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ABSTRACT OF THE DISSERTATION 

 
 

Antimicrobial mechanism of action determination via cytological profiling in Bacillus 

subtilis 

 

by 

 

Anne M Lamsa 

Doctor of Philosophy in Biology 

University of California, San Diego, 2012 

Professor Kit Pogliano, Chair 

 

The appearance of multi-drug resistant microbes and the decrease in the 

number of new antibiotics to treat them coming through the clinical pipeline has 

created a great need for development of novel antibiotics. Although breakthroughs in 

sequencing technologies, mass spectrometry, and bioinformatics have revealed an 

almost unlimited potential for new compounds with antibiotic activity, there still 

remains a major bottleneck in the determination of mechanism of action (MOA) for 

these potential antibiotics. Thus although many new antimicrobial compounds are 

being isolated and structurally characterized, we lack MOA information for most. 

Determining the MOA is critical for understanding which new molecules will have the 

greatest potential as an antibiotic safe for clinical use. Current techniques to identify 
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MOA are lengthy, low-throughput and require a large amount of compound. We have 

developed a rapid and precise method to determine the MOA of compounds in 

Bacillus subtilis utilizing fluorescence microscopy and viability data, termed 

cytological profiling. We also developed microculture techniques that allow testing of 

compounds utilizing less than a microgram of material. This method was used to 

demonstrate that the cannibalistic toxin sporulation delaying protein (SDP) kills the 

cell via PMF collapse, which was confirmed by PMF assays, and we have applied the 

technique to other natural products. All natural products and control antibiotics have 

shown a distinctive pattern in cell architecture that is unique to their MOA. Further 

development of cytological profiling by screening of a large library of control 

compounds, complemented by cytological profiling data obtained from E. coli, and 

paired with development of automated image analysis and microscopy technologies 

will make cytological profiling a high-throughput and accurate method of MOA 

determination sensitive enough to be used at sub-MIC levels and to identify the MOA 

of natural products prior to purification through screening of crude extracts. 
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A.  A brief history of antibiotic discovery: the Golden Era 

 Antibiotics have been at the forefront of medicine since the implementation 

of penicillin as a treatment for infections in the 1940s. The success of penicillin in 

fighting infections revolutionized treatment of infectious disease and led scientists to 

look for more of these miracle drugs. Screening for fermentation broths and cell 

extracts that affect cell growth, an approach termed empirical screening, yielded many 

of our commonly utilized antibiotics, including streptomycin, chloramphenicol, 

erythromycin and vancomycin (1-3). Members of the bacterial kingdom 

Actinobacteria, frequently isolated from the soil, provided an especially rich source of 

antibiotics (4). This rapid discovery of new antibiotics lasted until the early 1960s, 

when efforts began to be plagued by rediscovery of identical antibiotics (called 

replication) and ultimately returns of new potential therapeutics diminished almost 

completely (5-7). This led scientists to believe that the antibiotic capacity of known 

microbes was close to being reached. A turn toward more sophisticated means of 

screening and new sources of both natural products and synthetic alternatives were 

required if new antibiotics were to be discovered to combat the increasing prevalence 

of multidrug resistant bacteria (7). 

B.  Antibiotic discovery v 2.0 

 The early days of antibiotic screening focused on empirical screening to search 

for natural products with antibiotic activity, but the returns with this method had 

greatly diminished, and new methods were required to maximize discovery rates. 

Rapid rediscovery of antibiotics led scientists to search for dereplication methods to 
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avoid this issue (7). Additionally, pathogens resistant to commonly used antibiotics 

had appeared, creating the need for novel antibiotics that could be added to a doctor’s 

arsenal (5, 8, 9). Scientists need to stay ahead of the ability of microbes to adapt to the 

new treatments, or risk falling back into the position of the pre-antibiotic era. 

 The first step in the effort for dereplication was the shift from empirical 

screening to target based screening (5, 10). The rational was to look for antibiotics 

targeting a specific pre-defined pathway or enzyme, which would then only require 

comparison of the lead to a subset of antibiotics to determine if rediscovery had 

occurred. This would allow more time and energy to be focused on discovery of new 

antibiotics. Target based screening also took advantage of the fact that some pathways, 

such as cell wall synthesis and protein synthesis, seemed to be common targets for 

antibiotics. Theoretically, choosing an essential and widely distributed pathway as an 

antibiotic target would result in a higher hit rate than screens based on other targets. 

Target based screening frequently involved using strains that were either genetically 

sensitized (11-13), or had reporters designed for activation under specific conditions 

induced by antibiotics (14-16). These screens were effective for dereplication but, 

other than cell wall active screens (10, 17), they have not fared well as a means of 

discovering novel antibiotics (5, 10, 18). The biggest issue is that by definition, 

screening for molecules that targets a specific pathway greatly narrows the range of 

activities and molecules that can be discovered. Screens for different targets can be 

run, but the antibiotics discovered will still be limited to the targets selected for the 

screens. The most effective arsenal of antibiotics is a diverse one, and target based 

screening stifles diversity and innovation.  
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 As target based screening rose in popularity, the advent of new technologies 

for increased ease of protein production and purification made it suddenly possible to 

screen for inhibitors of a specific enzyme in vitro. This greatly opened up the number 

of targets that could be tested, and many inhibitors were discovered, but in general 

they were not viable as antibiotics (5, 6). Many inhibitors of essential enzymes were 

described in the literature (5, 11, 19), but a lack of follow up publications suggests that 

most likely were not viable as antibiotic leads once tested further. This is likely 

because in vitro screens against an enzyme target do not take into account what will 

happen in the context of a cell. Difficulties with permeability or the cell’s capacity for 

efflux of the compound are not controlled for in an in vitro screen, and many 

promising inhibitors had no antibiotic activity when whole cell activity was tested (5, 

6). Furthermore, inhibitors that showed potential antibacterial activity, many inhibitors 

displayed cytotoxicity for eukaryotic cells or they had secondary targets or 

interactions, such as a high affinity for serum albumin (20), that made them unsuitable 

for use as an antibiotic (5). 

 Recognizing that screening of natural products was bringing diminishing 

returns in term of novel antibiotics, pharmaceutical companies turned to growing 

chemical libraries to look for novel functions and structural classes (5, 6). Since these 

compounds could be easily synthesized in sufficient quantities for testing and did not 

required lengthy extractions from organisms, these libraries were an attractive source 

for antibiotics. So far though, chemical libraries have not lived up to expectations. The 

libraries produced are not nearly diverse enough, leading to a much lower hit rate than 

in natural products (5, 6, 21). Additionally, molecules from these libraries have 
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demonstrated a high occurrence of cytotoxic, non-specific membrane effects, and 

there is a high occurrence of false positives due to aggregates non-specifically 

inhibiting enzymes (5, 21, 22), suggesting that natural products are still the most 

attractive source of antibiotics. Indeed, the vast majority of antibiotics currently in the 

clinical trial phase are natural products or are based on natural product scaffolds (23-

25). Microbes have the ability to synthesize a greater diversity of molecules than 

synthetic chemists and we still have only explored a fraction of the diversity they can 

provide. Furthermore, these molecules have been subject to natural selection to have 

the ability to penetrate cells, an essential trait for a successful antibiotic, and to induce 

an effect beneficial to the producing organism. 

 Although target based screening is very popular and an attractive model by 

which to obtain lead molecules, it still has not been nearly as successful as empirical 

screening (5, 6, 21). The decline in empirical screening of extracts containing natural 

products was firstly due to high rediscovery rates, and secondly due to the time and 

effort required to create these extracts. Lengthy culturing and isolation procedures 

made it difficult to produce large quantities of many extracts for use in high-

throughput screening, as it is difficult to obtain the large number of samples required 

for high-throughput screening. Determining the best culture and extraction conditions 

requires a significant amount of time and is expensive. Large companies are not 

interested in anything small scale, and so are reluctant to use a tool unless it is easily 

adaptable to the high-throughput methods they wish to utilize. 

