPI E. coli CCUG31246 3 antimicrobial peptides 
The peptides’ cytological profiles similar 
to polymyxin B. 

2024 [121] [19] Nile Red, DAPI 
B. subtilis PrpsD-GFP, B. 

subtilis MinD-GFP 

 

Compound targets the bacterial 
membrane without inducing pore 
formation or depolarisation 

2024 [40] [39] FM4-64, SYTO-9 B. subtilis 168 harzianic acid 
Harzianic acid exhibited the phenotype 
similar with nisin. The result obtained 
from DBMI method. 

2024 [122] [19] Nile red, DAPI B. subtilis 168CA 
valinomycin, vancomycin, 

nisin 

A minimal set of accessible phenotypic 
assays that allow distinction between 
membrane and cell wall targets and 
identification dual-action inhibitors was 
tested. It should include a membrane-
potentiometric probe, and fluorescent 
protein fusions to MinD and MreB as 
basic assay set and Laurdan-based 
fluidity measurements and a PliaI 
reporter fusion as a recommended 
extention. 
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