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General introduction 

Antibiotics have played an important role since the 1940s in health care to treat infections. This 

resulted in the reduction of childhood mortality and increased the life expectancy of most humans. 

Infectious diseases, however, have re-emerged world-wide due to the increase in multi-drug resistant 

pathogens, prompting the World Health Organisation (WHO) to list antimicrobial resistance 

development as a threat to global public health [1]. In addition to posing as a health risk, 

antimicrobial resistance has an impact on health care cost by increasing the need for prolonged 

treatment of patients or the necessity to use expensive alternative antibiotics. An overview of the 

increase in incidences of resistance development to commercially used antibiotics can be obtained 

from the timeline compiled by the U.S Centre for Disease Control and Prevention (CDC) in 2013 

(Fig. 1) [2]. Noteworthy is ceftaroline that was introduced in 2010, but already showed to cause 

resistance development in Staphylococcus a year later in 2011. Ceftaroline is a cephalosporin active 

against methicillin resistance Stahphylococcus aureus (MRSA) by binding to penicillin-binding 

proteins (PBPs) thus weakening the cell wall [3].  

Resistance development occurs due to excessive selection pressures exerted on the microorganism by 

misuse of antibiotics. Examples are the overuse and incorrect prescription of antibiotics in human 

medicine, the use of antibiotics as a prophylactic or to improve the growth of animals in the 

agriculture industry, and the use of antibiotics as a pesticide in the horticulture or agriculture industry 

[4]. Eventually, antibiotics end up in the environment through urine, stool and run-offs, adding to the 

selection pressure exerted on bacteria [5]. Prolonged exposure to antibiotics eventually cause 

bacteria to acquire resistance for instance by preventing the penetration of the antibiotic, by 

removing the antibiotic using an efflux pump, by modifying the antibiotic target though genetic 

modification or post-translation modification of the target protein, or by inactivating the antibiotic by 

modifying or hydrolysing the antibiotic [5].  

 



8 
 

 

Figure 1. A timeline of the major antibiotic resistance events prior to 2013 compiled by the U.S Centre for 

Disease Control and Prevention (CDC). The illustration is a modification of the timeline presented by the 

CDC.  

 

In health care infections are frequently associated with Escherichia coli (15.9 %), Staphylococcus 

aureus (12.3 %), Enterococcus spp. (9.6 %), Pseudomonas aeruginosa (8.9 %), Clostridium difficile 

(5.4%), Klebsiella spp. (4.2 %), Coagulase-negative staphylococci (7.5 %), Proteus spp. (3.8 %), and 

Acinetobacter spp. (3.6 %) [6]. Even though Gram-negative bacteria such as E. coli appear to be a 

greater concern, pharmaceutical companies have more interest in developing antibiotics for the 

methicillin resistant Staphylococcus aureus (MRSA) as it is considered the major threat in hospitals 

of developed countries [7]. Staphylococcus aureus is an opportunistic Gram-positive bacterium that 

occupies the nasal vestibules and skin of healthy humans and is often associated with surgical site 

infection (SSI) [8]. S. aureus became resistant to methicillin and all other beta-lactams through the 

production of PBP with a low affinity for beta-lactams, therefore preventing the cell wall synthesis 

inhibition by beta-lactams. Even though MRSA are often associated with healthcare, it can also 
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spread throughout the community, known as community-acquired MRSA (CA-MRSA), or be 

transmitted to humans from livestock, known as livestock-associated MRSA (LA-MRSA) [8].  

In the 2015 report of the European antimicrobial resistance surveillance network (EARS-Net), 

resistance of MRSA invasive isolates from blood and cerebrospinal fluid shows a diverse pattern 

across Europe, ranging from zero in one country to 57.2 % in another [9]. Four approaches have been 

suggested to combat antimicrobial resistance development: (1) proper surveillance or reporting of 

antimicrobial resistance occurrences, (2) appropriate therapeutic use of antimicrobials in human and 

veterinary medicine and agriculture, (3) preventing and controlling of infections, and (4) the 

development of novel antimicrobials or alternative treatments to cure infections [9]. Currently, 

vancomycin is the drug of choice to treat MRSA [10]. When vancomycin fails, daptomycin or 

linezolid are considered as the next alternative. Linezolid is a bacteriostatic protein synthesis 

inhibitor, that is costly and S. aureus strains have shown to become resistant to the antibiotic. The 

bactericidal daptomycin depolarizes the membrane in a calcium ion dependent manner, but is costly 

[10]. Alternative anti-infection agents to daptomycin or linezolid are tigecycline, telavancin and 

ceftaroline, but these agents are unfavourable and are used as a last resort [10]. For instance 

tigecycline is expensive, causes higher risk of mortality compared to test standards and causes severe 

gastrointestinal side effects, telavancin also causes severe gastrointestinal side effects, causes 

nephrotoxicity and its availability is limited, and ceftaroline causes hypersensitivity reactions and 

limited information is available of its use against MRSA infections [10]. Therefore, it is evident that 

novel antimicrobial or anti-infection agents are necessary to provide tools for medical practitioners to 

combat resistant strains.  

Focus has been placed on developing conventional small molecule antimicrobials for practical 

application, but also on unconventional antimicrobial agents such as quorum sensing inhibitors, 

antimicrobial peptides, bacteriophages, as well as combination treatment of antibiotics with non-

antibiotic adjuvants [1]. In this study, we focused on mechanistic analyses of the mode of action of 

selected antimicrobial peptides and more conventional synthetic small organic molecule 

antimicrobials. The interest in utilizing antimicrobial peptides as a therapeutic agent arises from the 

fact that they form part of all living organisms (insects, plants, animals) as an essential part of the 

innate immune system where they serve as a first line of defence against a broad range of pathogenic 

microorganism and modulate the immune response [11–14]. Antimicrobial peptides are known for 

their rapid activity against microorganism. Therefore, resistance acquisition against antimicrobial 

peptides is considered to be less likely [15]. The antimicrobial peptides assessed in our study were 

derived from the human blood platelet antimicrobial peptides, thrombocidins. An additional 
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synthetic designer peptide inspired by the LPS-binding domains of bactericidal permeability 

increasing protein (BPI) was also included. The synthetic compounds used in our study were 

obtained through a combinatorial chemistry approach using a “SMART selection” method covering 

among others the requirement of being heterocyclic compounds, compounds without reactive groups, 

compounds being non-metals, and compounds having molecular weights below 450 Dalton. The 

screening was tailored such that activity against Gram-positives was maximized. The compounds 

identified are novel and indeed contain heterocyclic structures that have been associated with 

antimicrobials with therapeutic potential [16–20]. To evaluate the mode of action of the synthetic 

compounds and antimicrobial peptides, Bacillus subtilis was employed. B. subtilis is a non-

pathogenic Gram-positive spore-forming bacterium often used as a model organism for 

Staphylococcus aureus, spore-forming Bacillus cereus linked with food-born poisoning and even the 

anaerobically growing spore-forming Clostridium difficile associated with healthcare gastro-

intestinal infections. 

In Chapter 1 we revisit SporeTracker used for analysing live imaging data and discuss the 

improvements made to the software that resulted in SporeTrackerX. In Chapter 2, we evaluate the 

influence of synthetic compounds on B. subtilis and B. cereus spores using live imaging and 

highlight the functionality of live imaging in screening for novel compounds. In Chapter 3, we give 

an overview of the progress made in understanding the mode of action of antimicrobial peptides and 

current knowledge about the response of Gram-positives to these peptides. In Chapter 4, we describe 

how B. subtilis vegetative cells respond to low concentrations of the alpha-helical antimicrobial 

peptides, TC19, TC84 and BP2, and confirm the response by employing a molecular physiological 

assessment of the distribution of proteins involved in cell envelope homeostasis. In Chapter 5, we 

describe the membrane perturbation of B. subtilis by TC19, TC84 and BP2, which was shown to 

distort membrane homeostasis by altering plasma membrane regional and overall fluidity. In 

Chapter 6, we show that TC19, TC84 and BP2 prevents the outgrowth of germinating spores by 

perturbing the spore inner membrane of B. subtilis, and utilize live imaging to evaluate the effects of 

the peptides on B. subtilis spores and vegetative cells.   
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Chapter 1 

SporeTrackerX – scientific software for handling 
terabytes of live imaging data from bacterial spores 

 

Norbert Vischer, Soraya Omardien and Stanley Brul 

 

Abstract 

Bacterial sporulation, followed by a heterogeneous germination and outgrowth, is a strategy of 

bacteria to survive harsh environmental conditions. The examination of such heterogeneity is 

essential in the search for improved preservation methods in the food industry. To further analyse 

these processes and to obtain results with statistical significance, live imaging with a time resolution 

down to one minute has become instrumental. However, a complex experimental set-up can lead to 

the acquisition of image data in the terabyte range. Here, we present the ImageJ-based software 

SporeTrackerX that optimises the speed of analysis and the handling of image data. After analysis it 

provides a navigation tool for instant real-time play-back of individual spores by using the 

corresponding growth and germination plot as a control panel. In this stage, the user can interactively 

overrule automatically detected events such as the spore burst or generation time of outgrowing 

vegetative cells. We also propose a naming scheme, file structure and a backup method to assist the 

analysis of image data of terabyte size. In conclusion, SporeTrackerX facilitates the analysis of data 

generated through live imaging, thus contributing to the understanding of the molecular physiology 

of spore-forming bacteria exposed to various environmental conditions. 

 

 

 

 

 

Submitted  
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1.1 Introduction 

Bacteria of the order Bacillales and Clostridiales tend to survive harsh environmental conditions by 

forming resilient dormant spores, conditions that might otherwise kill vegetative cells. Dormant 

spores withstand conditions such as high temperatures, radiation (UV and γ), toxic chemicals, 

desiccation, or freeze-thawing [21–23], but lose this resistance once the committed process of 

germination is initiated. Spores are the greatest concern in the food industry as it is the major cause 

of food-spoilage and food-borne illnesses, such as those produced by Bacillus cereus, Clostridium 

perfringens or C. botulinum [24]. Spores are also prevalent in health-care where C. difficile is the 

greatest concern [2], and have been used for bioterrorism, such as the notorious B. anthracis [25]. 

Not all spore-formers are harmful, for instance B. subtilis with the generally regarded as safe 

(GRAS) status is commonly used as a model organism and have been proposed as a delivery system 

for vaccines, as a vaccine adjuvant [26], and as a probiotic [27,28].  

As mentioned earlier, dormant spores lose their resilience once committed germination occurs, 

therefore effort is placed in understanding the germination process of spores. Spore germination has 

been discussed in-depth by Paredes-Sabja et al. (2011) [29]. Spore-formers circumvent exposing the 

entire population to external threats through heterogeneous germination, which is not well 

understood. It requires only the survival of one dormant spore to continue a lineage and to cause, for 

instance, food-spoilage and food-borne illnesses. This phenomenon cannot be clarified using 

population based studies. As a consequence, focus is placed on single cell analyses. However, 

techniques such as flow cytometry or standard microscopy techniques are not sufficient. Therefore, 

live imaging of single cells has been used to observe the effects of various treatments that affect 

growth, spore morphogenesis and spore germination [30,31]. For live imaging of spores phase-

contrast microscopy is used, where the uptake of water during the germination process changes the 

refraction index of light causing phase-bright dormant spores to appear as phase-dark germinated 

spores. Further imaging shows the bursting of each individual spore, the first division and the growth 

of vegetative cells. To convert the observation of each spore into quantifiable numbers, an image 

analysis tool, SporeTrackerX, was designed that enables semi-automated analysis of each stage from 

dormant spore to vegetative growth, and expresses it in numerical values. SporeTrackerX runs in 

combination with ImageJ and plugin ObjectJ. Compared to its predecessor SporeTracker [30], it has 

many improvements as described below, including the optimisation to handle terabyte data sets. In 

this paper, the design of SporeTrackerX will be discussed together with the various steps needed 

during its utilisation.  
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1.2 SporeTrackerX as ObjectJ project 

The popularity of the image analysis program ImageJ is greatly based on its open source character 

with the flexibility to add user-defined functionality via plugins. Among hundreds of plugins, several 

are specialized for the analysis of bacterial cells. A recent and very elaborate example is the plugin 

MicrobeJ [32], which, in addition to common measurements, provides a multitude of parameters that 

describe bacterial properties of shape, poles, organelles and fluorescent foci in space and time. It is 

specialized for high throughput data analysis and also supports the dynamic link between images, 

data and plots, which is essential for our application. However, the wide spectrum of features comes 

with the price of increased size and complexity of such programs, as its code is many times as large 

as that of ImageJ itself. If a desired function is not readily available, it would be impractical to 

understand, extend and maintain a modified version of a plugin consisting of thousands of Java 

classes. 

For SporeTrackerX, we use the plugin ObjectJ [https://sils.fnwi.uva.nl/bcb/objectj] rather than 

creating a new plugin. ObjectJ's unique feature of embedded macros provides an additional level of 

flexibility with easy user access. Local project files with the extension ".ojj" contain the embedded 

macro code together with other dynamically linked information, like non-destructive hierarchical 

markers, results and plot commands. A project file is saved next to the analysed image files in the 

same folder. Earlier projects, such as Coli-Inspector [33], ChainTracer [34] and NucTracer [34], 

have been realised successfully this way. SporeTrackerX is superior to its predecessor SporeTracker 

[30], as it is consequently optimised to process data sets in the terabyte range, simplifies usage by 

accepting unstable movies without pre-stabilisation, and provides an improved integration without 

additional data files. 

Embedded macros use ImageJ's proprietary macro language which has been extended for ObjectJ's 

ability to dynamically link all acquired information across many images or movies. Compared to the 

two other supported interpreted languages, JavaScript and Python, it is simpler, not object-oriented, 

and pragmatically tailored to directly interact with ImageJ's features. It provides a single-step 

debugger and can be handled or modified by users with minimal programming skills. Embedded 

macros in ObjectJ projects typically focus on special tasks without packing more functions or dialog 

boxes than necessary into the project file, while the code can be easily fine-tuned in a flexible and 

well-documented manner. This can be done via command Object>Show Embedded Macros, 

changing the code, choosing Install in ObjectJ Menu, and saving the .ojj project file via Object>Save 

Project. 
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This way, both the data and the functionality are contained in one small, manageable project file. In 

general, no additional files for the specification of settings are needed. The macro language handles 

the behaviour of the graphical user (GUI) and organises the execution of calculation-intensive 

methods with native Java code at maximum speed.  

1.3 Terabyte experiments and virtual stacks 

When experiments involve data in the terabyte range, issues associated with storage and processing 

speed need to be carefully addressed. Operations that otherwise are trivial, like opening a file, 

creating duplicates, or performing a backup, can become serious bottlenecks during usage. For 

example, saving ImageJ's non-destructive overlay would typically be saved together with the image 

or stack itself which can be a gigabyte operation for each file. In contrast, ObjectJ circumvents this 

problem as the overlays of all linked images are saved separately in one small project file, which in 

turn maintains the dynamic link between images, results and plots. Once the large time-lapse files are 

in place, they are never re-saved.  

ImageJ allows image stacks to be opened virtually. A virtual stack opens instantly independent of the 

file size, and navigation through a time lapse sequence appears to the user to happen in real-time, 

even if the file is stored on an external USB-3 hard disk rather than on a solid state drive. A virtual 

stack can be larger than the computer's RAM, as only the currently visible image (or set of image 

channels) is kept in memory. SporeTrackerX makes consequent use of virtual stacks and therefore 

does not require additional investment in special computer hardware, expanded RAM, or solid state 

drives. 

1.4 File organisation and naming scheme 

Before acquiring hundreds of very large files on the microscope, we designed the file logistic in 

advance by creating an empty tree of directories using short and meaningful folder names, which 

also served as a visual representation of the workflow on the computer screen (Fig. 1). Live imaging, 

in our case, was performed with a Nikon Eclipse Ti microscope. Its acquisition software compiles 

many time-lapse movies belonging to an experiment into a single and very large file with ".nd2" 

extension, each of which we stored in the correct position in the directory tree. However, for full 

flexibility in ImageJ, an extra conversion step from ".nd2" to ImageJ's preferred ".tif" format was

 necessary. For this, a separate utility macro "Import_ND2_files"
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 [http://sils.fnwi.uva.nl/bcb/objectj/examples/Import_ND2_files] was created which repeatedly calls 

the plugin BioFormats [https://www.openmicroscopy.org/bio-formats] to perform the conversions 

for the entire directory tree. After the conversions, the .nd2 files become nonessential and can be 

removed from the directory tree. 

In lab practice, file names tend to become long when details about the experiment are included as 

string fragments. This can be seen for example in the file name "20170510BcereusUntreated.nd2". 

Rather than using this long name and extending it even more with indexes for the ~10 movies it 

contained, we introduced a naming scheme based on checksums. The original long name is replaced 

by a six-digit checksum, which together with a prefix and movie index suffix results in 

"Ser_328899_01.tif". The long name is still available, but it is hidden in the metadata field of the tif 

file. The meaning of a movie can be derived by its position in the directory tree, but it also can be 

verified by examining the metadata.  

For a larger series of experiments, short file names with constant length make the overall file 

handling and personal communication considerably easier and less error prone. From optical 

appearance, movies acquired from the same biological repeat can readily be identified from the same 

checksum. Still, the described method with short file names is optional, as SporeTrackerX accepts 

any file name. 

 

Figure 1. File organisation and naming scheme illustration. In step 1, empty folders are created that 
represent the general workflow. In step 2, the directory tree is populated with Nikon ".nd2" movies. 
Additionally, each experiment obtains an empty copy of SporeTrackerX.ojj. In step 3, a utility macro called 
"Import_ND2_files" provides options (arrow) to convert each .nd2 file in the directory tree to a series of .tif 
files at the same location. The optional short file names of the .tif files are derived from the long .nd2 names 
via a 6-digit checksum and a movie index, while the long name is hidden in the metadata field of the .tif file. 
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Files belonging to the same batch can quickly be recognised from the same checksum. In step 4, the .nd2 
files can optionally be deleted. 

 

1.5 Image Analysis 

ObjectJ works with project files that have the extension ".ojj". A project file contains all image 

names, methods, data, plot commands and statistics that belong to an individual experiment. Before 

starting with the analysis of a cell population, an empty copy of the downloaded project file 

SporeTrackerX.ojj is stored in the directory holding the corresponding time-lapse movies. A project 

file can be opened via File>Open, or simply be dragged into ImageJ's main window. Its file type also 

can be made double-clickable via the operating system. After the project file is loaded, the ObjectJ 

menu becomes available in the main menu bar, showing a number of general ObjectJ commands in 

the upper part, and SporeTrackerX-specific commands below these (Fig. 2A). Before the analysis, 

the corresponding movies have to be linked, which either can be done by dropping them into the 

panel for linked images, or otherwise by calling menu command "ObjectJ>Linked Images>Link all 

Images from Project Folder". Optionally, menu ObjectJ>Show Metadata can be invoked to list all 

long file names in case this feature was used. 

Embedded macro commands under the ObjectJ menu are usually arranged in the natural order the 

user would invoke them. The first of these commands is ObjectJ>Analyze Spores, which performs 

the major image analysis across all linked movies. As we work with virtual stacks, care is taken that 

a certain time frame is loaded only once into the memory, performing all necessary steps without re-

loading. These steps include detection of bright and dark particles, each with suitable threshold 

settings and criteria. In the first time frame, bright particles are identified as "phase-bright" spores. A 

bright spore is marked as a numbered object with a red "point item" called "Centre" in time frame #1, 

and will keep its identity throughout the entire movie, while in subsequent time frames the outlines 

of the outgrowing colony are appended as green "ROI items" of type "Contour". An object is thus 

associated to the entire life time of a spore. If two or more bright objects appear as close neighbours 

in the first time frame, none of these are regarded as suitable and are subsequently ignored. Starting 

from time frame #2, a tracing step is included to re-identify the particles and associate them with the 

correct object markers in the previous frame. When the contour of the growing colony touches the 

image border or collides with a neighbour colony, tracing is stopped and the corresponding object is 

closed. The recorded data per time frame include the peak intensity during the bright phase, and the 

contour area during the dark phase. Once the entire movie is analysed, the found data are evaluated 
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to detect the start of germination, end of germination, the shedding of the spore-coat (burst), and the 

generation time. All collected measurements of an object are accommodated in the corresponding 

row in the ObjectJ results table. 

 

Figure 2. Overview of the data analysis of spores using SporeTrackerX. A) When opening the 
SporeTrackerX.ojj file through ImageJ, the movies can be linked by dragging the files into the panel for 
"Linked Images", or via menu ObjectJ>Linked Images>Link all images from project folder. The ObjectJ menu 
shows general commands in the upper part, and below these the macro commands specific to 
SporetrackerX, starting with "Analyze Spores". This command is used to perform the main analysis of all 
linked movies. B) During the analysis, a pair of plot windows for germination and growth are periodically 
updated to show the superimposition of all plot lines available so far. After analysis, the menu command 
ObjectJ>Plot Growth and Germination [F2] can recreate these windows, which are stacks of all plots plus one 
additional stack frame showing the superimposition. Here, plot pairs of two different experiments are 
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shown. C) Inspection of individual measurements can be started with command ObjectJ>Activate Navigation 
[N]. When clicking the mouse in a collective plot, the closest plotline will be identified and then shown as 
single plot. When clicking in a single plot, the image of the corresponding spore will be shown and played-
back in real-time following the cursor movement along the plot's time axis. D) If necessary, automatic 
measurements can be adjusted by locating the cursor on the plot's time axis and using one of the "Set Sign" 
command shortcuts. E) A case is shown where the growth was not interpreted correctly. This spore can 
either be disqualified, or removed completely from the entire project, e.g. with the pistol tool. 

 

1.6 Feed-back during analysis 

Processing of many large time-lapse movies requires time, and it is important that the user can verify 

correct operation without having to wait until the process is completed. Therefore, SporeTrackerX 

provides two different ways for feedback. First, a cumulative plot is permanently displayed on the 

screen and updated after each of the ~20 movies per project file has been processed, showing a 

superimposition of all growth curves that have been found so far. Secondly, SporeTrackerX provides 

a controlled interruption option that can be invoked by keeping the Caps Lock key down. Image 

processing is then halted in a safe state, and the user can inspect all images, plots and results, and 

subsequently choose to continue safely or otherwise to abort the process. However, no windows 

should be closed during inspection. 

1.7 Handling of plots and advanced navigation 

SporeTrackerX.ojj project files store the image links, macros, markers and results, which enables the 

user to re-build plots or derive results at a later time without opening the linked images. The two 

most important plot windows, germination versus time and growth versus time, can be created with a 

single key stroke ("Start navigation [N]"), so they appear vertically tiled on the screen with their 

common time axis being aligned. Each of these windows accommodates a stack of as many plots as 

there are detected spores, plus an additional frame at the end of the stack containing the 

superimposition of all plots as overview (Fig 2B). At the same time, a special navigation tool in 

ObjectJ's tool window becomes active. The user can now activate either of these plot windows, 

choose the plot frame of a certain spore, and navigate back and forth along the time axis, while the 

growth of the corresponding spore or colony is being played back accordingly in the linked virtual 

movie (Fig 2C). Also the superimposition of all individual plots at the end of the stack responds to 

the mouse. Here, one of the many plot lines can be selected to quickly expose outliers. 

While SporeTrackerX creates plots it detects certain events automatically and derives the desired 

numerical results. In an interactive step, automatic results can be cleared or changed via several "Set 
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Sign" commands. A sign is set by pressing a specific shortcut key, while the mouse cursor is located 

on the desired time point in the plot. Signs can be set for "First Division", "Burst", "Begin 

Germination", "End Germination" , and for time points "T1", "T2" which define the time window for 

the calculation of generation time (TD) (Fig 2D). There is also the option to disqualify an undesired 

object from the data set by using the command Object>Toggle Qualification [Q] while the growth 

plot window is open, which greys the corresponding plot (Fig 2E). Disqualified objects do not 

contribute to statistical evaluation and optionally can be deleted completely. 

1.8 Result 

In the ObjectJ result table, each row is dynamically connected to an object and contains data about 

the life history of the corresponding spore and its outgrowing micro-colony. Double-clicking a row 

immediately shows the corresponding phase-bright spore, from where further growth can be 

followed in time. Generally, any number of columns, either for strings or for numerical data, can be 

appended to the linked results table. In SporeTrackerX, such columns are created and populated 

during the analysis of the spores, and are updated after manual interaction. Appearance, colour and 

visibility of a column can be adjusted for visual clarity. Basic statistics can optionally be shown in 

additional rows below the column title, and histograms can be readily created and modified. For the 

overall verification of the acquired data, a column can be sorted to focus on extreme values created 

by outliers or artefacts. ObjectJ's qualification feature allows to define population subsets by 

applying criteria that can be edited in the Qualifiers panel or on macro level. Only qualified objects 

contribute to statistics, histograms and sorting. Any set of results can be exported as delimited text 

for post-processing in other applications. Plots, histograms or other data can be re-created from the 

newest project data at any time and are typically not saved as individual files, which keeps the file 

structure simple and the desktop clean. Only the project file next to the linked movies appears in an 

experiment's folder, which makes the inter-connection of the files self-explanatory without having to 

open an application. 
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Figure 3. Retrieving results. After the data analysis the results can be viewed via menu command 
ObjectJ>Show ObjectJ Results (Fig. 2) or by selecting "ObjectJ Results" in the SporeTrackerX window. The 
panel “Linked columns” lists all available column titles and controls their visibility. Data of unqualified 
objects appear grey and do not contribute to the statistics. All result columns, or a subset which can be 
defined by wildcards, can be exported as delimited text to other applications by using the “Copy/Export” 
option. Via contextual menus, histograms can be generated and modified if desired.  

 

1.9 Back-up strategy 

Before generating terabyte data during an experiment, a backup strategy has been considered in 

advance. For the entire set of experiments, we used two external 5TB USB3 disks, one for analysis 

and one for safety backup without further activity. This way, the acquired movies existed twice, and 

further analysis could take place on any computer without occupying its internal disk. During the 

analysis, the individual project files accumulate information that is gained automatically or 
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interactively, while the movies remain unchanged. Consequently, only the up-to-date versions of the 

project files need to be backed-up. For this, a utility macro was written to create a "Shadow 

Directory" (http://sils.fnwi.uva.nl/bcb/objectj/examples/utils/ShadowDirectory), which duplicates the 

entire directory tree including all ".ojj" project files, but without copying the images or other file 

types. Such a shadow directory can be easily moved e.g. to a USB stick or to a cloud service, as it is 

relatively small. Still the directory structure is intact, and it can be re-united any time with a directory 

tree holding the original images. Although the shadow directory does not contain the movies, it is 

still possible to perform useful actions fromout any project file it contains. These include the 

generation of growth and germination plots, observing, creating and exporting histograms and 

derived result columns, and saving the updated ".ojj" project file.  

1.10 Biological repeats 

Biological repeats or "batches" can be recognised by the same signature (checksum) in the file 

names, and also in the result column "Batch" that shows the batch numbers starting with one (Fig. 1). 

Using this column in combination with ObjectJ's qualification mechanism, any batch can be isolated 

statistically in order to expose any unexpected differences between biological repeats. 

1.11 Hardware and storage space considerations 

Image acquisition was performed on a Nikon Eclipse Ti microscope equipped with the NIS elements 

software version 4.50.00. The resulting very large ".nd2" files were then converted to ".tif" movies, 

which were stored in the corresponding directory trees on the two external USB drives, after which 

the occupied storage space on the microscope could be released. Further analysis took place on an 

iMac Intel Core i5 CPU, 8 GB RAM running under Mac OS X El Capitan (10.11.3). An application, 

in this case ImageJ, should not occupy more than 75% of RAM space. However, the movies to be 

processed can be larger as SporeTrackerX opens them virtually. Analysis can also be performed on a 

typical laptop. The program has been tested on MacOS and Windows OS. An example for the 

storage space and processing time that should be considered for an iMac Intel Core i5 CPU, 8 GB 

RAM running and Mac OS X El Capitan (10.11.3) when generating an experiment with twenty 16-

bit movies with one channel of 400 minutes and 1 frame per minute can be found in Table 1.  
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Table 1. An example of the storage space required for a set of experiments and the estimated 
processing time.  
Storage   
Number of image folders (experiments) 12 
Movies per folder 20 
Frames per movie 400 
MB per frame (16-bit) 8 
Total storage for entire set of experiments (1channel) 0.75TB 
Processing time  
Copying from USB3 to USB3 0.2 min per GB, 3 hrs per TB 
Converting .nd2 file to .tiff file on USB3 1 min per GB, 16 hrs per TB 
Analyzing one movie on USB3  1 min per 10 spores 
Analyzing 240 movies on USB3 4 hrs per 2400 spores 
MegaByte (MB), GigaByte (GB), and TeraByte (TB)   

 

1.12 Conclusion 

When processing complex data sets of large time-lapse movies, aspects of file organisation, storage 

on external media, back-up methods, processing virtual stacks and interactive navigation need to be 

carefully optimized. With SporeTrackerX we present a method that analyses germination and 

outgrowth of bacterial spores and addresses these themes. It has been successfully tested with data in 

the terabyte range of Bacillus cereus and Bacillus subtilis spores (in this article), but also of Bacillus 

weihenstephanensis spores (unpublished data). Rather than creating a new ImageJ plugin with the 

necessity to anticipate and include all needed features and to add the corresponding dialog boxes for 

user input, we chose a different strategy. By using the plugin ObjectJ, which provides an additional 

level of flexibility due to the concept of embedded macros, it was possible to realise the desired 

functionality as macro code. The required code is stored locally in a project file and can easily be 

displayed and modified. Many settings appear as a well-documented assignments of global variables 

that can be changed or communicated faster and with better overview than in dialog boxes. It also 

allows fine-tuning of user-specific requirements, shortcut keys and data output even by a user with 

minimal programming skills. Additionally, ObjectJ's dynamic link between images, overlays, results 

and plot commands provides integration of all components while the code remains compact and can 

be easily exposed and edited. Special care has been taken to allow the user to browse through the 

lifetime of any spore and focus on individual events without noticeable time delay even if the 

acquired movies are in the terabyte range. In conclusion, we present SporeTrackerX that will enable 

the rapid analysis of data acquired through live imaging, thus contributing to the understanding of the 

physiology and morphogenesis of spore-forming bacteria. Finally, the data generated contribute to 
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the generation of predictive models for growth of pathogenic spore-formers that are of concern in the 

food industry and healthcare. 

1.13 Materials and Methods 

B. subtilis and B. cereus spores and live imaging sample preparation 

Spores of B. subtilis strain 168 and B. cereus strain ATCC 14579 were prepared by following the 

described method by Abhyankar et al. (2011). Briefly, a single colony of B. subtilis or B. cereus from 

TSB solid medium was inoculated in 5 ml TSB liquid medium and incubated overnight at 37°C for 

B. subtilis and 30°C for B. cereus, while shaking at 200 rpm. The overnight culture was re-inoculated 

into fresh 5 ml TSB and cultured until an optical density, at an absorbance of 600 nm (OD600), of 0.3 

to 0.4 was reached, the bacterium’s exponential growth phase. A serial dilution of the B. subtilis 

culture was performed in a defined minimal liquid medium buffered with 3-morpholinopropane-1-

sulfonic acid (MOPS) to pH 7.4, and supplemented with 10 mM glucose and 10 mM NH4Cl (MOPS 

medium). The serial dilution for B. cereus was performed in chemically defined growth and 

sporulation (CDGS) medium [36]. One ml of the dilution in the exponential phase was re-inoculated 

in 20 ml pre-warmed defined medium and again cultured to the exponential phase. Finally for spore 

production, 2.5 ml of the pre-conditioned culture was inoculated in 500 ml pre-warmed defined 

medium and incubation for 72 hours at 37°C for B. subtilis and 120 hours at 30°C for B. cereus, 

while shaking. The spores were pelleted at 4256 RCF for 15 min at 4°C and the supernatant 

discarded. The spores were washed thrice and re-suspended with pre-chilled sterile MilliQ water. 

Residual vegetative cells and germinated spores were removed using Histodenz (Sigma-Aldrich) as 

described in [37].  

For live imaging, the slide preparation was performed as described by Pandey et al. (2013) [30]. The 

culturing medium was performed on a gel pad containing 2.5 % of MOPS medium for B. subtilis and 

CDGS medium for B. cereus with 1 % agarose. Imaging was performed for 4.5 hrs at 37°C for 

B. subtilis and B. cereus. The Nikon Eclipse Ti was employed for live imaging, which was equipped 

with a Prior Brightfield LED for phase contrast imaging, a Nikon CFI Plan Apo Lambda 100X Oil, 

C11440‐22CU Hamamatsu ORCA flash 4.0 camera, LAMBDA 10-B Smart Shutter from Sutter 

Instrument, an OkoLab stage incubator and with the NIS elements software version 4.50.00. 
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Chapter 2 

Evaluating novel synthetic compounds active against 

Bacillus subtilis and Bacillus cereus spores using Live 

imaging with SporeTrackerX 

 

Soraya Omardien, Alexander Ter Beek, Norbert Vischer, Roy Montijn, 

Frank Schuren and Stanley Brul 

 

Abstract 

An empirical approach was taken to screen a novel synthetic compound library designed to be active 

against Gram-positive bacteria using a combinatorial chemistry approach. We obtained five 

compounds that were active against spores from the model organism Bacillus subtilis and the food-

born pathogen Bacillus cereus. Using single cell live imaging we were able to observe effects of the 

compounds on spore germination and outgrowth. Difference in sensitivity to the compounds could be 

observed between B. subtilis and B. cereus using live imaging even though minor difference could be 

seen in the minimal inhibitory and bactericidal concentrations of the compound against the spores. 

The compounds all delayed the bursting time of germinated spores and affected the generation time 

of vegetative cells at sub-inhibitory concentrations. At inhibitory concentrations spore outgrowth was 

prevented. One compound showed an unexpected potential for preventing spore germination at 

inhibitory concentrations, which merits further investigation. Overall, the five compounds identified 

in this study show potential for further development for eventual application in the food or medical 

sector.  

 

 

Submitted  
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2.1 Introduction  

To survive harsh or nutrient-free environmental conditions, spore-forming bacteria undergo 

sporulation that results in the formation of dormant spores that are metabolically inactive and 

partially dehydrated due to the replacement of water by Ca2+-dipicolinic acid. Dormant spores are 

resilient and can withstand conditions such as high temperatures, radiation, toxic chemicals or 

desiccation [21,22]. They only become vulnerable when germination occurs, which is generally 

triggered by favourable environmental conditions. Gram-positive non-pathogenic Bacillus subtilis is 

often used as a model organism to understand the sporulation process of pathogenic spore-formers 

such as those within the Bacillus cereus family (B. cereus, Bacillus anthracis, Bacillus thuringiensis, 

Bacillus mycoides, Bacillus pseudomycoides and Bacillus weihenstephanensis) [38]. While 

genotypically distant, the only major phenotypical difference between B. subtilis dormant spores and 

the B. cereus family is the encasement of the spore-coat, which consists of an inner coat, outer coat 

and crust. The spore-coat of B. cereus, and related members, is surrounded by an additional layer, 

known as the exosporium, which mediates the binding of the bacterium to surfaces [39]. 

B. cereus strains are responsible for two types of food-borne illnesses: the emetic and diarrheal 

syndrome [39]. In addition to its link to food-borne illnesses, B. cereus is also considered a medically 

relevant pathogen [40]. Molecularly it is difficult to distinguish between B. cereus, B. anthracis or B. 

thuringiensis [38]. B. anthracis can only be distinguished by the presence of plasmids, pXO1 and 

pXO2, involved in the production and regulation of the anthrax virulence factors, tripartite toxin and 

the capsule, respectively [38,41,42]. B. thuringiensis can only be distinguished by the formation of 

protein crystal inclusions, protoxins, during sporulation [38]. Therefore, B. cereus can be considered 

a model organism to understand the behaviour of B. anthracis and B. thuringiensis.  