 The industry for drugs, including antibacterials, is driven by profit, and as the 

search for new antibiotics has become more difficult, the costs of development have 
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skyrocketed and profits have decreased (18). A recent article in Forbes magazine 

estimates that it requires at least $4 billion in research money per new drug introduced 

(26). This number takes into account any type of drug introduced, and it is likely that 

the cost for development of each new antibacterial compound is higher. Furthermore, 

the focus at large companies has turned to therapeutics for chronic, life-long diseases, 

which hold much more potential profit than drugs used to treat acute infections (5, 6, 

8, 14). The useful life of an antibiotic is very short, especially with rising rates of 

resistance, compared to the amount of effort and time needed for development and 

approval. The time required for the development of an antibiotic is estimated to be 

almost 14 years from discovery to approval, and the average time before resistance 

appears in the population is only eight years (21, 27). This has resulted in less money 

being spent on antibiotic research and has left the burden of discovery on small 

specialized companies and academics with smaller pools of resources and thus longer 

timelines for development. Additionally, a review of the funding distribution of the 

National Institutes of Health and found that more than ten times the amount of 

research dollars are being granted per HIV death than per Staphylococcus aureus and 

Clostridium difficile related death, demonstrating that research efforts to develop novel 

antibacterial drugs are severely underfunded (28). 

 The race to develop of novel antibiotics to stay ahead of rising resistance is not 

going well. More than 70% of pathogenic bacteria are resistant to most antibiotics, and 

patients colonized with multi-drug resistant microbes have a higher chance of death 

when compared to patients infected with susceptible microbes (29). Almost 100,000 

people a year die in the US due to hospital-acquired infections and there are over two 
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million deaths worldwide every year due to bacterial infection (6, 28).  Of the greater 

than two million hospital-acquired infections in the US every year, 50-60% involves 

bacteria resistant to an antibiotic (30). Beyond the death toll, the cost to the healthcare 

system associated with each hospital acquired infection is anywhere from $1,200 for a 

catheter-associated urinary tract infection to $22,875 for ventilator-associated 

pneumonia (31). The increase of travel makes the spread of multi-drug resistant 

bacteria world-wide easy. Travelers can become colonized by pathogens during a stay 

in another country and spread them to new areas (32). Colonization by foreign bacteria 

during travel is common enough that screening travelers coming back from third 

world countries has been proposed as a way to track the emergence of new pathogens 

in those countries (33).   

Clearly, novel antibiotics are sorely needed and the current strategies have not 

provided satisfactory results (8). The most recently discovered antibiotic with a novel 

scaffold to be approved for human therapy is daptomycin, which was discovered in 

1987 (5). Modification of current scaffolds has yielded a multitude of antibiotics (25, 

34), but there is a limit to how many effect antibiotics can be built on the same 

scaffold and new scaffolds must be discovered if we are to stay ahead of the microbes. 

This will require innovative new methods of antibiotic discovery and characterization. 

C.  Emerging methods in natural product discovery 

 New mass spectrometry (MS), sequencing, gene synthesis, and bioinformatics 

technologies in recent years have revolutionized the field of natural product discovery. 

These methods simplify the identification process for natural products and the search 
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for their synthetic machinery, and represent a method of dereplication that is 

compatible with empirical screening. 

 Two exciting new MS technologies are MALDI (matrix assisted laser 

desorption ionization) imaging mass spectrometry (IMS) and nanoDESI (nano-spray 

desorption electrospray ionization) (35, 36). In MALDI IMS, colonies of microbes 

(36), or even sections of an organism (37), are covered in matrix, dried down, and 

MALDI can be performed directly off the colonies/tissue section. A raster can be 

defined and spectra obtained from a grid of points spanning the sample. The spectra 

from each raster point can then be assembled to form a two dimensional visualization 

of the location of each major molecule within the sample (36). The ability to see the 

position of a natural product in a colony or interaction can sometimes lead to a clue as 

to the function of the molecule. For example, a molecule seen in a zone of 

clearing/inhibition might have antimicrobial properties as was shown to be the case for 

chalcomycin A, produced by Streptomyces sp. Mg1, and arylomycin, produced by 

Streptomyces roseosporus (38, 39).  

 Similar to MALDI IMS, nanoDESI mass spectrometry allows for sampling to 

occur directly from a colony or tissue section. Data is collected through analysis of a 

constant flow of solvent that is in contact with the sample. The solvent is flowed 

through capillary tubes so that a small exposed droplet of flowing solvent can be 

lowered onto the sample. This both eliminates sample prep and allows analysis of the 

same sample over multiple timepoints and with multiple solvents, because the sample 

is not destroyed during data collection (35). An advantage of nanoDESI over MALDI 
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IMS is that a matrix is not required for ionization; matrix signals can obscure 

molecules in the low molecular weight range from the sample.  

 Both MS techniques are ideal for natural product discovery for several reasons. 

MS is very sensitive, and so molecules can be detected that would otherwise be missed 

by other methods. Both of these techniques allow for direct sampling of a colony or an 

interaction and give differing amounts of spatial information for the natural products. 

MALDI IMS provides a greater range of spatial information, while nanoDESI 

provides more flexibility and the ability to see molecules that would be obscured by 

matrix in MALDI IMS. Both techniques allow sampling of microbes growing on solid 

surfaces, which is usually better for natural product production, and that allow biofilm 

formation and cell differentiation, maximizing metabolic output (35, 36). MS data can 

also be easily utilized to identify known antibiotics in the sample if MS/MS data is 

available, making it useful in dereplication (35, 39-43). MALDI IMS can generate 

MS/MS data, but only if the target ions have been identified prior to ionization, a 

disadvantage compared to nanoDESI, where MS/MS data can be collected without 

prior knowledge of the ions to be fragmented. To identify the molecules present, MS 

and MS/MS data can be paired with several new bioinformatics techniques that allow 

easy identification of molecules and that connect the products with their biosynthetic 

machinery and genes. 

 An exciting new bioinformatic technique that pairs well with MS data is 

molecular networking. This technique takes the MS/MS data collected from a sample, 

compares each spectra, gives each a relatedness score, and the resulting relatedness 

scored data is visualized using Cytoscape (41, 44). The result is clusters of related 
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spectra that represent different adducts of a molecule or, in the case of lipopeptides, 

different chain lengths of the same natural product. These spectra can be compared to 

known molecules or they can be identified through sequence tags if they include 

amino acids as do the ribosomally encoded antimicrobial peptides and the non-

ribosomally encoded polypeptide synthases. The networks of two different species, 

conditions, or timepoints can be compared and represented on a single network using 

color coding to see differences between the samples (35).  This approach has been 

used to identify molecules with antibacterial properties that are specifically induced 

during coculture with another bacterial species as has been shown for several 

molecules produced by Streptomyces coelicolor (35). One clear strength of this 

approach is that a variety of conditions can easily be screened and compared to look 

for production of a previously silent natural product. 

 A major breakthrough in natural product discovery came with the rise in power 

and accessibility of high-throughput sequencing technology. As sequencing whole 

genomes became possible and more popular, a wealth of genetic information became 

available. Examining the genomes of laboratory species (genome mining) revealed 

that we had grossly underestimated their metabolic potential (45, 46). Laboratory 

conditions are not designed to induce natural product production in most cases, and a 

multitude of conditions or competing organisms could be required to induce an 

organism to produce all of the natural products it is capable of producing (45). The 

NRPS/PKS cluster prediction program AntiSMASH allows easy prediction of the 

synthetic machinery for natural products hidden in an organism’s genome and even 

the product of that machinery (46, 47), making genome mining accessible to a much 
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wider audience. The constant supply of genome sequences becoming available means 

that a vast array of natural products are just waiting for characterization. Excitingly, 

with all of the metagenomics surveys, these studies are not even limited to culturable 

organisms, and identification of an interesting cluster might in the future be used to 

justify additional effort culturing the organism or achieving expression of the gene 

cluster. The problem now lies not in discovery of natural products, but in identifying 

those that have the greatest potential as antibacterial drugs. 

 For natural products that are made under laboratory conditions, there still 

remains the problem of connecting the product to the gene or synthetic machinery. 

The integration of MS data and genome mining is perfect for this challenge. MS data 

can also include MS/MS spectra, fragmentation data from a single product, which can 

be used to generate a sequence tag. This tag can then be used to find the 

gene/machinery responsible. For ribosomally synthesized natural products, the tag can 

be directly linked to the gene product and has been done with a sequence tag of only 

five amino acids (40). The linking of a sequence tag from a NRPS or PKS natural 

product is not as straightforward, but can be done through matching of the sequence 

tag to the predicted natural product of a NRPS or PKS cluster (39). 