In our study, we aimed to address the rise in resistance development by searching for novel 

antimicrobials active against Gram-positive spore-forming bacteria that might have subsequent 

application in the food or clinical sector. A combinatorial chemistry approach was employed to 

obtain a synthetic compound library using a “SMART selection” approach to identify compounds 

active against Gram-positives. The “SMART selection” approach utilizes computational software to 

screen compounds for pre-determined characteristics, such as the lack of metals or reactive groups, 

novelty, and specifically for being heterocyclic. Heterocyclic compounds are well known for their 

therapeutic potential as antimicrobial agents against various microorganisms. For instance thiazoles 

[16], oxadiazoles [17], triazoles [18], triazolothiadiazines [19] and benzophenones [20] have shown 

antibacterial, antifungal or antiviral properties. The original compound library was screened against 
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Gram-positives Staphylococcus aureus, Staphylococcus epidermidis, Streptococcus pneumoniae, 

Enterococcus faecalis, Enterococcus faecium and Lactobacillus reuteri. The final 521 compounds 

that showed to be active against the mentioned Gram-positives (our unpublished observations) were 

selected for further analysis in this study.  

We initially screened the compounds against B. subtilis spores. Five of these compounds showed 

during a population based screen to prevent spore germination and/or outgrowth, and were 

subsequently selected for the final screening against B. subtilis and B. cereus spores using the a live 

imaging method developed in our group [30]. The analysis of the data was done with our improved 

SporeTrackerX software. SporeTrackerX is a program to evaluate the timing of germination and 

subsequent cell growth of bacterial spores from very large data sets. It runs under ImageJ in 

combination with the ObjectJ plugin. Like its predecessor "SporeTracker" [30], it automatically 

locates spores that appear as bright objects in the first frame of a phase-contrast time-lapse sequence, 

then re-identifies and marks contours in subsequent frames and calculates parameters like 

germination time and generation time. SporeTrackerX supports interactive marking or correcting of 

events such as "burst" where automatic recognition is impossible or unreliable. The resulting plots 

can be used as a navigation panel for live observation of the growth of the corresponding cell or 

colony while the cursor is dragged along the time axis of a growth curve.  

SporeTrackerX is superior to its predecessor as it is capable of handling very large (terabyte) data 

sets. It handles automatic file conversion (.nd2 to .tiff), provides suggestions for file hierarchy and 

naming schemes using short file names, incorporates backup-strategies, and uses storage on external 

USB3 drives. Fully virtual image processing allows the processing of files that are larger than the 

computer's built-in memory. Analysis of large movies are speed-optimised and gives continuous 

visual feed-back showing live cumulative graphs. At any time, the user can interrupt the process to 

verify correct operation during a lengthy image analysis process. All relevant information such as 

contour overlay, embedded macro commands and linked results is stored in an ObjectJ project file 

with an ".ojj" extension. This allows post-analysis on different computers without the need to copy 

terabyte data sets. 

Five novel compounds were identified that were shown to have antimicrobial activity against both 

B. subtilis and B. cereus spores albeit to a variable extent. We showed differences in sensitivity 

between B. subtilis and B. cereus spores, highlighting the effect the particular model organism can 

have on the final selection of active compounds. We also show the importance that single cell 

imaging can have in the screening of novel antimicrobials. 
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2.2 Results 

2.2.1 Selection of compounds showing inhibitory effects against B. subtilis spore  

Initially 521 synthetic compounds were screened for their inhibitory effects on B. subtilis spore. In 

an initial population based optical density screen, all compounds were evaluated at 1, 10 and 100 

μg/ml. Screening was performed at optimal culturing conditions for B. subtilis, which were Tryptone 

Soy Broth (TSB) buffered at pH 7.4. The compounds were grouped based on their ability to prevent 

germination and/or outgrowth, for their mild or no inhibitory effect, and for their inhibitory or highly 

inhibitory effect against B. subtilis spores (Fig. 1). The compounds were further evaluated for their 

activity against B. subtilis spores in acidic culturing conditions (pH 5.9) that still facilitated the 

growth of B. subtilis. Five compounds were eventually selected which inhibited germination or 

outgrowth and could be re-synthesized at sufficient quantities for subsequent experiments (Table 1 

and Fig. 2).  

Compounds C1 and C5 prevented outgrowth of B. subtilis spores for 48 hours at pH 7.4 and 5.9. 

Compound C2 prevented outgrowth of B. subtilis spores for 48 hrs at pH 5.9, but was only inhibitory 

at pH 7.4. Compound C3, prevented spore outgrowth when B. subtilis was cultured at pH 7.4 and 

pH 5.9 for 8 hrs, and was considered “highly inhibitory” for 10 hrs at pH 7.4 and 14 hrs at pH 5.9. 

Compound C4 was the least promising compound, as it was only “mild or no inhibitory” at pH 5.9 

for 8 hours. Still, both C4 together and C1 were included in subsequent experiments as they 

prevented at 100 μg/ml at pH 7.4 during an 8 hour time frame, no drop in optical density which 

suggested an inhibitory effects on germination. These five compounds were further evaluated for 

minimal inhibitory concentration (MIC), minimal bactericidal concentration (MBC) values, and 

single spore live imaging.  
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Figure 1. An illustration depicting the initial screening criteria. A benchmark line was set at two fold the 
initial optical density at an absorbance of 595 nm (OD595nm). ‘Mild or no inhibition’ was defined when the 
culture reached the benchmark line within 2 to 3 hrs. ‘Inhibitory’ was defined when the benchmark line was 
reached within 3 to 6 hrs and ‘highly inhibitory’ within 6 to 8 hrs. ‘No outgrowth’ was defined when no 
increase in OD595nm was reached within 8 hrs. ‘No germination’ was demarcated when the OD595nm did not 
lower the initial OD595nm in time. Samples that did not show outgrowth after 8 hours were followed for 
maximally 48 hours.  

 

 

Figure 2. The IUPAC names of the five compounds selected as determined with ChemDraw. 
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Table 1. Synthetic compounds selected for inhibiting Bacillus subtilis spore germination or outgrowth 

  
Compound 

pH 7.4, 8 hrs pH 5.9, 8 hrs pH 7.4, 48 hrs pH 5.9, 48 hrs 

Conc. (µl/ml) Effect Conc. (µl/ml) Effect Conc. (µl/ml) Effect Conc. (µl/ml) Effect 

C1 
100 no germination       10 no outgrowth 10 no outgrowth 10 no outgrowth 10 no outgrowth 
1 mild/no inhibition             

C2 
100 no outgrowth             
10 inhibitory 10 no outgrowth 10 inhibitory 10 no outgrowth 
1 mild/no inhibition             

C3 
100 no outgrowth             
10 no outgrowth 10 no outgrowth 10 highly inhibitory 10 highly inhibitory 
1 mild/no inhibition       (10 hrs)    (14 hrs) 

C4 

100 no germination             

10 mild/no inhibition 10 mild/no 
inhibition ND ND 

1 mild/no inhibition             

C5 
100 no outgrowth             
10 no outgrowth 10 no outgrowth 10 no outgrowth 10 no outgrowth 
1 mild/no inhibition             
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2.2.2 The minimal inhibitory concentration (MIC) and minimal bactericidal concentration (MBC) 

against B. subtilis and B. cereus spores 

The MIC and MBC of the five synthetic compounds were determined to select concentrations for the 

subsequent live imaging experiments. C1, C2, C3 and C4 were inhibitory against B. subtilis for 

24 hrs at pH 7.5 (Table 2). C5, however, was inhibitory at a low concentration of 2 ± 1 µg/ml and 

bactericidal at a higher concentration of 9 ± 6 µg/ml against B. subtilis spores. C1, C3, and C4 were 

inhibitory against B. cereus spores, but C2 and C5 were bactericidal against B. cereus spores at 58 ± 

42 and 213 ± 156 min, respectively. C5 was bactericidal at a concentration 23-fold higher against 

B. cereus than against B. subtilis. 

Table 2. MIC and MBC of the five synthetic compounds against Bacillus subtilis strain 168 and Bacillus 
cereus strain ATCC 14579. Data represent the mean of five biological repeats. 

Article reference 
B. subtilis   B. cereus 

MIC (µg/ml) MBC (µg/ml)  MIC (µg/ml) MBC (µg/ml) 
Mean ± SD Mean ± SD   Mean ± SD Mean ± SD 

C1 21 ± 17 <400  15 ± 7 <400 
C2 20 ± 17 <400  10 ± 8 58 ± 42 
C3 54 ± 39 <400  100 ± 40 <400 
C4 75 ± 43 <400  30 ± 15 <400 
C5 2 ± 1 9 ± 6  2 ± 1 213 ± 156 
 

 

2.2.3 Effect of compounds on individual B. subtilis and B. cereus spores  

Live imaging was employed to observe the antimicrobial effects of the selected synthetic compounds 

on B. subtilis and B. cereus spores at a single spore level. Two concentrations for each compound 

were selected, which were the minimal inhibitory concentration (MIC) and one sub-inhibitory 

concentration (sub-MIC), if not stated otherwise. The sub-MIC during the live imaging experiments 

was considered the highest concentration that still enabled spore outgrowth after 4.5 hours. The 

numbers of spores that remained dormant, germinated or grew out into vegetative cells were 

quantified (Fig. 3). The concentrations used can be found in Table 3. The five synthetic compounds 

prevented the outgrowth of germinated spores of both B. subtilis and B. cereus at inhibitory 

concentrations. More than 97 % of the B. subtilis spores germinated after treatment with inhibitory 

concentration of all compounds. Treatment with C1, C2, C4 and C5 lead to the germination of 

B. cereus spores, with no dormant spores remaining. Noteworthy was the spore germination 

inhibitory activity of C3 on B. cereus dormant spores. After C3 treatment, 38 % (± 22 %) of 
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B. cereus spores remained dormant for 4.5 hours and only 62 % (± 36 %) germinated. The inhibitory 

activity of C3 on B. cereus spore germination was not observed for B. subtilis.  

In contrast with the MIC and MBC observations (Table 2), C5 appeared to be more active against 

B. cereus on solid medium than B. subtilis during the live imaging analysis. Outgrowth of B. cereus 

spores was inhibited by 1.8 µg/ml C5 whereas B. subtilis spores required a four-fold higher 

concentrations of 6.4 µg/ml C5 (Table 3). The live imaging data were skewed to the right as can be 

observed with the frequency distribution curves in Figures 4, 5 and 6, therefore, the data failed the 

Shapiro Wilk normality test. The Mann-Whitney rank sum test was employed to determine the p-

values. If the median values between the two groups were greater than would be expected by chance, 

there will be a statistical significant difference with a p-value ≤ 0.05. Even though the data sets were 

not normally distributed, the mean and standard deviation were evaluated for comparison. The mode 

of the data sets was also taken in consideration during the comparison of various treatments as it will 

give an indication of the most frequent value in the data set. The median values of the start of 

germination, germination time and bursting time for untreated B. cereus was significantly (p ≤ 0.01) 

shorter than for B. subtilis (Table 3 and Figures 4 and 5). The generation time was similar (p = 0.81) 

(Fig. 6). Therefore, B. subtilis and B. cereus only differed in their germination process in our test 

conditions.  

The live imaging observations showed that the inhibitory concentrations of C1 delayed the start of 

germination of both B. subtilis and B. cereus spores by a mean of ± 13 min and ± 4 min, respectively 

(Table 3 and Fig 4). The difference in median values, however, was a significant 3 min for B. subtilis 

and a minor difference (< 1 min) for B. cereus. The mode showed a difference of 6 min between 

untreated and C1 treated B. subtilis spores. C2, C4 and C5 treated B. subtilis and B. cereus spores 

had a difference in mean, median and mode value of ≤ 3 min, which suggest that the effect on 

germination is minor. C3, however, delayed the start of germination of B. cereus spores with a mean 

difference of ± 27 min. The median showed a difference of 5 min and the mode a difference of 

2 min. Therefore, C3 significantly delayed the germination of B. cereus spores. The results with 

B. subtilis spores treated with C3 were not as extreme, mean value of 3 min, and median and mode 

value of 1 min. The effect of inhibitory concentrations of the compounds on the germination time 

was negligible (≤ 2 min).  

At sub-MIC concentrations more than 99 % of B. cereus spores germinated and 94% of the 

germinated spores grew out into vegetative cells (Fig. 3). B. subtilis spores, however, had ≤ 4 % 

dormant spores still present after treatment with all five compounds. The effects of the compounds 
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on the start of germination and germination time at sub-MIC concentration were negligible (≤ 4 min) 

(Table 3 and Fig. 5). The burst time, however, was significantly affected by the compounds. C1 and 

C4 significantly delayed the burst time with mean values of ± 47 min and ± 40 min, respectively 

(Table 3 and Fig 6). This delay in burst time was confirmed by a difference in median value of 

46 min and 34 min, and mode value difference of 31 min and 35 min. Similarly, C2, C3, C4 and C5 

delayed the burst time, but to a lesser extent, by ± 21 min, ± 24 min and ± 19 min, respectively. This 

observation can be confirmed with median values of 24 min, 19 min and 14 min, and mode values 

38 min, 16 min, and 5 min, respectively. These finding suggest that C1, C2, C3, C4 and C4 

significantly delay the burst time of B. subtilis spores. The effect on the burst time of B. cereus 

spores was not as drastic; the mean values difference were ≤ 9 min and median values were ≤ 2 min 

for C1, C3 and C5. A significant delay with a mean value difference of 17 min, median value of 

8 min and mode value of 13 min were observed for C2. Interestingly, C4 delayed the burst time with 

a mean value difference of 53 min, median value of 41 min and mode value of 42 min. 

C1, C2, C3, C4 and C5 significantly delayed the generation time of the outgrowing vegetative cells 

by a mean value of only ± 17 min, ± 12 min, ± 24 min, ± 7 min and ± 1 min, respectively. These 

values are confirmed with median values of 9 min, 13 min, 13 min, 7 min and 2 min, respectively. 

The mode values showed that C1, C3, C4 and C5 delayed the generation time by 13 min, 8 min, 

0 min and 0 min, respectively, but C2 increased the generation time by 2 min. C1, C2 and C5 

delayed the generation time of B. cereus cells with a mean value difference of ± 1 min, ± 6 min, and 

± 12 min, respectively. The median and mode values did not confirm these observations for C2. C5, 

however, had a median value of 6 min and mode value of 8 min. The generation time of B. cereus 

cells treated with C3 and C4 was increased by a mean value of ± 11 min and ± 13 min, but these 

values were not confirmed with the median and mode values. The compounds affected the 

generation time of B. subtilis vegetative cells, but the affects were not as drastic as the changes 

observed with the burst time. 
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Figure 3. Quantification of the B. subtilis and B. cereus spores that germinated, grew out into vegetative cells 
or remained dormant from the total spores observed during live imaging for about 4.5 hrs. The standard 
error bars represent two biological repeats. The number of spores assessed for each test condition can be 
found in Table 3. 
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Figure 4. Frequency distribution curves of B. subtilis and B. cereus spores treated at inhibitory concentrations 
of C1, C2, C3, C4 and C5 (red line). The start of germination and germination duration are depicted. Treated 
conditions were overlaid with untreated B. subtilis and B. cereus spores (black line). The histogram was 
normalized to occupy an area of one and was rescaled so that the maximum value in the histogram is equal 
to one. Significant differences were determined using the Mann-Whitney rank sum test, where a statistical 
significant difference with a p-value ≤ 0.05 is obtained if the median values between the two groups are 
greater than would be expected by chance. Observations of two biological repeats were grouped and 
analysed as one data set. See Table 3 for the concentrations used. 
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Figure 5. Frequency distribution curves of B. subtilis and B. cereus spores treated at sub-inhibitory 
concentrations of C1, C2, C3, C4 and C5 (red line). The start of germination and germination duration are 
depicted. Treated conditions were overlaid untreated B. subtilis and B. cereus spores (black line). The 
histogram was normalized to occupy an area of one and was rescaled so that the maximum value in the 
histogram is equal to one. Significant differences were determined using the Mann-Whitney rank sum test, 
where a statistical significant difference with a p-value ≤ 0.05 is obtained if the median values between the 
two groups are greater than would be expected by chance. Observations of two biological repeats were 
grouped and analysed as one data set. See Table 3 for the concentrations used. 
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Figure 6. Frequency distribution curves of B. subtilis and B. cereus spores treated at sub-inhibitory 
concentrations of C1, C2, C3, C4 and C5 (red line). The bursting and generation time are depicted. Treated 
conditions were overlaid untreated B. subtilis and B. cereus spores (black line). The histogram was 
normalized to occupy an area of one and was rescaled so that the maximum value in the histogram is equal 
to one. Significant differences were determined using the Mann-Whitney rank sum test, where a statistical 
significant difference with a p-value ≤ 0.05 is obtained if the median values between the two groups are 
greater than would be expected by chance. Observations of two biological repeats were grouped and 
analysed as one data set. See Table 3 for the concentrations used. 
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Table 3 Live imaging results after treatment of heat activated dormant spores with the synthetic compounds.  

Treatment Conc. 
(µg/ml) Start of germination (min) Germination time (min) Burst (min) Generation time (min) 

Bacillus subtilis  Mean Stdev Median Mode Counts Mean Stdev Median Mode Counts Mean Stdev Median Mode Counts Mean Stdev Median Mode Counts 

Untreated - 19 22 14 10 155 4 2 4 3 155 88 18 85 85 147 39 19 36 38 135 

C1 21 32 36 17* 16 188 4 3 3* 3 188 - - 

 5 20 20 14 14 112 4 2 2 0 112 136 31 131* 116 102 56 16 55* 51 90 

C2 20 16 7 14 11 213 3 2 3 3 213 - - 

 5 15 8 14 11 137 3 2 3* 3 137 110 26 109* 123 68 50 14 49* 36 59 

C3 54 22 24 15 11 223 3 2 3* 3 223 - - 

 3 21 32 14 7 210 3 2 3* 3 210 112 33 104* 101 189 63 20 49* 46 177 

C4 75 21 27 15 10 250 4 3 4* 3 250 - - 

 5 17 16 14 12 213 3 2 3* 3 213 128 40 119* 120 148 45 9 43* 38 175 

C5 6.4 19 20 14 7 250 3 2 3* 3 250 - - 

 1.6 18 21 14 8 212 3 2 3* 3 212 107 33 99* 90 199 39 4 38* 38 187 

Bacillus cereus                     
Untreated - 4 2 4 3 118 2 1 1 1 118 77 10 75 72 111 36 3 37 36 101 

C1 15 8 19 4 3 166 2 1 2* 2 166 - - 

 4 4 2 3 3 164 2 1 2* 2 164 79 22 73* 70 160 37 28 35* 38 156 

C2 10 4 1 3 3 265 2 1 2* 2 265 - - 

 1 5 7 3* 3 130 3 3 2* 2 130 94 32 83* 85 103 41 11 38* 38 87 

C3 100 31 75 9 5 91 3 2 2* 2 91 - - 

 6 4 2 3 3 155 2 1 2* 2 155 71 16 70* 86 109 25 3 36* 37 99 

C4 30 4 3 3 3 224 3 2 3* 2 224 - - 

 4 3 1 3* 3 107 2 1 2* 2 107 130 38 116* 114 93 23 9 43* 46 84 

C5 1.8 5 24 4 4 192 2 1 2* 2 192 - - 

  0.9 5 4 4 2 192 2 1 2* 2 192 86 28 77 67 98 48 16 43* 44 77 
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2.2.4 Correlations between germination and outgrowth phases and mechanistic considerations 

To assess whether the spores that germinate earlier will also burst earlier, the Pearson’s correlation 

coefficient was determined for both B. subtilis and B. cereus untreated spores. The start of 

germination for both B. subtilis and B. cereus did not correlate with the bursting time, where the 

correlation coefficient (r) were 0.36 and 0.37, with a p-value of > 0.01 and 0.26, respectively 

(Fig. 7). Similarly, the bursting time did not correlate with the generation time (Fig. 7). 

We observed cell lysis about 2.5 hrs after bursting occurred of B. subtilis spores when treated with 

sub-inhibitory concentrations of C4 (Fig. 8). This observation suggests that the compound might be 

targeting the cell wall synthesis pathway or trigger autolysis. C1 also caused cell lysis of B. subtilis 

spores after 2.5 hrs of treatment with sub-inhibitory concentrations. The effect of C1 on the cell wall 

started with a bulging of the cell after 2 hrs and 17 min, which quickly lead to the lysis of the cell 

after 12 min, suggesting weakening of the cell wall. These findings were not observed with B. cereus 

spores. Finally, at sub-inhibitory concentrations of C3, outgrowing vegetative cells had visible 

physiological changes compared to untreated cells and of cells treated with the other compounds 

(Fig. 8). The cell width appeared wider, no visible cell division occurred and the elongating cells 

curled due to the irregular cell morphology. To obtain an overview of the irregular physiology that 

the compounds induce refer to the supplementary movies. 

 

Figure 7. Scatterplots evaluating the correlation between the start of germination, bursting time and 
generation time of untreated B. subtilis and B. cereus spores. The Pearson’s correlation coefficient (r) was 
determined to estimate the strength of the relation. The p-value (p) for the correlation and the number (n) 
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of comparisons are also shown. The start of germination was compared with the bursting time, and the 
bursting time with the generation time. The results showed that there was no correlation between the 
compared data sets. Observations of two biological repeats were grouped and analysed as one data set.  

 

 

Figure 8. Snapshots of the live imaging results of B. subtilis spores untreated and treated with sub-inhibitory 
concentrations of C1, C3 and C4. Absolute time of the live cell imaging are shown from the start of sample 
preparation. Treatment with C1 show the start of cell wall damage 3 hrs and 54 min after the start of 
measuring, but cell lyse only occur 2.5 hrs after spore bursting (red arrows). Treatment with C3 resulted in 
enlarged cells that appeared to be swelling directly after bursting. The deformed cells appear to not divide, 
but elongate into a cell with irregular curvatures. Treatment with C4 also resulted in cell lysis 2.5 hrs after 
spore bursting (red arrows). 

  

2.3 Discussion 

The data show that the definitions used in the initial rough screen for germination and outgrowth 

inhibition are not one on one comparable with the actually observed germination and outgrowth 

phenomena using our live imaging system. Differences include the way of assessing the effects, in 

solution or in a solid matrix, and the spore density being high or low. In real life the low numbers are 

likely to be more near to reality than the high ones and indeed growth on surfaces is more common 

in practice than growth in solution. Thus while the rapid characterisation of compounds using optical 

density is appropriate for fast characterisation, analysis using live imaging is indeed crucial for 

detailed and more relevant tests. During the analysis of our live imaging data set we observed that 

the data is skewed and, therefore, failed the Shapiro-Wilk normality test. Skewedness is the 

measurement of whether the data or observed values are symmetrically distributed around the mean, 
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where a normal distribution has a skewness value that is equal to zero. As an example, when we 

consider the skewedness of the observed values of B. subtilis spores from the start of germination, 

germination time, burst and generation time, we obtain values of 4, 2, 1 and 1, respectively. 

Performing a log transformation did not change the outcome of this analysis. Similar results were 

obtained for B. cereus spores. We expect the heat activation of our dormant spores and the use of 

nutrient-rich media, will initiate rapid and relatively homogeneous germination. Hence the majority 

of the spores will germinate synchronously, while a small percentage remains dormant and 

germinates at a later stage. The absence of correlations between the start of germination, burst time 

and the generation time is in agreement with the notion that all processes represent distinct 

biochemical events. That is, the interaction and activation of a pre-existing germination machinery, 

the initial phases of protein synthesis leading on to spore burst, and vegetative growth and cell 

division.  

The five compounds analysed all showed potential by having an inhibitory effect on the outgrowth of 

both B. subtilis and B. cereus germinated spores. Compound C2, N5-(3.4-dimethylphenyl)-N6-

isopropyl-[1,2,5]oxadiazolo[3,4-b]pyrazine-5,6-diamine, and compound C5, N-(3-chlorophenyl)-

‘[1,2,5]oxadiazolo[3,4-e]tetrazolo[1,5-a]pyrazine-5-amine were the only compounds that showed 

bactericidal activity. Compound C5 was bactericidal against both B. subtilis and B. cereus spores, 

whereas compound C2 was only bactericidal against B. subtilis spores. C5 during the initial 

screening proved to be active by preventing outgrowth for 48 hrs at both pH 7.4 and 5.9. C2 

performed better at pH 5.9 by preventing outgrowth for 48 hrs and was ‘inhibitory’, according to the 

definition of Fig. 1, at pH 7.4 for 48 hrs. C2 and C5 have the common features of containing 

heterocyclic oxadiazolo and pyrazine in their chemical structure. Compounds containing oxadiazolo 

[43–45] or pyrazine [46] are known for their antimicrobial activity. Interestingly, pyrazine was also 

shown to be a key feature of compounds produced by a soil bacterium Paenibacillus sp. that inhibits 

the growth of the Gram-negative Burkholderia sp. [47], and by a endophytic Bacillus megaterium 

strain that inhibits the growth of various plant pathogens [48].  

Even though all five compounds delayed the bursting time of germinated B. subtilis spores at sub-

MICs, compound C1, 7-chloro-2,4,5,10-tetrahydropyrazolo[3,4-a]carbazole, and compound C4, (Z)-

5-(1-ethyl-5-nitro-2-oxoindolin-3-ylidene)-2-thioxothiazolidin-4-one, showed the most potential by 

delaying the process for longer than the rest of the compounds. These findings suggest that the 

compounds, especially C1 and C4, might have an application as a complementary antimicrobial with 

other compounds that are slow acting on germinated spores. Delaying the bursting time will delay 

the outgrowth of toxin producing vegetative cells and provide additional time for slow acting 
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compounds to target the now more vulnerable germinated spore. The compounds were not as active 

in delaying the bursting time of B. cereus spores, except for C4 that delayed the busting significantly. 

Compound C1 contained pyrazolo[3,4-a]carbazole in its structure which are known for their 

antimicrobial activity against Gram-positives, -negatives and fungi [49]. Compound C4 contained 

heterocyclic 2-thioxothiazolidin-4-one in its structure, which is another heterocyclic structure 

associated with antimicrobial compounds [50]. Interestingly, 2-thioxothiazolidin-4-one containing 

compounds have shown to inhibit the MurD ligase involved in cell wall synthesis of Escherichia coli 

[51]. C1 prevented outgrowth at pH 7.4 and pH 5.9 for 48 hrs, but also showed potential by 

preventing the drop in optical density (characteristic for spore germination) during the initial 

screening at a concentration of 100 µg/ml. C4 was also selected for its putative spore germination 

inhibitory effect. However, under the live imaging conditions none of these two compounds proved 

to be able to significantly inhibit the phase bright to phase dark transition, compared to the control 

incubation. Instead compound C3, 2-chloro-3-(piperidin-1-yl)naphthalene-1,4-dione, prevented spore 

germination of 38 % of all B. cereus spores examined, and delayed the bursting of both B. subtilis 

and B. cereus spores at inhibitory concentrations. C3 was associated with the emergence of irregular 

cell morphology (Fig. 8). It was characterised by the heterocyclic structure, naphthalene-1,4-dione, 

commonly associated with natural occurring compounds such as phylloquinone and menaquinone 

(Vitamin K), antitumor drugs daunorubicin and doxorubicin produced by Streptomyces [52], RNA 

polymerase inhibitor myxopyronin produced by soil bacterium Myxococcus fulvus [53], naphthazarin 

produced by Fusarium solani [54], and 2-hydroxy-1,4-naphthoquinone (lawsone or henna) [55]. 

Naphthalene-1,4-dione containing compounds have been associated with antimycobacterial [56], and 

more generic antimicrobial activities [57]. What makes C3 the most promising candidate for further 

analysis is its ability to prevent germination or delay of outgrowth of spores, which might have an 

important application in the food industry where B. cereus spores are a main concern. B. cereus 

germinates rapidly, a phenomenon confirmed in our study, and grows out into vegetative cells where 

it gives the bacterium the advantage of dominating the environment. B. cereus are responsible for 

two types of food-borne illnesses; the emetic and diarrheal syndrome [39]. Emetic syndrome is 

associated with a dodecadepsipeptide toxin, celeulide, that is produced before the ingestion of 

contaminated food. Diarrheal syndrome occurs when living vegetative cells or spores are consumed 

[39,58], where it survives the acidity of the human stomach depending on the food [59]. Growing 

vegetative cells in the gut can produce sufficient amounts of enterotoxins, hemolysin BL (HBL), 

non-haemolytic enterotoxin (NHE) or cytotoxin K, causing abdominal pain followed by watery 

diarrhoea, and sometimes nausea and vomiting, [39,58]. C3 (or naphthalene-1,4-dione containing 

compounds) might be useful in preventing spore germination in the food industry by preventing 
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diarrheal syndrome, but its application for emetic syndrome still requires further investigation. 

Insight in the stage at which spore germination is perturbed upon incubation with C3 will provide a 

mechanistic basis for its functioning. A recent review by Setlow et al. (2017) discusses current 

mechanistic knowledge of spores and spore germination. While B. cereus germination progresses 

mechanistically along analogous lines as we know for B. subtilis, the actual germinants are different 

and a germinosome, cluster of germination proteins, is yet to be uncovered in B. cereus. Finally, the 

chemical structures identified in the current study can be used as input to screen natural compound 

libraries to identify suitable natural equivalents with potentially equal potency [61].  

2.4 Conclusion 

In our study we employed an empirical approach to search for novel antimicrobial compounds active 

against Gram-positive spore-forming bacteria. We selected five compounds that showed potential as 

antimicrobials with possible different modes of action against B. subtilis and B. cereus spores. 

During the MIC and MBC the five compounds did not show dramatic differences in their activity 

against B. subtilis and B. cereus spores, however, the live imaging analysis highlighted key 

differences in activity against the two bacteria, for instance in the case of C3. These findings stresses 

that the choice of an appropriate model microorganism used during the screening of compounds is 

essential in finding novel potent compounds, but also highlights the importance of single cell 

analysis in the screening for novel antimicrobial compounds.  

2.5 Materials and Methods 

2.5.1 Synthetic compounds used 

The compounds used in the study were obtained from Pyxis laboratories (Leiden, the Netherlands). 

Compounds were dissolved in diethyl sulfoxide (DMSO) (≥ 99.9 % purity, Sigma-Aldrich) to a final 

concentration of 5 mg/ml.  

2.5.2 Preparation of B. subtilis and B. cereus spores 

For the preparation of B. subtilis strain 168 and B. cereus strain ATCC 14579 spores, the method 

described by Abhyankar et al. (2011) was followed. In short, a single colony of B. subtilis or 

B. cereus from TSB solid medium was inoculated in 5 ml TSB liquid medium and incubated 

overnight at 37°C while shaking at 200 rpm. The overnight culture was re-inoculated into fresh 5 ml 

TSB and cultured until an optical density, at an absorbance of 600 nm (OD600), of 0.3 to 0.4 was 

reached. This step ensured that the culture used was in the exponential growth phase. A serial 
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dilution of the culture was performed in a defined minimal medium for B. subtilis to condition the 

cells to the medium used in the subsequent steps and to keep the cells in exponential phase. The 

defined minimal liquid medium was buffered with 3-morpholinopropane-1-sulfonic acid (MOPS) to 

pH 7.4, and supplemented with 10 mM glucose and 10 mM NH4Cl. For B. cereus, a serial dilution 

was performed in chemically defined growth and sporulation (CDGS) medium [36]. A dilution with 

an OD600 of 0.3 to 0.4 was selected and 1 ml of this dilution was inoculated in 20 ml pre-warmed 

medium until an OD600 of 0.3 to 0.4 was reached. Finally, 2.5 ml of the culture was inoculated in 

500 ml pre-warmed medium and incubation for 72 hours at 37°C for B. subtilis and 120 hours at 

30°C for B. cereus, while shaking. When > 95 % spores were obtained, the spores were pelleted at 

4256 RCF for 15 min at 4°C and the supernatant discarded. The spores were washed thrice and re-

suspended with pre-chilled sterile MilliQ water. Residual vegetative cells and germinated spores 

were removed using Histodenz (Sigma-Aldrich) as described in [37]. Prior to treatment with the 

synthetic compounds, B. subtilis dormant spores were heat activated for 30 minutes and B. cereus 

dormant spore for 15 minutes at 70°C. Culturing in all subsequent steps were at 37°C for B. subtilis 

and 30°C for B. cereus.  

2.5.3 Primary screening for activity of synthetic compounds against B. subtilis spores 

Screening of the synthetic compounds were performed in liquid medium containing TSB, buffered 

with 80 mM MOPS to pH 7.4 or 80 mM 2-(N-morpholino)ethanesulfonic acid (MES) at pH 6.4 and 

5.9. The spore germinants AGFK (10 mM L-asparagine, 10 mM glucose, 1 mM fructose and 1 mM 

potassium chloride) were included in the culturing medium to ensure optimal germination 

conditions. The synthetic compounds were added to have a final concentration of 100 µg/ml, 10 

µg/ml or 1 µg/ml. Heat activated spores were added to have a final optical density at a wavelength of 

595 nm (OD595) of 0.2 (1 x 108 CFU/ml). The effects of the synthetic compounds were assessed by 

measuring the OD595 at 37°C while shaking using a microtiter plate reader (Multiskan FC, Thermo 

Scientific). Compounds were selected for their prevention of spore germination or outgrowth during 

a time-frame of 48 hrs at pH 7.4 or pH 5.9. 

2.5.4 Determination of the MIC and MBC 

To obtain the lowest concentration necessary to have an inhibitory effect on B. subtilis and B. cereus 

spores, the MIC was determined. The MBC was determined to establish whether the synthetic 

compounds are lethal at a concentration close to the MIC. This was performed by measuring the 

OD595 for 24 hours in a microtiter plate reader (Multiskan FC, Thermo Scientific). The culture was 

incubated with a final OD595 of 0.2 in liquid medium containing TSB, buffered with MOPS at pH 
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7.4, containing the compounds. A two-fold serial dilution from 400 µg/ml to 0.40 µg/ml of the 

synthetic compounds was prepared. The control consisted of TSB, buffered with MOPS at pH 7.4, 

without the compounds. An additional control was included, where the medium contained DMSO at 

the maximum volume added of the compounds under study. The experimental conditions to 

determine the MBC were similar to the MIC, but after 24 hours the culture was plated out onto TSB 

solid medium. The MIC was considered to be the concentration where no outgrowth (increase in 

OD600 over time) was observed and the MBC where 99.99% of the culture produced no CFU after 24 

hrs. For the culturing of B. subtilis the culturing medium contained the germinants AGFK while for 

B. cereus 10 mM inosine was included. Biological repeats were performed. 

2.5.5 Live imaging of spores to observe the antimicrobial effect of the synthetic compounds 

Heat activated spores were observed over time when treated with the synthetic compounds in two 

different test conditions: (1) Synthetic compounds were added at sub-inhibitory concentrations 

(outgrowth occurs) and (2) Inhibitory concentrations (that prevented outgrowth) were present in the 

solid culture medium during imaging. The exact concentrations of each compound tested can be 

found in Table 3. The culture medium contained TSB and 1 % agarose. The germinants AGFK were 

additionally included in the culture medium for B. subtilis, while for B. cereus the germinant inosine 

was added. Microscope slide preparation and imaging was performed as described by Pandey et al. 

(2013) [30]. Microscopy images were analysed in ImageJ (http://rbsweb.nih.gov/ij/). Live imaging 

was performed with the Nikon Eclipse Ti. The Nikon Eclipse Ti had for phase contrast imaging a 

Prior Brightfield LED, a Nikon CFI Plan Apo Lambda 100X Oil, C11440‐22CU Hamamatsu ORCA 

flash 4.0 camera, LAMBDA 10-B Smart Shutter from Sutter Instrument, an OkoLab stage incubator 

and was equipped with NIS elements software version 4.50.00. Germination, spore bursting and 

outgrowth (generation time) of each spore were assessed and determined with the aid of the ImageJ 

plugin SporeTrackerX (Chapter 1). All statistical analysis were performed in SigmaPlot 13.0 (Systat 

Software Inc.). The start of germination is the beginning of the transition from phase bright spores to 

phase dark spores, and the end of germination is when this transition comes to an end [30,62]. The 

germination time is the difference in time between the start and end of germination. The burst time is 

the time when the spore-coat is shed. The generation time is the area of a cell or colony over time 

[30,62]. 
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Chapter 3 

Antimicrobial activity of cationic antimicrobial peptides 

against Gram-positives: Current progress made in 

understanding the mode of action and the response of 

bacteria 

 

Soraya Omardien, Stanley Brul and Sebastian A. J. Zaat 

 

Abstract 

Antimicrobial peptides (AMPs) have been proposed as a novel class of antimicrobials that could aid 

the fight against antibiotic resistant bacteria. The mode of action of AMPs as acting on the bacterial 

cytoplasmic membrane has often been presented as an enigma and there are doubts whether the 

membrane is the sole target of AMPs. Progress has been made in clarifying the possible targets of 

these peptides, which is reported in this review with as focus Gram-positive vegetative cells and 

spores. Numerical estimates are discussed to evaluate the possibility that targets, other than the 

membrane, could play a role in susceptibility to AMPs. Concerns about possible resistance that 

bacteria might develop to AMPs are addressed. Proteomics, transcriptomics and other molecular 

techniques are reviewed in the context of explaining the response of bacteria to the presence of 

AMPs and to predict what resistance strategies might be. Emergent mechanisms are cell envelope 

stress responses as well as enzymes able to degrade and/or specifically bind (and thus inactivate) 

AMPs. Further studies are needed to address the broadness of the AMP resistance and stress 

responses observed.  
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3.1 Introduction 

Most antibiotics used today are compounds that were discovered during the 1940s to 1960s [63]. 

With the rise of antibiotic resistance the search for alternative antibiotics became a priority to enable 

the treatment of imminent antibiotic resistant strains. It is in addressing this urgency that 

antimicrobial peptides (AMPs) have been proposed as a possible candidate for use as antimicrobial 

agents since their mode of action is presumed to be substantially different from existing antibiotics.  

AMPs are, or are based on, natural molecules and are present in many organisms, ranging from 

microorganisms to humans, where they are an essential part of the innate immune system [64]. The 

peptides have a broad-spectrum of activity as they are active against Gram-positive and Gram-

negative bacteria as well as fungi [65]. AMPs can be grouped based on their structure, which may be 

α-helical, β-sheet, cyclic or adopt a more extended peptide conformation [66–68]. Extended peptides 

do not fold into a secondary structure [66]. Even though AMPs differ in sequence and structure, they 

share common features, which are their overall cationic charge, a significant fraction of hydrophobic 

residues and an ensuing amphipathic character [66]. It is the cationic properties that promote the 

preferential binding of AMPs to the negatively charged bacterial cytoplasmic membrane instead of 

the zwitterionic membrane of mammalian cells [66,69]. When the AMP reaches the lipid membrane 

interface of the target microorganism, the peptide takes an amphipathic conformation due to the 

hydrophobic residues [70–72], thus enabling the integration of the AMP into the membrane or the 

traversing thereof. AMPs usually disrupt the cytoplasmic membrane, but reports have been made of 

AMPs that seem to merely pass the membrane to target intracellular processes such as DNA, RNA 

and protein synthesis [73–75].  

Most research has been focused on the use of model membrane systems such as lipid vesicles, to 

determine the mode of action of AMPs. Even though this knowledge is essential in our 

understanding of the mode of action of AMPs, it does not fully explain their interaction with 

microbial membranes nor the response of microbes to the presence of AMPs. To address these two 

aspects, the current knowledge about the interaction of AMPs with bacterial cells and the response of 

bacteria to the presence of AMPs will be reviewed. Gram-positives are our main focus using Bacillus 

subtilis as model organism for pathogenic microbes such as Staphylococcus aureus and the spore 

forming Clostridium difficile. Knowledge concerning the antimicrobial activity of AMPs against 

Gram-positive spores is limited and progress that has been made so far will be discussed. We briefly 

outline the cellular organization of Gram-positive bacteria and spores of our model organism 

Bacillus to set the scene. Subsequently we will report on the cellular targets of AMPs and current 
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knowledge about the response of Gram-positives against AMPs. Information concerning Gram-

negatives will be presented wherever there is a lack of information about Gram-positives bacteria.  

3.2 Gram-positive vegetative cell and spore composition 

3.2.1 Cell envelop of Gram-positives 

The cell envelope of a bacterium is the major line of defence against environmental threats. For 

Gram-positives, the envelope consist of the cell wall and cytoplasmic membrane (Fig. 1). 

3.2.1.1 Cell wall of Gram-positive bacteria 

Compared to Gram-negative bacteria, Gram-positive species have a thicker cell wall of 30-100 nm 

width [76]. The cell wall of Bacillus subtilis consist of a thick peptidoglycan layer (± 46 % per dry 

cell weight) in which teichoic acids (± 54 % per dry cell weight) are embedded (Graham and 

Beveridge, 1994, and references therein). The protein fraction of the wall is ± 10% of all cellular 

protein [78]. The B. subtilis cell wall structure is dynamic as it is continuously being synthesized and 

hydrolysed during cell growth and cell division at the cytoplasmic membrane [77,79–82].  

The peptidoglycan layer consists of linear glycan strands of alternating disaccharide-peptide repeats 

coupled through glycosidic bonds [76]. These disaccharide-peptide repeats are of N-

acetylglucosamine (GlcNAc) and N-acetylmuramic acid (MurNAc) residues and are coupled through 

β-1,4 glycosidic bonds [83]. The glycan strands vary only slightly between different bacterial 

species, but the peptidoglycan differs considerably in the stem peptides composition and cross-links 

[84]. More information concerning the structure and synthesis of the cell wall can be found in 

various reviews [84,85].  

The teichoic acids comprise of wall teichoic acids and lipoteichoic acids. Wall teichoic acids are 

covalently connected to the peptidoglycan layer. Lipoteichoic acids are macroamphiphiles that 

anchor in the membrane with their glycolipid and attach to the cell wall with their polyglycerol 

chains [86]. In Bacillus subtilis teichuronic acid can also be found, but it is thought to only be present 

under low-phosphate conditions [87].  

3.2.1.2 Cell membrane of Gram-positive bacteria 

The cell membrane of B. subtilis in its stationary growth phase consists of protein (± 62 % per dry 

cell weight), membrane associated RNA (± 22 % per dry cell weight) and phospholipid (± 16 % per 

dry cell weight) [88]. According to the database Subtiwiki 2.0 (http://subtiwiki.uni-goettingen.de/) 

http://subtiwiki.uni-goettingen.de/
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about 721 proteins are localized at the cell membrane and have various functions. The phospholipid 

composition of the membrane of B. subtilis, of cells in their exponential growth phase in LB 

medium, consist of ± 10 % cardiolipin (CL), ± 25 % phophatidylglycerol (PG), ± 50 % 

phosphatidylethanolamine (PE) and ± 15 % lysyl-phosphatidylglycerol (lysyl-PG) [89]. Cardiolipin 

and PG are negatively charged (-2 and -1, respectively), lysyl-PG positively charged (+1) and the 

other phospholipids are zwitterionic (neutrally charged) [90]. About 35 % of the total membrane 

phospholipids contribute to the negative charge of the membrane, and only 15% contribute to the 

positive charge, therefore the net charge of the cell membrane is negative since the rest is 

zwitterionic [89].  

Gram-positive bacteria are capable of modifying their membrane composition to increase or reduce 

the net charge. For instance, the membrane composition can change between the growth phase or 

between cultures grown in different media. B. subtilis cultured to its stationary growth phase has a 

membrane consisting of ± 25 % CL, ± 40 % PG, ± 20 % PE, ± 15 % lysyl-PG [89]. Therefore, the 

negatively charged phospholipids increase by ± 30 % compared to the cell membrane compositions 

observed during the exponential growing phase. When cultured in LB medium with or without 1.5 M 

NaCl (high salinity), B. subtilis increased the relative amounts of cell membrane CL by ± 20 % 

decreasing the PE to ± 17 % [89]. The PG content was similar (± 24 %) and lysyl-PG decreased only 

by ± 5 % [89]. Therefore, the net negative charge of the cell membrane was increased. 

3.2.2 Cytoplasm of Gram-positive bacteria 

The cytoplasm of Gram-positive bacteria mainly consist of the nucleoid and ribosomes. The nucleoid 

forms a dense central mass of DNA loops with the transcriptional machinery and ribosomes nearby 

[91]. The content of intracellular ribosomes, protein, RNA or mobile genetic elements has, 

quantitatively, not generically been reported. Reported chromosome sizes of Bacillus subtilis are 

4215 kb [92], of Staphylococcus aureus 2814 kb [93] and of Clostridium difficile 4290 kb [94].  
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Figure 1. The composition of Bacillus subtilis vegetative cells. Image adjusted from Silhavy et al. (2010) 
[76].  

 

3.2.3 Spores of Gram-positive bacteria 

Mainly bacteria from the genera Bacillus and Clostridium undergo the process of sporulation in 

response to nutrition limitation [95]. During sporulation some cells divide asymmetrically into a 

forespore and mother cell [96]. The result of sporulation is the production of a metabolically inactive 

or dormant endospore that is upon its release from the mother cell capable of resisting various 

environmental conditions such as extreme temperatures, desiccation and ionizing radiation [95]. For 

more information concerning the sporulation process various reviews can be consulted [95–98].  

The structure of spores differs from that of vegetative cells, consisting of exosporium (depending on 

the species), spore-coat, outer membrane, a cortex, a germ cell wall, inner membrane and central 

core (Fig. 2) [22]. The exosporium consists mostly of proteins and is not found in all species, for 

instance it is absent in B. subtilis but present in Bacillus cereus and Bacillus anthracis [22]. Under 

the exosporium is the spore-coat and in the case of B. subtilis the spore-coat consists of two layers 

known as the outer and inner spore-coat, which mainly consist of proteins (± 30% of total spore 

proteins) [99–102]. The spore-coat protects the inner spore parts against various chemical and 

physical stresses [102], but also interacts with the environment to facilitate the determination of 

favourable environmental conditions for initiation of spore germination [102]. Below the spore-coat 
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is the outer membrane, which is essential for spore formation [96] but is not an important 

permeability barrier like the inner membrane [22].  

 

Figure 2. The composition of Bacillus subtilis spores. Image adjusted from McKenney et al. (2013) [97]. 

 

The spore cortex consists of two layers with the layer close to the inner membrane being the germ 

cell wall (GCW) [103]. The GCW has a PG composition similar to the cell wall of vegetative cells. 

However, the thick outer PG layer covering the GCW is the cortex, which has different structural 

modifications compared to the vegetative cell wall [103]. Prominent differences are the absence of 

teichoic acids and no crosslinking of the glycan strands [103]. During germination the cortex is 

quickly degraded [103–107] and the GCW becomes part of the vegetative cell wall [104,107]. Cortex 

degradation results in the rehydration of the spore core, followed by metabolic activity and loss of 

the spore’s protection against the external environment [103,108].  

The inner membrane of the spore is a resilient permeable barrier and is key in protecting the DNA 

within the core against damage [22]. The inner membrane is compressed and can double in volume 

during the initial stages of germination [22]. The lipid composition of the inner membrane is the 

same as that of vegetative cells but it is immobile and becomes fluid only during spore germination 

[22]. Zheng et al. (2016) have recently published an extensive proteomics study characterising the 

inner membrane proteome and found that the protein composition of the inner membrane and of the 

vegetative cell membrane differs significantly. 
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The core of the spore contains macromolecules similar to those in vegetative cells, including DNA, 

ribosomes and tRNA [22]. In contrast to vegetative cells, spores contain pyridine-2,6-dicarboxylic 

acid (dipicolinic acid, DPA) and small, acid-soluble spore proteins (SASP) [22]. DPA is 5 to 15 % of 

the dry weight of spores and SASPs cover 3 to 6 % of the total spore protein [22]. Both SAPs and 

DPA play a key role in protecting the DNA [22] whilst in the spore. During germination DPA is 

released [110] and during the early stages of spore outgrowth SASPs are degraded and used as 

carbon source for outgrowth [22,111].  

3.3 AMPs targeting the Gram-positive cell wall 

The anionic properties of the surface of Bacillus subtilis is determined by the presence of 

peptidoglycan and teichoic acids [86] and thus the first contact of cationic AMPs with the bacterium 

is through electrostatic interaction. The anionic nature of the B. subtilis cell wall is proposed to be 

due to the presence of carboxyl groups of the muramyl peptides of peptidoglycan and the carboxyl 

and phosphate groups of the teichoic acids [112]. These anionic groups are positioned towards the 

outside of the cell wall [112]. The role that peptidoglycan plays, other than attracting the cationic 

peptide, is unknown. However, the importance of (derivatives of) teichoic acids in the binding of 

cationic antimicrobial peptides became evident when the deletion of the dlt operon of 

Staphylococcus aureus caused a reduction in efficacy of various antimicrobial peptides against the 

bacterium [113]. The dlt operon mediates the addition of D-alanine esters to teichoic acids [86]. 

Cell wall biosynthesis are, however, inhibited due to the binding of AMPs to lipid II, a cell wall 

synthesis precursor molecule. During the biosynthesis of the cell wall, uridine diphosphate (UDP)-

MurNAc-pentapeptide is produced in the cytoplasm [84,87,114]. UDP-MurNAC-pentapeptide is 

transferred to a membrane acceptor bactoprenol, resulting in the formation of lipid I, which is 

converted to lipid II by the addition of GlcNAc from UDP-GlcNAc to MurNAc. Lipid II, after the 

addition of an inter-peptide bridge in the case of Gram-positives, is translocated to the outer side of 

the membrane and incorporated into the peptidoglycan chain. Similar to nisin, plectasin showed to 

bind to lipid II thus preventing its incorporation into the peptidoglycan chain [114]. Plectasin 

differed, however, from nisin as its hydrophobic part was located at the membrane interface whereas 

nisin inserts deep within the membrane bilayer to cause delocalization of lipid II [114–116]. 

Plectasin did not cause membrane damage or dissipate the membrane potential [114]. Human β-

defensin 3 (hBD3) also showed to interfere with cell wall biosynthesis, without causing membrane 

damage. It prompted the accumulation of UDP-MurNAc-pentapeptide in the cytoplasm, triggered the 

formation of protrusions filled with cytoplasm through cell wall lesions, inhibited proteins involved 
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in the formation of lipid II (FemX and penicillin-binding protein 2 [PBP2]), and bound to lipid II 

though electrostatic interaction [117]. Similar cell wall biosynthesis inhibition due to lipid II binding 

was observed for α-defensin human neutrophil peptide-1 (HNP1) [118]. More information 

concerning the origin, characteristic and target of peptides mentioned in the text can be found in 

Table 1. 

AMPs also indirectly target the cell wall by triggering autolysis of bacterial cells, which is the 

process when cells release autolysins, that cleave peptidoglycan, resulting in the destruction of itself. 

Lipoteichoic acids (LTA), located at the septum, regulate autolysins and have shown to release 

autolysins when disturbed by AMPs [68,119,120]. The glycolipid anchor plays an important role in 

the inhibitory effect of LTA on autolysins [121] and this is probably due to the disturbance of the cell 

membrane by AMPs causing a delocalization of the glycolipid anchor. The additional importance of 

anionic phosphodiester groups of LTA were established when replacing it with D-alanine caused the 

release of autolysins, but replacing the same positions with non-charged glycosyl residues had no 

effect on the inhibitory action of LTA. This finding is, however, in contrast with previous findings 

that reports that the addition of D-alanine to the teichoic acids reduces the efficacy of AMPs, as 

mentioned above. Lantibiotics, Pep5 and nisin, have shown to cause autolysis, and an AMP from Old 

world monkey leukocytes, θ-Defensins [68,119,120]. 
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Table 1. Additional information concerning antimicrobial peptides and other antimicrobials 
mentioned in the texts.  
Peptide Origin Characteristic Target Reference 
LL-37 Human α-helical  Membrane [122]  

tPMP Rabbit blood platelets α-helical  Membrane [123,124]  
thrombocidin Human blood platelets α-helical, Membrane [75]  
defensin Mammalian α-helical, β-sheets Membrane [125]  
β-defensin 3 (hBD3) Human β-sheets Cell wall [117] 
α-defensin neutrophil 
peptide-1 (HNP1) 

Human α-helical Cell wall  [118]  

θ-Defensins Old world monkeys leukocytes Cyclic  Membrane [68]  
protegrin (PG-1) Porcine leukocytes β-sheet Membrane [126,127]  
cecropin A Hyalophora cecropia (a moth) α-helical  Membrane [128]  
daptomycin Streptomyces roseosporus cyclic lipopeptide Membrane [129]  
indolicin Bovine neutraphils Extended wedge-like 

conformation 
Membrane [130,131]  

MP196 synthetic hexapeptide linear peptide Membrane [132,133]  
SMAP-29 synthetic peptide derived from 

cathelicidin 
α-helical Membrane [134]  

nisin Lactococcus lactis lantibiotic Membrane, cell 
wall biosynthesis 

[135]  

subtilin Bacillus subtilis lantibiotic Membrane, cell 
wall biosynthesis 

[135]  

gallidermin Staphylococcus gallinarum lantibiotic Membrane, cell 
wall biosynthesis 

[136,137]  

plectasin Pseudoplectania nigrella α-helical, β-sheet Cell wall 
biosynthesis 

[114,138]  

mersacidin Bacillus sp. strain HIL Y-
85,54728 

lantibiotic Cell wall 
biosynthesis 

[139][140]  

gardimycin Actinoplaes garbadinensis lantibiotic Cell wall 
biosynthesis 

[139,141]  

vancomycin Streptomyces toyocaensis glycopeptide Cell wall 
biosynthesis 

[142]  

bacitracin Bacillus sps. cyclic dodecylpeptide Cell wall 
biosynthesis 

[143,144]  

mundticin KS Enterococcus mundtii bacteriocin Unknown 
(possibly 
membrane) 

[145,146]  

SP1-1 synthetic peptide α-helical Serine kinase 
inhibition 

[147]  

 

3.4 AMPs’ interaction with the Gram-positive cell membrane 

Cationic AMPs are attracted to the cell membrane through electrostatic interaction, therefore focus 

has been placed mainly on the phospholipid composition of cells. Various models have been 

proposed for the interaction of AMPs with membranes and have been extensively reviewed [65,66]. 

For example, the barrel-stave model suggest that peptides accumulate on the surface of the 

membrane and insert into the membrane when a threshold amount is reached [66]. The toroidal pore 
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model proposes that a peptide-and-lipid-lined pore is formed whereas the disordered toroidal pore 

model suggests that the peptide causes pore formation stochastically requiring less peptides per 

inferred pore [66]. However, these models are based on studies performed on lipid vesicles and 

cannot fully explain the interaction of AMPs with the complex bacterial cytoplasmic membrane.  

AMPs act on vegetative cells causing membrane damage and ensuing loss of transmembrane 

potential and essential molecules [127,148,149]. Membrane damage has been shown to perturb 

cellular homeostasis leading to either increase in cellular volume [127] or cause shrinking of cells 

[150]. Pore or channel formation in cells has been shown using fluorescent dyes such as propidium 

iodide [150,151] and Sytox Green [152]. Abnormal septum formation [148,153] and blebbing [134] 

has been observed with TEM. Blebbing is the formation of membrane bulges when the cytoskeleton 

is detached from the cell membrane causing the latter to swell. In the case of S. aureus treated with 

SMAP-29, blebbing occurred frequently at the sites of cell division [134]. Still, generally these 

studies only confirm membrane damage but do not indicate whether the membrane is the initial and 

only target of the AMP or if the peptide moves past the membrane into the cytoplasm to target other 

essential cellular function such as DNA and RNA synthesis.  

Barns & Weisshaar (2013) attempted to explain the time resolved events in pore/channel formation 

by the membrane active peptide LL-37 in B. subtilis using single cell, live-imaging fluorescence 

microscopy. When a low concentration of LL-37 (2x MIC) was used the growth rate was decreased 

without causing membrane permeabilisation, but a higher concentration of LL-37 (4x MIC) caused 

cell shrinking and permeabilisation. Some of the cells treated with 2x MIC LL-37 had an altered 

growth rate but were able to recover. Cells treated with 4x MIC LL-37 were permeabilised and 

unable to recover. These findings suggested that at a low concentration the peptide is able to interact 

with the membrane but causes reparable membrane damage. At a high concentration, a threshold is 

reached that causes irreversible membrane damage. The severe membrane damage that leads to cell 

shrinking or aberrant septum formation, probably occurs only at high peptide concentrations. 

Therefore, to determine the mode of action of peptides a concentration range should be selected from 

lethal to sub-lethal concentrations to obtain a broad mechanistic overview of how the peptide targets 

the cell.  

In the above mentioned study, rhodamine dye labelled LL-37 (Rh-LL-37) did not have the same 

antimicrobial effects as the unlabelled LL-37 against B. subtilis and the mode of action could thus 

not be determined using microscopy. Rh-LL-37 was, however, active against E. coli [122] 

presumably in a similar manner as the unlabelled peptide. The authors observed that Rh-LL-37 
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targeted the cells in three phases. Phase 1 was the fast binding of Rh-LL-37 to the outer membrane 

(OM), the lipopolysaccharides (LPS) and O-antigen layers. The translocation of the peptide over the 

OM required a threshold concentration of OM bound peptide. It also appeared that the peptide was 

able to move past the OM without causing severe local OM damage. E. coli growth stopped as soon 

as Rh-LL-37 entered the periplasmic region, which is known as phase 2. Rh-LL-37 entered the 

periplasm at the septal region, where it bound to immobile elements before it could move past the 

cytoplasmic membrane (CM). The immobile elements were suggested to be peptidoglycan. Phase 3 

was the permeabilisation of the CM, which occurred at the septum.  

Rh-LL-37 preferably bound to the septating cells instead of the non-septating cells [122]. Similar 

results were obtain for cecropin A [128]. In addition, cecropin A was also shown to target the new 

pole instead of the old pole [128]. It is known that the septum, new pole and newly formed cells are 

rich in anionic phospholipids such as CL [154]. This CL-rich domain at the septum is known to 

recruit the DNA replication machinery and key cell division proteins such as FtsZ, FtsA and ZipA 

[155]. It is conceivable that the binding of peptides to CL could cause dissociation of proteins 

localized at this region, thus having severe consequences on cellular homeostasis. A similar study 

still needs to be performed on B. subtilis, but it is conceivable that LL-37 or cecropin A also bind to 

the cell wall until a threshold is reached, pass the cell wall in an unknown manner to preferably bind 

to the membrane at the septum or new poles.  

In another study using fluorescence microscopy, B. subtilis was exposed to sub-lethal concentrations 

of daptomycin which caused curvature in the structure of the membrane [156]. Proteins that 

recognize negative membrane curvature such as the cell division protein DivIVA, are bound to these 

membrane sites. The combined effect of a curved membrane and DivIVA localized at these random 

curved membrane sites caused alterations in the cell wall and the formation of an additional septum 

[156]. Distortion of the cell membrane and cell wall results in a weakening of these structures 

causing the membranes to extrude (forming blebs) [156]. This could finally cause rupturing of the 

cell membrane and cell wall [156]. Interestingly, S. aureus was shown previously to have an 

abnormal, asymmetric division septum and additional septa in response to daptomycin [157]. This 

study performed by Pogliano et al. (2012) suggests that in addition to distorting the membrane, 

membrane bound proteins could be delocalized thus compromising the normal functioning of the 

cell. 

A synthetic hexapeptide called MP196 was shown to cause the delocalization of membrane-bound 

proteins, such as MurG that is involved in lipid II biosynthesis [132]. The delocalization of 
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membrane-bound proteins was thought to be the result of an altered membrane potential. MP196 

interact with the cell membrane without causing membrane damage or the efflux of ions, but 

accumulated intracellularly through an unknown manner. MP196 also targeted the respiratory chain 

by detaching cytochrome c from the bacterial membrane. Abrogation of respiratory chain activity 

subsequently reduced ATP synthesis and subsequently macromolecules biosynthesis [132]. 

Taken together these findings suggest that the local membrane concentration of the peptide plays a 

key role in the mode of action of AMPs observed in microscopy. Cardiolipin might play an 

important role in the interaction of the AMPs with the cell membrane that are present at the septum 

or new pole where AMPs accumulate. AMPs distort the membrane which leads to the delocalization 

of membrane localized proteins, such as MurG, contributing to the death of the cell. Thus membrane-

bound proteins might also play an important role in the mode of action of AMPs that has not been 

fully addressed. 

3.5 Other cellular targets of AMPs 

It is conceivable that AMPs which disrupt the cellular membrane or translocate to the cytosol 

without causing membrane damage can bind to the abundant intracellular polyanionic molecules, 

such as the nucleic acids and proteins. For instance, thrombin-induced platelet microbicidal proteins 

(tPMP), from rabbits, causes limited membrane permeabilisation but inhibits DNA and RNA 

synthesis and hence indirectly protein synthesis [74,158]. Thrombocidin, from human blood 

platelets, was unable to dissipate the membrane potential thus also suggesting an intracellular target 

[75]. Similar results were obtained for indolicidin and an AMP that causes limited membrane 

permeabilisation and inhibits DNA replication as well as transcription by binding to the DNA 

duplex, preventing it from unwinding [159,160]. A synthetic peptide (SP1-1), which was based on 

natural α-helical AMPs, was able to move past the cell envelope of S. aureus into the cytoplasm to 

interacts with the serine protein kinase RsbW, an anti-sigma factor [147,161]. Various cell processes 

were affected such as the induction of cell wall metabolism, oxidative phosphorylation (cytochrome 

d), biofilm formation and virulence, and the repression of amino acid biosynthesis and ABC 

transporters involved in antibiotic resistance [147].  

It has been reported that inhibition of autolysin activity by the LTA depends on presence of the 

glycolipid anchor and absence of D-alanine residues, i.e. when 60-71% of the glycerol residues of 

the LTA carried a D-alanine ester, inhibition of autolysin activity could not be demonstrated in S. 
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aureus, because the negative charges of the phosphate groups were compensated by the positively 

charged D-alanine residues (Fischer et al. 1981). 

3.6 AMPs activity against Gram-positive spores 

To the best of our knowledge anti-spore activity has only been studied for subtilin produced by 

Bacillus subtilis [162] and for nisin from Lactococcus lactis [163]. Nisin and subtilin were only 

active against germinated spores and the inner membrane appeared to be the main target [162–164]. 

Disruption of the inner membrane could be preventing the establishment of metabolism and the 

shedding of the spore-coat [163], thus preventing outgrowth. In presence of either of the peptides, the 

germination receptors were activated, DPA released, water taken up and the cortex peptidoglycan 

hydrolysed before the inner membrane was exposed to the AMPs. The importance of lipid II binding 

for the antimicrobial activity of nisin against spores was investigated. The results showed that 

outgrowth inhibition of B. anthracis spores by nisin was dependent on lipid II binding as with 

vegetative cells though in itself the association with the peptidoglycan precursor was not sufficient 

for inhibition to be effective [164].  

3.7 Theoretical interaction of AMPs with Gram-positives (Bionumbers and 

Bioestimates)  

Recently, quantification of cell(wall)-related compounds with respect to describing cellular 

physiology in interaction with its environment has been pursued more and more. Bionumbers and 

bioestimates have for instance been described with respect to the estimation of effects of culturing 

conditions on the physiology of Saccharomyces cerevisiae [165]. Along the same vein, we explore 

here the theoretical amount of AMPs that can bind to or occupy a space on Bacillus subtilis cells or 

spores. Thus we aim to infer the cell components that AMPs could interact with. The length and 

width of B. subtilis vegetative cells were obtained from the Bionumbers database 

(http://bionumbers.hms.harvard.edu/) and that of the spores were obtained from results published by 

Leuschner and Lillford (2000). The area and volume of vegetative cells were determined by 

assuming it has a shape consisting of a cylinder and two half spheres. The spores were assumed to be 

ellipsoidal. The calculated area of vegetative cells was 12.9 µm2 in rich medium and 6.3 µm2 in 

minimal medium (Table 2). The volume of vegetative cells was 2.6 µm3 in rich medium and 1.6 µm3 

in minimal medium. The area and volume of spores is 2.4 µm2 and 0.9 µm3. Calculations can be 

performed using the Planetcalc (http://planetcalc.com/149/). 

http://bionumbers.hms.harvard.edu/
http://planetcalc.com/149/
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To estimate the number of AMPs that can bind to the surface and occupy the space of the cell or 

spore, membrane disrupting peptide LL-37 (4 kDa) was employed as an example. LL-37 displayed a 

MIC value of 1 µM against an inoculum of about 1 x 106 cells (OD600 of 0.0025) in a 100 µl reaction 

[152]. The same was assumed for spores. The number of LL-37 molecules that can target each B. 

subtilis cell or spore was estimated to be about 6.0 x 107 molecules. Based on the calculations of 

Erickson (2009) of a 5 kDa protein, we estimated that the 4 kDa LL-37 has a spherical shape with a 

radius of about 1 nm. This made it possible to calculate, for a rough order of magnitude estimation, 

the number of LL-37 that can bind to the surface of the vegetative cell or spore, or fill the 

intracellular compartments. An hexagonal close packing formation of the LL-37 molecule was 

assumed and the highest density of the arrangement of circles is 0.9 and of spheres 0.74 [168–170]. 

By dividing the area of the cell surface by the area of the LL-37 molecule, a maximum number of 3.7 

x 106 LL-37 molecules can cover the surface of a cell cultured in rich medium and a number of 1.8 x 

106 LL-37 molecules covers the surface of a cell cultured in minimal medium. The volume was 

calculated similarly and for cells growing in rich media a maximum number of 4.5 x 108 LL-37 

molecules remain at disposition to perturb the cell and possibly fill its cytoplasm. For cells cultured 

in minimal medium a number of 1.9 x 108 LL-37 molecules is obtained. Spores can be bound by a 

maximum of 6.9 x 105 and potentially ‘filled’ by 1.7 x 108 LL-37 molecules.  

About 3.7 x 106 LL-37 molecules are available to cover the cell wall surface and 3.7 x 106 to cover 

the cell membrane surface leaving about 5.3 x 107 LL-37 molecules still available to partition into 

the cytoplasm of a vegetative cell cultured in rich medium. The B. subtilis vegetative cell is 

obviously, not an empty object. The cytoplasm of the cell consist of DNA, RNA, ribosomes, 

proteins, a huge number of metabolites and mobile genetic elements that reduces the available space 

within the cell. Cationic AMPs can potentially interact with all anionic macromolecules through 

electrostatic interaction (Table 3). Therefore, 5.3 x 107 LL-37 molecules could be enough to target at 

least some of these components perturbing their normal function in cellular homeostasis.  
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Figure 3. The partial membrane lipid synthesis pathway of Bacillus subtilis. The precursor phosphatidic acid 
(PA), a common precursor for the membrane phospholipids, is dephosphorylated to diacylglycerol which is 
modified by UgtP through transferring one or two glucose molecules from UDP-glucose resulting in glycolipid 
(GL). Phosphotidylglycerol (PG) is converted to lysyl-PG when a lysyl group from lysyl-tRNALys is transferred 
to PG by MprF. PG is also converted to cardiolipin by combining two PG molecules. Image adjusted from 
Salzberg and Helmann (2008) [90]. 

 

The estimation of a maximum of 3.7 x 106 LL-37 molecules that can bind to the cell wall might also 

be an underestimation, since the cell wall is about 33.8 nm thick consisting of multiple peptidoglycan 

layers with imbedded teichoic acids. The muramyl peptides of peptidoglycan layers and the teichoic 

acids are anionic, therefore cationic AMPs will interact with all of these components in each layer 

before reaching the membrane. However, as long as the actual affinity constraints are not known it is 

unclear what the position is of the equilibrium reactions that the AMPs have with the various 

components of the cell. The actual situation maybe anything from a unidirectional reaction to one 

where the molecules diffuse more freely, attaching and detaching more or less stochastically to the 

binding sites.  

The calculated values suggest that AMPs interact with more components of the cell than the cell 

membrane at the MIC value of LL-37 against B. subtilis. The primary target of the AMP is the 

membrane, but the phospholipids comprise only 16 % of the total cell membrane (Refer to Table 2). 

The cell membrane also consist of 62 % proteins, yet limited information is available about the 

interaction of AMPs with these components. It is likely that AMPs require the distortion of the 
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membrane and the inactivation of macromolecules in conjunction to have a lethal effect. For 

instance, if a maximum of 3.7 x 106 LL-37 molecules interact with a peptidoglycan layer of 1 nm, a 

total of 1.3 x 108 LL-37 molecules could be bound to the 33.8 nm of cell wall leaving 6.5 x 107 LL-

37 molecules available to interact with the cell membrane. If the calculated maximum number of 3.7 

x 106 LL-37 molecules that can cover the cell membrane surface is deducted, 6.1 x 107 LL-37 

molecules are still available. The rapid association of the AMPs to the cell might be impairing the 

ability to observe all the possible targets of AMPs before cell death [171].  

AMPs are known to target germinated spores, i.e. when the cortex has been degraded, the DPA has 

been released and the core has been hydrated [163]. The interaction that AMPs have with the 

proteins in the spore-coat or with the outer membrane is not known, but AMPs do interact with the 

spore’s inner membrane. The composition of the inner membrane and the core is similar to the cell 

membrane and cytosol of vegetative cells and it can be assumed that AMPs will interact similarly 

with spores as with vegetative cells [22,103].  
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Table 2. Bioestimates of the interaction of LL-37 with Bacillus subtilis vegetative cells and spores. 
  Bacillus subtilis vegetative cell Bacillus subtilis spore 
  Formula used Estimates Formula used Estimates 
Length (l)  4.7 µm or 2.3 µm#  1.4 µm$ 
Width (w)  0.87 µm#  0.55 µm$ 
Radius (r) 1/2w 0.44 µm 1/2w 0.28 µm 
Volume! (VB.subtilis) Vsphere + Vcylinder = 4/3πr3 + πr2(l-w) 2.6 µm3 or 1.1 µm3 Vellipsoid = 4/3πlwr 0.9 µm3 
Area! (AB. Subtilis) Asphere + Acylinder = 4πr2 + 2πr(l-w) 12.9 µm3 or 6.3 µm2 Aellipsoid = 4π((lw)1.6+(lr)1.6+(wr)1.6)/3)1/1.6 2.4 µm2 
     Minimal inhibitory concentration (MIC)  1 µM*  1 µM* 
Number of cells  1 x 106 *  1 x 106 * 
Volume  100 µl*  100 µl* 
Avogadro's Number is   6.022 x 1023 per mol  6.022 x 1023 per mol 
Amount of molecules for inhibition (N) 

 
6.0 x 107 molecules 

per cell  
6.0 x 107 molecules 

per spore 
     Assumed size/radius of LL-37 (4 kDa)  0.001 µm  0.001 µm 
Area of LL-37 (sphere) ALL-37sphere = 4πr2 1.5 x 10-5 µm2  1.5 x 10-5 µm2 
Area of LL-37 (circle) ALL-37circle = πr2 3.1 x 10-6 µm2  3.1 x 10-6 µm2 
Volume of LL-37 (sphere) VLL-37sphere=4/3πr3 4.2 x 10-9 µm3  4.2 x 10-9 µm3 
     Amount of LL-37 that covers cell^ Ahexagonal = 0.9(AB. subtilis/ALL-37circle) 3.7 x 106 or 1.8 x 106 

  Amount of LL-37 that fills the cell^ Vhexagonal = 0.6(VB. subtilis/VLL-37sphere) 4.5 x 108 or 1.9 x 108 
  Amount of LL-37 that covers the spore^ Ahexagonal = 0.9(AB. subtilis/ALL-37circle)   6.9 x 105 

Amount of LL-37 that fills the spore^ Vhexagonal = 0.6(VB. subtilis/VLL-37sphere)     1.7 x 108 
! Assuming that the shape of Bacillus subtilis vegetative cell is a cylinder at the centre and has two half spheres at the ends and Bacillus subtilis spores is an ellipsoidal shape.  
* Minimal inhibitory concentration obtained from Barns and Weisshaar (2013) [152] and the cell counts are an estimation of the OD600 0.00025 cells used in the study. 
# Length of B. subtilis is 4.7 µm in rich medium and 2.3 µm in minimal medium. Values obtained from http://bionumbers.hms.harvard.edu/default.aspx. 
$ Values obtained from Leuschner & Lillford (2000) [166] 
^Assuming hexagonal close packing of circles or spheres. A value of 0.9 is used to compensate for hexagonal close packing of circles and a value of 0.74 is used for spheres. 
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Table 3. Bionumbers of the Bacillus subtilis vegetative cell and spore composition 
Composition Vegetative cell Spore References 
Cell wall 
Thickness 33.8 nm# NA  Teichoic acids 54 % SVC [77,78] Peptidoglycan 46 % SVC 
    Cell membrane/Inner membrane of spore 
Protein 62 % SVC 

[88] RNA 22 % SVC 
Phospholipids 16 % SVC 
Cardiolipin 10 % of phospholipid SVC 

[89] Phosphatidylglycerol 25 % of phospholipid SVC 
Phosphatidylethanolamine 50 % of phospholipid SVC 
Lysyl-phosphatidylglycerol 15 % of phospholipid SVC 
    Cytoplasm 
DNA 4215 kb SVC 

[92] 
RNA NA SVC 
Ribosomes NA SVC 
Protein NA SVC 
Mobile genetic elements NA SVC 
    Spore-coat 
Outer coat layer  40-90 nm [101] Inner coat layer  20-30 nm 
Protein  10 % [172] 
    Outer membrane  NA  
    Cortex 
Peptidoglycan   NA   
# Values obtained from http://bionumbers.hms.harvard.edu/default.aspx 
Similar as vegetative cells (SVC) [22,103] 
Not available (NA) 

 

3.8 Response of Gram-positive bacteria to the presence of AMPs  

Resistance of Gram-positives against AMPs is infrequent and often information gathered about non-

susceptible Gram-positives have been used to understand their response to AMPs. Gram-positives 

respond to the presence of AMPs mainly through phenotypic alterations, which involves thickening 

of the cell wall, modification of the phospholipid composition, changing of the net surface charge, 

increasing the membrane fluidity, releasing proteinases to degrade the peptides and discharging 

amino acids into the environment to reduce hypo-osmotic stress.  