 The natural product synthesis machinery found by genome mining is often 

“silent”, meaning the product has not been detected in culture, but the hope is to use 

other methods to induce production of these products. One way to induce these silent 

genes is to use coculture techniques. Spotting the producer species side by side with 

other species often results in production of natural produces that would not be made 

under other circumstances. This has proven successful in the discovery of several 
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previously silent natural products (48-51). Other ways of inducing silent gene 

expression involve genetic manipulation. Many of these clusters have regulatory 

proteins, and engineering a positive transcriptional regulator to be overexpressed or 

elimination of a repressor will result in the natural product being made (46, 52, 53). 

This is the simplest method, but if the organism is not genetically tractable, more 

complex methods are required. The entire gene cluster can be added to a plasmid or 

artificial chromosome and expressed in a different, more genetically tractable 

organism. This requires a lot of effort, but has proven successful in several cases (54, 

55). With current technology, a site that is difficult to clone or a site from an 

uncultured organism can be utilized by DNA synthesis of the entire region and 

subsequent cloning into an appropriate vector, further expanding the diversity of 

products we can obtain. 

 The discovery of silent gene clusters has greatly expanded the diversity of the 

biosynthetic machinery for secreted metabolites at our disposal. An attractive way to 

manufacture new “unnatural” natural produces is by utilizing the modular nature of 

the machinery for producing polyketides (PKS) and non-ribosomally encoded 

polypeptides (NRPS), which are so far the most structurally diverse and successful 

scaffolds in the bacterial toolkit for making bioactive molecules. Different modules 

from the PKS and NRPS proteins can be swapped, shuffled, deleted, and modules 

from different organisms can be combined to make an organism that will manufacture 

the newly designed natural product for us (56-59). Creating new products through 

manipulation of domains could potentially lead to more diversity and more efficient 

synthesis of the end product than could the synthetic manipulation of a scaffold. 
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 In recent years, the pool of natural products from which we can pull 

therapeutic lead compounds has expanded exponentially. In addition to genome 

mining, there is an influx of natural products from culturing of new organisms, 

especially those from marine environments. Soil organisms have been the most 

prevalent organisms screened for natural product production so far due to the ease of 

obtaining and culturing many of them. Now with improved culture techniques and 

metagenomic data, marine organisms are attractive as a divergent source of novel 

antibiotic natural products (60, 61). The amount of information at our disposal 

continues to grow as more organisms are available to work with. It is the utilization of 

this information that will provide the next breakthroughs in drug discovery. Thus, the 

major challenge in identifying new antibacterial compounds of potential therapeutic 

use no longer remains in discovery of more natural products, but in better methods to 

test these products for antibacterial abilities and to then develop them into useable 

drugs.  

D.  Natural products: more than just microbe killers 

 Humans have effectively coopted natural products to use as antibiotics in our 

fight against infectious disease, but what is the purpose of these natural products in the 

environment? As the techniques to monitor interspecies interactions, such as MS 

technologies, and to gain information directly from the environment, such as 

metagenomics, have improved, there has been an increased interest in the parvome, 

which is made up of all the secreted metabolites made by a cell. Antibiotics were 

assumed to be primarily used for bacterial defense in the environment as species battle 
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it out to create their own niche, but experiments that deal with this subject are 

performed under controlled laboratory conditions and thus there is little direct 

evidence from environmental sources to support this (62). Even if some of these 

molecules are used for this purpose, it is not likely they all are. It is more likely that at 

least some are used as signaling molecules at the low concentrations they might be 

present at in the environment. One study found that the expression of up to 5% of all 

promoters respond to sub-MIC levels of antibiotics (63), and another found that sub-

MIC levels of tobramycin or tetracycline stimulate biofilm formation in Pseudomonas 

aeruginosa (64). A direct biofilm to biofilm signaling event occurs when B. subtilis 

biofilms produce surfactin, which represses the formation of aerial hyphae in a 

neighboring Streptomyces coelicolor biofilm (65). Numerous studies, such as those 

mentioned above, support the idea that molecules sometimes thought of only for 

antimicrobial purposes might serve multiple functions in the environment (62, 64, 66, 

67).  

 Although it might seem that studying the purpose of natural products in the 

environment is not relevant to medicine, the opposite is true. Analyzing the purpose of 

natural products in the environment and in interspecies interactions could provide 

information of great importance to medicine. As microbes find more ways to combat 

antibiotics, we must look for all alternative therapeutic approaches that might harness 

other, non-lethal roles of natural products. For example, up to 65% of hospital-

acquired infections involve biofilms (68), and in many cases these biofilms are more 

resistant to antibiotics than their non-biofilm counterparts (69-72). Biofilms frequently 

occur in the hospital setting, in patients, sometimes on medical implants, and on 
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catheters, endoscopes and any surface that can be colonized (73). Bacteria in a biofilm 

can sometimes even survive sanitization of equipment (74-76). Thus, infections 

caused by bacteria in biofilms are difficult to treat, and if the bacteria survive initial 

treatment, treatment becomes even more difficult (77). Dispersal of bacterial biofilms 

would therefore improve the chances of successful antibiotic treatment (78-81). 

Indeed, azithromycin is already being used in this capacity to treat P. aeruginosa 

infections in the lungs of cystic fibrosis patients:  although azithromycin does not kill 

P. aeruginosa, it disperses the biofilms and increases the effectiveness of subsequent 

antibiotic treatment (82, 83). Thus, understanding molecules that promote biofilm 

formation and dispersal could lead to the discovery of new treatments that could be 

used in combination with current antibiotics to more effectively control infections that 

involve biofilms. 

 Many bacteria can also be beneficial to humans, in large part due to 

interspecies interactions that help keep humans healthy and infection free. The normal 

inhabitants of the human microbiome have colonized us and can ward off attempts at 

colonization from less friendly species (72, 84). Treatment with a probiotic that 

outcompetes an invading species is an attractive treatment option and could reduce the 

number of patients who require antibiotics (85, 86). Understanding the interactions of 

these microbes, which likely involves natural product signaling, is of great importance 

to the war on multi-drug resistant super bugs. 

E.  Determining the mechanism of action of natural 

products: How do they work? 
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A critical factor to consider when evaluating the potential of a new antibiotic is 

its mechanism of action (MOA). A good antibiotic must selectively target an essential 

process in the cell, but without having a target with structural homology to anything in 

eukaryotes or there is a risk of cytotoxic effects. Now that such a multitude of natural 

products have been discovered, the question remains, what are their MOAs? Most 

research has been targeted towards identifying and then structurally characterizing 

natural products, while approaches for MOA determination have not benefited from 

the rise of high-throughput screening. Screens designed to look for molecules that 

affect a specific target or pathway would seem to make MOA determination simple, 

however most targeted screens are performed in vitro and only test the ability to 

inhibit an enzyme under non-physiological conditions. Molecules often have 

secondary targets or non-specific effects that can only be detected when non-

sensitized, whole cells are treated, and so experiments must still be performed to 

correlate the predicted MOA with a specific effect in whole cells. 

There are several general methods that can be employed when there is not a 

concrete hypothesis for MOA. Measuring the effect of a compound on 

macromolecular synthesis monitored by radioactive labeling experiments has long 

been employed as a method of general MOA determination. By measuring the effect 

of treatment on DNA, RNA, protein, cell wall, and fatty acid or lipid biosynthesis, the 

pathway acted on by the compound can be determined. If a specific pathway is 

inhibited, then the compound has a MOA directed at a part of that pathway, but if all 

pathways are affected, then a non-specific MOA, such as lysis or membrane 
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depolarization, is likely. A major disadvantage of this technique is the requirement for 

radioactive labeling. The process is expensive, and not high-throughput.   