In response to AMPs S. aureus and Enterococcus faecalis thicken their cell wall [173–178]. The 

outer peptidoglycan layer of the thickened cell wall had a reduced cross-linked structure, which is 

thought to act like a molecular sieve preventing AMPs membrane passage [179]. S. aureus also 

increased the content of non-amidated muropeptides in the cell wall peptidoglycan layer which 
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increase the affinity of the cell wall for AMPs [179] thereby reducing the peptide’s antimicrobial 

activity. However, a thickened cell wall is not always present in non-susceptible S. aureus strains 

[176] and can be temporary. S. aureus had a thickened cell wall in response to vancomycin, but the 

thickness reduced when vancomycin was removed from the culturing medium [173]. The cell walls 

thickened again in this strain when vancomycin was reintroduced into the medium. 

Staphylococcus aureus can also alter its membrane fluidity in response to AMPs [180,181]. S. aureus 

strains decreased the carotenoid content in their cell membrane to reduce the membrane’s fluidity in 

response to daptomycin [182]. Enterococcus faecium had an increase of unsaturated fatty acids in its 

cell membrane in response to daptomycin which reduces membrane fluidity [181]. An increase of 

cyclopropane fatty acids in E. faecium was also observed, which is known to be involved in 

stabilizing the cell membrane [181,183].  

Gram-positives alter their net surface charge by D-alanylation of the teichoic acids. This has been 

reported for Streptococcus gordonii [184], Clostridium difficile [185], S. aureus [186,187] and B. 

subtilis [188]. D-alanylation which reduces the anionic charges of the teichoic acids, is regulated by 

the dlt operon [113]. The increased susceptibility to cationic AMPs after deletion of the dlt operon 

indicates that D-alanylation of the teichoic acids is one of the mechanisms of S. aureus to resists 

peptides. Similar results were obtained for Streptococcus pneumoniae [189], Bacillus cereus [190] 

and Clostridium difficile [185]. For more information about the D-alanylation process of teichoic 

acids refer to Neuhaus and Baddiley (2003). 

The reduction in net surface charge can also be achieved by modifying the phospholipid composition 

of the membrane. E. faecium increased the lysyl-, alanyl- and arginyl-containing phospholipids and 

reduced its phosphatidylglycerol (PG) resulting in a lower negative cell membrane surface charge in 

response to daptomycin [181]. Similar results were obtained for S. aureus treated with daptomycin 

[191] and E. faecium treated with mundticin KS, a bacteriocin [146]. Salzberg & Helmann (2008) 

caused alterations of the membrane composition of B. subtilis by deleting various genes involved in 

the assembly of the membrane [90]. The mutants lacking MprF were sensitive to nisin compared to 

the wild type and a deletion mutant lacking UgtP was sensitive to sublancin. MprF transfers a lysyl 

group to PG from lysyl-tRNALys to form lysyl-PG and cardiolipin synthase (CLS) condense two PG 

molecules to form CL (Fig. 3) [90,192]. Deleting MprF prevents the synthesis of lysyl-PG and PG 

might be consequentially condensed to form CL or remain PG thus increasing the concentration of 

CL or PG in the membrane. In addition to reducing the net negative charge of the membrane, 

aminoacylated phosphatidylglycerols (e.g. lysyl-PG) stabilized the cell membrane [193]. UgtP is 
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involved in glycolipid synthesis and glycolipid is a precursor for lipoteichoic acids, but the cause of 

the increase in subtilin sensitivity of the deletion mutant lacking UgtP was unclear.  

Previously, an mprF deletion mutant of S. aureus showed sensitivity to defensin and protegrin [125]. 

In S. aureus stains an increase in L-PG synthesis was only achieved after a point mutation in a 

certain regions in the mprF operon that caused an MprF gain-of-function phenotype [176,178]. The 

S. aureus stains with the MprF gain-of-function phenotype were also less sensitive to thrombin-

induced platelet microbicidal proteins (tPMPs) and human neutrophil peptide 1 (hNP-1; defensin) 

from neutrophils [178]. MprF is present in various bacterial genomes and the modification is 

considered to be a general strategy against AMPs [192]. However, reducing the net negative charge 

of the membrane has a limit and bacteria with reduced peptide susceptibility can still be killed by 

increasing the concentration of the AMPs.  

The production of proteinases that degrade AMPs has been reported for certain bacterial species such 

as Pseudomonas aeruginosa, E. faecalis, Proteus mirabilis and Streptococcus pyogenes [194]. S. 

aureus produces a metalloproteinase (aureolysin) that degrades LL-37 rendering it inactive [195]. S. 

aureus inhibits α-defensin by releasing staphylokinase that binds to the peptide to form a complex 

[196]. S. pyogenes produce a cysteine proteinase called SpeB, that is bound to the cell surface and 

degrades LL-37 which made contact with the cell envelope [197]. P. aeruginosa, E. faecalis and S. 

pyogenes inactivated α-defensin by generating dermatan sulphate that binds to the peptide [198]. 

These bacteria produce dermatan sulphate by releasing proteinases degrading dermatan sulphate-

containing proteoglycans, such as decorin [198].  

3.8.1 Bacillus subtilis cell envelope stress response to AMPs 

Phenotypic alterations brought about in response to AMPs are mainly due to the reaction of a signal-

transducing regulatory system that induces countermeasures to repair damage and protect the cell in 

response to cell envelope alterations and abnormalities [199]. B. subtilis regulates its stress response 

with the extracytoplasmic function (ECF) sigma factors and a two component system (TCS) 

[199,200]. Both are signalling systems that consist of a membrane-bound sensor kinase and a 

response regulator [199]. The regulator remains inactive in conditions that do not cause cell envelope 

stress, but as soon as envelope stress is detected the regulator is activated and induces the expression 

of its target genes.  

In response to sub-lethal concentrations of LL-37, B. subtilis activated the SigM and SigW regulons 

controlled by the ECF sigma factors [188]. The SigM regulon is activated by cell wall antibiotics, 
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acidic pH, heat, ethanol, superoxide and cell envelope stress [201–203]. It is involved in activating 

various genes involved in cell wall biosynthesis, cell division and cell shape, DNA damage response 

and detoxification enzymes [204]. SigW is also induced by the presence of cell wall active 

antibiotics, such vancomycin, and by the membrane active AMP PG-1 and alkaline shock 

[188,201,205]. SigW regulates the alteration of the fatty acid composition of the cell membrane that 

results in a reduced or increased membrane fluidity [200]. Peptide PG-1 activated SigM and SigX in 

B. subtilis [188]. SigX is involved in regulating the overall net charge of the envelope as it steers the 

dltABCDE and pssA-ybfM-psd operons [206]. As mentioned before, the dlt genes control D-

alanylation of the lipoteichoic acids and PssA/Psd catalyzes the synthesis of 

phosphatidylethanolamine (PE). The combined effect is a less negatively charged cell membrane 

[206].  

In addition to the activation of ECF sigma factors, two component systems were activated. LL-37 

activated the two component system YxdJK TCS and LiaRS (YvqCE) TCS [188]. The two-

component system activated by B. subtilis is dependent on the peptide. For instance, the membrane 

targeting peptide PG-1 activated only LiaRS (YvqCE) TCS and not the YxdJK TCS [188]. The 

LiaRC TCS and ECF sigma factors are a cell wall antibiotic-response system responsible for 

preserving cell envelope integrity and prevention of cell envelope damage [199]. These systems’ 

regulon is diverse and does not mediate a specific antibiotic resistance [199]. The role that these 

systems have are to maintain homeostasis [199].  

B. subtilis has three TCS/ABC transporter modules; the BceRS-BceAB, the YvcPQ-yvcRS and 

YxdJK-yxdLM systems [207,208]. The ABC transporter involved in the BceRS system is specific 

for the removal of bacitracin from the cell envelope [209,210]. The process of bacitracin removal is 

still unknown, but a hydrophobic vacuum cleaner model has been suggested which involves the 

removal of bacitracin by a transporter directly from the phospholipid bilayer to extracellular 

environment [210,211]. BceRS was also induced by other cell wall synthesis inhibiting peptides such 

as plectasin, mersacidin and actagardine [212]. The YxdJK-yxdLM system is activated by LL-37 

[188]. The role of this system has not been identified yet [199]. The YvcPQ-yvcRS system is 

activated in response to lipid II-binding lantibiotics such as nisin and gallidermin [212], but its role is 

unknown 

Other genes that were also upregulated in response to LL-37 are the bcrC (ywoA) gene involved in 

cell wall synthesis and bacitracin resistance [188], pbpE (penicillin-binding protein) that is known to 

be induced by cell wall stress [213] and dltB which is like the dlt operon [188]. Concluding, Bacillus 
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subtilis respond to the onslaught of AMPs by reducing the net negative charge of the cell surface, by 

attempting to maintain cell envelope homeostasis and by removing the AMPs from the cell surface. 

3.8.2 Staphylococcus aureus cell envelope stress response to AMPs 

To obtain insight whether other Gram-positive bacteria responds similarly to B. subtilis to the 

presence of AMPs, the response of Staphylococcus sps. was reviewed. In response to cationic 

peptides, S. epidermis and S. aureus showed to activate, similar to B. subtilis, a two-component 

sensor/regulator system called the aps system [186,214,215]. The aps (graRS) regulated gene loci 

have been associated with resistance against cationic AMPs such as defensin, indolicin and LL-37. 

The aps system consist of three components known as ApsS, ApsR and ApsX [186,214]. The aps 

system regulates the dlt operon, the mprF gene and vraFG, a putative ABC transporter-dependent 

efflux pump, thought to be exclusively involved in AMP resistance [186,214,215]. In addition to aps 

system role as regulatory system, the extracellular sensing loop of ApsS has a high density of 

negative charges that binds to peptides, directly rendering the AMP inactive [186,214]. Yang et al. 

(2012) reported that these phenotypic changes brought about by the aps system to a single AMP 

could also cause cross-resistance to another AMP that is structurally different.  

3.9 Conclusion 

In conclusion, cationic antimicrobial peptides can cause membrane perturbation, which can either 

cause physical damage to the membrane or may leave the membrane intact. In both cases the 

membrane potential can be lost or ion efflux can take place. Peptides that traverse the membrane do 

not always cause efflux of ions. Cationic AMPs have been shown to target the septum and new poles 

[122,128,134], and to cause delocalization of membrane-bound proteins [132] or localization of 

proteins at incorrect sites at the membrane [156]. The latter has been confirmed with the formation of 

abnormal septa [148,153,156]. Cationic AMPs do bind to macromolecules (DNA, RNA or protein) 

and thus prevent the normal functioning of the cell (Falla et al. 1996; Miyazaki et al. 1999; Xiong et 

al. 2005; Dangel et al. 2013; Ghosh et al. 2014). AMPs also inhibited cell wall biosynthesis without 

causing membrane damage by binding to lipid II and induce autolysis. Additionally, antimicrobial 

activity of AMPs have been observed against spores but only if these have previously germinated. 

The bionumbers and bioestimates was utilized to obtain a rough order of magnitude estimation of the 

number of AMPs that can target the vegetative B. subtilis cell or spore at the MIC values. The 

calculations suggested that a maximum of 6.0 x 107 LL-37 molecules can target each vegetative cell 

or spore at the MIC value of 1 µM. When the theoretical surface area and volume of the vegetative 
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cell or spore was calculated, a maximum of 3.7 x 106 LL-37 molecules was estimated to cover the 

surface area of the vegetative cell in a hexagonal packing formation when the cell has been cultured 

in rich medium. When this maximum number of LL-37 molecules were deducted from the cell wall 

and cell membrane surface area, the results showed that at MIC more LL-37 molecules are available 

to target the vegetative cell than what is required for membrane binding. Even when the bionumber 

of the cell wall was also taken into consideration. These calculations suggest that LL-37 targets more 

cell components than the cell membrane, even if some of the peptides should get trapped in the thick 

cell wall. Hence it is highly likely that intracellular macromolecules are also targeted at the MIC 

value. However, the LL-37 molecules might also be bound to the surface of the test tube or the well 

of the microtiter plate, or be bound to components of the culturing medium. If this is the case, than 

the actual number of LL-37 molecules targeting the cell may obviously be less than what has been 

calculated.  

The response of some Gram-positives to the attack by cationic AMPs is to thicken their cell wall thus 

entrapping peptides or even to create an affinity trap. The bacteria may reduce their membrane 

fluidity to prevent insertion of peptides into the membrane or to stabilize it. Released amino acids 

may reduce the hypo-osmotic pressure caused by the interaction of the AMPs with the cell 

membrane. Some Gram-positives reduce their anionic net charge by modifying their phospholipid 

composition or by D-alanylating their teichoic acids to repel the cationic peptides. Most of these 

physical alterations have been confirmed though transcriptomic or proteomic approaches and it 

appears that the bacteria respond to AMPs by activating their general cell envelope stress response 

and by removing the AMPs from the cell surface.  

However, to increase our understanding of the mode of action of AMPs or the response of bacteria to 

AMPs more information is required. For now the use of fluorescence microscopy and real-time 

single cell live imaging has already given more information concerning the mode of action of AMPs 

than what TEM or SEM have initially provided [122,128,152,156]. Furthermore, a new area of 

considerable importance for the medical field as well as for food safety is the action of antimicrobial 

peptides on bacterial spores. The limited information available on the mode of action of AMPs 

against spores indicates AMPs target only germinated spores, but there may be AMPs with different 

modes of anti-spore activity. Quantitatively there is a need for data, for example pre-steady state 

kinetics, on the interaction strength or affinity constraints of AMPs with the various cell components. 

Also the further development of traceable AMPs that retain their normal antimicrobial activity will 

benefit our attempt to increase our understanding of the mode of action of AMPs. 
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A better understanding of the modes of action of various antimicrobial peptides will improve the 

design of antimicrobial peptides aimed for use as antimicrobial agents. Having a solid knowledge 

base of the response of different bacteria to these peptides will provide information on what to expect 

when bacteria do develop resistance during the clinical use of antimicrobial peptides or their possible 

application as preservative in the food chain. 
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Synthetic antimicrobial peptides delocalize membrane 

bound proteins thereby inducing a cell envelope stress 

response 
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Sebastian A. J. Zaat 

 

Abstract 

Three alpha-helical cationic antimicrobial peptides (AMPs) were characterized by determining their 

effect on Gram-positive bacteria using Bacillus subtilis strain 168 as a model organism. These 

peptides were TC19 and TC84, derivatives of thrombocidin-1 (TC-1), the major AMPs of human 

blood platelets, and Bactericidal Peptide 2 (BP2), a synthetic designer peptide based on human 

bactericidal permeability increasing protein (BPI). To elucidate the possible mode of action of the 

AMPs, we performed a transcriptomic analysis using microarrays. Physiological analyses were 

performed using transmission electron microscopy (TEM), fluorescence microscopy and various 

B. subtilis mutants that produce essential membrane bound proteins fused to green fluorescent 

protein (GFP). The transcriptome analysis showed that the AMPs induced a cell envelope stress 

response (cell membrane and cell wall). The cell membrane stress response was confirmed with the 

physiological observations that TC19, TC84 and BP2 perturb the membrane of B. subtilis. Using 

B. subtilis mutants, we established that the cell wall stress response is due to the delocalization of 

essential membrane bound proteins involved in cell wall synthesis. Other essential membrane 

proteins were also delocalized due to alterations caused by the AMPs. We showed that alpha-helical 

peptides TC19, TC84 and BP2 perturb the membrane causing essential proteins to delocalize, thus 

preventing the possible repair of the cell envelope after the initial interference with the membrane. 

Submitted  



72 
 

4.1 Introduction 

Due to an increase in antimicrobial resistance development, effort has been placed on understanding 

the means by which bacteria acquire resistance and to search for new antimicrobials. To address the 

latter, antimicrobial peptides (AMPs) have been proposed as a potential novel class of antibiotics 

[216,217]. AMPs reduce the chances of resistance development due to their non-specific rapid 

membrane targeting effect [217]. However, the non-specific activity of AMPs can cause an increase 

in toxicity to mammalian cells [216,217]. Additionally, AMPs have a low bioavailability, are prone 

to protease degradation, and the production cost is higher than for classical antimicrobials [216,217]. 

Thus rational design of AMPs has been employed with the intention of developing cost effective 

highly active short peptides with simple structures. Naturally occurring peptides or proteins are used 

as a starting point for peptide design, for example peptidomimetic POL7080 derived from protegrin I 

(PG-I) [218], semi-synthetic NVB302 derived from deoxyactagardine B [219], P113 derived from 

histatin 5 [220] and omiganan derived from indolicidin [221].  

To understand the distinctive attributes of AMPs that lead to their efficient antimicrobial activity, 

efforts are placed in determining the mode of action of designed peptides. For this study, peptides 

TC19 and TC84, derived from thrombocidin-1 (TC-1) [222], and the designer peptide BP2 [223] 

were selected. Peptide TC19 and TC84 were derived from the N-terminal end of TC-1 and were 

modified to improve their antimicrobial activity compared to the native peptide [222]. TC19 and 

TC84 only differ by one amino acid, i.e. a cysteine (C) was replaced by an alanine (A) near the C-

terminal end, resulting in an increase in stability of TC84 in 100 % human plasma compared to TC19 

[222]. Both TC19 and TC84 showed antimicrobial activity against Staphylococcus aureus [222]. 

Peptide TC19 further showed to be a broad spectrum antimicrobial by being active against 

Staphylococcus epidermidis, Pseudomonas aeruginosa, and an extended-spectrum beta-lactamase 

(ESBL)-producing Escherichia coli [222]. TC19 has antifungal activity against Aspergillus niger and 

Candida albicans, and has anti-biofilm activity against S. aureus [222]. BP2 was fashioned through 

molecular modelling and rational design based on the LPS-binding domains of bactericidal 

permeability increasing protein (BPI) [223]. BP2 has shown to be active against both Gram-positive 

and -negative bacteria [223–225]. 

All three peptides are predicted to share common features such as their amphipathic nature, cationic 

charge and stable α-helical secondary structure conformation, but differ in amino acid sequence. In 

this study, we aimed to determine the mode of action of TC19, TC84 and BP2 using the Gram-

positive bacterium Bacillus subtilis. Our transcriptomic analysis showed that both the cell membrane 
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and cell wall were targeted, which we confirmed during the physiological observations. We found 

that TC19, TC84 and BP2 perturbed the membrane of B. subtilis vegetative cells in a concentration 

dependent manner without directly damaging the cell wall. This lead to the delocalization of 

essential proteins involved in cell wall synthesis, cell membrane synthesis and metabolism 

contributing to the envelope stress.  

4.2 Results 

4.2.1 Differences in antimicrobial activity between AMPs are marginal 

The minimal inhibitory concentration (MIC) and minimal bactericidal concentration (MBC) were 

determined to observe possible differences in activity and to obtain the lowest peptide concentrations 

necessary to evaluate the mode of action of the AMPs against B. subtilis strain 168. The difference 

between the MIC and MBC values of the AMPs against B. subtilis were not significant (Table 1).  

Table 1 Minimal inhibitory concentration (MIC) and minimal bactericidal concentration (MBC) of the 
antimicrobial peptides against B. subtilis strain 168 

Antimicrobial peptide 
Vegetative cells 

MIC (µM) MBC (µM) 
Mean ± SD Mean ± SD 

TC19 7.0 ± 3.3 (n = 6) 7.0 ± 4.6 (n = 3) 
TC84 7.0 ± 4.2 (n = 6) 3.5 ± 0.2 (n = 3) 
BP2 3.2 ± 1.5 (n = 6) 3.5 ± 0.2 (n = 3) 
n is the number of biological repeats performed 

   

4.2.2 B. subtilis does not adapt or develop resistance to the AMPs 

To determine whether B. subtilis adapts to or develops resistance against TC19, TC84 and BP2, 

B. subtilis was passaged 14 times through various concentrations of TC19, TC84 and BP2. 

Ciprofloxacin, a fluoroquinolone that inhibits DNA gyrase, was tested as a positive control for 

resistance development. Whereas B. subtilis developed resistance to ciprofloxacin within 

10 passages, the strain was unable to grow at a concentration higher than two fold of the MIC of the 

peptides, showing that adaption or resistance does not occur against TC19, TC84 or BP2 throughout 

the 14 passages of the experiment (Fig 1). 
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Figure 1. Adaptation or resistance development of B. subtilis after TC19, TC84 and BP2 treatment using an 
evolutionary study. Ciprofloxacin was used as reference compound. Induction of adaptation or resistance 
was performed by repeated exposure of B. subtilis to ¼MIC, ½ MIC, 1x MIC, 2x MIC and 4x MIC, of TC19, 
TC84 and BP2 for 14 passages. The lowest concentration that had no detectable growth after these 14 
passages was reported as fold change of the MIC. The highest detectable fold change observed for each of 
the peptides was two, which was considered not to be adaption or resistance development. The results 
represent the mean of two biological repeats. 

 

4.2.3 TC19, TC84 and BP2 kill vegetative cells rapidly 

The time-kill assay for TC19, TC84 and BP2 against B. subtilis vegetative cells showed a rapid 

decline in numbers of colony forming units (CFU) at 5 min at concentrations of 56 µM to 7 µM for 

TC19 and TC84, and 3.5 µM to 0.44 µM for BP2 (Fig 2) against a cell number 10 fold higher than 

what was used during the MIC/MBC measurements. Concentrations higher than 3.5 µM BP2 also 

caused rapid killing and are not shown. Peptides TC19 and TC84, however, caused a further decline 

in CFU upon 30 min of incubation. TC19 showed a further decline at 14 µM after 60 min, followed 

by a complete killing of the culture. BP2 only showed a decline at 5 min with no bacteria surviving 

at 3.5 µM. TC19 and TC84 are thus slower acting compared to BP2. This difference could be due to 

the difference in net positive charge of TC19 and TC84, which is 4+, compared to that of BP2 which 

is 7+. Thus the electrostatic interaction of BP2 to the net negatively charged cell envelope of B. 

subtilis might be greater in the case of BP2 than with TC19 and TC84. Survival of remaining cells in 

the incubation could occur due to the reduction of available peptide in the medium, due to protease 

degradation or due to binding of the peptides to cells, cell debris, components of the medium or to 

the surface of the microtiter wells (Fig S1). Concentrations used in the subsequent experiments were 

based on the time kill assay results. 
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Figure 2. Time-kill curves depicting the numbers of B. subtilis surviving cells after TC19, TC84 and BP2 
treatment. Aliquots of the culture were taken at 0, 5, 30, 60 and 120 min. Surviving cells were expressed as 
colony forming units (CFU) per ml. The results represent the mean of three biological repeats. Standard error 
bars were removed to improve visibility. CFU/ml values that were zero were substituted with one, to display 
the values on the graph.  

 

4.2.4 B. subtilis transcriptional response after treatment with AMPs reveals cell envelope stress 

To elucidate the mode of action of TC19, TC84 and BP2, we first performed a transcriptomic 

analysis of B. subtilis cells treated with sub-lethal concentrations at 5 and 120 min after peptide 

addition. B. subtilis differentially expressed the highest number of genes in response to TC19 (Table 

2). The majority of the genes differentially expressed after treatment with TC84 were also expressed 
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in response to TC19 (Fig 3). Five min of treatment with BP2 yielded the lowest number of 

differentially expressed genes, and most of these genes were also differentially expressed in response 

to TC19 and/or TC84 (Fig 3). No genes were differentially expressed after 120 min treatment with 

BP2. In our analysis, we focused on specific regulons to obtain an overview of the response of B. 

subtilis to the AMPs. Only key genes that indicate a possible mode of action of the peptides are 

mentioned. Individual genes might not be differentially expressed by all three peptides. 

 
Table 2 The number of differentially* expressed genes after treatment with the AMPs. 

 
TC19 TC84 BP2 

  5 min 120 min 5 min 120 min 5 min 120 min 
Upregulated 187 528 107 36 39 0 
Downregulated  7 470 1 4 0 0 
* Genes are considered to be differentially expressed when the expression ratio exceeds a factor of two and shows a 
significant difference in log expression ratio (p ≤ 0.05). 

 

 

Figure 3. Venn diagrams depicting the numbers of shared differentially expressed genes in response to 
TC19, TC84 and BP2.  

 

B. subtilis responded to TC19, TC84 or BP2 by upregulating genes associated with the following 

two-component systems (TCSs) and their cognate genes: the liaIH-liaGFSR operon, the bceRS-

bceAB TCS-ABC transporters, the psdRS-psdAB TCS-ABC transporters, the yxdJKLMyxeA operon, 

ytrABCDEF and ywoBCD operons, and the yvrHb regulon (Fig S2 and Table S2). B. subtilis induced 

the expression of genes involved in all of the TCS mentioned in response to a 5 min TC19 exposure. 

Only the genes associated with the BceRS TCS, the YtrA regulon, the PsdRS TCS and the YvrHb 

regulon were differentially upregulated in response to 120 min of treatment with TC19. In response 



77 
 

to 5 min of treatment with TC84, genes associated with the LiaRS TCS, BceRS TCS, YxdJK TCS, 

the YtrA regulator and the YvrHb TCS were responsive. These genes were not upregulated in 

response to 5 min of treatment with BP2, except for one gene in the ytrABCDEF operon, and two in 

the YvrHb TCS. None of the TCSs and their cognate genes were differentially upregulated after 120 

min of treatment with TC84 or BP2. 

The LiaRS TCS is upregulated in response to cell wall synthesis inhibition but also to membrane 

perturbation [142,188,209,226–228]. The BceRS TCS, PsdRS TCS and the YtrA regulon are 

upregulated during cell wall synthesis inhibition [201,209,210,213,226]. YxdJK TCS are associated 

with cell membrane perturbation [188]. The YvrHb regulon plays a key role in maintaining the cell 

envelope integrity by positively regulating wprA, wapA-yxxG, dltABCDE, sunA, sunT-bdbA-yolJ-

bdbB, yvrI-yvrHa and sigX-rsiX, and negatively regulating the lytABC operon [229,230]. 

B. subtilis responded to TC19, TC84 or BP2 by upregulating the expression of genes under control of 

the extracytoplasmic function (ECF) sigma factors SigM, V, W and X, which play a key role in cell 

envelope stress response [188,201,203,206,209,226,231–238] (Fig S2). Genes associated with SigB 

were also differentially expressed, but most of the genes upregulated after 5 min and 120 min are 

shared by SigM, W or X (Fig S3). Downregulated genes associated with SigB were mostly 

differentially expressed after treatment with TC19 for 120 min, and the majority of these genes were 

not regulated by SigM, W or X (Table S3). These genes were involved in multidrug resistance and 

resistance against ethanol, salt, paraquat, low temperature, peroxide, and other antimicrobial stimuli.  

For an overview of the genes regulated and differentially expressed by SigM, V, W and X in 

response to TC19, TC84 or BP2 refer to Table S4. Results on genes relevant for the mode of action 

are summarized as follows. Genes involved in cell wall stress were upregulated. These were ydaH 

(also amj), bcrC, the penicillin-binding protein genes pbpX and pbpE, and ywaC, the biomarker gene 

for screening cell-wall active compounds [239]. The ydaH gene encodes a lipid II flippase involved 

in the transport of lipid II across the membrane [240] and bcrC encodes undecaprenyl pyrophosphate 

phosphatase important for cell wall synthesis and is involved in resistance against bacitracin and 

paraquat [201,241,242]. Genes involved in cell envelope biogenesis (divIB, mreC, mreD, murB and 

rodA), and lipoteichoic acid synthesis (yfnI) were also upregulated [243–248]. These responses 

indicate that the peptides impose cell wall stress on the B. subtilis cells. 

B. subtilis also responded to TC19 and TC84 by upregulating genes involved in modifying the cell 

surface such as the dlt operon, psd, and oat. DltA, DltB, DltC, DltD and DltE are all involved in the 

D-alanylation of teichoic acids and lipoteichoic acids [249]. Psd is a phosphatidylserine 
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decarboxylase and is involved in the synthesis of phosphatidylethanolamine (PE), a zwitterionic 

phospholipid of the cell membrane [250]. Oat is involved in O-acetylation of peptidoglycan, a 

modification that has shown to be involved in resistance of Gram-positive bacteria against lysozyme 

[251].  

Fatty acid metabolism was increased in response to exposure of B. subtilis cells to TC19 by the 

upregulation of yrhJ, a cytochrome P450 monooxygenases (CYP) referred to as P450 CYP102A3 for 

B. subtilis [252–254] (Table S4). CYP102A3 hydroxylates branched chain fatty acids, and the 

degradation of iso and anteiso fatty acids by CYP102A3 has been proposed as a means of altering 

the fluidity of the cell membrane [254,255]. B. subtilis also upregulated floT, floA, yuaF and pspA in 

response to TC19 and TC84. Genes floT, floA and yuaF and involved in membrane fluidity 

homeostasis and B. subtilis can alter its membrane fluidity by upregulating these genes. The phage 

shock homologue and biomarker for membrane distortion, PspA, is involved in stabilizing the 

membrane [235,256,257]. These responses all indicate a response of the bacteria to cell membrane 

distortion by the peptides. 

Bacterial cells may experience oxidative stress and DNA damage due to cell envelope distortion after 

treatment with the peptides. Indeed we found bcrC, yqjL, spx and yjbC upregulated, which are 

associated with oxidative stress or paraquat resistance [241,258–263]. Transcription of a DNA repair 

gene, recU [264], and DNA integrity scanning gene, disA [265], was upregulated. The sigma factor 

Xpf was differentially upregulated after treatment with TC19 and TC84, but not after treatment with 

BP2. B. subtilis has a suicidal response to DNA-damage by lysing and by producing the phage-like 

bacteriocin PBSX bacteriophage particles that kill strains non-lysogenic for this phage by damaging 

the cell wall [266]. Xpf positively regulates the expression of genes associated with PBSX particles 

production [266]. However, genes regulated by the Xre regulon were also upregulated after treatment 

with TC19 and TC84. Xre is a transcriptional repressor of Xpf [266]. The combined effects of 

upregulation of Xpf and Xre are unclear. 

Finally, the genes fosB, ybfO, ydbS, ydbT, yqeZ, yqfB, sunI, yfhL and yknWXYZ reported to be 

involved in resistance to antimicrobials were upregulated (Table S5). FosB is a metallothiol 

transferase shown to confer resistance to fosfomycin and to the antimicrobials produced by 

B. amyloliquefaciens [231,232]. YbfO is similar to an erythromycin esterase known to be involved in 

erythromycin resistance [213]. Genes ydbS and ydbT are involved in the resistance against the 

antimicrobials produced by B. amyloliquefaciens [231]. Genes yqeZ and yqfB as part of the 

yqeZyqfAB operon [231] and sunI [267] are involved in sublancin resistance, and yfhL and the 
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yknWXYZ operon in resistance to the B. subtilis toxic protein SdpC [231]. The gene encoding SdpC, 

yvaY, was not differentially expressed. However, mutants with deletions of genes (ones that are non-

essential) mentioned above did not show reduced susceptibility to TC19, TC84 and BP2 (Table S6). 

In summary, the transcriptomic analysis suggested that B. subtilis responded to the TC19, TC84 and 

BP2 exposure by upregulating genes associated with cell membrane distortion and cell wall 

synthesis. The induction of other gene sets indicates that alteration to the cell envelope likely caused 

oxidative stress and possibly DNA damage. B. subtilis thus respond to the changes to the cell 

envelope by gene expression aimed at changing the cell surface, altering membrane fluidity and 

upregulating genes associated with resistance against known antimicrobials.  

 

4.2.5 TC19, TC84 and BP2 cause membrane damage 

Since the transcriptomic analysis suggested that the cell envelope is targeted by the peptides, we 

employed TEM to investigate any structural changes that the treatment of TC19, TC84 and BP2 

might create after 5 min and 120 min. Lethal concentrations were used, which were 14 µM TC19 and 

TC84, and 3.5 µM BP2. Cells treated for 5 min with TC19, TC84 and BP2 stained black with uranyl 

acetate whereas the untreated cells appeared grey with black uranyl acetate deposited on the surface 

of the cell (Fig 4). TC19, TC84 and BP2 did not lyse the cells and no visible cell wall damage was 

observed at 5 min. In contrast, after 120 min of exposure, disrupted cells were observed (Fig 4). 

Cross sections of the cells treated for 5 min showed an irregularly distributed and abnormal nucleoid 

(Fig 4, red arrows). Uranyl acetate staining of the cells entirely, implying that membrane 

perturbation had occurred since the membrane was permeable to the dye. Membrane 

permeabilisation, in a peptide concentration dependent manner, was confirmed using the fluorescent 

dye Sytox Green (Fig 5). These findings suggest that the cell membrane is the primary target for the 

peptides. The cell wall stress response might be a result of cell membrane distortion and the irregular 

nucleoid could be a consequence of the loss of cell membrane integrity.  
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Figure 4. Transmission electron micrographs (TEM) of B. subtilis after peptide treatment. B. subtilis was 
treated for 5 and 120 min with 14 µM TC19, 14 µM TC84 or 3.5 µM BP2. Negative staining with uranyl 
acetate was performed of cells after treatment with the peptides and cross sections were performed of the 
uranyl acetate stained cells. Negative staining showed cells stained black with uranyl acetate indicating 
perturbed membranes (treated). Cells with an intact membrane appears grey with black uranyl acetate on 
the surface of the cell (untreated). Cross sections of the stained cells after treatment for 5 min with TC19, 
TC84 and BP2 had irregular nucleoids compared to the untreated cells (red arrows). After 120 min of 
treatment with the peptides the cross sections reveal lysed cells, while all observed untreated cells remained 
intact. Scale bar of microscopy images represent 1 µm. 

 

 

Figure 5. Sytox Green staining of B. subtilis after peptide treatment. Sytox Green stained cells were 
visualized at the green emission wavelength with fluorescence microscopy and quantified with flow 
cytometry. At a high concentration of AMP, 14 µM of TC19 and TC84, and 3.5 µM BP2, membrane 
perturbation can be observed as Sytox Green staining of the nucleic acid is visible in image a1, b1 and c1. 
Membrane perturbation was also detected at a lower concentration of AMP, at 3.5 µM TC19 and 0.22 µM 
BP2 as shown in images a2, b2 and c2. Peptide TC84 at a low concentration of 3.5 µM (b2) also caused Sytox 
Green fluorescent dye to enter the cells, but the fluorescence was less clearly visible suggesting a lower 
degree of membrane perturbation. Quantification of the Sytox Green staining of the cells suggest an 
increase in membrane perturbation with an increase of concentration, as shown in the graph. Microscopy 
images are overlays of phase contrast and fluorescence images. Treatment was for 5 min and results 
represent three biological repeats. Scale bar of microscopy images represent 2 µm.  
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4.2.6 Delocalization of membrane bound proteins 

To further address the molecular events involved in cell envelope homeostasis we analysed in more 

detail protein localization in the cell membrane starting from the notion that essential cellular 

processes, such as cell wall and cell membrane synthesis, occur at the plasma membrane [268]. To 

study the localization of various proteins involved and to aid in the elucidation of their function, we 

used a panel of mutant strains expressing proteins fused to green fluorescent protein (GFP), to 

investigate whether the membrane proteins delocalized after treatment with TC19, TC84 and BP2. 

The B. subtilis mutants were cultured in defined minimal medium (CMM), in which the growth of 

the bacteria is slow and protein localization might differ from previous reports where rich medium 

was used (Fig S4). Defined minimal medium was selected as the exact concentration of each 

component is known, unlike rich medium.  