Another method for MOA determination that has been around for decades, and 

is still frequently used today, is the isolation and characterization of spontaneous 

resistance mutants. Mapping and sequencing of the gene responsible for the resistance 

can provide valuable clues as to the MOA. In the simplest case, the mutation will map 

directly to the gene that produces the target (87-91). This is the case for many mutants 

resistant to β-lactam antibiotics and can identify the specific penicillin binding protein 

each β-lactam binds (87). Target identification directly through mapping of 

spontaneous resistance mutants is also common with protein synthesis inhibitors, 

where mutations usually map to ribosomal genes (88).  However, in other cases, the 

mutation will cause physiological changes that allow the cell to bypass the effect of 

the antibiotic, which provide varying degrees of clues as to the target. It is common to 

find mutations that result in decreased uptake of the antibiotics and thus higher 

resistance, especially when dealing with aminoglycoside antibiotics (92-94). Thus, 

mapping of resistance mutants can provide high resolution data as to the target of an 

antibiotic, but only if resistance mutations map directly to the target. The process of 

obtaining the mutant and subsequent identification of the affected gene is not always 

an easy process, and it does not guarantee target identification. 

Many antibiotics induce specific cell stress pathways, and understanding which 

of these are induced can provide clues as to the MOA.  These approaches typically use 

microarrays to measure the effect of antibiotics on transcription of treated cells (95). 

Microarrays from cells treated with compounds can then be compared to those of 
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control compounds to look for general patterns and stress responses. These results are 

very complicated, and require a great deal of effort to interpret, with many factors, 

such as the amount of antibiotic and length of time of treatment playing a major role in 

the outcome. Unfortunately, the majority of studies have been small scale and were 

done under a variety of conditions with different medias, times exposed to antibiotics, 

and levels of antibiotics used. This makes direct comparison of most studies 

impossible. Some of these small studies have, however, been used to tease apart the 

differences in MOA between closely related compounds, such as daptomycin and 

fruilimycin B (96). 

Several large-scale studies have elucidated patterns of gene expression 

indicative of the MOA of major drug classes. Two of these studies were in B. subtilis 

and one was in Mycobacterium tuberculosis. The first study in B. subtilis, comprised 

of the profiles of 37 compounds, demonstrated that compounds with similar MOAs 

could be clustered, but that accurate identification of MOA depends on number of 

compounds tested for each MOA (97). Cell wall inhibitors were classified particularly 

well since there are a large number of characterized compounds that target this 

pathway, and all drugs targeting the cell wall were clustered by this approach (even if 

they block different steps). All other classes contained at least one mis- or unidentified 

outlier. They estimate that five to six compounds per class are required, which may 

not be possible for every class. A follow up study proposed an alternative way to 

increase classification accuracy by including profiles of conditional mutants (98).  The 

profiles of each conditional mutant showed equivalent responses to those treated with 

drugs that inhibit the product of the gene and allows for classification of molecules 
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with an MOA that lack a sufficient number of control compounds. This method 

allowed for the characterization of two molecules with novel MOAs. The study 

emphasized the importance of optimizing the methods used to collect the data, 

especially the timing and number of samples to be collected. Later timepoints (40 min) 

provided the best data for broadly classifying MOA, but the specific MOA could not 

be identified until the earlier (10 min) timepoint was also analyzed.  

A microarray study in M. tuberculosis was able to accurately classify a number 

of compounds without as many outliers as the B. subtilis studies. For each class of 

compound, a core set of genes was identified whose expression levels acted as a 

signature of a particular MOA, and the effect on the genes could be logically 

explained directly by the MOA. Each of the large scale studies was able to cluster the 

compounds by MOA to varying degrees, but MOA identification is still limited to 

known MOAs. A major advance allowed by these results is the construction of 

biosensor genes that are induced preferentially after treatment with compounds with a 

specific MOA. These genes can be fused to reporters and used in screening efforts, 

either for target-based screens, or for dereplication for hits from an empirical screen. 

Proteomics has been used as a relatively new method of MOA determination. 

A library of compounds with known MOAs was evaluated using 2D gel analysis to 

create a control set. Overlay and matching of these 2D gels can give a MOA if a 

similar compound has been tested previously. A major downfall is any change in the 

pI of any of the proteins as a side effect of treatment greatly heightens the difficulty of 

matching the gels (99, 100). Like microarrays, these results are very complicated and 
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difficult to interpret, but proteins that show large changes might provide clues to the 

precise MOA. 

Other screens for MOA identification use mutant strains that either 

overexpress or underexpress target proteins to search for increased or decreased 

resistance to antibiotics and molecules of interest. Testing hundreds of strains 

individually would be laborious and time-consuming, but pooling of different strains 

allows the process to be performed with much fewer samples. Pools of strains each 

containing an inducible antisense RNA for an essential gene that has been induced 

enough to sensitize the strains, but not prevent growth. These pools can be treated with 

the compound being tested, and strains that are downregulated for the target of the 

compound will be sensitized to the compound and be killed off by the compound at 

sub-MIC levels for the wildtype strain or out-competed by the other strains in the pool. 

This has been developed in Staphylococcus aureus with good results (101, 102). A 

similar assay in E. coli aims to look for the opposite effect by screening pools of 

mutants each overexpressing an essential protein and looking for increased MICs 

(103), but six years later has not made it past the initial proof of principle study. 

Recently, a new high-throughput method of MOA determination was proposed 

using the output of growth of 15 different bacterial species and strains after antibiotic 

treatment (104). This method, called bioMAP, is effectively a growth assay using 

strains and species that differ in their specific and non-specific antibiotic resistance 

mechanisms, with a variety of Gram-negative and Gram-positive species tested, as 

well as multidrug resistant strains such as MRSA and P. aeruginosa. The bioMAP 

assay therefore assesses structural class rather than MOA, although many compounds 



 21 

in the same structural class have the same MOA.  BioMAP was able to predict the 

structural class of some compounds by clustering with a panel of known control 

compounds. However, not all of the control compounds cluster perfectly, meaning 

many compounds could remain unidentified if they are outliers. Of the 12 different 

structural classes tested, six clustered perfectly, two did not cluster at all, and the rest 

had at least one outlier.  This is a fairly high occurrence of outliers, and thus the 

method may only be useful in testing for compounds that fall into the six structural 

classes that clustered perfectly. Many of the compounds tested were the only 

representative of their structural class and thus could not be clustered, leading to an 

inability for the method to identify likely the majority of new natural products being 

discovered. Further testing with this method using more compounds within each class 

could improve clustering and make identification of a wider variety of structural 

classes possible. The most pressing medical need is for novel compounds that do not 

belong to the same structural classes as existing antibiotics, so perhaps the best use of 

bioMAP clustering is as a preliminary screen for molecules that fail to cluster, which 

might therefore be structurally novel. . 

MOA determination remains a large bottleneck for natural product discovery, 

and new methods must be developed to ease this burden. Many of the methods I have 

discussed are not viable for adaptation for high-throughput testing, which will become 

essential as the amount of natural products available continues to increase 

exponentially. Furthermore, a major drawback of natural product discovery is that 

isolation is often a laborious task that produces very small quantities of purified 

product. Current methods for MOA determination typically require that milliliters of 
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cells be treated for a single experiment, which is not compatible with the amount of 

natural product that is usually available. New methods need to be created that work on 

a very small scale to conserve the natural product. Approaches that conserve the 

product mean that less time has to be spent on isolation, and in turn, more products 

can be isolated. Once a natural product has shown promise of a desirable MOA, more 

can be isolated and precise tests run to identify and confirm the exact target.  

An intriguing method for MOA determination that depends on fluorescent 

microscopy, termed cytological profiling, has previously been utilized in eukaryotes 

with some success (105, 106). Cells were treated with antibiotics, fixed, and then 

stained with a total of 11 probes to provide information on cell properties such as 

DNA replication, protein synthesis, actin, microtubules. Automated microscopy was 

used to capture images in a high-throughput manner, and automated image analysis 

provided measurements of cell and organelle shape, intensity of each probe, and other 

important parameters. All of these parameters could then be scored and compared to 

the results of other compounds or to controls. Drugs with similar targets clustered 

together when all the variables were taken into account, and they were able to use 

comparisons to identify potential mechanisms for two compounds with unidentified 

MOAs (105). A similar study looking at the effects of a panel of protein kinase 

inhibitors further reduced the data using principle component analysis, which takes 

correlated variables and combines them, resulting in a smaller number of outputs and 

simplifying data comparison (106).  

Cytological profiling is an attractive method to adapt for bacteria. It would be 

high-throughput, and since it involves looking at individual cells, with the right culture 
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techniques, could utilize a minimal amount of compound. However, each of the 

published cytological profiling studies used high-throughput microscopy systems of 

low magnification and resolution that are not suitable for determining the MOA of 

antibacterial compounds.  It therefore remains unclear if this method for MOA 

determination can be achieved in a much smaller organism with a limited number of 

variables to measure, and if treatment with compounds with different MOAs will 

provide enough information to allow differentiation between a large number of 

MOAs. In the next several chapters I will cover the development of cytological 

profiling for use in B. subtilis. Chapter 2 covers the development of microculture 

techniques that reduce the sample size to 15 µl, making it possible to conduct 

experiments with extremely limited amounts of compound. In chapter 3, I demonstrate 

that cytological profiling is a viable option for MOA determination by determining the 

MOA of the cannibalism factor sporulation delaying protein (SDP) produced by B. 

subtilis utilizing less than 80 µg of compound. In chapter 4, I expand the list of 

compounds that have been profiled and demonstrate that cytological profiling in 

bacteria is a viable option for MOA determination that is worth further development. 

Finally, in Chapter 6 I discuss the current state of the approach and future 

developments necessary to make it as broadly applicable as possible.  
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Chapter 2, in full, is a reprint of the material as it appears in Proceedings of the 

National Academy of Sciences 2010 (Vol.107(37) pp. 16286-16290). I was a 

secondary author and developed the microculture techniques required for the 

fluorescence microscopy and performed the experiments for the cell biology work 

displayed in Figures 3, 4, and 5B. 
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primary author of this work, conducted all the experiments and made all of the figures. 
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A.  Abstract 

 Recent advances in natural product discovery have led to the isolation of a 

plethora of new potentially bioactive natural products, many from interspecies 

interactions. However, current technology for mechanism of action (MOA) 

determination is not high-throughput enough to keep up with the rate at which natural 

products are being isolated. This creates a bottleneck at the step of MOA 

determination, which is crucial for understanding the role of these molecules in 

interspecies interactions, or their potential as an antibiotic. Cytological profiling using 

fluorescence microscopy was previously applied to determine the MOA of the 

cannibalistic toxin SDP in B. subtilis. I here utilize cytological profiling on several 

newly isolated natural products with unknown MOAs: a bromoalterochromide, 

spirohexenolide A, chlorothricin, and stenothricin. I found that cytological profiling 

can easily distinguish between the effects of each natural product, but only one of the 

four possessed an easily distinguishable MOA. This molecule, a 

bromoalterochromide, exhibited a cytological profile indistinguishable from nisin, and 

thus I conclude that it acts through a MOA of pore formation. Testing of a crude 

extract from the Pseudoalteromonas sp. that produces the bromoalterochromide 

revealed a cytological profile the same as the bromoalterochromide. Although the 

MOA of most of the natural products could not be identified, this study shows that 

with a large enough range of control compounds, cytological profiling will be a viable 

method of MOA determination, with applications as early in the process of natural 

product discovery as the screening of crude extracts for antimicrobial activity. 
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B.  Introduction 

 Microbes have long been a source of natural products with useful bioactive 

properties, such as those used as antibiotics. In recent years, innovations in sequencing 

technologies have allowed rapid sequencing of whole genomes, and mining of these 

genomes has resulted in the realization that the genetic potential for natural product 

production in microbes is almost limitless (1-3). The number of molecules that a 

single microbe can produce is staggering. A good representative of this fact is 

Streptomyces coelicolor A3(2). Analysis of the genome sequence of S. coelicolor 

revealed 30 gene clusters predicted to produce natural products, only a fraction of 

which had been characterized (1). The collection of small molecules produced by a 

species has been termed the parvome (from the Latin parvus for small) (4, 5). The 

molecules that comprise the parvome function in all aspects of microbial life, 

including biofilm formation, cell differentiation, and interspecies signaling or 

competition (4-8).  

New ways to identify these small molecules in the context of a colonies or 

interspecies interactions have been made possible through recent advancements in 

mass spectrometry (MS) techniques such as MALDI-TOF IMS (matrix assisted laser 

desorption ionization-time of flight imaging mass spectrometry) and nanoDESI (nano-

spray desorption electrospray ionization)  (9, 10).  MS data can be accompanied with 

bioinformatics techniques to determine the identity of each ion observed during MS 

data collection and has led to the isolation and structural characterization of a plethora 

of new potentially bioactive compounds (11, 12). These new molecules have been 
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isolated because they either are known to have interesting bioactive properties or 

because their distribution in an interspecies interaction implies bioactive properties.  

However, the role of many of these molecules in interspecies interactions remains 

unclear.  Indeed, even for those compounds that inhibit the growth of competing 

species, a bottleneck remains in identifying their specific cellular target or their 

mechanism of action (MOA). Determination of a MOA can provide a variety of clues 

as to the function of the molecule in the environment, as well as its potential for 

development as an antibiotic. With so many new molecules being isolated, there is a 

need for a simple and high-throughput method for quickly determining the MOA of 

these molecules in a way that utilizes a minimal amount of compound. This would 

allow molecules of particular interest to be identified as quickly as possible so they 

can be pursued further.  

A microscopy-based method of MOA determination has been effectively 

demonstrated in eukaryotic cells utilizing microscopy of cells with various stains as an 

output (13, 14). These stains allow for the measurement of the effects of drugs on 

variables including, but not limited to, DNA content, organelle shape and size, 

microtubule architecture and protein synthesis. This data can then be quantified and 

compared to that of cells treated with compounds with known MOAs. If the data from 

a compound matches to the data of a control compound, then a MOA can be assigned 

and more targeted studies performed (13, 14). This method, termed cytological 

profiling, is high-throughput and is attractive as a method to be adapted for use with 

prokaryotes. In Chapter 3, I used cytological profiling in Bacillus subtilis to determine 

the MOA of the cannibalistic toxin sporulation delaying protein (SDP) produced by B. 
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subtilis. Through the use of high magnification and resolution fluorescence 

microscopy to compare the effects of SDP on cell architecture to the effects of other 

antibiotics, in conjunction with traditional PMF assays, I showed that SDP acts by 

collapsing the PMF of susceptible Gram-positive species. These studies demonstrated 

that cytological profiling works on B. subtilis cells as well as eukaryotic cells, given a 

microscopy system of sufficient resolution and a robust method to keep cells alive 

during imaging, which is non-trivial in bacteria.    

I here apply this powerful technique to the study of several interesting 

molecules. The first is a bromoalterochromide produced by a Pseudoalteromonas sp. 

isolated from a soft coral (Fig. 4.1). Bromoalterochromides were first isolated from 

Pseudoalteromonas maricaloris and are commonly produced by Pseudoalteromonas 

sp, but so far as we know, they have not been tested for activity against bacteria (15, 

16). The second molecule is spirohexenolide A, a spirotetronate antibiotic produced by 

Streptomyces platensis that has shown both anti-tumor and anti-bacterial activities 

(Fig. 4.1) (17). The third is chlorothricin, another member of the spirotetronate family 

that early results suggested inhibits bacterial pyruvate carboxylase and potentially 

interacts with phospholipid tails in the membrane (Fig. 4.1) (18, 19). Lastly, I look at 

stenothricin, a lipopeptide first isolated and characterized from Streptomyces griseus 

(20), and produced by some Bacillus isolates (21). The stenothricin we test (Fig. 4.1), 

is one of three species of stenothricins that differ in lipid chain length isolated from 

Streptomyces roseosporus, which also produces the antibacterial compound 

arylomycin and the clinically relevant antibiotic daptomycin (11). The cytological 

profiling of these molecules demonstrates the technique’s ability to easily distinguish 
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the effect of the molecules, although there is not yet enough data to identify the MOA 

of all the molecules. 

 

C.  Materials and Methods 

Strains and culture conditions 

The strains used in this chapter are PY79, a prototrophic B. subtilis laboratory 

strain (22) and Escherichia coli NR698 (23), a MC4100 lptD mutant also referred to 

as imp4213 in the literature.  All B. subtilis cultures were grown in LB medium at 

37˚C, except for cultures to be treated with daptomycin, which were supplemented 

Figure 4.1 Structures of compounds used in this study. 
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with 50 µg/ml CaCl2. E. coli lptD cultures were grown in LB at 30˚C. Stock solutions 

of compounds were prepared using the following concentrations and solvents: 9 

mg/ml bromoalterochromide (100% DMSO),  22 mg/ml OT59 extract (100% DMSO), 

500 µg/ml nisin (10% DMSO, Sigma), 400 mM DNP (100% DMSO, Sigma), 10 mM 

spirohexenolide A (100% DMSO, purified as described in(17)), 5 mg/ml chlorothricin 

(100% DMSO, Santa Cruz Biotechnology), 5 mg/ml vancomycin (water, Sigma), 5 

mg/ml daptomycin (water, Cubist), 100% Triton X-100 (Sigma), 400 µg/ml 

stenothricin (10% DMSO). Stenothricin and the bromoalterochromide were provided 

by the lab of Dr. Pieter Dorrestein; Spirohexenolide A was provided by the lab of Dr. 