MinD was initially evaluated, where MinD together with MinC forms a complex that inhibits the Z-

ring formation [269]. MinD-GFP is known to localize at the septum and at the cell poles [270]. In 

non-treated cells (Fig 6, image a) MinD-GFP indeed was localized at the septum, whereas once 

TC19, TC84 and BP2 were added MinD-GFP delocalized. At lethal concentrations, 14 µM TC19 

(b1) and TC84 (c1), and 3.5 µM BP2 (d1), MinD-GFP was evenly distributed throughout the cells. 

At sub-lethal concentrations, 3.5 µM TC19 and TC84, and 0.22 µM BP2, the appearance of MinD-

GFP was “spotty”. Such a “spotty” appearance of MinD-GFP when delocalized has also been 

observed for B. subtilis treated with compounds that dissipate the membrane potential, valinomycin 

or CCCP [270]. However, the even distribution of the MinD-GFP as observed after exposure to the 

high TC19, TC84 and BP2 concentrations has never been reported. We suspect that at lethal peptide 

concentrations MinD-GFP dissociates from the membrane due to rapid cell death, but at sub-lethal 

concentrations the protein remains attached but delocalized due to distortion of the membrane. 

Quantification of the microscopy images showed that MinD-GFP delocalization, both “spotty” and 

fully delocalized, occurred in a concentration dependent manner. This was the case for all GFP-

fusion proteins observed. Therefore, only results for lethal concentrations are shown. We 

investigated our microarray data to observe whether B. subtilis is responding directly to the 

delocalization of MinD or its associated protein MinC, but we found no differential expression of 

MinD or MinC after 5 or 120 min of treatment with the peptides.  

Delocalization or dissociation of the MinD-GFP occurred rapidly (≤ 5 min) (Fig 6). This was also 

observed for MreB (Fig 7). MreB is a cell-shape determinant that forms an important part of the cell 

wall synthesis machinery and is pivotal in maintaining cell membrane homeostasis [271–273]. Both 
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MinD and MreB requires the presence of a membrane potential for correct localization [270]. The 

transcriptomic analysis revealed that MreB was not differentially expressed after treatment with 

TC19, TC84 and BP2 (Table S7). Expression of the genes encoding the MreB homologous proteins 

Mbl and MreBH [272], however, were upregulated by 1.5 logFC and 4.6 logFC after TC19 treatment 

for 120 min (Table S7). After treatment with TC84 for 120 min MreBH were upregulated by 1.1 

logFC. The upregulation of these genes suggest that B. subtilis respond to the delocalization of these 

membrane bound proteins.  

The delocalization of MreB, together with the cell wall stress response, hinted at the possibility that 

other cell wall synthesis-associated proteins might also be delocalized. MreB forms a complex with 

MreC, MreD, RodA, MurG, MraY and several PBPs [274–276]. MurG was initially investigated as 

it has been shown to delocalize after treatment with the lipopeptide daptomycin, the cationic 

hexapeptide MP196, the cyclic decapeptide gramicidin S and the cyclic hexapeptide cWFW 

[132,230,277]. Treatment with TC19, TC84 and BP2 caused a rapid (≤ 5 min) delocalization of the 

MurG-GFP. MurG is a N-acetylglucosamine transferase that catalysis the addition of N-

acetylglucosamine to the N-acetylmuramic acid residue of lipid I, resulting in the formation of lipid 

II [245,278]. The transcriptomic analysis revealed that B. subtilis responded to the treatment with 

TC19 after 120 min by upregulating MurG and genes co-transcribed with MurG, MurB, SpoVE, 

DivIB and Sbp (Table S7) [204,279]. MurB was differentially expressed in response to TC84 after 

120 min. In conclusion, it appears that B. subtilis adjust the expression of genes associated with 

MurG functionality in response to MurG delocalization.  

Additional proteins involved in cell wall synthesis that delocalized after treatment with TC19, TC84 

and BP2 were MraY-GFP, PBP2b-GFP, PonA-GFP and FtsW-GFP. Essential MraY is a phospho-N-

acetylmuramoyl-pentapeptide transferase that catalyses the transfer of the phospho-MurNAc-

pentapeptide moiety to undecaprenyl phosphate located at the membrane, forming lipid I [245,278]. 

PonA is a class A penicillin binding protein (PBP) with both transglycosylase and transpeptidase 

activity [280–283]. MraY and PonA are both dependent on the proper localization of MreB 

[284,285]. Penicillin-binding protein 2b (PBP2b) is a class B transpeptidase involved in the cell wall 

synthesis during cell division [283,286]. PBP2b together with FtsW forms part of the divisome 

responsible for septal cell wall synthesis [287,288] as well as for the stabilization of the Z-ring [287]. 

The Z-ring is formed by the polymerization of a tubulin-like protein, FtsZ, into a circular structure at 

mid-cell [289]. Delocalization of PBP2b, FtsW or FtsZ will prevent proper formation of the Z-ring, 

which serves as a scaffold for other proteins involved in synthesizing the septum or cell division site 

[243], and will thus interfere with cell division.  
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A general range of proteins involved in cell membrane synthesis (PgsA and PlsX), ATP synthesis 

(AtpA), Krebs’ cycle and respiration (SdhA), cell division (FtsZ and DivIVA), transcription (RpoC), 

translation (RpsB) and DNA repair (DnaN and RecA) were selected to assess whether TC19, TC84 

and BP2 affect other cellular functions due to membrane distortion. Delocalization of all proteins 

involved in cell membrane synthesis, ATP synthesis, Kreb’s cycle and respiration, and cell division 

were observed. However, localization of RpoC and RpsB localized within the cytosol, and of DnaN 

and RecA, associated with the nucleoid, was not affected (Fig 7). Clearly the abnormal localization 

of ATP synthase subunit AtpA is an indication of extensive perturbation of the cell membrane. In 

normal cells the AtpA complex is uniformly distributed at the membrane and its delocalization has 

been used previously as an indicator for abnormal membrane curvatures [271].  

 

Figure 6. Delocalization of membrane bound protein MinD after peptide treatment using B. subtilis 
mutant MinD-GFP. MinD-GFP is localized at the cell poles and septa as shown in the fluorescence 
microscopy image of the untreated B. subtilis mutant MinD-GFP (a). MinD-GFP delocalizes when the 
membrane potential is dissipated. Delocalization of the MinD-GFP was observed after treatment with 14 µM 
and 3.5 µM of TC19 (b1 and b2) and TC 84 (c1 and c2), and with 3.5 µM and 0.22 µM BP2 (d1 and d2). 
Treatment was for 5 min. The graph shows the % of cells with delocalized MinD-GFP from a total of about 
600 cells analysed per treatment. The standard error bars represent three biological repeats. A total of 200 
cells were counted of each biological repeat. Scale bar represent 2 µm. 
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Figure 7. Delocalization of proteins involved in various cellular processes after peptide treatment. B. 
subtilis mutants producing proteins fused to green fluorescent protein (GFP) were treated with lethal 
concentrations of TC19 (14 µM), TC84 (14 µM) and BP2 (3.5 µM) for 5 min. The B. subtilis mutants expressed 
proteins involved in cell wall synthesis (MurG-GFP, MraY-GFP, PBP2b-GFP, PonA-GFP, MreB-GFP and FtsW-
GFP), cell membrane synthesis (PgsA-GFP and PlsX-GFP), cell division (FtsZ-GFP, DivIVA-GFP), ATP synthesis 
(AtpA-GFP), Krebs’ cycle and respiration (SdhA-GFP), transcription (RpoC-GFP), translation (RpsB-GFP) and 
DNA repair (DnaN-GFP and RecA-GFP). The comparison of images of treated and untreated cells showed that 
all proteins delocalized except proteins involved in transcription, translation, and DNA repair. Scale bar 
represent 2 µm. 
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4.3 Discussion 

TC19, TC84 and BP2 are predicted to share the common features of being cationic, amphipathic, 

alpha-helical peptides and comply with the characteristics of their class by distorting the cell 

envelope of B. subtilis in a non-specific manner. TC19, TC84 and BP2 were rapidly bactericidal (≤ 5 

min). Furthermore, as expected for this class of antimicrobial peptides, neither of these three peptides 

caused B. subtilis to develop resistance, as tested by 14 cycles of exposure to the peptides. TC19, 

TC84 and BP2 caused rapid membrane permeabilisation without causing overt cell lysis, as observed 

with the TEM and Sytox Green staining images. TC19, TC84 and BP2 at sub-lethal concentrations 

initiated a cell envelope stress response (CESR) by upregulating genes regulated by Sigma factors 

M, V, W and X and two component regulator systems (TCSs). B. subtilis responded to TC19 and 

TC84 similarly as when exposed to the natural cationic alpha-helical AMP LL-37 [290], by 

upregulating genes controlled by the LiaRS, YxdJK, and BceRS TCS regulators [188]. The YxdJK 

TCS has only been associated with cell membrane perturbation [188], but the LiaRS TCS have been 

linked with both cell wall synthesis inhibition and membrane perturbation [142,188,209,226–228]. 

The BceRS TCS and its cognate ABC transporters, BceAB, are upregulated in response to bacitracin 

and vancomycin, and are associated with cell wall synthesis inhibition [201,209,210]. Additionally, 

B. subtilis differentially upregulated the YtrA regulon in response to TC19 and TC84. The YtrA 

regulon has been associated with exposure to cell wall synthesis inhibiting compounds 

[209,213,226]. These findings suggest that TC19 and TC84 target the cell wall architecture and/or 

synthesis in addition to the cell membrane. However, LL-37 has to our knowledge not been shown to 

be involved in cell wall synthesis inhibition, and the upregulation of the BceRS TCS suggest that 

LL-37 is targeting cell wall synthesis. In the case of BP2, few genes were differentially expressed in 

response to the peptide. We speculate that it is due to the very rapid activity of BP2 that prevents the 

initiation of a stress response or that B. subtilis was exposed to an insufficient amount of BP2 to 

induce a similar stress response as TC19 and TC84. The few genes that were upregulated suggested 

that BP2 might have a similar cell envelope target as TC19 and TC84. However, the physiological 

analysis showed that no cell wall damage or cell lysis occurred after 5 min of treatment with lethal 

concentrations of TC19, TC84 and BP2. Instead, the membrane distortion caused by these peptides 

did cause delocalization of proteins essential for cell wall synthesis, MurG, MraY, MreB, PonA, 

PBP2b and FtsW, within 5 min of treatment. Exposure to LL-37 also caused delocalization of these 

membrane bound proteins involved in cell wall synthesis (Fig 8), suggesting that this delocalization 

may be a general effect of exposure to cationic, alpha-helical antimicrobial peptides acting on the 

membrane. Alpha-helicity of the peptides may not even be a prerequisite, since delocalization of 
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membrane bound cell wall synthesis proteins has also been reported for non-pore-forming linear 

hexapeptide MP196, lipopeptide daptomycin and non-pore-forming cyclic hexapeptide cWFW 

[132,230,277]. The changes which TC19, TC84, BP2 and LL-37 cause to the membrane must be 

different to those caused by daptomycin, since daptomycin did not affect the localization of integral 

membrane proteins MraY and PBP2b unlike the alpha-helical peptides [277]. The activity of TC19, 

TC84 and BP2 on the cell membrane also caused other proteins involved in cell membrane synthesis 

and metabolism to delocalize. Delocalization of such proteins prevents their normal functioning 

[270,291] and will be deleterious for the survival of the cells.  

 

Figure 8. The delocalization of proteins involved in cell wall synthesis was evaluated after treatment with 
lethal concentrations of LL-37 (4 µM) using B. subtilis mutants. B. subtilis mutants producing proteins 
(MurG, MraY, Pbp2B, PonA, MreB and FtsW) fused to the green fluorescent protein (GFP) showed to be 
delocalized after treatment with LL-37 when compared with the normal localization of the proteins in 
untreated cultures. 

 

4.4 Conclusion 

TC19, TC84 and BP2 showed to be promising candidates as antimicrobial agents against Gram-

positive vegetative bacterial cells as their membrane perturbation activity causes interference with 
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various essential cellular processes leading to death. We observed no adaptation or resistance 

development against TC19, TC84 and BP2. No difference in mode of action between TC19 and 

TC84 was found, but BP2 was more rapidly active compared to TC19 and TC84 which we suspect is 

due to its higher cationic charge. We employed a transcriptomic approach to elucidate the mode of 

action and observed that the membrane perturbation caused by the alpha-helical cationic peptides 

induced a membrane and cell wall stress response. With the aid of the green fluorescent protein fused 

to essential proteins bound to the membrane, we were able to establish that proteins involved in cell 

wall synthesis are delocalized. Delocalization will have a deleterious effect on the normal 

functioning of the proteins. Conclusively, our findings have elucidated crucial aspects of the mode of 

action of TC19, TC84 and BP2. The observed lack of readily emerging resistance implies significant 

potential for further preclinical studies aimed at clinical development.  

4.5 Materials and Methods 

4.5.1 AMP information, strains used and the culturing conditions 

TC19 (LRCMCIKWWSGKHPK), TC84 (LRAMCIKWWSGKHPK) and BP2 

(GKWKLFKKAFKKFLKILAC) were dissolved in 0.01 % acetic acid and stored at -20 °C. Stocks 

were thawed on ice prior to experiments.  

Bacillus subtilis strains used in the study can be found in Table S1. B. subtilis cultures were prepared 

in complete minimal medium (CMM). This medium contained Spizizen´s Minimal Medium (SMM), 

as described in Anagnostopoulos & Spizizen (1961) [292], with the modifications described in 

Halbedel et al. (2014) [293]. Pre-cultures were prepared by inoculating a single colony from Luria 

Broth (LB) solid medium into 5 ml LB medium and culturing overnight. The overnight culture was 

inoculated into CMM or LB to have an initial optical density at an absorbance of 600 nm (OD600) of 

0.05 and subsequently incubated until an OD600 of 0.4 to 0.6 (the early exponential growth phase) 

was obtained. The pre-cultures were diluted for each experiment to an OD600 of 0.2, if not specified 

otherwise. Culturing was performed at 37°C under continuous agitation at 200 rpm where 

appropriate. Culturing media were supplemented when required. Information about the medium 

supplements required for each strain can be found in the Table S1.  

4.5.2 Determination of the MIC and MBC 

To obtain the lowest concentration necessary to have an inhibitory effect on B. subtilis (strain 168), 

the MIC was determined. The MBC was determined to establish whether the AMPs are lethal at 
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concentrations close to the MIC. The MIC was determined by measuring the OD600 for 24 hrs in a 

microtiter plate reader (Multiskan FC, Thermo Scientific). Vegetative cells at an OD600 of 0.02 (1 x 

107 CFU/ml) were treated in CMM containing the AMP. A two-fold serial dilution from 56 µM to 

0.11 µM of the AMP was prepared. The control consisted of CMM without AMP. The experimental 

conditions to determine the MBC were similar to the MIC, but after 24 hrs the culture in every well 

was plated out onto LB solid medium. The MIC was considered to be the lowest AMP concentration 

where no outgrowth was observed, meaning no change in OD600 for vegetative cells. The MBC was 

considered to be the lowest AMP concentration which killed 99.99% of the culture after 24 hrs.  

4.5.3 Assessing the development of resistance to the AMPs 

Adaptation or the development of resistance was evaluated by performing an evolutionary study. B. 

subtilis was inoculating at an OD600 of 0.02 (1 x 107 CFU/ml) in CMM with AMPs ranging from 56 

µM to 0.44 µM. Culturing was performed for 24 hrs and the MICs were determined by measuring 

the OD600. The lowest concentration that had no detectable growth was noted as the MIC. Cultures 

that had an OD600 of ≥ 50 % of the OD600 of the untreated cultures were selected to be re-inoculated 

in fresh CMM containing the AMPs. Cultures were inoculated into the fresh medium to a final OD600 

of 0.02. Cultures were subjected to repeated exposure to the AMPs for 14 passages. Ciprofloxacin 

was used as a positive control. Ciprofloxacin is an antibiotic of the fluoroquinolone class known to 

target DNA gyrase and topoisomerase IV, thus inhibiting DNA replication [294]. Results were 

reported as fold change in MIC over number of passages. 

4.5.4 Time-kill assay to observe the killing effect of the AMPs on B. subtilis at concentrations close 

to the MIC values 

To observe the killing effect of the AMPs on B. subtilis vegetative cells over time, a time-kill assay 

was performed using the MIC concentrations determined previously. The cell number was increased 

from 1 x 107 CFU/ml using during determining the MIC to 1 x 108 CFU/ml. A pre-culture was 

diluted to an OD600 of 0.2 (1 x 108 CFU/ml) with CMM and divided into 1 ml aliquots. To each 1 ml 

aliquot, the AMP was added to reach a final concentration at the MIC and at values close to the MIC. 

This was 56 µM to 0.11 µM for TC19, TC84 and BP2. The control was a culture incubated without 

AMPs. From each 1 ml reaction, 25 µl was removed and added to 25 µl of 0.1 % w/v 

polyanetholesulfonic acid sodium salt (SPS), a polyanionic polymer that neutralizes the cationic 

AMPs [224,295]. The samples in SPS were diluted in 0.85 % w/v NaCl (saline solution) to obtain a 

ten-fold serial dilution range from 10-1 to 10-6. From the undiluted sample and dilution series, 10 µl 

was removed and spotted onto LB solid medium. The overnight incubation was performed at 37°C. 
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The number of CFUs were quantified and the results were expressed as log10 CFU/ml. Aliquots were 

removed at time points 5, 30, 60 and 120 min. Three biological repeats were performed. 

Concentrations used in subsequent experiments are based on the time-kill assay results. 

4.5.5 Preparation of RNA for microarray analysis 

The sample preparation for RNA isolation was performed by culturing B. subtilis overnight in 200 

ml CMM. The overnight culture was diluted with pre-warmed CMM to have a final OD600 of 0.02 

and volume of 600 ml. When the culture reached an OD600 of 0.4, it was diluted with pre-warmed 

CMM to have a final OD600 of 0.2. The culture was split into 150 ml fractions and added to 1 L 

polypropylene Erlenmeyer flasks. To each flask AMP was added to have a final concentration of 3.5 

µM TC19 and TC84, and 0.22 µM BP2. These peptide concentrations caused a one log reduction in 

CFU/ml during the time kill assay. The cultures were incubated for 5 min and 120 min. SPS was 

added to have a final concentration of 0.05% w/v and the cells harvested by centrifuging for 2 min at 

10 000 rpm and at 20°C using the Sorvall RC-6 (Thermo Scientific). Residual medium was removed 

by centrifuging the pellet for 5 min at 4 000 rpm. The pellet was snap frozen using liquid nitrogen for 

subsequent RNA isolation.  

RNA was isolated by initially grinding the frozen pellet with a mortar and pestle. The ground cells 

were added to occupy about 50 µl of a pre-chilled Eppendorf tube. To each Eppendorf tube 300 µl 

Trizol was added. After incubating the mixture for 5 min at room temperature (20°C), 60 µl 

chloroform was added and incubation at room temperature was continued for 3 min. The mixture 

was centrifuged for 15 min at 12 000 rpm at 4°C and the upper aqueous layer removed. This aqueous 

layer was added to 1 volume 70% ethanol and the mixture transferred to an RNeasy MinElute spin 

column (Qiagen). Subsequently, the method prescribed by the manufacturer of the RNAease Mini 

Kit (Qiagen) was followed. 

4.5.6 Synthesis of labelled cDNA, hybridization, and scanning of the DNA microarrays 

The RNA concentrations were measured on the NanoDrop ND-2000 (Thermo Scientific). The 

integrity of the RNA samples was assessed on a 2200 TapeStation system (Agilent Technologies) 

using the RNA ScreenTape (Agilent Technologies). Per sample, 5 µg of total RNA was combined 

with ArrayControl RNA Spikes (Ambion) and 1 µg random octamers (Biolegio), denatured at 65°C 

for 10 min and placed on ice-water for 5 min. Subsequently, a first strand master mix was added 

containing first strand buffer (Thermo Fisher Scientific), 0.5 mM dGAC, 0.35 mM dUTP, 0.15 mM 

dUTP-Cy3 (GE Healthcare) and 200 U SuperScript IV (Thermo Fisher Scientific). This mixture was 



90 
 

subsequently incubated for 5 min at 25°C, 60 min at 50°C and 10 min at 80°C. Finally, NaOH was 

added to hydrolyse the remaining RNA by heating at 70°C for 15 min. The reaction was stopped by 

adding MOPS buffer and the labelled cDNA was purified with the E.Z.N.A. MicroElute RNA Clean-

up Kit (Omega Biotek). Dye incorporation and cDNA yield were measured on the NanoDrop ND-

2000 yielding a frequency of incorporation of > 10 pmol/µg. 

Each hybridization mixture was made up from 1.1 µg Test (Cy3) and 1.1 µg Reference (Cy5) 

sample. Samples were dried and 1.98 µl water was added. The hybridization cocktail was made 

according to the manufacturer’s instructions (NimbleGen Arrays User’s Guide – Gene Expression 

Arrays Version 5.0, Roche NimbleGen). To each sample 7.2 µl from this mix was added. The 

samples were incubated for 5 min at 65°C and 5 min at 42°C prior to loading. Hybridization samples 

were loaded onto a 12x135 K microarray custom designed against B. subtilis (Roche NimbleGen). 

Microarrays were hybridized for 20 hrs at 42°C with the NimbleGen Hybridization System (Roche 

NimbleGen). Afterwards, the slides were washed according to the NimbleGen Arrays User’s Guide – 

Gene Expression Arrays Version 6.0 and scanned with an Agilent DNA microarray scanner 

G2565CA (Agilent Technologies). Feature extraction was performed with NimbleScan v2.6 (Roche 

NimbleGen).  

4.5.7 Microarray data extraction and processing 

The microarray data were analysed using the R statistical language (https://cran.r-project.org/) with 

packages made available by the Bioconductor project (https://www.bioconductor.org/). Gene 

expression values were calculated using the robust multi-array average (RMA) algorithm [296]. The 

normalized data was statistically analysed for differential gene expression using a mixed linear 

model with coefficients for Block (random), and each experimental treatment (fixed) [297,298]. A 

contrast analysis was applied to compare each exposure, which were 5 or 120 min of treatment with 

the peptide, with the control, which was the untreated sample. The Fs test statistic [299] was used for 

hypothesis testing and the resulting p-values were corrected for false discoveries according to [300]. 

Genes were considered to be differentially expressed when the expression ratio exceeded a factor of 

two and showed a significant difference in log expression ratio (p ≤ 0.05). Identified genes were 

categorized according to SubtiWiki (http://subtiwiki.uni-goettingen.de/). 

4.5.8 Confirming membrane damage using transmission electron microscopy (TEM) 

Physiological changes to B. subtilis after treatment were observed using TEM. The culture was 

prepared as mentioned previously in the time-kill assay and harvested after incubating the culture 

http://subtiwiki.uni-goettingen.de/
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with the AMPs for 5 or 120 min. One volume of Mc Dowell's fixative was added to the treated 

culture and the cells were pelleted using centrifugation for 2 min at 10 000 rpm. The supernatant, 

containing the fixative and medium, was removed and undiluted Mc Dowell's fixative added to the 

pelleted cells for preservation until further processing.  

Negative staining of the cells was performed using uranyl acetate. In brief, the Mc Dowell's fixative 

was removed from the sample after centrifugation. The cells were washed once and re-suspended 

with double distilled water. Carbon coated grids were place on top of a 10 µl aliquot of bacterial cell 

suspension for 2 min and washed 5 times on a drop of distilled water. The grids were, subsequently, 

placed on top a small drop of 3.5 % uranyl acetate for 1.5 min and excess uranyl acetate was 

removed by holding the grids to a filter paper at an angle of 45°. The grids were finally dried in the 

petri dish with filter paper prior to imaging.  

The B. subtilis cells on the grids were visualized and examined with a FEI Technai-12 Spirit Biotwin 

transmission electron microscope (FEI, Eindhoven, Netherlands) and micrographs were taken with a 

Veleta side-mounted TEM camera using Radius acquisition software (Olympus Soft Imaging 

Solutions, Münster, Germany). Image measurements were performed with processing features within 

the Radius software package. One biological repeat was performed.  

4.5.9 Membrane perturbation measurement using the fluorescent dye, Sytox Green 

Sytox Green (Molecular Probes, Invitrogen), a nucleic acid staining dye that can only penetrate a 

compromised membrane, was used to determine whether the AMPs caused membrane perturbation. 

Flow cytometry was employed to quantify the number of cells positively stained with Sytox Green 

after treatment with the AMPs for 5 min. B. subtilis cells were pelleted using centrifugation at 10 000 

rpm for 2 min and residual CMM removed. The pellet was re-suspended in 0.85 % w/v NaCl and 5 

µM of Sytox Green (Molecular Probes, Invitrogen) added. The mixture was incubated for 15 min in 

the dark at room temperature. The stained cells were subsequently washed twice with 0.85 % w/v 

NaCl and re-suspended in 1 ml 0.85 % w/v NaCl. Stained and unstained cells were counted based on 

fluorescence measurements after exposure to an argon lamp (488 nm) at an excitation and emission 

wavelength of 500 to 550 nm, respectively, using the Gallios Flow cytometer (Beckman Coulter). A 

total of 10 000 cells were counted and the ungated results were reported as % Sytox Green stained 

cells. Three biological repeats were performed. Microscopy imaging was performed using the 

Olympus BX-60. The Olympus BX-60 was mounted with a CoolSnap fx (Photometrics) CCD 

camera and an UPLANFl 100x/1.3 oil objective (Tokyo, Japan). Microscopy images were analysed 

in ImageJ (http://rbsweb.nih.gov/ij/). 

http://rbsweb.nih.gov/ij/
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4.5.10 Bacterial cytological profiling using mutants producing green fluorescent protein (GFP) 

fusion proteins 

B. subtilis mutants expressing proteins fused to the GFP, were used to determine whether the AMPs 

caused delocalization of proteins involved in various cellular processes, thus rendering these 

processes inactive. Culturing was in CMM containing the required supplements for induction (Table 

S1). Treatment with the AMPs was for 5 min while shaking at 37°C. GFP-fused proteins were 

visualized using the Nikon Eclipse Ti fluorescence microscope at an excitation wavelength of 395 ± 

5 nm and emission wavelength of 509 ± 5 nm. Microscopy slides were prepared by transferring 0.5 

µl culture onto a thin 1.5 % w/v agarose pad on a microscopy slide. These experiments were 

performed in duplicate. Quantification of images were performed by counting 200 cells of three 

biological repeats and expressing the results as % cells with delocalized proteins of the total cells 

counted. The Nikon Eclipse Ti was equipped with an Intensilight HG 130 W lamp, a C11440‐22CU 

Hamamatsu ORCA camera, a CFI Plan Apochromat DM 100x oil objective, an OkoLab stage 

incubator (Napoli, Italy) and with the NIS elements software version 4.20.01. Microscopy images 

were analysed in ImageJ/Fiji (http://rbsweb.nih.gov/ij/). 
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Chapter 5 

Bactericidal activity of alpha-helical cationic 

antimicrobial peptides involves altering the membrane 

fluidity upon insertion into the phospholipid bilayer  

 

Soraya Omardien, Jan W. Drijfhout, Frédéric M. Vaz, Michaela Wenzel, 

Leendert W. Hamoen, Sebastian A. J. Zaat and Stanley Brul 

 

Abstract 

Alpha-helical cationic antimicrobial peptides (AMPs) TC19 and TC84, derived from the major 

AMPs of human blood platelets, thrombocidins, and Bactericidal Peptide 2 (BP2), a synthetic 

designer peptide showed to perturb the membrane of Bacillus subtilis. We aimed to determine the 

means by which the three AMPs cause membrane perturbation in vivo using B. subtilis and to 

evaluate whether the membrane alterations are dependent on the phospholipid composition of the 

membrane. Physiological analysis were employed using Alexa Fluor 488 labelled TC84, various 

fluorescence dyes, fluorescent microscopy techniques and structured illumination microscopy. TC19, 

TC84 and BP2 created extensive fluidity domains in the membrane that are permeable, thus 

facilitating the entering of the peptides and the leakage of the cytosol. The direct insertion of the 

peptides into the bilayer create the fluid domains. The changes caused in the packing of the 

phospholipids lead to the delocalization of membrane bound proteins, thus contributing to the cell’s 

destruction. The changes made to the membrane appeared to be not dependent on the composition of 

the phospholipid bilayer. The phase boundary defect of the AMPs is sufficient to facilitate the 

entering of the peptides and leakage of the cytosol. Here we show for the first time in vivo that alpha-

helical cationic AMPs cause “membrane leaks” at the site of membrane insertion by altering the 

organization and fluidity of the membrane.  

Submitted  
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5.1 Introduction 

With the rise of antibiotic resistance, antimicrobial peptides (AMPs) have been proposed as an 

alternative novel class of antibiotics. Studies seek to understand the mechanism of binding and 

membrane distortion of AMPs with the intention to improve the design of synthetic or derived 

peptides. Biophysical studies using model membrane systems are commonly used since biological 

membranes tend to be multifarious, whereas model membranes can have specifically defined 

properties. However, it is often in dispute about whether these studies fully explain the complex 

interaction between AMPs and microbial membranes of living cells. Knowledge of the mode of 

action of AMPs performed with living microbial cells, to corroborate or to contradict observation 

made with lipid vesicles, could be beneficial in understanding the membrane perturbation 

mechanism of AMPs.  

“Pore-formation” of alpha-helical peptides is associated with the toroidal model, where the AMP is 

thought to insert into the membrane causing the membrane to bend inward with the AMP-lipid head 

groups facing the central pore [171]. The alternative model, the carpet model, is considered an 

extension of the toroidal model, where the peptide accumulates at higher concentrations at the cell 

membrane surface causing the membrane to break off into micelles structures as if treated with a 

detergent [66,171]. Membrane thinning [301] and phase boundary defects [302–305] have also been 

associated with pore-formation. However, instead of viewing pore-formation as a ordered event, it 

likely should be considered stochastic as proposed in studies performed with alamethicin [306], 

melittin [307], magainin [308] and maculatin [309]. Recently, the mode of action of lipopeptide 

daptomycin and the non-pore-forming cyclic hexapeptide cWFW [230,277] was attributed to the 

altering of membrane fluidity. Here we aimed at extending the analyses on membrane fluidity to the 

classical alpha-helical AMPs. For this we used the alpha-helical thrombocidin derivatives (TC19 and 

TC84) and designer peptide (BP2) that have been shown to perturb the membrane of B. subtilis 

(Chapter 4).  

We found that TC19, TC84 and BP2 altered the fluidity of the membrane of B. subtilis vegetative 

cells. A-typical fluid domains were created within an otherwise rigid membrane. We propose that a 

phase boundary defect arises at the fluid-liquid domain borders, which facilitate the passage of the 

peptides to the intracellular compartment. Additionally, we found that the activity of TC19, TC84 

and BP2 was not necessarily dependent on the composition of the phospholipid bilayer but on the 

presence of anionic phospholipids, as assessed using phospholipid synthesis mutant B. subtilis 

strains.  
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5.2 Results 

5.2.1 TC19, TC84 and BP2 dissipate the membrane potential gradually 

Previously, it was observed that TC-1, the original protein design template for TC19 and TC84, did 

not dissipate the membrane potential of Lactococcus lactis [75]. Recently, lipopeptide daptomycin 

was shown to cause a gradual membrane dissipation profile compared to the K+/Na+ channel-

forming Gramicidin ABCD peptide mix, as detected using the fluorescent dye DiSC3(5) [277]. We 

employed DiSC3(5) to evaluate whether TC19, TC84 and BP2 dissipate the membrane potential 

rapidly as expected with pore-forming peptides. The positively charged DiSC3(5) accumulates 

intracellularly during hyperpolarization of the membrane and is released from the cell when 

depolarization takes place [310]. A loss of DiSC3(5) signal is observed after the addition of the dye 

due to its spectral shift once it is aggregated intracellularly. When the ionophore valinomycin is 

added, it dissipates the membrane potential in the presence of potassium ions, resulting in a rapid 

increase in the DiSC3(5) signal [311]. The lantibiotic Nisin A was added as a control. Nisin binds to 

lipid II, a membrane-anchored cell wall precursor that is essential for cell wall biosynthesis, to form 

defined pores [312]. 

Valinomycin instantly dissipated the membrane potential (Fig 1). Peptide TC84, TC19 and BP2 

dissipated the membrane potential (Fig 1), but with lethal concentration of TC19 (14 µM), TC84 (14 

µM) and BP2 (3.5 µM) (Chapter 4) only a gradual increase in DiSC3(5) signal was observed. A “lag 

time” of about 5 minutes was required before an increase in DiSC3(5) could be observed. Only after 

about 25 minutes of treatment with TC19 and TC84 did the DiSC3(5) signal reach its maximum, 

suggesting a slow depolarization of the membrane. The delayed increase in DiSC3(5) signal of TC19 

and TC84 was similar to what was observed for the lipopeptide daptomycin [277], but differed from 

pore-forming lantibiotic Nisin A, the K+/Na+ channel-forming peptide mix Gramicidin ABCD [277] 

and the helical pore-forming peptide KLA-1 [230]. A delay in DiSC3(5) signal was also observed for 

Nisin A compared to valinomycin, but the delay was shorter than for TC19 and TC84 (Fig 1). BP2 

caused a similar DiSC3(5) signal profile as Nisin A. Additional valinomycin was added after 30 

minutes of treatment with the AMPs and a further increase in DiSC3(5) release was observed 

suggesting that complete dissipation of the membrane potential does not occur after treatment with 

TC19, TC84 and BP2. A further increase in DiSC3(5) release was not observed for valinomycin. 

Valinomycin functions as a potassium ion carrier that specifically dissipates the membrane potential 

in the presence of potassium ions [311], thus increasing the concentration of valinomycin in the 

medium will not cause further loss in membrane potential. In conclusion, these data led us to infer 
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that TC19 and TC84 do not necessarily create “discrete membrane pores”. Instead, the alterations 

made to the membrane due to the insertion of the peptide might cause changes to the fluidity to the 

membrane similar to what has been seen for daptomycin [277]. 

 

Figure 1. Graphs depicting the loss of membrane potential after treatment with TC19, TC84, BP2, Nisin A 
and valinomycin using the fluorescent dye DiSC3(5). After the addition of DiSC3(5), the dye accumulates 
within the cell deploying its membrane potential. a) Valinomycin, TC19, TC84, BP2 and Nisin A was added 10 
minutes after the addition of DiSC3(5). Valinomycin rapidly dissipates the membrane potential (ΔΨ) in the 
presence of potassium ions. TC19, TC84, BP2 and the control Nisin A dissipated the membrane potential, but 
slower than valinomycin. b) Additional valinomycin was added 25 minutes after the addition of the peptides 
to completely dissipate the membrane potential. Results are expressed at relative fluorescence in arbitrary 
units (a.u). 

 

5.2.2 TC19, TC84 and BP2 distort the membrane by creating fluid membrane domains 

To evaluate whether our AMPs affect membrane fluidity the fluorescent probe Laurdan was 

employed. Laurdan localizes at the hydrophobic-hydrophilic interface of the phospholipid bilayer 

where the lauric acid tail of this fluorescent probe is anchored in the phospholipid acyl chain region 

[313]. In the gel phase (liquid ordered) phospholipids are tightly packed and less water molecules are 

present than in the loosely packed liquid-phase (liquid disordered) [313–315]. Upon excitation, the 

dipolar moment of Laurdan is influenced by the dipolar moment of surrounding water molecules 

causing a spectral shift. Thus Laurdan anchored in a gel-phase (blue) will emit at a different 

wavelength compared to when the compound is present in a liquid membrane-phase (red). We found 

that culturing B. subtilis in CMM (defined minimal medium) resulted in a smaller cell size compared 

to B. subtilis cells obtained from rich LB medium cultures. Furthermore, previous studies made use 

of B. subtilis cultured in LB to evaluate changes in membrane fluidity using Laurdan [230,277]. 

Hence to cover both minimal and rich environmental conditions, we decided to study B. subtilis cells 

obtained from both CMM and LB cultures when evaluating membrane alterations. 
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TC19, TC84 and BP2 caused a rapid increase in Laurdan general polarization (GP) values, 

suggesting an instant membrane rigidification (< 2 min) after the addition of the peptides (Fig 2A). 