Michael Burkart. 

Fluorescence microscopy 

 For the bromoalterochromide studies, cells were cultured for fluorescence 

microscopy as described in (24). Compounds were used at the following final 

concentrations: 0.83% DMSO, 75 µg/ml, 25 µg/ml, or 8.3 µg/ml  

bromoalterochromide (as indicated), 1.1 mg/ml OT59 crude extract, 10 mM DNP, 10 

µg/ml, 3 µg/ml, or 1 µg/ml nisin (as indicated). 15 µl concentrated cultures were 

incubated in 1.7 ml tubes in a roller at 37˚C. Samples were collected for imaging at 20 

minutes. 3 µl of cells were added to 0.75 µl of a stain mix containing 30 µg/ml FM 4-

64, 2.5 µM SYTOX green and 1.2 µg/ml DAPI prepared in 1X T-base. Cells were 

immobilized on an agarose pad (10% LB, 1% agarose, 0.375 µg/ml FM 4-64, 0.025 

µg/ml DAPI) prior to microscopy. DAPI images were collected, but are not shown. 

 For the spirotetronate studies  E. coli lptD cells were cultured overnight in LB, 

and the culture was diluted 1:100 to inoculate 20 ml LB in a flask at 30˚C. 100-500 µl 
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of culture were then transferred to a 13 mm glass test tube and the appropriate amount 

of compound added. Compounds were used at the following final concentrations (5X 

the MIC, except for DMSO): 2.5% DMSO, 250 µM spirohexenolide A, 10 µg/ml 

chlorothricin, 2.5 µg/ml nisin. Tubes were incubated at 30˚C in a roller. Samples were 

stained with 1 µg/ml FM 4-64, 2 µg/ml DAPI and 0.5uM SYTOX green, then spun 

down and concentrated ~10X prior to collecting for imaging at 30 and 120 minutes.  

Cells were immobilized on an agarose pad (20% LB, 1.2% agarose) prior to 

microscopy. 

B. subtilis cells were cultured for fluorescence microscopy as follows. Cells 

were cultured in LB at 37˚C in a flask until 0.2 OD600. 100-500 µl of culture were then 

transferred to a 13 mm glass test tube and the appropriate amount of compound added. 

Compounds were used at the following final concentrations (5x the MIC, except for 

DMSO): 0.6% DMSO, 60 µM spirohexenolide A, 62.5 µg/ml chlorothricin, 7.5 mM 

DNP, 10 µg/ml nisin. Tubes were incubated at 37˚C in a roller. Samples were 

collected for imaging at 20 minutes and 60 minutes, concentrated approximately 10 

times, and 3 µl of concentrated cells were added to 0.75 µl of the stain mix listed 

above. Cells were immobilized on an agarose pad (10% LB, 1% agarose, 0.375 µg/ml 

FM 4-64, 0.025 µg/ml DAPI) prior to microscopy. 

 For the stenothricin studies, cells were cultured for fluorescence microscopy as 

follows. A pre-culture was grown to ~0.2-0.4 OD600 for B. subtilis or to saturation for 

E.coli lptD, then diluted 1:100 into 20 ml LB. For cultures to later be treated with 

daptomycin, 90 µl of 100 mM CaCl2 was added at this stage (final concentration 50 

µg/ml). Flasks were incubated at 37˚C until 0.2 OD600. Cultures were then mixed with 
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the appropriate amount of compound. Compounds were used at the following final 

concentrations: 0.5% DMSO, 20 µg/ml, 10 µg/ml, 5 µg/ml, or 2 µg/ml stenothricin (as 

indicated), 1.5 µg/ml vancomycin, 0.1%  or 0.5% Triton X-100 (as indicated), 6 µg/ml 

nisin, 10 µg/ml daptomycin. 15 µl of treated cells were transferred into a 1.7 ml tube 

and incubated at 37˚C in a roller. Samples were collected for imaging at 20 minutes. 6 

µl of cells were added to 1.5 µl of dye mix (described above) and immobilized on an 

agarose pad (20% LB, 1.2% agarose, 0.375 µg/ml FM 4-64, 0.025 µg/ml DAPI) prior 

to microscopy. 

 All microscopy was performed on an Applied Precision Spectris microscope as 

described in (25). Images were deconvolved using softWoRx V 5.5.1 and the medial 

focal plane shown. In figure 4.5, SYTOX intensity in the SYTOX intensity panels was 

normalized within the figure, and in figure 4.6, the DAPI and SYTOX green images 

were normalized within the figure based on intensity and exposure length relative to 

the treatment with the highest fluorescence intensity. 

Viable cell counts 

 Viable cell counts were obtained through dilution and plating of cells from the 

same culture as those subjected to microscopy. Ten-fold serial dilutions were made at 

the indicated time in 1X T-base and spotted onto LB plates. Colonies were counted 

after growth and colony forming units (CFU) per ml calculated. Shown is the ratio of 

CFU at time x [CFU(tx)] to CFU of the control at t0 [CFUc(t0)]. Graphs with error bars 

indicate the standard error of at least three separate experiments. 

D.  Results 
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Cytological profiling of a bromoalterochromide 

 The bromoalterochromides are a structurally unique family of compounds that 

has not been tested for activity against bacteria, and thus no MOA data is available 

(15, 16).  To determine the MOA of the bromoalterochromide purified from a 

Pseudoalteromonas sp. by Pieter Dorrestein’s lab, we employed cytological profiling 

in conjunction with viable cell counts to determine the minimal concentration 

necessary to affect growth and viability. Concentrated B. subtilis cultures were treated 

with different amounts of the molecule, fluorescence microscopy was performed to 

examine the physiological effects it had on cell morphology, and viable cell counts 

were used to determine if cell death was induced at the different concentrations. 

Treatment with 75 µg/ml of the bromoalterochromide resulted in a greater than 3-log 

drop in viability at the initial timepoint (0 hr) (Fig. 4.2A squares). Treatment with 25 

µg/ml resulted in an initial drop of viability of only 1-log, but a drop of over 3-logs by 

one hour (Fig 4.2A circles). The 3-log drop in viability might have occurred on a 

shorter timescale than an hour, but due to the small quantities of the 

bromoalterochromide, and its extreme sensitivity to light and oxidation, only a limited 

number of experiments could be performed and I was unable to test viability at a 

timepoint between zero and one hour. Treatment at 8.3 µg/ml resulted in an initial 

viability drop similar to than seen with a concentration of 25 µg/ml, but with rapid 

recovery (Fig 4.2A asterisks). Thus, under the conditions tested, the minimal 

bactericidal concentration (MBC) of the bromoalterochromide was 25 µg/ml.  

Cells treated with the bromoalterochromide at 3X the MBC (75 µg/ml) were 

uniformly permeabilized to SYTOX green within 20 minutes and possessed aberrant 
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Figure 4.2 Effects of the bromoalterochromide and other antimicrobials on B. subtilis  viability 
and cell architecture. (A) Effects of different amounts of bromoalterochromide and 1.1 mg/ml 
OT59 crude extract on PY79 cell viability. (B) Effects of different amounts of nisin on PY79 cell 
viability. Cell viability is shown as the ratio of colony-forming units (CFU) at the indicated time and 
treatment to the CFU at t0 for the control (CFUC). C-M Fluorescence micrographs of growing PY79 
cells treated with (C,H) 0.83% DMSO (D,K) 10 mM DNP (E,I) 10 µg/ml nisin (F,L) 75 µg/ml 
bromoalterochromide (G) 1.1 mg/ml OT59 crude extract (J) 1 µg/ml nisin (M) 25 µg/ml 
bromoalterochromide for 20 min. Cells are stained with FM 4-64 (red), and SYTOX green (green). 
SYTOX green is membrane impermeable and only stains cells with compromised membranes. Scale 
bar represents 1 µm (A) or 5 µm (H).  
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septa and membrane blobs identical to those seen in cells treated with nisin (Fig 

4.2F,L). The only other compound tested so far, other than nisin, that induced uniform 

SYTOX green permeability is the detergent Triton X-100 (Fig 4.6K,L), but this 

produces large internal membrane accumulations seen in neither nisin nor 

bromoalterochromide treated cells. The viability curves were also similar to nisin, 

since cells treated with both compounds at 3X above the MBC were rendered inviable 

within the first few minutes (Fig 4.2A squares, B triangles). Treatment with a lower 

concentration of the bromoalterochromide (25 µg/ml) resulted in only a fraction of the 

cells becoming permeabilized to SYTOX green within 20 minutes (Fig 4.2M), similar 

to the pattern seen with a low concentration of nisin (Fig 4.2J). These similarities 

suggest that the bromoalterochromide acts in a manner similar to nisin, rapidly 

forming pores in the membrane large enough for SYTOX green (MW = ~600) to pass 

through. 

Mechanism of action determination from a crude extract 

 Purification of a compound is a lengthy and expensive process. We therefore 

tested whether the MOA of a compound of interest could be determined directly from 

a crude extract, allowing the processes of MOA determination and activity guided 

purification to occur simultaneously. Concentrated cultures were treated with a crude 

extract from the Pseudoalteromonas sp. that produces the bromoalterochromide. Mass 

spectrometry in Pieter Dorrestein’s lab showed that this extract contained the 

bromoalterochromide, as well as a variety of other bromoalterochromides and several 

other molecules (Fig 4.3). Cells treated with this crude extract looked identical to 

those treated with the bromoalterochromide alone (Fig 4.2G) and exhibited the full 
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extent of the viability drop at the initial timepoint (Fig 4.2A triangles), thus giving 

validity to the idea of using crude extracts in cytological profiling to screen for 

molecules of interest. 

 

Cytological profiling of spirotetronate compounds 

 

 The spirotetronate antibiotics are a class of antibiotics effective against Gram-

positive bacteria. Chlorothricin is the only member with proposed MOAs, inhibition 

Figure 4.3. Mass spectra of OT59 crude extract 

Figure 4.4 Effects of antimicrobials on E. coli cell architecture. A-H Fluorescence micrographs 
of growing E. coli lptD cells treated with (A,E) 2.5% DMSO (B,F) 2.5 µg/ml nisin (C,G) 10 µg/ml 
chlorothricin (D,H) 250 µg/ml spirohexenolide A for 30 min (A-D) or 2h (E-H). Cells are stained 
with FM 4-64 (red) and SYTOX green (green, A-D) or DAPI (blue, E-H). Scale bar represents 1 
µM. 
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Figure 4.5 Effects of antimicrobials on B. subtilis viability and cell architecture. (A) Effects of 
chlorothricin and spirohexenolide A on PY79 viability. Cell viability is shown as the ratio of colony-
forming units (CFU) at the indicated time and treatment to the CFU at t0 for the control (CFUC). B-J. 
Fluorescence micrographs of growing PY79 cells treated with (B,C) 0.6% DMSO (D,E) 60 µM 
spirohexenolide (F,G) 62.5 µg/ml chlorothricin (H,I) 7.5 mM DNP (J) 10 µg/ml nisin for 20 min 
(B,D,F,H,J) or 60 min (C,E,G,I). Cells are stained with FM 4-64 (red) and DAPI (blue, DNA 
structure panels) or SYTOX green (green, SYTOX Intensity panels). SYTOX green is membrane 
impermeable and only stains cells with compromised membranes. Scale bar represents 1 µm. 
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of pyruvate carboxylase (26, 27) and interaction with the hydrophobic tails of  

phospholipids in the membrane (19).  However, pyruvate carboxylase inhibition is 

unlikely to be the mechanism by which chlorothricin kills bacteria in LB, since the 

enzyme is not necessary for growth in rich medium (28).  Poochit Nonejuie in Joe 

Pogliano’s lab performed cytological profiling of spirohexenolide A and chlorothricin 

using the E. coli lptD mutant (also referred to as imp4213).  The results at an early 

timepoint (30 minutes) indicated that both seemed to act in a manner similar to nisin, 

rapidly permeabilizing many of the cells to SYTOX Green (Fig 4.4B-D).  

To further investigate and validate the MOA of spirohexenolide A and 

chlorothricin, I conducted cytological profiling in B. subtilis using exponentially 

growing cells in conjunction with viable cell counts of the cultures. After 

spirohexenolide A and chlorothricin treatment at 5X the MIC, viability dropped less 

than a log initially, with additional drops of 4-logs by one hour (Fig 4.5A asterisks and 

squares). This is in contrast to nisin treated cells, which are rendered inviable by the 

initial timepoint (Fig 4.6B Xs). Thus, both compounds take longer to kill B. subtilis 

cells than nisin. 

Cytological profiling demonstrated that cells treated with spirohexenolide A at 

5X the MIC showed no SYTOX green permeability at 20 minutes, and very little by 

one hour (Fig 4.5D,E), in contrast to cells treated with nisin, which are uniformly 

permeabilized within 20 minutes (Fig 4.5J). Additionally, no lysis was observed in the 

spirohexenolide A treated cells (Fig 4.5E), in contrast to cells treated with either nisin 

or with any compound that collapses the PMF (Fig 4.5I). The spirohexenolide A-

treated cells appeared somewhat elongated at both timepoints, and they contained 
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membrane vesicles somewhat smaller than those observed in vancomycin-treated cells 

(Fig 4.5D,E). Treatment with higher concentrations of spirohexenolide A did not 

produce a more rapid loss of viability or an increase in the number of cells 

permeabilized to SYTOX green (not shown). Furthermore, although spirohexenolide 

A collapsed the PMF of E. coli lptD within 10 minutes of treatment (not shown), I was 

unable to demonstrate a PMF collapse in B. subtilis cells under our assay conditions 

(data not shown). These data suggest that spirohexenolide A kills B. subtilis cells by a 

different mechanism than that demonstrated for E. coli (production of membrane 

channels). Further experiments are required to identify the MOA in B. subtilis.  

 Treatment of exponentially growing B. subtilis with 5X the MIC of 

chlorothricin resulted in 34% of the cells being permeabilized to SYTOX green (Fig 

4.5G); treatment with chlorothricin at 10X the MIC did not increase permeabilization 

(not shown). Chlorothricin treated cells also produced membrane blobs, mostly at 

newly initialized septa and near the cell poles after 20 minutes of treatment (Fig 4.5F). 

Many of the permeabilized cells had begun lysing by one hour in a manner similar to 

cells treated with compounds that collapse the PMF (Fig 4.5G), although the lysis 

occurred at an earlier timepoint than we see with PMF collapsing compounds such as 

DNP. Thus, chlorothricin causes rapid permeabilization of a fraction of the cells, and 

the remaining cells are elongated with membrane vesicles, ultimately undergoing 

autolysis. This combination of cytological effects is unlike other compounds I have 

tested so far.  

A previous study demonstrated that in model membranes chlorothricin 

interacts with the hydrocarbon chains of the phospholipids and thus one of the 
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mechanisms of chlorothricin might be targeted at the membrane (19), which could 

account for the lysis. The cells showed a mixture of permeabilized cells with 

compacted DNA and non-permeabilized cells with fairly diffuse DNA at 20 minutes 

and an hour (Fig 4.5F,G), indicating the possibility of a dual MOA. Interestingly, 

heterogeneity of cell size is seen with E. coli lptD after two hours of treatment (Fig. 

4.4G), suggesting that the compound might have a dual MOA in both species.  