The negative controls treated with the solvent used for the peptides showed no change in membrane 

fluidity, whereas benzyl alcohol (BA) rapidly fluidized the membrane as expected. BA increases the 

penetration of water molecules into the hydrophobic region of the phospholipid bilayer thus 

increasing the liquid-phase of the membrane [271,316]. Similarly, daptomycin and the non-pore-

forming cyclic hexapeptide cWFW showed to cause rapid membrane rigidification, and it was 

suggested that the changes in fluidity are due to direct insertion of these agents into the membrane 

[230,277].  

Laurdan fluorescence microscopy images were evaluated for B. subtilis cells cultured in CMM (Fig 

2B). However, B. subtilis cells cultured in CMM was too small to visualize the effect of the peptides 

on the membrane, therefore changes in membrane fluidity were evaluated using LB cultured cells 

(Fig 3A). The images confirmed the increase in fluidity of BA treated cells compared to untreated 

cells (Fig 3A and 3B). After treatment with TC19, TC84 and BP2 the images revealed large liquid-

phase domains in the membrane, but an increase in gel-phase of the membrane bulk (Fig 3A and 

3B). Staining with DiIC12, confirmed the formation of fluid domains in the membrane after treatment 

with the AMPs (Fig 4). DiIC12 differs from Laurdan in that it preferentially partitions out of the gel-

phase into the liquid-phase [317,318]. Daptomycin and the cyclic hexapeptide cWFW have also been 

shown to separate the membrane into domains of opposing fluidity [230,277], but the domain 

formation caused by the alpha-helical, TC19, TC84 and BP2, were different. TC19, TC84 and BP2 

rigidified and created fluid domains almost instantaneously (within 5 min), but daptomycin only 

caused changes to the membrane fluidity after 30 min of treatment even though membrane 

rigidification was instant (within 2 min). Furthermore, distinctive rigid domains are only visible after 

prolonged treatment (60 min) with daptomycin. Similarly, cWFW required 20 min to cause rigid 

domain formation. TC19, TC84 and BP2, however, altered the membrane by creating fluid domains 

which are most likely due to direct insertion of TC19, TC84 and BP2 into the membrane. Treatment 

with carbonyl cyanide m-chlorophenylhydrazone (CCCP), a proton-ionophore that rapidly dissipates 

the proton motive force (pmf), also showed to create fluid domains in the membrane of B. subtilis 

that prevented ATP synthesis and delocalized membrane bound proteins MreB and MinD [270,271].  

To confirm the observed alteration to the membrane and cytosol leakage, B. subtilis PrpsD-sfGFP 

stained with the membrane dye, Nile Red, were evaluated using SIM after treatment with lethal 

concentrations of TC19, TC84 or BP2. Nile Red has a stronger signal when the membrane is in fluid 

phase. Untreated cells showed equal distribution of Nile Red fluorescence over the membrane. After 
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treatment, B. subtilis PrpsD-sfGFP showed perturbed membrane domains characterized by unequal 

staining near the septum, but also at random areas in the membrane similar to what was observed 

with the Laurdan GP images (Fig 5). These observations suggest plasmolysis occurs when lethal 

concentrations are used. The perturbed membrane areas were curved inwards and the Nile Red signal 

appeared more intense at these perturbed membrane areas compared to the rest of the membrane, 

suggesting that these areas were more fluid than the rest (Fig 5). Less PrpsD-sfGFP signal was also 

observed at the perturbed membrane areas.  

 

 

Figure 2. Laurdan staining of B. subtilis after peptide treatment to determine membrane fluidity 
alterations. (A) Spectroscopy measurements showed the rapid rigidification of the membrane after the 
addition of TC19, TC84 and BP2 with an increase in Laurdan GP values compared to the untreated cells. 
Benzyl alcohol, a known membrane fluidizer, indeed increased membrane fluidity with a Laurdan GP value 
lowered compared to that of untreated cells. Laurdan GP values were normalized against those of untreated 
cells. Fluorescence microscopy images showed that TC19, TC84 and BP2, after 5 minutes of treatment, 
create fluid domains in the membrane of B. subtilis cultured in CMM. Scale bar represent 2 µm.  
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Figure 3. Laurdan staining of B. subtilis after peptide treatment to determine membrane fluidity 
alterations. (A) Fluorescence microscopy images showed that TC19, TC84 and BP2, after 5 minutes of 
treatment, create fluid domains in the membrane of B. subtilis cultured in LB. The rest of the membrane was 
more rigid. (D) Quantification of pixel intensity showed that the fluid domains were more fluid and the rigid 
areas were more rigid than in the untreated cells. Scale bar represent 2 µm. 
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Figure 4. Fluorescence microscopy images of DiIC12 stained B. subtilis cells, cultured in LB and CMM, to 
confirm changes in membrane fluidity after treatment with TC19, TC84 and BP2. After 5 minutes of 
treatment, fluid membrane domains were observed similar to those observed in Laurdan stained cells (Fig 2 
and 3). Fluid lipid domains are clearly visible after treatment with all three peptides in B. subtilis cell cultured 
in LB. Fluid lipid domains were visible in B. subtilis cells cultured in CMM, but the small size of the cells 
reduce the visibility of the domains similar to what was observed with Laurdan stained cells cultured in 
CMM. 

 

 

Figure 5. Structured illumination microscopy (SIM) imaging of B. subtilis PrpsD-sfGFP after peptide 
treatment. B. subtilis PrpsD-sfGFP cultured in LB and CMM after treatment with lethal concentrations of 
TC19 (14 µM), TC84 (14 µM) and BP2 (3.5 µM) to probe for membrane deformation and possible cytosolic 
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leakage. The membrane was stained with Nile red. LB and CMM cultured cells showed deformed membrane 
areas at the cell poles and septum, but also at random locations on the membrane (turquois arrows). 
Leakage of the cytosol was observed with the loss of PrpsD-sfGFP signal, but membrane deformation did not 
always cause cytosol leakage. Scale bar represents 2 µm.  

 

5.2.3 Confirmation of membrane alterations using an Alexa Fluor 488 labelled TC84 

To observe the possible binding site of the AMPs, TC84 was employed as a reference peptide and 

labelled with Alexa Fluor 488. Labelling of TC84 with Alexa Fluor 488 altered the activity of the 

peptide as the MIC value was higher than the highest tested concentration of 56 µM (Fig 6A). At 56 

µM Alexa Fluor 488 labelled TC84 (Alexa488-TC84) an extended lag time was observed compared 

to the lower concentrations, but an MIC was not reached. Fifty six µM Alexa488-TC84 reduced the 

culture by one log CFU/ml after 15 min of treatment, possibly causing the lag time in the growth 

curve observed. We speculate that the anionic Alexa Fluor 488 moiety is reducing the electrostatic 

interaction required for cationic TC84 to interact with the anionic cell envelope of B. subtilis. 

Nonetheless, Alexa488-TC84 could give an indication of the membrane binding characteristics of 

the peptide. Alexa488-TC84 at 14 µM bound rapidly (≤ 5 min) to the membrane. The fluorescent 

compound accumulated at the septum, but also at lower intensity at random areas of the membrane 

(Fig 6B). Anionic phospholipid CL were previously reported to be located at the septum and poles of 

B. subtilis membranes [319], suggesting that the peptides interact with this anionic phospholipid. 

However, the location of CL are currently in dispute [320]. Moreover, the Alexa488-TC84 binding 

sites co-localized with the fluid domains observed in the co-staining Laurdan GP images. The 

binding of Alexa488-TC84 to the cell membrane was irreversible as the peptide remained bound 

after multiple washing steps. These finding suggested that TC84 might also bind to and remain 

within the phospholipid bilayer of the cell membrane. Laurdan stained cells were treated with 14 

µM Alexa488-TC84 for 5 minutes to evaluate whether fluid domains are formed. Indeed, Alexa488-

TC84 was bound to fluidic areas (Fig 6B). These finding suggest that the fluid domains observed are 

formed at sites of accumulation of the peptides in the membrane. We hypothesize that the insertion 

of the peptides into the membrane locally increases the concentration of water molecules and the 

mobility of the acyl chains. 

Similar to situation with unlabelled TC84, the change in fluidity induced by the insertion of 

Alexa488-TC84 into the membrane caused the peripheral membrane protein MreB (MreB-mCherry) 

and the integral membrane protein PBP2b (PBP2b-mCherry) to delocalize (Fig 6C). Cells treated 

with the low concentration of 14 µM Alexa488-TC84 had membrane invaginations where the 
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peptide was bound (Fig 6D). At a high concentration of 56 µM Alexa488-TC84, an invaginated 

membrane with co-localizing peptide was also observed and the peptide accumulated intracellularly. 

Combining Alexa488-TC84 with unlabelled TC84, which has a much higher antimicrobial activity, 

also showed that the Alexa488-TC84 accumulate intracellularly (Fig 6E), suggesting that the 

membrane perturbation caused by the AMPs might facilitate the entering of the peptides into the 

cells.  

 

Figure 6. Assessment of possible binding sites of TC84 using Alexa Fluor 488. (A) The MIC growth curves for 
Alexa488-TC84. Standard error bars represent two biological repeats (B) Laurdan stained cell were treated 
with Alexa488-TC84 to observed changes in membrane fluidity. (C) Treatment of B. subtilis mutants with the 
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peripheral membrane protein MreB (MreB-mCherry) and integral membrane protein PBP2b (PBP2b-
mCherry) fused to the mCherry red fluorescent protein. MreB-mCherry and PBP2b-mCherry were 
delocalized after treatment. Delocalized PBP2b-mCherry did not co-localize with Alexa488-TC84 (turquoise 
arrows). (D) SIM images of Nile Red stained B. subtilis treated with Alexa488-TC84. (E) Alexa488-TC84 
combined with TC84 in a 1:1 ratio (final concentration of 14 µM). All treatments were for 5 minutes and cells 
were washed with phosphate buffered saline (PBS) after treatment. Scale bar represent 2 µm. 

 

5.2.4 Membrane alterations in B. subtilis phospholipid synthesis mutants are insufficient to prevent 

the AMPs’ activity  

The membrane has been shown to be the primary target of TC19, TC84 and BP2. Therefore, we 

questioned whether the activity of the peptides are dependent on the composition of the phospholipid 

bilayer of the B. subtilis cell membrane. The general consensus is that cationic antimicrobial peptides 

are attracted to the bacterial cell surface through electrostatic interaction. This is considered to be due 

to the cationic nature of the peptide and the anionic surface charge of the cell envelope [321]. This 

hypothesis is supported by the notion that modifications of the anionic PG reducing the net negative 

surface charge of the bacteria, also reduce the efficacy of antimicrobial peptides. For example, 

lysylation of PG resulted in reduction in susceptibility of Staphylococcus aureus to antimicrobial 

peptides [123,125,176,178,322–324]. Lysyl-PG was also shown to be important for B. subtilis 

peptide resistance when a loss of function of MprF caused an increase in sensitivity to Nisin [90]. 

The activity of daptomycin were also affected by the presence of PG and lysyl-PG in the membrane 

[191,325–327]. 

The phospholipids that contribute to the negative charge of the membrane are PG, cardiolipins (CL) 

and lysyl-PG. PgsA, phosphatidylglycerophosphate synthase, catalyzes PG formation [90]. 

Cardiolopin synthases YwnE, YwjE and YwiE condense two PG molecules to form CL [90,319]. 

MprF, lysyl-phosphatidylglycerol synthase, transfers a lysyl group to PG forming lysyl-PG thus 

reducing the negative charge of the phospholipid [90]. To assess the role of these phospholipids in 

TC19, TC84 and BP2 susceptibility, four mutants with altered phospholipid composition were used. 

B. subtilis strain MHB001, referred to as 1A700-PgsA, has the essential gene pgsA replaced by the 

IPTG inducible Pspac-pgsA [328]. B. subtilis strain HB5337 (referred to as CU1065-MprF) has the 

non-essential gene mprF deleted [90]. B. subtilis strain HB5362 (referred to as CU1065-YwnE) has 

the ywnE (clsA) gene deleted, which encodes the major cardiolipin synthase [90]. B. subtilis strain 

SDB206 (referred to as 168-CL) had all three cardiolipin synthases ywnE, ywjE and ywiE deleted, 

and should have hardly any CL [319].  
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Lipidomic analyses were performed of the B. subtilis strains to confirm the expected changes to the 

phospholipid composition of the mutants. The membrane of the CU1065-MprF strain had lysyl-PG 

decreased, PE increased, and PG and CL at similar levels compared to the wild type CU1065 (Fig 7). 

The results confirm that the content of the positively charged phospholipid lysyl-PG in the 

membrane is reduced. The CU1065-MprF strain, however, was not more sensitive to TC19, TC84 

and BP2 as compared to the wild type CU1065 (Fig 7), implying that lowering lysyl-PG in the 

membrane does not have an effect on the susceptibility for these AMPs. 

The CU1065-YwnE strain had CL and PE reduced in the membrane compared to the wild type 

CU1065 (Fig S1). Similar to the CU1065-YwnE strain, the 168-CL strain had CL and PE reduced 

without a clear change in lysyl-PG content in the membrane (Fig S1). The PG (32:0), PG (32:0) 

[M+OH]-, PG (33:1), PG (34:0), PG (34:0) [M+OH]- and PG (35:0) content, however, appeared to 

have increased suggesting that the reduction in CL might be compensated for by increasing the PG 

content. Furthermore, PG will not be converted to CL due to the lack of cardiolipin synthases. The 

reduced CL and PE content of the membrane did not decrease the efficacy of the AMPs (Fig 7), 

suggesting that CL and PE are not essential for the membrane activity of the AMPs. The presence of 

PG and possibly the increase of the different PG species, might be sufficient for the AMPs to interact 

with the membrane. 

Strain 1A700-PgsA cultured in the presence of 1 mM IPTG had an increase in PE, PG (31:1) and PG 

(32:1) without a clear change in lysyl PG or CL compared to the wild type 1A700 (Fig S1). The net 

effect on the overall membrane charge might be negligible. Changes to the 1A700-PgsA strain 

cultured in the presence of 0.1 mM IPTG were more complex. The strain had an increase in cytidine 

diphosphate diacylglycerol (CDPDG), and a reduction in CL and PG. However, PG (31:1), PG 

(32:1), PG (34:0), PG (34:1) and PG (35:0) were increased in the membrane. An increase of about 40 

% PE and 30% lysyl-PG, of the total PE and lysyl-PG, were also observed. The combined effect of 

these changes on the net charge of the membrane is difficult to predict. Strain 1A700-PgsA cultured 

in 1 mM IPTG or 0.1 mM IPTG was not more nor less sensitive compared to the wild type 1A700 to 

the activity of the AMPs (Fig 7). In conclusion, these results show that changes in lipid composition 

due to particular mutations are not necessarily entirely predictable, and suggest that changes in 

phospholipid composition of the membrane mentioned above are not essential in determining the 

AMPs efficacy.  
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Figure 7. The survival of B. subtilis wild type and membrane phospholipid mutant strains after peptide 
treatment. The susceptibility of wild type strains B. subtilis 1A700 was compared with that of a B. subtilis 
pgsA conditional mutant (strain 1A700-PgsA) cultured at 1 mM and 0.1 mM IPTG (the minimal IPTG level 
compatible with strain viability). The survival of a B. subtilis mprF deletion mutant (strain CU1065-MprF) 
lacking lysyl-phosphatidylglycerol (lysyl-PG) and a B. subtilis ywnE deletion mutant (strain CU1065-YwnE) 
lacking cardiolopin (CL) was compared with survival of wild type B. subtilis CU1065. Wild type strain 168 was 
compared with triple cardiolipin synthase deletion mutant (strain 168-CL). No significant differences in 
susceptibility to TC19, TC84 and BP2 were observed between the mutant strains and their wild type. 
Treatment with TC19, TC84 and BP2 was for 30 min. Standard error bars represent four biological repeats. 

 

5.3 Discussion 

In this study, we aimed to determine the membrane perturbation mechanism of alpha-helical cationic 

peptides by using thrombocidin derived TC19 and TC84, and designer peptide BP2. TC19 and TC84 

dissipated the membrane potential gradually, whereas BP2 dissipated the membrane potential faster 

than TC19 and TC84. The DiSC3(5) profiles of TC19 and TC84 were similar to what was observed 
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for lipopeptide daptomycin [277] but different from the instant membrane dissipation profile of the 

K+/Na+ channel-forming peptide mix Gramicidin ABCD [277], the helical pore-forming peptide 

KLA-1 [230] and Nisin in our study. Daptomycin was shown to significantly perturb the membrane 

without permeabilising it, by inserting into regions of increased fluidity (RIFs) [277]. We speculated 

that our amphipathic alpha-helical AMPs, TC19, TC84 and BP2, altered membrane fluidity similar to 

daptomycin. Unlike daptomycin, TC19, TC84 and BP2 caused rapid membrane permeabilisation 

without causing overt cell lysis, as observed with the TEM and Sytox Green staining images 

(Chapter 4). Daptomycin has shown with DiIC12 staining to cause domains in B. subtilis membranes 

after only 10 minutes of treatment, which were enlarged after 60 minutes of treatment [277]. These 

thin domains appeared rigid with Laurdan staining due to the combination of daptomycin and lipids 

(dapto-lipids) that reduced the mobility of the phospholipids [277]. TC19, TC84 and BP2, however, 

caused formation of large, clearly defined fluid domains (with Laurdan and DiIC12), while the rest of 

the membrane appeared rigid after 5 minutes of treatment. The observation that similar fluid domains 

co-localized with Alexa488-labelled TC84, suggest that it is the insertion of TC19, TC84 and BP2 

into the phospholipid bilayer that creates these fluid domains. Phase boundary defects caused by the 

phase separation of lipids (Epand et al., 2006, 2008; Epand and Epand, 2009; Jean-François et al., 

2008) or membrane thinning [301] have been proposed as a means of compromising the membrane 

barrier by peptides. We have showed that TC19, TC84 and BP2 cause essential membrane bound 

proteins to delocalize (Chapter 4). Alexa488-labelled TC84 also showed to cause delocalization of 

peripheral membrane protein MreB (MreB-mCherry) and integral membrane protein PBP2b (PBP2b-

mCherry). Peripheral membrane protein MreB has shown to delocalize due to a loss of membrane 

potential [270], but the integral membrane protein PBP2b has not shown to be sensitive to changes in 

the membrane potential. We speculate that the changes in packing of the phospholipids in the bilayer 

also contributes to the delocalization of these essential proteins. 

The Nile Red staining of peptide-treated cells showed that the peptides cause membrane invagination 

which indicates plasmolysis. The fluid domains and membrane invaginations co-localized. Staining 

with Alexa-TC84 confirmed that membrane invagination occurs where the peptide accumulates. The 

irregular localization of ATP synthase subunit AtpA fused to the green fluorescent protein (GFP) 

upon treatment with TC19, TC84 and BP2 (Chapter 4) also confirms membrane invagination. The 

irregular distribution of AtpA has been used previously as an indicator for abnormal membrane 

curvatures [271]. Interestingly, in contrast to our peptides, daptomycin had no effect on the 

localization of AtpA suggesting that no abnormal membrane curvatures occurs [277] and even 

though cyclic hexapeptide cWFC altered the localization of AtpA it appeared different from TC19, 
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TC84 and BP2 treated cells. AtpA-GFP was absent from the rigid domains caused by cWFC [230], 

whereas TC19, TC84 and BP2 causes “patchy” localization of AtpA-GFP. Transient membrane 

permeability can occur due to a phase boundary defect that stops when an equilibrium is reached 

between the fluid domain and rigid domain [330], but this was not the case with our peptides that 

appeared to cause a permanent defect. Alexa488-TC84 when used at a high concentration and when 

combined with TC84 was found intracellularly after treatment, suggesting that TC84 and probably 

TC19 and BP2 accumulate intracellularly after the membrane barriers is compromised. This suggests 

that the targeting of intracellular anionic macromolecular components might also be part of the 

mechanism of killing of the cells in particularly at lower peptide concentrations. 

To determine whether the membrane deformations caused by the peptides are dependent on the 

composition of the membrane, we examined the effects of TC19, TC84 and BP on various B. subtilis 

mutants with altered membrane compositions. The cyclic hexapeptide cWFW in vitro caused de-

mixing of PG/PE bilayers [331,332], but in vivo showed not to be dependent on the PE and CL 

content of the membrane to create rigid membrane domains [230]. It was proposed that cWFW 

creates a phase separation by changing the physical state of the membrane and not by inducing the 

cellular enrichment for a specific phospholipid [230]. Likewise, in our study we did not observe 

changes in efficacy of TC19, TC84 and BP2 against B. subtilis mutants with altered membrane 

compositions, including mutants with reduced membrane PE and CL content. The B. subtilis mutant 

SDB206 (168-CL) used in the study for cWFW was expected to have no CL present in the cell 

membrane [230], but in our lipidomic analysis B. subtilis mutant SDB206 showed to have PG in the 

membrane even though the PE and CL content was reduced. We concluded that in absence of CL the 

essential anionic PG might compensate for this phospholipid, enabling the interaction of the peptides 

with the membrane that leads to phase boundary defects [302,305]. The cationic phospholipid lysyl-

PG has been implicated in the resistance of Gram-positives against cationic antimicrobial peptides as 

it is thought to reduce the net negative surface charge of the membrane, reducing the electrostatic 

interaction with the cationic peptides. We did however not observe a reduced sensitivity to TC19, 

TC84 and BP2 for the B. subtilis mutants with reduced lysyl-PG (strain CU1065-MprF) content, 

suggesting that altering the overall surface charge of the phospholipid bilayer of the cells might not 

be sufficient to prevent the activity of these AMPs. However, we did not address the effects of 

modifying the cell wall, such as D-alanylation of the teichoic acids, or thickening of the cell wall. 

These cell wall and cell membrane modification have previously shown to contribute to resisting 

AMPs by Gram-positives such as Staphylococcus aureus, Enterococcus faecalis and Clostridium 

difficile [333].  
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5.4 Model of the interaction of TC19, TC84 and BP2 with the membrane 

We speculate that the cationic residues (arginine, histidine and lysine) of TC19, TC84 and BP2 

interact with the anionic phospholipids of the bacterial membrane bilayer. The anionic phospholipids 

are CL and PG [334], but the membrane sites of these phospholipids are unclear and in dispute [320]. 

Interaction of the cationic peptide with the anionic head-groups of the phospholipids will coalesce 

the phospholipids, thus increasing the free space in the bilayer. The AMPs might be aligning in 

parallel to the membrane or insert into the upper layer of the phospholipid bilayer (Fig 8). If the 

AMPs insert into the bilayer, they may preferentially insert into the regions of increased fluidity 

(RIFs) of the membrane as observed with daptomycin [277]. Membrane fluidity is dictated by the 

branching and saturation of the fatty acid chains of phospholipids [335,336]. The AMPs create fluid 

domains at the site of insertion, but we speculate that the initial change in membrane fluidity does 

not cause cell death. In studies with phospholipid vesicles leakage due to a packing defect in the 

bilayer has been shown in case of a shift in the environmental temperature [337], where this does not 

lead to cell death. It appears that the change in membrane fluidity contributes to the rapid 

delocalization of essential membrane bound proteins. Peripheral membrane proteins are displaced 

from the membrane, while integral membrane proteins likely remain membrane bound but are 

misplaced relative to their normal location. A phase boundary defect eventually occurs between the 

fluid (liquid disordered) and gel (liquid ordered) membrane areas compromising the membrane 

barrier and increasing the permeability of the membrane. The inability of the bacterial cell to prevent 

the unfavourable changes to the membrane eventually manifest as membrane inward curvature 

putatively causing perturbation of the normal membrane physiology and hence favouring the 

observed gradual dissipation of the membrane potential, internalization of the peptides and leakage 

of the cytosol.  

In conclusion, we show for the first time in vivo that alpha-helical cationic peptides 

compromise the membrane barrier by altering the distribution of fluid and rigid areas of the 

membrane. We show that alpha-helical cationic peptides create fluid domains, unlike the lipopeptide 

daptomycin and cyclic hexapeptide cWFW. We confirm in vivo the observations made earlier in 

vitro with lipid vesicles that peptides might cause a phase boundary defect due to membrane thinning 

[301], which might be a common phenomenon amongst peptides in this class. 
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Figure 8. Model of the effects of TC19, TC84 and BP2 on membrane of B. subtilis. (1) The AMPs align on the 
surface of the membrane. The cationic AMPs have a higher affinity for the anionic phospholipids and 
therefore accumulate at areas on the membrane associated with these anionic phospholipids such as 
phosphatidylglycerol and cardiolipin. (2) The AMPs may remain aligned in parallel with the membrane or 
insert into the outer layer of the membrane bilayer. Whether the AMPs insert into the RIFs of the membrane 
is unknown, but we speculate that this might be the case. (3) In in vitro studies with artificial membranes, 
both the insertion and the alignment of the AMPs in parallel to the membrane have been suggested to cause 
“free volume” in the bilayer [301]. The “free volume” is compensated for which leads to membrane thinning 
and an increase in fluidity of the hydrophobic core. The fluid area in the bilayer expands, which increases the 
insertion of the AMPs into the bilayer. Eventually, a phase boundary defect might occur between the thin 
fluid area and thick gel (rigid) area causing leakage of the cytosol and entering of the AMPs into the cell. 

 

5.5 Materials and Methods 

5.5.1 AMP information, strains used and the culturing conditions 

Stocks of 1.2 mM TC19 (LRCMCIKWWSGKHPK), TC84 (LRAMCIKWWSGKHPK) and BP2 

(GKWKLFKKAFKKFLKILAC) were made in 0.01 % acetic acid. Stocks were stored at -20 °C and 

thawed on ice prior to each experiment. B. subtilis pre-cultures were prepared by inoculating a single 



110 
 

colony from Luria Broth (LB) solid medium into 5 ml LB liquid medium and culturing overnight. 

The overnight culture was re-inoculated to have an initial optical density at an absorbance of 600 nm 

(OD600) of 0.05 in complete minimal medium (CMM) or Luria Broth (LB). CMM consist of 

Spizizen´s Minimal Medium (SMM), as described in Anagnostopoulos & Spizizen (1960) [292], 

with the modifications described in Halbedel et al. (2014) [293]. The culture was incubated until an 

OD600 of 0.4 to 0.6 (the early exponential growth phase) was reached. Cultures were subsequently 

diluted for each experiment to an optical density (OD600) of 0.2, if not specified otherwise. Culturing 

was performed at 37°C under continuous agitation at 200 rpm where appropriate. Culturing media 

were supplemented when required as indicated at the specific experiment descriptions. Information 

about Bacillus subtilis strains used in the study and the medium supplements required for each strain 

can be found in the Table S1. 

5.5.2 Measuring loss of membrane potential using the fluorescent probe DiSC3(5) 

To determine the loss of membrane potential after treatment with the AMPs the fluorescent dye 3,3'-

dipropylthiadicarbocyanine iodide (DiSC3(5)) was used. The method was followed as described in 

Breeuwer & Abee (2004) [338] with some alterations. In brief, 200 µl diluted pre-cultures of B. 

subtilis were added to each well in a 96-well flat bottomed microtiter plate (µClear, polystyrene, 

black wall, clear bottom, Greiner Bio-One). DiSC3(5) was added to each well to have a final 

concentration of 1.5 µM. Cells with an active membrane potential will accumulate the dye in their 

membrane, reducing the DiSC3(5) signal. Once the DiSC3(5) signal had reduced to close to zero, the 

AMPs were added. Loss of membrane potential will cause release of the dye again. As positive 

controls for membrane potential loss, valinomycin (Sigma-Aldrich) was added at a final 

concentration of 30 µM, and Nisin A (> 95% purity; Handary, Belgium) at a final concentration of 4 

µM. To a sample of untreated cells 1% DMSO was added to assess the total fluorescence of the dye 

taken up prior to initiation of treatment. Following treatment of the cells with the AMPs, additional 

valinomycin was added at a final concentration of 30 µM to dissipate the residual membrane 

potential. Fluorescence was measured at an excitation wavelength of 622 nm and emission 

wavelength of 670 nm, with the BioTek Synergy Mx, Gen5 2.0 (Winooski, VT) plate reader. Three 

biological repeats were performed.  

5.5.3 Labelling procedure of peptide TC84 using Alexa Fluor 488 

For solid phase peptide synthesis, the chemical procedures were followed as described by Heimstra 

et. al (1997) [339]. The amino acid sequence of TC84 was N-terminally elongated with a cysteine 

residue to enable coupling of the Alexa Fluor 488. The internal cysteine residue was protected during 
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synthesis with an acid-stable StBu group, resulting in the intermediate peptide C- L- R- A- M- 

C(StBu)- I- K- W- W- S- G- K- H- P- K-amide. The intermediate peptide (18 mg in 1 ml DMSO) 

was added to Alexafluor488 C-5 maleimide (20 mg in 1ml DMSO, A10254, Life Technologies). To 

this solution 1 µl 4-methylmorpholine (NMM) was added. The resulting mixture was vortexed for 10 

s and left at room temperature for 40 min. The reaction was stopped by the addition of 500 µl acetic 

acid/water at a 9:1 ratio. The labelled product was purified by reversed phase chromatography on a 

C18-column using a water to acetonitrile gradient containing 0.1% TFA, and lyophilized. The StBu 

protected labelled peptide obtained was dissolved in 300 µl water/acetonitrile at a 1:1 ratio, and 

treated with ten-fold excess TCEP (TCEP.HCl was neutralised with 4 N NaOH) for 3 h at room 

temperature to remove the StBu protection. After lyophilisation and desalting on a PD-10 column 

using water/acetonitrile/acid at a 40:60:10 ratio as an eluent, the final product was obtained 

(Microflex, Bruker). Quantification was performed by OD495 using an ε of 71,000. The labelled 

peptide was stored at -20°C until further use.  

5.5.4 Laurdan staining to observe changes in membrane fluidity after the addition of peptides 

Changes in membrane fluidity were observed using Laurdan (6-Dodecanoyl-N,N-dimethyl-2-

naphthylamine; Sigma Aldrich), a fluorescent probe sensitive to membrane phase transitions. For 

Laurdan staining of B. subtilis cells, the method described by H. Strahl et al. (2014) [271] was 

followed with minor alterations. The culture was incubated until an OD600 of 0.4 to 0.6 was reached 

in CMM or LB. Laurdan, dissolved in dimethylformamide (DMF), was added at a final 

concentration of 10 µM. The mixture was incubated for an additional 5 minutes at 37°C while 

shaking in the dark. Stained cells were washed (four times for spectroscopy measurements and twice 

for microscopy) and re-suspended in PBS buffer (PBS containing 0.2 % w/v glucose and 1 % v/v 

DMF). The stained cells were diluted to an OD600 of 0.2 before the addition of AMPs. Laurdan 

stained cells were washed only once after staining for treatment with Alexa 488-labelled TC84. After 

Alexa 488-labelled TC84 treatment, cells were subsequently washed four times and re-suspended 

with pre-warmed PBS buffer.  

Laurdan fluorescence spectroscopy measurements were performed by adding to each well of a 96-

well flat bottomed microtiter plate (µClear, polystyrene, black wall, clear bottom, Greiner Bio-One) 

stained cells with AMPs to have a final volume of 200 µl. Fluorescence was measured in a BioTek 

Synergy Mx, Gen5 2.0 (Winooski, VT) plate reader every 2 minutes while shaking at 37°C. After 4 

minutes of measuring, AMPs were added and additional measurements were taken for 30 minutes. 

Laurdan was measured at an excitation wavelength of 350 nm and the emission wavelength at 460 ± 
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5 nm (gel-phase; g) and 500 ± 5 nm (liquid-phase; l). Laurdan generalized polarization (GP) was 

calculated using the formula Laurdan GP = (Ig-Il)/(Ig+Il), where Ig is the fluorescent measurement in 

the gel-phase and Il the fluorescent measurement in the liquid-phase. 

Laurdan microscopy measurements were performed by treating stained cells for 5 minutes with the 

AMPs before visualizing the Laurdan using a temperature controlled Nikon Eclipse Ti fluorescence 

microscope. Laurdan was excited at a wavelength of 340 – 380 nm and emission was at 435 – 485 

nm (gel-phase) and 510 – 560 nm (liquid-phase). Laurdan GP of the microscopy images were 

performed using the CalculateGP ImageJ plugin designed by Norbert Vischer 

(https://sils.fnwi.uva.nl/bcb/objectj/examples/CalculateGP/MD/gp.html).  

5.5.5 DiIC12 staining to confirm fluid regions in membrane after peptide treatment 

DiIC12 is a short chain cationic lipophilic fluorescent probe that preferentially partitions into areas in 

the bilayer that is in fluid-phase (liquid disordered phase) [318]. Cells were stained before treatment 

by pre-culturing B. subtilis in CMM or LB containing 1 µg/ml DiIC12 (dissolved in DMSO) until an 

OD600 of 0.2 to 0.6 was reached. Stained cells were diluted to an OD600 of 0.2 if necessary with 

CMM or LB containing 1 % v/v DMSO. Stained cells were washed four times with medium and 

subsequently treated with AMPs. Cells were visualized with a Cy3 filter using a temperature 

controlled Nikon Eclipse Ti fluorescence microscope.  

5.5.6 Structure illumination microscopy (SIM) imaging of membrane after peptide treatments 

The B. subtilis PrpsD-sfGFP mutant constitutively produces the green fluorescent protein under 

control of the promotor for ribosomal protein S4 and was used to observe membrane perturbation 

and cytosol leakage. Diluted pre-cultures of B. subtilis PrpsD-sfGFP were treated with the AMPs for 

5 minutes. AMP-treated cells were stained with Nile Red (0.5 µg/ml final concentration). The Nikon 

N-SIM E microscope was used to visualize the cells. The coverslips were coated with L-dopamine to 

reduce the binding of Nile Red in order to avoid distortion of the structured illumination pattern 

projections [340,341]. 

5.5.7 Determining the binding site of peptide TC84 using Alexa-488 labelled TC84 

Pre-cultures of B. subtilis were washed once and re-suspended in phosphate buffer saline (PBS, pH 

7.4) containing 0.2 % w/v glucose. The suspensions were diluted to an OD600 of 0.2 with PBS with 

0.2 % w/v glucose prior to treatment with 14 µM Alexa 488-labelled TC84. Combination treatments 

of Alexa 488-labelled TC84 and active TC84 at a 1:1 w/w mixture, to have a final concentration of 

https://sils.fnwi.uva.nl/bcb/objectj/examples/CalculateGP/MD/gp.html
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14 µM were also performed. Treatments were for 5 minutes followed by two washing steps with 

PBS with 0.2 % w/v glucose to remove residual labelled peptide. To determine whether the Alexa 

488-labelled TC84 delocalize membrane bound proteins, B. subtilis mutants producing the peripheral 

membrane bound protein MreB (MreB-mCherry) and integral membrane bound protein PBP2b 

(PBP2b-mCherry) fused to the fluorescent protein, mCherry, were used. Treatment of the B. subtilis 

mutants were similar as mentioned above. Fluorescence microscopy imaging with the Nikon Elipse 

Ti was performed at an excitation wavelength and emission wavelength for mCherry (570 ± 10 

nm/620 ± 10nm) and Alexa 488-labelled TC84 (490 nm ± 5 nm/525 nm ± 5 nm). Labelling of TC84 

with Alexa Fluor 488 reduced the efficacy of the peptide up to 56 µM, the highest concentration 

tested.  

5.5.8 Killing efficacy of peptides using mutants with an altered membrane phospholipid 

composition 

B. subtilis mutants were cultured in CMM containing the necessary supplements for each strain 

(Table S1). In short, B. subtilis strain MHB001 (pgsA) was cultured with erythromycin and isopropyl 

β-D-1-thiogalactopyranoside (IPTG) at a final concentration of 1 mM or 0.1 mM to induce pgsA 

expression. B. subtilis strain HB5337 (mprF) was cultured with kanamycin, HB5362 (ywnE) with 

chloramphenicol and strain SDB206 (CL) with spectinomycin. Diluted pre-cultures were treated with 

the AMPs for 30 minutes. Aliquots were taken and diluted as mentioned in the time-kill assay. 

Results were expressed as numbers of CFU/ml. Four biological repeats were performed. Statistical 

analysis was performed in SigmaPlot 13.0. 

5.5.9 Software and fluorescence microscopes employed in the study 

Microscopy images were analysed in ImageJ/Fiji (http://rbsweb.nih.gov/ij/). Microscopy imaging 

was performed using the Nikon Eclipse Ti equipped with an Intensilight HG 130 W lamp, a C11440‐

22CU Hamamatsu ORCA camera, a CFI Plan Apochromat DM 100x oil objective and OkoLab stage 

incubator (Napoli, Italy). Structured illumination microscopy (SIM) was performed with a Nikon Ti 

N-SIM equipped with a CFI SR Apochromat TIRF 100x oil objective (NA1.49), a LU-N3-SIM laser 

unit, an Orca-Flash 4.0 sCMOS camera (Hamamatsu Photonics K.K). Software used for the Nikon 

Elipse Ti was the NIS elements software version 4.20.01 and for the SIM reconstruction was NIS-

elements Ar software.  
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Chapter 6 

Alpha-helical cationic antimicrobial peptides perturb the 

inner membrane of germinated spores 

 

Soraya Omardien, Jan Wouter Drijfhout, Sebastian A. J. Zaat and Stanley 

Brul 

 

Abstract 

The mode of action of alpha-helical cationic antimicrobial peptides (AMPs) TC19 and TC84, 

derivative from thrombocidin-1 (TC-1), and Bactericidal Peptide 2 (BP2), synthesized based on the 

human bactericidal permeability increasing protein (BPI), were evaluated against Gram-positive 

spore-forming bacterium Bacillus subtilis. We employed structure illumination microscopy (SIM), 

fluorescence microscopy, Alexa 488 labelled TC84, B. subtilis mutants producing proteins fused to 

the green fluorescent protein (GFP) and live imaging to determine the effects of peptides. The results 

obtained showed that TC19, TC84 and BP2 are bactericidal against germinating spores by perturbing 

the inner membrane, thus preventing outgrowth (vegetative cells).  
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6.1 Introduction 

The threat of resistance development against commercially available antibiotics has spurred the 

search for alternative anti-infection agents, such as antimicrobial peptides (AMPs). Interest in AMPs 

arises from the immune modulating, anti-microbial, anti-biofilm, anti-parasite, anti-viral and anti-

cancer activities that host defence peptides have [333,342–345]. Resistance development against 

AMPs are also considered to be low [13,15]. AMPs are known to preferably interact with the 

cytoplasmic membrane of the bacterial cell, where they can permeabilise or perturb the membrane, 

and/or translocate to the cytosol where they may interact with various macromolecular components. 

This non-specific activity of AMPs further increases the interest to develop them as an alternative to 

conventional compounds that generally have a specific target [346]. However, therapeutic use of 

AMPs is limited by the high production costs involved in synthesizing peptides, loss of activity due 

to protease degradation and mammalian cell toxicity [347]. To circumvent these drawbacks of 

AMPs, an approach has been taken to design peptides that are shorter, less toxic and more stable 

[347]. To achieve this goal, an in-depth understanding of the mode of action of AMPs is required for 

further peptide development with therapeutic potential. Knowledge acquisition concerning the mode 

of action of AMPs is generally based on in vitro studies with lipid vesicles and in vivo studies with 

living bacterial cells [117,132,136,230,277,325,331,332,348,349]. However, limited knowledge is 

available about the mode of action of alpha-helical cationic peptides against bacterial spores.  

Spore-forming bacteria of the Bacillales and Clostridiales order produce resilient dormant spores in 

response to stressful environmental conditions, such as nutrient deprivation, that can withstand 

various conditions that would otherwise eradicate vegetative cells [23]. Currently, knowledge 

concerning the mode of action of antimicrobial peptides against spores is only available for the 

lantibiotic subtilin produced by B. subtilis [162], lantibiotic nisin produced by Lactococcus lactis 

[163,164], and the cyclic peptide bacteriocin AS-48 produced by Enterococcus faecalis S-48 [350]. 

These peptides are active against germinated spores, i.e. the state in which the spore inner membrane 

is exposed. Recently, we investigated the membrane perturbation activity of three alpha-helical 

antimicrobial peptides, TC19, TC84 and BP2, against B. subtilis vegetative cells (Chapter 4 and 5). 

TC19 and TC84 were derived from the human platelet antimicrobial peptides, thrombocidins, [222] 

and BP2 was designed based on the LPS-binding domains of the human bactericidal permeability 

increasing protein (BPI) [223]. In this study, we aimed to extend the knowledge gained on TC19, 

TC84 and BP2 by evaluating their effect against B. subtilis spores using physiological studies and 

live imaging. We found that TC19, TC84, BP2 and our reference Nisin A were bactericidal against 
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germinating spores and show for the first time that the inner membrane of these spores is targeted by 

AMPs, thus preventing the subsequent steps required for outgrowth. Live imaging revealed that 

TC19, TC84 and BP2 affected the bursting time and the generation time of outgrowing spores 

(vegetative cells), but the effects were not as drastic as reported previously for tea compounds [31] 

and synthetic compounds (Chapter 2). We found that pre-coating spores with TC19, TC84 and BP2 

did not prevent the outgrowth of germinated spores. In contrast, Nisin A, produced by Lactococcus 

lactis, prevented the outgrowth of a significant percentage of germinated spores when used to pre-

coat the spores, suggesting potential for prophylactic application of antimicrobial peptides to spores. 

6.2 Results 

6.2.1 The AMPs are bactericidal against spores 

The MIC and MBC were determined to obtain the lowest peptide concentration necessary to evaluate 

the mode of action of the AMPs against B. subtilis strain 168 spores. The MIC and MBC values of 

the AMPs for spores were not significantly different with a p-value > 0.05 (Table 1). In the 

subsequent experiments 12 µM TC19, 12 µM TC84, 7 µM BP2 and 4 µM Nisin, were used to 

evaluate the mode of action of the peptides against spores. Nisin A was used as a reference peptide in 

subsequent experiments. 

Table 1 Minimal inhibitory concentration (MIC) and minimal bactericidal concentration (MBC) of 
the antimicrobial peptides against Bacillus subtilis strain 168. Three biological repeats were 
performed. 

Antimicrobial peptide 
B. subtilis 

MIC (µM) MBC (µM) 
Mean ± SD Mean ± SD 

TC19 16 ± 3.3 6 ± 1.4 
TC84 6 ± 2.2 5 ± 1.5 
BP2 4 ± 0.3 4 ± 1.1 
Nisin A 1 ± 1.1 2 ± 2.0 

 

6.2.2 TC19, TC84, and BP2 target the inner membrane of germinated spores 

TC19, TC84 and BP2 were only bactericidal against B. subtilis spores once germination had 

occurred and metabolic activity had been regained (Fig 1A). SIM images of Nile red stained 

B. subtilis PrpsD-sfGFP spores made it possible to visualize the inner membrane of germinated 

spores (Fig 1A). However, Nile red also stained dormant spores suggesting that the dye binds to the 

spore-coat as well. PrpsD-sfGFP protein was located in the spore-coat and core, the former 

presumably due to mother cell expression of the PrpsD-sfGFP ribosomal protein. Germinated 

untreated PrpsD-sfGFP spores appeared swollen compared to the dormant spores, with Nile red 
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presumably staining the spore-coat, and the inner membrane. After treatment with the AMPs, the 

Nile red stained spore-coat remained intact, but the inner membrane appeared shrunken and distorted 

(Fig 1A, turquoise arrows) suggesting that the spore inner membrane were perturbed. Unlike after 

treatment of vegetative cells where leakage of PrpsD-sfGFP occurred (Chapter 5), this fusion protein 

remained within the core of germinated spores and no visible core leakage was observed. Leakage of 

PrpsD-sfGFP might have been hindered by the outer spore-coat. 

To confirm membrane perturbation, Alexa488-labelled TC84 was employed. Alexa488-labelled 

TC84 showed to be less active than TC84, but was still sufficient to indicate the possible binding 

sites of TC84 at the vegetative cell membrane (Chapter 5). At a low concentration, Alexa488-TC84 

bound to the spore-coat and/or inner membrane of spores that had germinated. Alexa488-TC84 was 

unable to permeabilise the inner membrane of the spore, but when combined with unlabelled TC84 it 

accumulated within the germinated spore core (Fig 1B, turquoise arrows). SIM and Nile red staining 

were employed to confirm the observation with Alexa488-TC84 when combined with TC84 (Fig 

1B). The SIM images showed that Nile red stained the spore-coat, and inner membrane of the 

germinated spore. Alexa488-TC84 was observed on the surface of the spore-coat and accumulated in 

the spore core (Fig 1B). This finding suggested that the inner membrane of germinated spores is 

perturbed by TC84. A similar phenomenon might be occurring during the treatment of spores with 

the membrane active TC19, BP2 and Nisin A as these peptides have shown to permealise the 

vegetative cell membrane (Chapter 4 and 5)[351]. 

The peripheral membrane protein MreB, delocalizes from the membrane when the membrane 

potential is lost after treatment with proton ionophore CCCP [270], lipopeptide daptomycin [277], 

and synthetic cyclic hexapeptide cWFW [230]. Previously, we showed that TC19, TC84 and BP2 

cause delocalization of essential membrane bound proteins, including MreB, due to the distortion of 

the membrane by the peptides (Chapter 4). MreB is an important protein for lateral cell elongation 

during cell growth [352]. Using B. subtilis MreB-GFP we were able to establish the presence of 

MreB in dormant spores and that the protein remains present after germination, at the onset of 

outgrowth (Fig 2A). However, MreB-GFP was not unequivocally patch-wise localized in the 

germinated spores as it is in vegetative cells [271]. Peptide-induced delocalization of MreB-GFP was 

not observed. De novo MreB synthesis was shown to occur at 60 min after onset of germination in 

the outgrowth phase [111] at which point patch-wise localization as observed in vegetative cells will 

occur. The integral membrane-bound protein AtpA, crucial to ATP metabolism in the cell, was 

synthesized at 30 min after the onset of germination [111]. TC19, TC84 and BP2 have been shown to 

alter the localization of AtpA in vegetative cells (Chapter 4). Using B. subtilis AtpA-GFP the 
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presence of AtpA-GFP in dormant and germinated spores were confirmed (Fig 2B). AtpA-GFP was 

localized at the outside and inside of the inner membrane. Treatment with TC19, TC84 and BP2 did 

not notably alter the AtpA-GFP location at the germinated spore membrane as with vegetative cells.  

Unlike Nile red, FM 4-64 did not bind to the spore-coat. We stained the inner membrane of 

B. subtilis MreB-GFP and B. subtilis AtpA-GFP spores with FM 4-64 during the sporulation process 

to independently visualize the spore inner membrane [353]. Re-staining the dormant spores with 

FM 4-64 were used to confirm that only the inner membrane of B. subtilis MreB-GFP was stained 

and that the spore-coat remained unstained. FM 4-64 staining also confirmed the swelling of the 

inner membrane during germination. Treatment of B. subtilis MreB-GFP and B. subtilis AtpA-GFP 

with the AMPs confirmed the shrinking of the inner membrane (Fig 2A and B). MreB-GFP and 

AtpA-GFP present outside the inner membrane, as for instance observed in spores treated with TC19 

(Fig 2A and B), presumably originated from the mother cell membrane that forms the outer 

membrane of the spore. Perturbation of the inner membrane will obstruct the normal functioning of 

essential membrane bound proteins such as MreB and AtpA thus perturbing cell elongation or 

metabolism that will most likely prevent spore outgrowth.  

 

Figure 1. The effects of TC19, TC84, BP2 and Nisin A on Bacillus subtilis spores. (A) SIM imaging of Nile red 
stained spores of B. subtilis PrpsD-sfGFP and (B) Alexa488-TC84 with and without TC84. Nile red stained the 
spore-coat and spore inner membrane. The peptides targeted germinated spores causing the inner 
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membrane to appear irregular or shrunken (turquois arrow) compared to the unaffected spores (red arrow). 
Treatment was for 30 minutes with 12 µM TC19 and TC84, 7 µM BP2 and 4 µM Nisin A. Scale bar represent 2 
µm.  

 

 

Figure 2. SIM imaging of FM 4-64 stained spores. FM 4-64 stained inner membrane of dormant spores and 
germinated spores (A) B. subtilis MreB-GFP and (B) B. subtilis AtpA-GFP can be observed. After peptides 
treatment, germinated spores have an irregular or shrunken (turquois arrow) inner membrane compared to 
the untreated germinated spores. Treatment was for 30 minutes with 12 µM TC19 and TC84, 7 µM BP2 and 
4 µM Nisin A. Scale bar represent 2 µm.  

 

6.2.3 Live imaging of spores in the presence of TC19, TC84 and BP2 

Live imaging was employed to evaluate whether the peptides influence the start of germination, 

germination duration, the shedding of the spore-coat (burst) and the generation time of the 

outgrowing spores (vegetative cells) after treatment with lethal concentrations (32 µM TC19, 23 µM 

TC84, 56 µM BP2 and 7 µM Nisin A) and sub-lethal concentrations (16 µM TC19, 12 µM TC84, 28 

µM BP2 and 3.5 µM Nisin A). The percentage of spores were quantified after 4.5 hrs of imaging to 

obtain an overview of the outcome of the different AMP treatments (Fig 3). Of the total number of 

spores observed, about 99 % germinated and 2 % remained dormant when the spores were untreated. 

Of the spores that germinated 91 % grew out into vegetative cells. The Student’s t-test was employed 
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and the results showed that at sub-lethal concentrations the number of spores that remained dormant, 

germinated or grew out were not statistically different from the untreated spores. Only the sub-lethal 

treatment with TC19 caused less spores to grow out into vegetative cells, most likely due to the 

concentration of TC19 used. At lethal concentrations, there was no statistical significance between 

the percentage of spores that were dormant or germinated compared to the untreated spores. As 

expected, the lethal concentrations prevented the outgrowth of spores into vegetative cells for the 

duration of 4.5 hrs of live imaging.  

The live imaging results are summarized in Table 2 where the mean, median, mode and counts can 

be found of the live imaging data. The mean is the average value , the mode is the most frequent 

number, and the median is the mid-number that separates the upper and lower values of the data. The 

live imaging data failed the Shapiro-Wilk normality test, therefore the alternative Mann-Whitney 

rank sum test was used to assess possible differences between treatments instead of the Student’s t-

test that requires data to be normally distributed [354]. The Mann-Whitney rank sum test considers 

the difference in median values between the two groups, where the difference is greater than would 

be expected by chance if the p-value is smaller than 0.05.  

To observe the effects of the AMPs on the germination heterogeneity, the germination process after 

treatment at sub-lethal and lethal concentrations were evaluated. The germination process include the 

start of germination and the germination time, which is associated with the release of dipicolinic acid 

chelated to divalent cations, usually calcium (CaDPA) [60,62]. During the germination process the 

peptidoglycan cortex is hydrolysed and swelling occurs due to the uptake of water [45]. The 

rehydration of the spore core facilitates macromolecular synthesis and metabolism for spore 

outgrowth [45]. Treatment of the spores with the AMPs seemed to delay the start of germination, but 

the analyses did not show statistical significance (Table 2 and Fig 4). TC19, TC84, BP2 and Nisin A 

delayed the start of germination for a median period of 1 min, 0 min, 2 min and 3 min, respectively. 

The germination time was significantly different from that of untreated spores. The Mann-Whitney 

rank sum test obtained a p-value of ≤ 0.05 for values that differed by less than 1 min, for instance a 

germination time of 4.00 min was considered to be significantly different from a germination time of 

4.04 min. For simplicity all values were rounded off to no decimal, therefore a difference as low as 

0.04 is not apparent in the table. However, a difference of 0.04 can be considered trivial. Therefore, 

even though a statistical significance was obtained for the germination time, the difference was less 

than 1 min and therefore considered negligible. Lethal concentrations of BP2 significantly delayed 

the start of germination, but only by 1 min (Table 2 and Fig 5). Lethal concentrations of TC19, TC84 

and Nisin A did not affect the start of germination significantly. The germination time was 
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significantly different from the untreated spores, but the effect was negligible (< 1 min). Overall, the 

results suggest that the AMPs do not affect the germination process of B. subtilis spores. 

Spore outgrowth is considered the process when germination ends and the first cell division occurs 

due to the start of metabolism, macromolecular synthesis, DNA damage repair and the restart of 

vegetative growth [60,62,111,355]. In this study we were unable to detect first cell division, but the 

bust time could be observed. Bursting occurs when the cortex has been hydrolysed and the spore-

coat is shed. Treatment with sub-lethal concentrations of the AMPs caused a significant difference in 

burst time, except when spores were treated with Nisin A (Table 2 and Fig 4). TC19 delayed (started 

later) the burst time with a median of 22 min. TC84 and BP2 shortened (started earlier) the burst 

time with a median of 15 min and 5 min, respectively. Lethal concentrations prevented the bursting 

of germinated spores. The results suggest that the treatment with the AMP do have an effect on the 

bursting by preventing bursting at lethal concentrations and delaying or shortening burst time at sub-

lethal concentrations. 

After the first cell division, the vegetative cells commence with normal growth [62]. To observe the 

effects of the AMPs on vegetative cell growth the generation time was observed. Sub-lethal 

concentrations of TC19 had no effect on the generation time, but TC84 and Nisin A significantly 

increased the generation time with a median of 3 min and 5 min, respectively (Table 2 and Fig 4). 

BP2 showed to significantly delay the generation time by 9 min. Lethal concentrations prevented 

vegetative cell growth of germinated spores. The results suggest that the treatment with the AMPs 

does have an effect on the generation time. 

Alexa488-TC84 was found to bind to the crust or outer coat of dormant and germinated spores (Fig 

1B). Therefore, we pre-coated the dormant spores in lethal concentrations of the peptides to evaluate 

whether the peptides bound to the spore-coat can prevent outgrowth once germination occurs. 

Quantification of germination of the spores after coating showed that there was no statistical 

significance in the percentage of dormant and germinated spores compared to the untreated spores 

(Fig 3). The live imaging results showed that coating with TC19 significantly delayed the start of 

germination by 3 min, but TC84 significantly shortened the time to the start of germination by 1 min 

(Table 2 and Fig 5). The influence of BP2 and Nisin A on the timing of the start of germination was 

not significantly different. The germination time was significantly different but the effect was 

negligible (< 1 min). A delay in bursting was observed for TC19, TC84 and BP2 with a median of 10 

min, 13 min and 10 min, respectively. Nisin A shortened the burst time with a median of 7 min. The 

generation time was significantly different, except for treatment with BP2. TC19, TC84 and Nisin A 
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shortened the generation time with a median of 2 min, 4 min and 4 min, respectively. Overall, these 

finding suggest that the coating of dormant spores with the peptides did not drastically affect the 

germination process of B. subtilis spores, but did affect the burst time and the generation time . 

Interestingly, after coating with Nisin A only 21 % of the spores burst and went on to the outgrowth 

process (Fig 3), which was statistically significant with p-value of 0.01. In contrast 82 %, 90 % and 

81 % of the spores coated with TC19, TC84 and BP2, respectively, burst and grew out into 

vegetative cells, showing that these peptides had no effect. Nisin A appeared to affect the shedding 

of the spore-coat of germinated spores through an as yet unknown mechanism that warrants further 

investigation. Nisin A might be creating a layer of AMP that directly targets the spore inner 

membrane once germination occurs.  

 

Figure 3. Quantification of live imaging data. The number of spores that remained dormant, germinated or 
grew out into vegetative cells after treatment for 4.5 hrs were quantified. Spores were coated and exposed 
to lethal concentration of the peptides (32 µM TC19, 23 µM TC84, 56 µM BP2 and 7 µM Nisin A) in the 
culturing medium. Sub-lethal concentrations of the peptides (32 µM TC19, 23 µM TC84, 56 µM BP2 and 7 
µM Nisin A) were also added to the culturing medium. Standard error bars represent the data of two 
biological repeats. 
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Figure 4. Frequency distribution curves of B. subtilis spores treated with sub-lethal peptide concentrations. 
Sub-lethal peptide concentrations were 16 µM TC19, 12 µM TC84, 28 µM BP2 and 3.5 µM Nisin A. Treated 
conditions (red line) were overlaid untreated spores (black line). The histogram was normalized to occupy an 
area of one and was rescaled so that the maximum value in the histogram is equal to one. Significance were 
determined using the Mann-Whitney rank sum test, where a statistical significant difference with a p-value ≤ 
0.05 is obtained if the median values between the two groups is greater than would be expected by chance. 
Observations of two biological repeats were grouped and analysed as one data set.  
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Figure 5. Frequency distribution curves of B. subtilis spores treated with lethal peptide concentrations. 
Lethal peptide concentrations were 32 µM TC19, 23 µM TC84, 56 µM BP2 and 7 µM Nisin A. Treated 
conditions (red line) were overlaid untreated spores (black line). The histogram was normalized to occupy an 
area of one and was rescaled so that the maximum value in the histogram is equal to one. Significance was 
determined using the Mann-Whitney rank sum test, where a statistical significant difference, with a p-value 
≤ 0.05, is obtained if the median values between the two groups are greater than would be expected by 
chance. Observations of two biological repeats were grouped and analysed as one data set.  
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Figure 6. Frequency distribution curves of spores coated with the peptides. B. subtilis spores were coated 
with lethal peptide concentrations, which were 32 µM TC19, 23 µM TC84, 56 µM BP2 and 7 µM Nisin A. 
Treated conditions (red line) were overlaid untreated spores (black line). The histogram was normalized to 
occupy an area of one and was rescaled so that the maximum value in the histogram is equal to one. 
Significance were determined using the Mann-Whitney rank sum test, where a statistical significant 
difference, with a p-value ≤ 0.05, is obtained if the median values between the two groups are greater than 
would be expected by chance. Observations of two biological repeats were grouped and analysed as one 
data set.  
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Table 2 Live imaging results after treatment of Bacillus subtilis strains 168 dormant spores with the peptides. Coated and lethal concentrations were 32 µM TC19, 23 
µM TC84, 56 µM BP2 and 7 µM Nisin A. Sub-lethal concentrations were 16 µM TC19, 12 µM TC84, 28 µM BP2 and 3.5 µM Nisin A. 

Treatment 
Start of germination (min) Germination duration (min) Burst (min) Generation time (min) 

Mean Median Mode Counts Mean Median Mode Counts Mean Median Mode Counts Mean Median Mode Counts 
Untreated 21 17 13 384 4 4 4 384 122 120 126 369 46 44 40 345 
TC19 Sub-lethal 25 16 7 174 4 4* 3 174 150 142* 174 52 48 44 44 49 

 
Lethal 21 18 21 370 4 4* 4 370 - - 

  Coated 23 14* 9 228 4 4* 3 228 117 110* 105 168 43 42* 41 151 
TC84 Sub-lethal 25 17 9 212 4 4* 3 212 114 105* 102 117 42 41* 40 129 

 Lethal 21 16 15 342 5 4* 3 342 - - 
  Coated 32 18* 17 209 4 4* 4 209 121 107* 97 188 41 40* 39 177 
BP2 Sub-lethal 22 15 15 380 4 4* 3 380 122 115* 115 317 92 53* 42 288 

 
Lethal 23 18* 13 499 5 4* 4 499 - - 

  Coated 28 16 10 325 4 4* 3 325 119 110* 103 270 46 43 40 210 
Nisin A Sub-lethal 24 16 17 169 4 4* 4 169 123 114 102 52 39 39* 38 52 

 Lethal 19 16 16 354 4 3* 3 354 - - 
  Coated 29 15 10 169 4 4* 4 169 129 113 100 33 39 40* 41 28 
* The Mann-Whitney rank sum test was employed. A significant difference in median values between the two groups are expected when the p value > 0.05.  
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6.3 Discussion 

Previously, we showed that TC19, TC84 and BP2 distort the membrane of B. subtilis vegetative cells 

by creating fluid domains, which leads to membrane permeabilisation and delocalization of 

membrane bound proteins (Chapter 4 and 5). TC19, TC84 and BP2 were also rapidly bactericidal 

without readily inducing resistance development. We aimed in this study to evaluate the membrane 

perturbation effects of TC19, TC84 and BP2 on B. subtilis spores. TC19, TC84 and BP2 showed to 

be bactericidal against germinated spores, similar to what was reported for the lantibiotics subtilin 

and nisin, and cyclic peptide bacteriocin [162–164,350]. Generally dormant spores consist of various 

layers not present in vegetative cells; an exosporium, a coat layer, an outer membrane and a 

peptidoglycan (PG) rich cortex [108]. The cortex covers the PG germ cell wall (GCW) and inner 

membrane that are similar to the vegetative cell wall and membrane. However, the dormant spore‘s 

inner membrane has a lower lateral mobility, contains more cardiolipin, and has a higher viscosity 

compared to the vegetative cell membrane [22,353,356–360]. All the mentioned layers cover the 

inner spore core that contains various properties which contribute to the dormant spore’s resistance. 

The inner spores core has a low water content, high level of dipicolinic acid (DPA) together with 

various divalent cations and α/β-type small acid-soluble spore proteins (SASPs) that protects the 

DNA against damage [22,23,361,362]. When the dormant spore germinates, the above mentioned 

properties are lost, the spore loses its resistance and at this stage the peptides gain access to the inner 

membrane.  

Germination occurs without any detectable metabolism and consist of the release of CaDPA, cortex 

hydrolysis, rehydration of the spore core causing swelling, followed by the mobility of the 

macromolecular components and that of the inner membrane [60,110]. The germinated spore inner 

membrane is remodelled, expands and become permeable [60]. The GCW is also remodelled and 

surrounds the inner membrane [60]. The spore-coat is only released during the burst, but it remains 

unclear what happens to the outer spore membrane during germination. Presumably it is lost during 

the cortex hydrolysis or is shed with the spore-coat, but to the best of our knowledge it is unclear 

what happens to the outer membrane during germination and outgrowth. With the aid of SIM, the 

fluorescent membrane dyes Nile red and FM 4-64, and the Alexa488-labelled TC84, we were able to 

establish with confidence that the spore inner membrane is indeed perturbed after AMP treatment. 

TC19, TC84, BP2 and Nisin A treatment caused the inner membrane of germinated spores to appear 

shrunken compared to the untreated spores and Alexa488-labelled TC84 was present in the spore 

core when combined with unlabelled TC84. Membrane invagination was observed in vegetative cells 
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treatment with TC19, TC84 and BP2 (Chapter 5), therefore the shrunken inner membrane might be 

invaginated too after peptide treatment. 

Rehydration of the core enables protein mobility and enzyme activity to occur without detectable 

previous metabolism. ATP, nucleotides and amino acids are generated and macromolecules are 

synthesized from endogenous resources [110,111,355,363], processes vital for outgrowth. We 

evaluated the effects of TC19, TC84, BP2 and the reference Nisin A at 30 min after addition of the 

germinant, referred to as the ripening period of the germinating spore [111]. During the ripening 

period proteins crucial to normal metabolism, such as ATP synthesis and glycolysis, are made [111]. 

The Atp synthase protein (AtpA) was shown to already be present in dormant spores and synthesized 

during the ripening period [111]. Disturbance of these processes during the ripening period might 

prevent the subsequent outgrowth phase. We have shown with vegetative cells that the location of the 

integral membrane bound protein, AtpA, was irregular due to the membrane perturbation effects of 

TC19, TC84 and BP2 (Chapter 4). Other essential membrane bound proteins that were delocalized 

after TC19, TC84 and BP2 treatment were the cell wall synthesis proteins MurG, MraY, PBP2b, 

PonA, MreB and FtsW, cell membrane synthesis proteins PgsA and PlsX, and cell division proteins 

FtsZ and DivIVA (Chapter 4). The localization of the succinate dehydrogenase protein SdhA, 

involved in the Kreb’s cycle and respiration, was also affected by the membrane perturbation activity 

of TC19, TC84 and BP2 (Chapter 4). Protein MurG, MraY, PonA, MreB, and FtsZ have been shown 

to be synthesized later during ripening at 60 min during germination or during the initiation of 

outgrowth[111]. We observed in this study the presence of AtpA-GFP and MreB-GFP in dormant 

spores and in germinated spores after 30 min of culturing. However, irregular localization of MreB-

GFP or AtpA-GFP was not observed. Whether this is a true biological difference between the spore 

membrane and vegetative cells or whether it is due to the limit of our resolution and the ‘shrunken’ 

membrane, remains to be assessed. Based on our findings with vegetative cells, we conclude that the 

membrane perturbation caused by TC19, TC84 and BP2 will affect the correct localization of 

essential membrane bound proteins and thus prevent the initiation of normal processes required for 

outgrowth.  

To obtain an overview of the effect of TC19, TC84, BP2 and the control Nisin A on the germination 

and outgrowth of dormant spores, single spore observations using live imaging was employed. At 

lethal and sub-lethal concentrations the germination process was not considerably affected, but the 

burst and generation time was. Coating of the spore with lethal concentrations of TC19, TC84, BP2 

and Nisin A also affected the burst and generation time of outgrowing spores. Coating of spores with 

TC19, TC84 and BP2 did not prevent outgrowth, but the lantibiotic Nisin A prevented the outgrowth 
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of 79 % of the germinated spores, suggesting a possible novel application for this peptide in spore 

outgrowth prevention.  

In conclusion, we show for the first time the spore inner membrane’s perturbation by alpha-helical 

peptides TC19, TC84, BP2 and the reference lantibiotic Nisin A. TC19, TC84 and BP2 showed to be 

promising candidates as antimicrobial agents against Gram-positive germinating spores. The Nisin A 

data hinted at a potential additional application for lantibiotic peptides in providing a cidal coating 

for the spores that warrants further investigation.  

6.4 Materials and Methods 

6.4.1 AMP information, strains used and the culturing conditions 

TC19, TC84 and BP2 were dissolved in 0.01 % acetic acid to reach a final concentration of 1.2 mM. 

The peptides were stored at -20 °C and thawed on ice prior to experiments. Strains used in the study 

were Bacillus subtilis strain 168 (trpC2; wild type) from the Bacillus Genetic Stock Center 

(http://www.bgsc.org/), B. subtilis strain bSS421 (PrpsD-sfGFP) mutant (trp 2C amyE::spc PrpsD-

sfgfp, wild type 168) [364], B. subtilis strain YK405 (MreB-GFP) [284], and B. subtilis strain BS23 

(AtpA-GFP) [365]. B. subtilis PrpsD-GFP produces the green fluorescent protein (GFP) under the 

control of the ribosomal protein S4 promotor, B. subtilis MreB-GFP produces the GFP fused to 

MreB, and B. subtilis AtpA-GFP produces the GFP fused to AtpA. B. subtilis was cultured in 

complete minimal medium (CMM), which consist of Spizizen´s Minimal Medium (SMM) [292], 

with the modifications described in Halbedel et al. (2014) [293]. The culturing media of B. subtilis 

MreB-GFP and B. subtilis AtpA-GFP was supplemented with 0.1% xylose. For the preparation of B. 

subtilis spores, the method described by Abhyankar et al. (2011) was followed. B. subtilis spores 

were always heat activated for 30 minutes at 70 °C prior to treatments, and germinated in CMM 

containing AGFK (10 mM L-asparagine, 10 mM glucose, 1 mM fructose and 1 mM potassium 

chloride).  

6.4.2 The MIC and MBC determination 

To obtain the lowest concentration necessary to have an inhibitory effect on B. subtilis spores, the 

MIC was determined. To establish the lethal concentration of the AMPs for the spores, the MBC was 

determined. The MIC was performed by measuring the optical density at an absorbance of 600 nm 

(OD600) for 24 hours in a microtiter plate reader (Multiskan FC, Thermo Scientific). Spores at an 

OD600 of 0.02 (1 x 107 CFU/ml) were treated in CMM supplemented with AGFK. Two-fold serial 

http://www.bgsc.org/
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dilutions from 56 µM to 0.11 µM of the AMPs were prepared. The control consisted of CMM 

without AMP. The experimental conditions to determine the MBC were similar to those for the MIC, 

but after 24 hours the culture in every well was plated onto LB solid medium. The MIC was 

considered to be the lowest concentration with an increase in OD600 of not more than 20 % of the 

initial OD600. The MBC was defined as the concentration where 99.9% of the culture produced no 

CFU after 24 hrs. Three biological and two experimental repeats were performed. The Student’s t-

test was performed, where the difference in mean between the two groups are considered greater than 

by chance if the p-value is ≤ 0.05. 

6.4.3 SIM imaging of the membrane after peptide treatments 

B. subtilis PrpsD-GFP spores were used to observe membrane perturbation. The spores were 

incubated in CMM with AGFK at an OD600 of 0.2 (1 x 108 CFU/ml) and treated with 12 µM TC19, 

12 µM TC84, 7 µM BP2 and 4 µM Nisin A for 30 minutes. Following treatment, the spores were 

stained with Nile red (0.5 µg/ml final concentration) for 5 min.  

B. subtilis MreB-GFP and B. subtilis AtpA-GFP spores were used to confirm the location of the 

inner membrane and to confirm the presence of the cell-shape determinant protein, MreB, and AtpA 

synthase, AtpA, in dormant and germinated spores. The inner membrane of B. subtilis MreB-GFP 

and B. subtilis AtpA-GFP spores were stained by adding 2 µg/ml FM 4-64 to the culture in its 

exponential phase during the sporulation process [353]. The final dormant spores will contain an FM 

4-64 stained inner membrane. During germination the FM 4-64 signal is lost, therefore the 

germinated spores were re-stained with FM 4-64. Dormant spores were also re-stained with FM 4-64 

as a control.  

The Nikon N-SIM E microscope was used for visualization of the spores and cells. The coverslips 

were coated with L-dopamine to reduce binding of Nile red or FM 4-64 to avoid distortion of the 

structured illumination pattern projections [340,341]. The Nikon Ti N-SIM was equipped with a CFI 

SR Apochromat TIRF 100x oil objective (NA1.49), a LU-N3-SIM laser unit, an Orca-Flash 4.0 

sCMOS camera (Hamamatsu Photonics K.K), and NIS-elements Ar software. Microscopy images 

were analysed in ImageJ (http://rbsweb.nih.gov/ij/). 

6.4.4 Determining the location of peptide TC84 using Alexa-488 labelling 

TC84 was N-terminally labelled with the green fluorescent dye Alexa Fluor 488 (Chapter 5) was 

used to determine the location of the peptide after treatment. B. subtilis 168 spores were incubated in 

CMM with AGFK at an OD600 of 0.2 and treated with 12 µM Alexa488-TC84 for 30 minutes. 

http://rbsweb.nih.gov/ij/
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Combination treatments of Alexa 488-TC84 and TC84 at a 1:1 w/w mixture, to have a final 

concentration 12 µM, were also performed. Following treatment, spores were washed thrice with 

PBS to remove residual labelled peptide. SIM images of spores treated with Alexa 488-TC84 

combined with TC84 were also performed. Treated cells were stained with Nile red prior to SIM 

imaging. Imaging was performed with a Nikon Ti N-SIM and Olympus BX-60. The Olympus BX-60 

was mounted with a CoolSnap fx (Photometrics) CCD camera and an UPLANFl 100x/1.3 oil 

objective (Tokyo, Japan). Microscopy images were analysed in ImageJ (http://rbsweb.nih.gov/ij/).  

6.4.5 Live imaging of B. subtilis spore outgrowth  

Heat activated spores were observed over time when treated with the AMPs in three different test 

conditions: (1) AMPs were added to the culturing medium at lethal concentrations, (2) AMPs were 

added at sub-lethal concentrations to the culturing medium, and (3) spores were coated with lethal 

concentrations of AMPs for 5 minutes, followed by washing of the spores in sterile MilliQ water, 

and culturing on AMP-free medium. The culturing medium contained CMM, AGFK and 1 % 

agarose. The time scale of 4.5 hrs was selected as the untreated B. subtilis spores overgrew the 

imaging point at this time in our test conditions. Lethal concentrations of the AMPs were considered 

to be concentrations that prevented outgrowth for 4.5 hrs. Sub-lethal concentrations were considered 

the highest concentrations of peptide that permitted spore outgrowth within 4.5 hrs. Microscope slide 

preparation and imaging were performed as described by Pandey et al. (2013) [30]. Live microscopy 

was performed with the Nikon Eclipse Ti equipped with a Prior Brightfield LED for phase-contrast 

microscopy and Lumencor Spectra X LED Light Engine for fluorescence microscopy, a Nikon CFI 

Plan Apo Lambda 100X Oil, C11440‐22CU Hamamatsu ORCA flash 4.0 camera, LAMBDA 10-B 

Smart Shutter from Sutter Instrument, a OkoLab stage incubator and with NIS elements software 

version 4.50.00. The start of germination, germination time, burst time and generation time of each 

spore were observed and measured using the ImageJ plugin SporeTrackerX designed by Norbert 

Vischer (https://sils.fnwi.uva.nl/bcb/objectj/examples/sporetrackerx/MD/sporetrackerx.html). 

Statistical analysis was performed in SigmaPlot 13.0. The start of germination was considered to be 

the time point when phase bright spores turn phase dark, and the germination time was considered 

the time of the phase-bright to phase-dark transition [30,62]. The start of germination and end of 

germination are determined with SporeTrackerX by measuring the change in intensity of the centre 

region of the marked spore and comparing it to a pre-defined threshold setting. The germination time 

is the difference in time between the start and end of germination. The burst time is the time when 

the spore-coat is shed, which is automatically noted by the macro when a ‘jump-like’ increase in area 

during outgrowth occurs or can be manually added. The generation time was determined by the 

http://rbsweb.nih.gov/ij/
https://sils.fnwi.uva.nl/bcb/objectj/examples/sporetrackerx/MD/sporetrackerx.html
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macro by finding the contour of the growing cell or colony in each frame and measuring the area 

over time [30,62]. 

  



134 
 

  



135 
 

General discussion and outlook 

With the onset of this study, we aimed to evaluate the potential of novel antimicrobial compounds 

for infection prevention and cure by determining their mode of action against Gram-positive bacteria 

and their spores. Initially in Chapter 1, we introduced the next version of the SporeTracker software 

required for analysing single spore live-imaging data, named SporeTrackerX. Similar to 

SporeTracker, SporeTrackerX is able to evaluate the germination process and growth of resulting 

vegetative cells. SporeTrackerX removes the need for adding the sample preparation time prior to 

analysis and the need to stabilize the image series. Additionally, SporeTrackerX enabled the 

handling of large data sets in the terabyte range, and aided rapid virtual image processing and post-

analysis of the generated data without the need to load the original image series. The new software, 

therefore, made it possible to perform rapid analysis of extensive experiments. In Chapter 2, we 

showed the potential of single spore live-imaging in screening novel synthetic compounds. Our data 

emphasize the difference in activity observed between single spore analysis vs population based 

experiments. We performed analyses on two different Bacillus species and found a distinct 

difference in sensitivity to the compounds using live-imaging. While most compounds perturbed the 

bacteria in their vegetative state, one was able to interfere with the germination process of Bacillus 

cereus, a food borne pathogen. Finding inhibitors of spore germination is considered a holy grail, 

thus the data opened up new perspectives. Whilst these small organic compounds show potential as 

novel antimicrobials, their synthetic nature necessitates extensive toxicity studies, some of which 

meanwhile have been performed. Furthermore, more mechanistic insight into the mode of action of 

the compounds is pending. As we know most of the organisation of the germination proteins in the 

model organism Bacillus subtilis should go hand in hand with work aimed at unravelling the 

organisation of the germination protein complex in Bacillus cereus. New PhD students have 

meanwhile started to work in this direction. 

 

Survival of persisters 

In Chapter 4, an experiment was performed to determine whether B. subtilis readily develops 

resistance to TC19, TC84 and BP2 by passing the bacterium through sub-lethal to lethal 

concentrations of the peptides for 14 passages. The indication of AMP resistance development, due 

to mutation are indicated by an increase in minimal inhibitory concentration (MIC) [366]. DNA 

replication inhibiting ciprofloxacin (Fig 1 in Chapter 4) and transcription initiation inhibiting 
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rifampicin (not shown) were used as reference compounds for resistance development [294,367–369] 

and indeed showed a change in MIC during the course of the 14 passages. TC19, TC84 and BP2, 

however, did not cause B. subtilis to develop resistance. However, given the experimental set up we 

cannot exclude the presence of slow growing persister cells in the population. Persisters could be 

selected for by plating out the entire culture exposed to the AMP on solid medium and selecting the 

colonies formed. Persister cells are dormant cells, that might or might not contain resistance 

characteristics, thus evading various stresses including exposure to antibiotics [370]. The presence of 

persister cells could be stochastic, but can also be induced by environmental stress signals [370]. 

Thus, the general stress response and the alarmone guanosine pentaphosphate [(p)ppGpp] have been 

associated with persister formation [370]. In response to sub-lethal concentrations of TC19, TC84 

and BP2, a few genes were differentially expressed under the control of the SigB regulon. After 

TC19 exposure, B. subtilis upregulated the alarmone production gene (p)ppGpp synthetase (ywaC) 

by 3.6 fold (p < 0.01) after 5 min and 2 fold (p < 0.01) after 120 min of treatment. Therefore, 

persister cells might be present at sub-lethal concentrations. Importantly, persisters have a low 

growth rate and metabolism, which hampers the activity of antimicrobials that target cellular 

processes in active vegetative cells [370]. Examples are ciprofloxacin targeting DNA gyrase and 

rifampicin targeting bacterial DNA-dependent RNA polymerase [4,5]. From results shown in 

Chapter 4 and 5, it is clear that TC19, TC84 and BP2 do not target a specific cellular process 

ongoing in metabolically active cells. Instead their membrane perturbing activity is most likely 

dependent on the presence of anionic phospholipids. Therefore, persister cells might be targeted 

irrespective of their dormancy.  

The presence of dormant spores, in the case of spore-formers, and the survival of cells with cell 

surface modifications might be a greater concern for the use of alpha-helical amphipathic cationic 

peptides. We did not address the effects of cell surface modifications that might contribute to AMP 

tolerance in this study, such as cell wall thickening, reduction of non-amidated muropeptides in the 

cell wall, and the D-alanylation of the teichoic acids; aspects discussed in Chapter 3. We were able to 

show that the AMPs are active on the inner membrane of germinated spores, but spore-formers might 

still survive the onslaught of the AMPs in its dormant spore form. To evaluate whether exposing the 

dormant spores to the AMPs might be sufficient to prevent germination or outgrowth, we coated the 

surface of dormant spores. We observed that alpha-helical TC19, TC84 and BP2 had no effect on the 

spore outgrowth, but the reference lantibiotic Nisin A significantly prevented the outgrowth of 

germinated spores upon coating. This finding showed the potential peptides might have in reducing 

the chance of spore-formers surviving the antimicrobial treatment as dormant spores.  
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Survival due to biofilm formation 

Biofilms are immobilized microbial cells consisting of a micro-consortia that are protected by 

extracellular polymeric substances (EPS). These are hydrated polymers comprising polysaccharides, 

proteins, nucleic acids and lipids [371]. Biofilms are associated with cystic fibrosis, implant 

infections, urinary tract infections and periodontal disease, and are difficult to eradicate using 

antimicrobials [366]. Bacteria within a biofilm have a 100 to 1000-fold increase in antimicrobial 

tolerance compared to planktonic (swimming) bacteria [372] due to the heterogeneity of the bacterial 

population and multifarious environmental conditions within the biofilm. Failures of antimicrobial 

treatment could be due to an inability to penetrate the biofilm, for instance cationic antibiotics such 

as aminoglycosides and polypeptides tend to bind to the anionic biofilm structure [366,373,374]. It 

was also shown that lysing the upper layer of the biofilm assisted the protection of the lower layers 

[375]. These aspects might pose a challenge to cationic alpha-helical peptides in eradicating 

biofilms. However, the potential of antimicriobial peptides in eliminating biofilms by preventing 

adhesion to surfaces has been shown for various AMPs against various microorganisms, and have 

been reviewed by Park et al. (2011) [376] and Luca et al. (2014) [377]. Even though it is known that 

AMPs do reduce biofilm formation, the mechanism by which AMPs achieve this remains unclear. 

 

Cell wall synthesis inhibition and surface modifications 

During the transcriptomic analysis of B. subtilis exposed to sub-lethal concentrations of the AMPs, a 

cell envelope stress response was observed. We confirmed the membrane perturbation effects of the 

AMPs and suggested that the cell wall synthesis stress response could be due to the delocalization of 

essential membrane bound proteins involved in cell wall synthesis. However, we did not evaluate the 

direct effects of the AMPs on the cell wall, such as the binding of lipid II as is the case with nisin 

discussed in Chapter 3 section 3.3. To evaluate the binding activity of AMPs with lipid II, thin-layer 

chromatography with purified lipid II can be used. 

In Chapter 5, using B. subtilis mutants with altered phospholipid compositions we showed that 

reducing the cationic lysyl-phosphatidylglycerol (lysyl-PG) did not alter the efficacy of the AMPs 

and suggested that the presence of the anionic PG was sufficient to perturb the membrane. We 

investigated the phospholipid composition of the membrane as it appeared to be the key target of the 

AMPs, but also because lysyl-PG appeared to be important for B. subtilis to resist nisin [90], as 

reviewed in Chapter 3. Gram-positives also showed to increase their lysyl-, alanyl- and arginyl-
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containing phospholipids and reduced the phosphatidylglycerol (PG) to resist AMPs, such as 

E. faecium against daptomycin, mundticin KS and bacteriocin [146,181], and S. aureus against 

daptomycin [191]. Therefore, we expected by altering the phospholipid composition, for instance by 

reducing the cardiolipin (CL), that we would see a change in efficacy of TC19, TC84 or BP2 against 

B. subtilis. We actually observed that B. subtilis compensated for the reduction in CL by increasing 

the essential PG in the membrane. Thus, we concluded that the presence of PG might be sufficient 

for the activity of the AMPs and might be contributing to the lack of resistance development that we 

observe with these peptides. Whether altering the surface charge by increasing the D-alanylation of 

the teichoic acids in the cell wall play a role in resisting TC19, TC84 and BP2 remains a subject for 

future work. During the transcriptomic analysis the genes associated with dlt operon involved in D-

alanylation of the teichoic acids were differentially upregulated, which warrants further 

investigation. 

 

Accumulation of peptides at cell poles and septum 

In Chapter 5, we observed that the Alexa 488 labelled TC84 accumulated at the septal region of the 

B. subtilis membrane. Rhodamine dye labelled LL-37 [122] and unlabelled cecropin A [128] also 

showed to target the septum of E. coli. The septum and cell pole location of anionic phospholipid CL 

[154] are based on the observations made with CL specific fluorescent dye 10-N-nonyl acridine 

orange (NAO) [378]. NAO has a fluorescence spectral shift from green to red emission when 

aggregated [378]. Accumulates of NAO at the septum and cell poles of E. coli [379] and B. subtilis 

[319] have been observed and were thought to be the location of CL in the bacterial membrane.  

CL consist of two linked PG molecules and has a double negative charge. We and others, therefore, 

concluded that the cationic AMPs preferably accumulate at areas where the CL is located 

[302,380,381]. However, the assumption that NAO binds only to CL has recently been questioned. 

Oliver et al. (2014) found with E. coli that NAO bound indistinguishably to anionic phospholipids, 

meaning to both CL and PG. The authors also observed that NAO binds to PG more tightly than to 

CL, and that the intense red shifted fluorescence emission is the same for PG and CL [382]. The 

findings suggested that PG and CL might be located at the septum and cell poles. This observation of 

NAO was extended to B. subtilis and Pogmore et al. (2017) found that the NAO pattern, associated 

with CL domains, was due to the staining procedure and dependent on the culturing medium used 

[320]. The authors also proposed that the red shifted fluorescence emission of NAO (NAO domains) 

at the septum and cell poles observed in B. subtilis might not be related to the anionic phospholipid 
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domain formation at the septum and cell poles as suggested for E. coli. The authors found that NAO 

domains were present at the septal region of the membrane when B. subtilis was cultured at 37°C and 

then cold-shocked at 20°C, but not when the membrane was maintained at 37°C [382]. Therefore, 

the changes to the membrane induced by the cold-shock facilitated the binding of NAO to the septum 

and cell poles. At this stage it remains unclear what causes NAO domains in B. subtilis cells after a 

cold-shock and further investigation is required. However, the phosphatidylglycerophosphate 

synthase (PgsA) and the major cardiolipin synthases (YwnE) that are important for synthesizing 

anionic phospholipids were located at the cell poles and septum, which suggests that PG and CL will 

be produced at these regions [383,384]. Even though NAO does not stain CL specifically, there 

might be a strong possibility that the cationic AMPs are still targeting anionic phospholipids located 

at the septum and cell poles. However, the location of anionic phospholipids (PG and CL) in the 

membrane is unknown and the reason for AMP accumulation at the septum and cell poles requires 

further investigation. 

 

Regulons as a rapid tool to obtain the mode of action of a compound 

Before probing the physiological effects of the AMPs on B. subtilis, we performed a transcriptomic 

analysis. We chose to use microarrays, but RNA sequencing could also have been an option. We 

made use of regulons to narrow down the possible targets of the AMPs, such as sigma factors and 

two component systems (TCS). For a microarray or RNA sequencing experiment, in the case of 

prokaryotes, about 5 µg total RNA is required (see the materials and methods of Chapter 4). To 

obtain such RNA concentrations, cultures with sufficient cell density or a high volume are required. 

In turn, an experiment of three or four biological repeats requires a substantial amount of scantily 

available peptide, even though sub-inhibitory concentrations are used. To circumvent this bottle-neck 

in rapidly identifying the mode of action of novel antimicrobials, a screening tool using key regulons 

fused to a fluorescent reporter protein could be used. Single cell analysis such as flow cytometry 

might assist in quantifying or identifying responses that are too low for the often applied beta-

galactosidase reporter assay. The beta-galactosidase assay requires mutants where the regulons are 

fused to the beta-galactosidase encoding lacZ gene, and is dependent of the amount of ortho-

nitrophenyl-β-galactoside (ONPG) that is cleaved. For such a screening tool, key regulons or genes 

associated with specific stresses, such as cell envelope stress, should be identified using a general 

screen of the transcriptome after treatment with known antimicrobials. Such general screening has 

been attempted previously by Hutter et al. (2004) [228]. However, their primary data, covering 
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Bacillus subtilis expression profiles of cells exposed to thirty seven well-characterized antibacterial 

compounds of different classes, is not readily accessible and will likely have to be repeated.  

 

Taking the characterization of the compounds and AMPs further 

The five synthetic compounds selected were initially pre-screened against the medically relevant 

pathogen Staphylococcus aureus. We also showed activity against food related sporeforming 

bacteria: the spoilage organism Bacillus subtilis and the distantly related pathogen Bacillus cereus. 

Of the five compounds investigated, C3 showed the most interesting characteristic by inhibiting 

spore germination. The germination inhibitory mechanism of C3 itself merits further investigation, 

but C3 could also be used as a template for further development of compounds with germination 

inhibitory activity or to search for a natural occurring compound. As this stage, the immediate 

application of this germination inhibiting compound cannot be foreseen, but it might be used to 

understand the spore germination process or could be used in application for coating surfaces. C3 

might also be used in food products in combination with compounds that are inhibitory, such as C1, 

C2 and C4, or lethal, such as C5, to be certain that outgrowth of spores into vegetative cells is 

prevented.  

The AMPs selected in this study, TC19, TC84 and BP2, have shown activity against medical 

relevant pathogens S. aureus and/or S. epidermidis [222,225]. TC19 has also shown anti-biofilm 

activity and anti-fungal activity [222], thus supporting further development of the peptide for 

eventual application in healthcare. At this stage, we have only established the mode of action of our 

selected AMPs against B. subtilis vegetative cells and spores, but the action of TC19, TC84 or BP2 

against a medical relevant pathogen such as S. aureus or Clostridium difficile remains unclear and 

should be determined whether to support or oppose our observation with B. subtilis. Furthermore, the 

native thrombocidins (TC-1 and TC-2) showed to not dissipate the membrane potential of 

Lactobacillus lactis. It might be interesting to observe the membrane perturbation effect of TC-1 and 

TC-2 against B. subtilis or S. aureus. TC19 also showed activity against the pathogenic yeast, 

Candida albicans [222]. It might also be worthwhile to investigate the membrane perturbation 

activity of TC19, TC84 and BP2 against eukaryotic pathogens. 
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Concluding remarks 

Taken together, we have identified novel antimicrobials that show potential as promising candidates 

for further investigation. Using novel microscopic methods which provide more insight in the 

interaction of antimicrobials and live bacterial cells, we were able to unravel the mechanism of 

action of antimicrobial peptides and synthetic compounds against B. subtilis vegetative cells and/or 

spores, leading the way to further clinical development of these novel antimicrobials.  
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Summary 

The rise of antibiotic resistance development has increased the need for conventional compounds and 

unconventional antimicrobials to increase the artillery of medical practitioners in the combat against 

resistant pathogens. This study aimed in identifying novel synthetic compounds and to determine the 

mode of action of unconventional antimicrobials known as alpha-helical cationic antimicrobial 

peptides (AMPs). The non-pathogenic spore-forming Gram-positive bacterium, Bacillus subtilis, was 

selected to serve as a reference for pathogenic Staphylococcus aureus, often associated with 

resistance development in health-care, but also for pathogenic spore-formers such as Clostridium 

difficile and Bacillus cereus. 

In chapter 1, we focussed on the SporeTracker software designed by our group to evaluate data 

generated through live-imaging of spore-forming bacteria. SporeTracker was improved to reduce the 

handling time of movies acquired, and increased the processing speed of terabyte size data. The new 

software SporeTrackerX enabled the generation of more complex experiments that consisted of 

multiple test conditions, biological repeats and movies with more frames than what was previously 

possible. 

Chapter 2, we applied the SporeTrackerX software to evaluate whether single spore live-imaging 

could contribute to the screening of compounds active against spore-forming bacteria making use of 

our model organism B. subtilis, but also the food related pathogen B. cereus. We observed novel 

compound characteristics during the single spore live-imaging that were not evident during the 

population based screening. The novel characteristics these synthetic compounds displayed made 

them promising candidates for further development for application in health-care and the food 

industry. 

Subsequently, we moved towards the characterization of antimicrobial peptides (AMPs) considered 

to be an innovative unconventional treatment of infection. To come to an informed approach in 

characterizing our chosen AMPs and to contribute to the understanding of AMPs, a review of the 

current knowledge available was required. Therefore, in chapter 3 we compiled the information on 

the mode of action of AMPs against Gram-positives and reported the resistant mechanisms known 

about Gram-positives against AMPs. 

In chapter 4, we focussed on alpha-helical cationic AMPs to evaluate their mode of action against 

B. subtilis vegetative cells. The alpha-helical AMPs selected, TC19 and TC84, were derived from the 
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native AMPs released by human blood platelets, known as thrombocidins. These two peptides 

differed by only one amino-acid, but this minor difference improved the stability of TC19 compared 

to TC84. We were interested in whether this difference also resulting in a change in mode of action. 

An additional AMP selected was BP2, a synthetic peptide obtained through molecular modelling and 

rational design based on the lipopolysaccharides (LPS)-binding domains of bactericidal permeability 

increasing protein (BPI). BP2 shared the common feature of being an alpha-helical cationic peptide, 

but differs in amino-acid sequence. We found TC19, TC84 and BP2 to be bactericidal against 

B. subtilis without readily inducing resistance development. Using transcriptomics, we showed that 

TC19, TC84 and BP2 induce a cell envelope stress response. The physiology after treatment were 

observed with transmission electron microscopy, fluorescent microscopy and various B. subtilis 

mutants that produce essential membrane bound proteins fused to green fluorescent protein (GFP). 

We found that TC19, TC84 and BP2 perturbed the membrane in a concentration dependent manner 

causing essential membrane bound proteins to delocalize contributing to the induced cell envelope 

stress response.  

Further investigation of the TC19, TC84 and BP2 membrane perturbation mechanism were assessed 

using Alexa Fluor 488 labelled TC84, various fluorescence dyes, fluorescent microscopy techniques 

and structured illumination microscopy in chapter 5. TC19, TC84 and BP2 showed to be creating 

extensive fluid domains in the rigid bulk membrane that were permeable. It appeared that the direct 

insertion of the peptides into the bilayer created the fluid domains. We speculate that a phase 

boundary defect between the fluid domains and rigid bulk membrane due to the insertion of the 

AMPs into the membrane facilitated the entering of the peptides and leakage of the cytosol.  

Finally, in chapter 6 we extended the characterization of TC19, TC84 and BP2 by determining the 

mode of action of these peptides against B. subtilis spores. The Alexa Fluor 488 labelled TC84, 

various fluorescence dyes, fluorescent microscopy techniques, structured illumination microscopy 

and single spore live-imaging were employed. We found that TC19, TC84 and BP2 to be bactericidal 

against germinated spores by targeting the inner membrane similar to that of the vegetative cells. 

Single spore live-imaging revealed that TC19, TC84 and BP2 affected the burst and outgrowth of 

spores. Pre-coating of the dormant spores with TC19, TC84 and BP2 did not affect germination or 

outgrowth, but our reference lantibiotic Nisin A prevented spore outgrowth after pre-coating the 

dormant spores.  

In conclusion, our study highlighted the use of live-imaging in characterizing novel antimicrobials. 

We showed the potential of alpha-helical cationic AMPs, TC19, TC84 and BP2, as antimicrobial 
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agents against Gram-positives. For the first time, in vivo, we show that alpha-helical cationic AMPs 

cause “membrane leaks” at the site of membrane insertion by altering the organization and fluidity of 

the membrane. Thus confirming in vivo the observations made earlier in vitro with lipid vesicles that 

peptides might cause a phase boundary defect that are stochastic and might be a common 

phenomenon amongst peptides in this class. Also for the first time, we show that alpha-helical 

cationic AMPs target the inner membrane of germinated spores and hint at a potential additional 

application for AMPs in preventing spore outgrowth after covering the dormant spore-coat. 
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Opsomming 

Die styging in weerstandsontwikkeling teen antibiotika het die behoefte vir konvensionele en 

onkonvensionele antimikrobiese middels genoodsaak om die artillerie te vergroot vir mediese 

praktisyne in hul stryd teen weerstandbiedende patogene. Hierdie studie het gefokus om nuwe 

sintetiese antimikrobiese middels te identifiseer en die meganisme van onkonvensionele alfa-heliese 

kationiese antimikrobiese peptiede (AMP) te ontsyfer. Die nie-patogeen spoorvormende Gram-

positiewe bakterie, Bacillus subtilis, was geselekteer as ‘n model organisme vir die patogeniese 

Staphylococcus aureus, wat dikwels geassosieerd word met weerstandsontwikkeling in die 

gesondheidsorg asook met die patogeniese spoorvormers soos Clostridium difficile en 

Bacillus cereus. 

In hoofstuk 1 het ons gefokus op die SporeTracker sagteware wat deur ons groep ontwerp was om 

data te evalueer wat gegenereer word deur live imaging van spoorvormende bakterieë. SporeTracker 

is verbeter om die hanteringstydperk van die verwerking van gegenereerde films af te skaal en die 

verwerkingspoed van teragreep-grootte data te verhoog. Die nuwe sagteware SporeTrackerX het dit 

moontlik gemaak om meer komplekse eksperimente van verskillende toestande, biologiese 

herhalings en films met veelvuldige lae te proseseer as wat voorheen moontlik was. 

In hoofstuk 2 het ons die SporeTrackerX sagteware toegepas om te evalueer of enkelspoor live 

imaging bydra kan lewer tot die selektering van antimikrobiese middels wat aktiwiteit toon teen 

spoorvormende bakterieë. Die model organisme B. subtilis en die voedselverwante patogeen 

B. cereus was gebruik tydens die studie. Die nuwe antimikrobiese middels het eienskappe 

tentoongestel tydens die enkelspoor live imaging wat nie tydens die populasiegebaseerde keuring 

sigbaar was nie. Die nuwe eienskappe wat hierdie sintetiese antimikrobiese middels vertoon het, het 

hulle belowende kandidate gemaak vir verdere ontwikkeling vir die toepassing in die gesondheidsorg 

en voedselbedryf. 

Daarna het ons gefokus op die karakterisering van antimikrobiese peptiede (AMP) wat beskou word 

as 'n innoverende onkonvensionele behandeling gedurende infeksie. Om 'n ingeligte benadering te 

kry om ons geselekteerde AMP te karakteriseer en ook om by te dra tot die begrip van AMP, was 'n 

oorsig van die huidige kennis ‘n noodsaak. Daarom het ons in hoofstuk 3 die inligting oor die 

werking van AMP teen Gram-positiewe en die weerstandbiedende meganismes oor Gram-positiewe 

teen AMP saamgestel. 
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In hoofstuk 4 was die aksie van ons geselekteerde alfa-heliese kationiese AMPs teen B. subtilis-

vegetatiewe selle geëvalueer. Die alfa-heliese AMP was, TC19 en TC84, wat voortkomen van die 

inheemse AMP wat vrygestel is deur menslike bloedplaatjies, bekend as thrombocidines. Hierdie 

twee peptiede verskil slegs net met een aminosuur, maar hierdie geringe verskil het die stabiliteit van 

TC19 verbeter in vergelyking met TC84. Ons was geïnteresseerd of hierdie verskil ook 'n 

verandering in die aksie tot gevolg sou hê. Die derde AMP, genaamd BP2, 'n sintetiese peptied wat 

verkry was deur molekulêre modellering en rasionele ontwerping gebaseer op die lipopolisakkariede 

LPS-bindende domeine van die bakteriedodende permeabiliteitsverhoging proteïen (BPI). BP2 deel 

die algemene kenmerk van 'n alfa-heliese kationiese peptied met TC19 en TC84, maar verskil in 

aminosuur struktuur. Ons het gevind dat TC19, TC84 en BP2 bakteriedodend is teen B. subtilis 

sonder om weerstand te veroorsaak. Met behulp van transkriptomika het ons getoon dat TC19, TC84 

en BP2 'n selmembraan- en selwandstresrespons veroorsaak. Die fisiologie na behandeling was 

waargeneem met transmissie-elektronmikroskopie, fluoreserende mikroskopie en met behulp van 

verskeie B. subtilis-mutante wat noodsaaklike membraangebonde proteïene vervaardig wat aan die 

groen-fluoreserende proteïen gekoppel is. Ons het bevind dat TC19, TC84 en BP2 die membraan op 

'n konsentrasie-afhanklike wyse versteur en noodsaaklike membraanbindende proteïene delokaliseer 

wat bydra tot die geïnduseerde selmembraan and selwand stresrespons. 

Verdere ondersoek van die membraanaksie van AMPs, TC19, TC84 en BP2, was bepaal met behulp 

van Alexa Fluor 488 gebonde aan TC84, verskeie fluoreserende kleurstowwe, fluoreserende 

mikroskopie tegnieke en Structured Illumination mikroskopie in hoofstuk 5. TC19, TC84 en BP2 het 

uitgebreide vloeibare domeine in die stewige massa membraan wat veroorsaak dat die membraan 

deurlaatbaar raak. Die direkte invoeging van die peptiede in die membraan het hierdie vloeibare 

domeine veroorsaak. Ons spekuleer dat 'n fasegrensdefek tussen die vloeibare domeine en die rigiede 

grootmembraan deur die invoeging van die AMP's veroorsaak word. Die gevolg is ‘n membraan wat 

deurlaatbaar word en lekkasies van die sitosol fasiliteer.  

Uiteindelik het ons in Hoofstuk 6 die karakterisering van TC19, TC84 en BP2 uitgebrei deur die 

werking van hierdie peptiede teen B. subtilis spore te bepaal. Die Alexa Fluor 488 gebonde aan 

TC84, verskeie fluoresensie kleurstowwe, fluoreserende mikroskopie tegnieke, Structured 

Illumination mikroskopie en enkelspoor live imaging was gebruik. Ons het gevind dat TC19, TC84 

en BP2 bakteriedodend is teen ontkiemende spore deur die binnemembraan soortgelyk aan dié van 

die vegetatiewe selle te beskadig. Behandeling met TC19, TC84 en BP2 tydens enkelespoor live 

imaing het die uitbarsting en uitgroei van die spore beïnvloed. Voortydige bedekking van die 

dormante spore met TC19, TC84 en BP2 het geen ontkieming of uitgroei beïnvloed nie, maar ons 
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verwysing, die lantibiotiese Nisin A, het spore uitgroei verhoed nadat die dormante spore vooraf 

bedek was.  

Ten slotte het ons studie van enkelspoor live imagin gebruik gemaak en beklemtoon dat hierdie 

tegniek nuttig is tydens die seleksie en karakterisering van nuwe antimikrobiese middels. Ons het 

getoon dat die alfa-heliese kationiese AMP's, TC19, TC84 en BP2, potensiaal het as antimikrobiese 

middels teen Gram-positiewe bakterieë. Vir die eerste keer, in vivo, wys ons dat alfa-heliese 

kationiese AMP's "membraan lekking" veroorsaak op die plek van membraaninvoeging deur die 

organisasie en vloeibaarheid van die membraan te verander. Sodoende bevestig in vivo die 

waarnemings wat vroeër in vitro met lipiedvesikels gemaak was en dat die peptiede 'n fasegrensdefek 

veroorsaak en 'n algemene verskynsel onder peptiede in hierdie klas kan wees. Ook vir die eerste 

keer wys ons dat alfa-heliese kationiese AMP's die binneste membraan van ontkiemde spore 

beskadig en 'n wenk op 'n moontlike aanvullende toepassing vir AMP's om die uitgroei van spore te 

voorkom nadat die dormante spoor-bedekking bedek is. 

 

- Edited by Niël van Wyk 
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Samenvatting 

De opkomst van de ontwikkeling van antibioticum resistentie heeft de behoefte van artsen aan 

conventionele- en onconventionele antimicrobiële middelen in zijn strijd tegen resistente pathogenen 

verhoogd. Deze studie was gericht op het identificeren van nieuwe synthetische antimicrobiële 

middelen en het bepalen van de werkingswijze van onconventionele antimicrobiële middelen bekend 

als alfa-helix kationische antimicrobiële peptiden (AMP). De niet-pathogene sporenvormende Gram-

positieve bacterie, Bacillus subtilis, werd gekozen om als model voor pathogene 

Staphylococcus aureus te dienen, welke vaak geassocieerd is met resistentieontwikkeling in de 

gezondheidszorg, maar ook voor pathogene sporenvormers zoals Clostridium difficile en Bacillus 

cereus. 

In hoofdstuk 1 hebben we ons gericht op de SporeTracker software die door onze groep is ontworpen 

om gegevens te evalueren die gegenereerd zijn door live imaging van sporenvormende bacteriën. 

SporeTracker is verbeterd om de verwerkingstijd van gemaakte films te verkorten en de 

verwerkingssnelheid van terabyte-grootte gegevens te verhogen. De nieuwe software SporeTrackerX 

maakt het verwerken van meer complexe experimenten mogelijk, zoals meerdere 

testomstandigheden, biologische herhalingen en films met meer frames dan voorheen mogelijk was. 

In hoofdstuk 2 hebben we de SporeTrackerX software toegepast om te evalueren of single-spore live 

imaging kan bijdragen aan het screenen van actieve verbindingen tegen sporenvormende bacteriën 

door gebruik te maken van het modelorganisme B. subtilis, maar ook de voedsel gerelateerde 

pathogeen B. cereus. We hebben nieuwe kenmerken van verbindingen waargenomen tijdens de 

single-spore live imaging die niet duidelijk waren tijdens de populatie-gebaseerde screening. Deze 

nieuwe kenmerken , maakten hen veelbelovende kandidaten voor verdere ontwikkeling voor hun 

toepassing in de gezondheidszorg en de voedingsindustrie. 

Vervolgens zijn we overgegaan op de karakterisering van antimicrobiële peptiden (AMP) die 

beschouwd worden als een innovatieve onconventionele behandeling van infecties. Om tot een 

geïnformeerde aanpak te komen bij het karakteriseren van onze gekozen AMPs en bij te dragen aan 

het begrip van AMPs, was een beoordeling van de huidige beschikbare kennis vereist. Daarom 

hebben we in hoofdstuk 3 de informatie over de werkingswijze van AMPs tegen de Gram-positieven 

en hun resistentie-mechanismen tegen AMPs, verzameld. 
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In hoofdstuk 4 hebben we ons gericht op alfa-helix kationische AMPs om hun werkingsmechanisme 

tegen B. subtilis vegetatieve cellen te evalueren. De alfa-helicale AMPs, TC19 en TC84, zijn afgeleid 

van de natieve AMPs, die door menselijke bloedplaatjes afgegeven worden en bekend staan als 

thrombocidins. Deze twee peptiden verschillen slechts één aminozuur van elkaar, maar verbeterde dit 

kleine verschil de stabiliteit van TC19 in vergelijking met TC84. We waren geïnteresseerd in de 

vraag of dit verschil ook resulteert in een verandering in de werkingsmodus. Een extra geselecteerde 

AMP was BP2, een synthetisch peptide verkregen door moleculaire modellering en rationeel 

ontwerp op basis van de lipopolysacchariden (LPS)-bindende domeinen van bacteriedodend 

permeabiliteits-verhogend eiwit (BPI). BP2 deelde het gemeenschappelijke kenmerk van een alfa-

helixvormig kationisch peptide, maar verschilt in aminozuursequentie. We vonden dat TC19, TC84 

en BP2 een bactericide werking hebben tegen B. subtilis zonder de ontwikkeling van resistentie 

gemakkelijk te induceren. Met behulp van transcriptoom analyse toonden we aan dat TC19, TC84 en 

BP2 een stressreactie van de omhullende cel induceren. De fysiologie na behandeling werd 

waargenomen met transmissie-elektronenmicroscopie, fluorescentiemicroscopie en verschillende B. 

subtilis mutanten die essentiële membraangebonden eiwitten produceren gefuseerd aan groen 

fluorescerend eiwit (GFP). We vonden dat TC19, TC84 en BP2 het membraan verstoorden op een 

concentratieafhankelijke manier, waardoor essentiële membraangebonden eiwitten delocaliseerden 

en bijdroegen aan de geïnduceerde stressreactie van de omhullende cel.  

Verder onderzoek naar het membraanverstoringsmechanisme van TC19, TC84 en BP2 werd in 

hoofdstuk 5 beoordeeld met behulp van Alexa Fluor 488 gelabelde TC84, verschillende fluorescentie 

kleurstoffen, fluorescentie microscopie technieken en Structured Illumination microscopie. TC19, 

TC84 en BP2 leken uitgebreide vloeistofdomeinen die permeabel waren te creëren in de stijve 

bulkmembraan. Het bleek dat de directe insertie van de peptiden in de membraan de vloeibare 

domeinen creëerde. We speculeren dat een fase-grensdefect tussen de vloeistofdomeinen en het 

stijve bulkmembraan vanwege de insertie van de AMPs in het membraan het binnendringen van de 

peptiden en lekkage van het cytosol mogelijk maakt. 

Tenslotte breidden we in hoofdstuk 6 de karakterisering van TC19, TC84 en BP2 uit door de 

werkingswijze van deze peptiden tegen B. subtilis sporen te bepalen. Hiervoor werd Alexa Fluor 488 

gelabelde TC84, verschillende fluorescentie kleurstoffen, fluorescentie microscopie technieken, 

Structured Illumination microscopie en live imaging gebruikt. We vonden dat TC19, TC84 en BP2 

bactericide zijn tegen gekiemde sporen door zich te richten op het binnenmembraan, vergelijkbaar 

met dat van de vegetatieve cellen. Live imaging van afzonderlijke sporen behandeld met TC19, 

TC84 en BP2 beïnvloedde de burst en uitgroei tijd. Pre-coating van de slapende sporen met TC19, 
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TC84 en BP2 had geen invloed op kieming of uitgroei, maar het vooraf coaten van de slapende 

sporen met ons referentie lantibioticum Nisin A voorkwam sporengroei.  

Kortom, onze studie benadrukte het gebruik van live-imaging bij het karakteriseren van nieuwe 

antimicrobiële middelen. We toonden het potentieel aan van alfa-helicale kationische AMP's, TC19, 

TC84 en BP2, als antimicrobiële middelen tegen Gram-positieven. Voor de eerste keer laten we in 

vivo zien dat alfa-helicale kationische AMP's "membraanlekken" veroorzaken op de plaats van 

membraaninsertie door de organisatie en vloeibaarheid van het membraan te veranderen. De in vivo 

waarnemingen bevestigen hiermee de waarnemingen die eerder in vitro met lipidevesicles waren 

gedaan, namelijk dat peptiden een faseafbraakdefect zouden kunnen veroorzaken die stochastisch 

zijn en een algemene eigenschap kunnen zijn van peptiden in deze klasse. Ook laten we voor het 

eerst zien dat alfa-helix kationische AMP's zich richten op de binnenmembraan van gekiemde sporen 

en zijn er aanwijzingen naar een mogelijke aanvullende toepassing voor AMP's in het voorkomen 

van spore-uitgroei na het bedekken van de slapende spore-coat. 

 

- Edited by Richard de Boer 
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this is the recipe of life 

said my mother 

as she held me in her arms as I wept 

think of those flowers you plant 

in the garden each year 

they will teach you 

that people too 

must wilt 

fall 

root 

rise 

in order to bloom 

 

 

 

-rupi kaur 
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