Figure 4.6 Effects of stenothricin and other antimicrobials on B. subtilis viability and cell 
architecture. (A) Effects of different amounts of stenothricin on PY79 cell viability. (B) Effects of 
control treatments on PY79 viability. Cell viability is shown as the ratio of colony-forming units 
(CFU) at the indicated time and treatment to the CFU at t0 for the control (CFUC). Error bars show 
the standard error of ≥3 experiments. C-L Fluorescence micrographs of growing PY79 cells treated 
with (C) 0.5% DMSO (D) 20 µg/ml stenothricin (E) 10 µg/ml stenothricin (F) 5 µg/ml stenothricin 
(G) 2 µg/ml stenothricin 1132 (H) 10 µg/ml daptomycin (I) 6 µg/ml nisin (J) 1.25 µg/ml  
vancomycin (K) 0.1% Triton X-100 (L) 0.5% Triton X-100 for 20 minutes. Cells are stained with 
FM 4-64 (red), DAPI (blue), and SYTOX green. SYTOX green is membrane impermeable and only 
stains cells with compromised membranes. Scale bar represents 2 µm.  
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Cytological profiling of stenothricin 

 The only previous publication on stenothricin (20) failed to detect activity 

against their B. subtilis strain in a filter disk assay (20), but we were able to see 

activity under our conditions. Specifically, we found that treatment of cells with 20 

µg/ml stenothricin caused viability to irreversibly drop 3 logs by one hour, while 

treatment with 10 µg/ml caused a transient drop in viability, and 5 µg/ml caused a 

slight lag in growth (Fig 4.6A). Clearly, stenothricin is bactericidal to B. subtilis cells, 

in contrast to the early publication. It remains unclear if this is due to a difference in 

the chemical structures of the stenothricin, the B. subtilis strains, or a lack of 

sensitivity in the previously used disk assay.  

We next performed cytological profiling of stenothricin on exponentially 

growing microcultures of B. subtilis. Treatment with 20 µg/ml stenothricin for 20 

minutes resulted in cells with membrane staining throughout the cell and compact 

chromosomes that weakly stained with DAPI and SYTOX green (Fig 4.6D). Weak 

DNA staining is generally observed when the cells are especially damaged and there is 

much debris from lysis. The weak staining could be due to low concentrations of DNA 

due to diffusion of degradation, or the properties of DNA binding of the dyes when the 

cell has equilibrated with the outside environment. The membrane staining throughout 

the cell appears to be due to detachment of the cell membrane from the peptidoglycan 

and possible solubilization of the membrane, since the cells appear smaller and the 

septa are unstained. As the concentration of stenothricin is lowered, viability drops 

less, producing a transient growth arrest at 5 µg/ml (Fig 4.6A Xs). At this 

concentration, the majority of cells have lost the cytoplasmic membrane staining 
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phenotype.  Instead, they are permeabilized to SYTOX and show large membrane 

blobs and internal vesicles (Fig 4.6F), similar to those seen with vancomycin and 

detergent treatment (Fig 4.6J-L). These cells are growth arrested but have not 

undergone the greater than a log drop in viability seen at the higher concentrations, so 

it is not clear if these cytological effects represent the lethal effect of stenothricin. We 

also compared stenothricin treated cells to those treated with another antibiotic 

produced by the same species,  daptomycin, at 3X the MIC and found that daptomycin 

produced elongated cells containing small membrane vesicles, with some of the cells 

permeabilized to SYTOX (Fig 4.6H).  

 None of the compounds I have tested so far, nor any tested by Poochit 

Nonejuie in his systematic tests in E. coli, produce cells with membrane staining 

throughout the cell as seen in the 20 µg/ml stenothricin treated cells (Fig 4.6D). 

Indeed, levels of detergent (Triton X-100) higher than the bactericidal concentration 

produce in patchy membrane throughout the cell (Fig 4.6L), rather than the consistent 

levels seen in cells treated with 20 ug/ml stenothricin. However, we need to profile a 

cationic detergent, since stenothricin is a cationic lipopeptide, while triton is nonionic. 

Thus, my studies to date suggest that stenothricin has a unique MOA. 

E.  Discussion 

 This study demonstrates the potential of cytological profiling for MOA 

determination in bacteria, however the technique it is still in its infancy. We were able 

to demonstrate that the MOA of a bromoalterochromide is pore-formation, and we 

could detect this activity in a crude extract. Identifying activities in crude extracts 
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could be of great use in the screening of extracts for interesting MOAs, and for 

guidance during purification. In some cases, an activity might be detectable by 

cytological profiling at a sub-MIC level of compound that would not be detected in 

standard activity assays that only take into account growth inhibition. For example, if 

high enough levels of stenothricin for growth inhibition were not obtained in a crude 

extract, no activity would be detected, but in our cytological profiling experiments, we 

were able to see an effect at levels below the bactericidal concentration (Fig. 4.6F). A 

common screening method is to design screens to detect activity against a specific 

cellular target, therefore limiting discovery to a narrow range of molecules. However, 

cytological profiling provides a way to screen for all MOAs in the same assay and to 

identify some activities prior to purification. Thus, the technique provides a more 

general screen that will allow the discovery of molecules with new activities against 

intact bacterial cells.  

 Although cytological profiling is a powerful technique, it clearly requires 

additional development. I was only able to unambiguously identify the MOA of one 

out of the four molecules I tested, however, this is likely due to the youth of the 

technique and will likely be overcome merely by profiling a larger variety of 

compounds with known MOAs (an effort underway in both E. coli and B. subtilis). I 

am confident that once a large library of control compounds has been screened, the 

MOA of a much larger fraction of the natural products we are given will be easily 

identified. This has been successfully done in eukaryotes (13, 14), and though bacteria 

are less architecturally complex than eukaryotes, we have shown that the effects of 

different compounds on cell architecture are still easily distinguishable. The resulting 
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data will provide a reference set against which new compounds can be compared in 

the future. We can also use our data to eliminate MOAs we have already profiled, still 

giving us valuable information.  

 As seen through the examples of spirohexenolide A and chlorothricin, not all 

compounds have the same effect in different organisms. We’ve previously found that 

compounds that collapse the PMF induce autolysis in B. subtilis, but E.coli does not 

lyse even though the MOA of the compounds is the same in both species (24). In the 

case of spirohexenolide A and chlorothricin though, the MOA prediction based on the 

two species does not agree. At this point in time, we do not know if spirohexenolide A 

and chlorothricin are exhibiting different MOAs in E.coli than in B. subtilis, or if it is 

an artifact of using a strain of E. coli with a defective outer membrane. This requires 

us to be careful in our conclusions, but can also provide a greater level of information 

to help us tease apart the difference in MOA between compounds. Most of the 

standard antibiotics we use do have consistent phenotypes between B. subtilis and E. 

coli lptD, and thus profiling in both organisms provides a wealth of information. It is 

obvious from our experience with these new molecules that there is enormous 

untapped potential out there for molecules that have unique MOAs, many of which 

could be developed as antibiotics and provide much needed new scaffolds for 

antibiotic development. 
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Chapter 5, in full, is a reprint of the material as it appears in The European 

Molecular Biology Organization 209 (Vol. 28 pp. 3461-3475). I was a secondary 

author and isolated and identified mutants from the random mutagenesis screen 

important for confirming the mifM regulation by the  mifM stemloop, MifM 

transmembrane domain and spoIIIJ. 
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My thesis research has demonstrated that cytological profiling, a technique for 

mechanism of action (MOA) determination pioneered in eukaryotes (1, 2), can be 

adapted for use with bacteria. The effects of various antibiotics on cell architecture in 

Bacillus subtilis were easily distinguishable and cytological profiling was able to 

determine the MOA of two new compounds, SDP and a bromoalterochromide. The 

method I developed, and that Poochit Nonejuie is developing in E. coli, relies purely 

on fluorescence microscopy paired with viable cell counts to track changes in cell 

architecture and viability. Thus far, my analysis of fluorescence micrographs has been 

limited to visual comparison and, in the case of SDP, measurement of whole cell DNA 

intensity. This crude method sufficed to distinguish differences between all the 

compounds tested, but it certainly has limitations and introduces human bias. Indeed, I 

was unable to assign MOAs to three of the unknowns, spirohexenolide A, 

chlorothricin, and stenothricin. So far, I have only obtained cytological profiles from 

compounds with a handful of MOAs, and utilized only the crudest of image analysis 

techniques. A larger library of comparison compounds with known MOAs must be 

screened and quantitative analysis utilized if cytological profiling is to be improved. It 

is obvious that cytological profiling has great potential, but still requires much 

development before it becomes a fully formed MOA determining technique.  

 Although cytological profiling is still far from being a fully developed 

technique, it offers several advantages over current MOA determination methods, and 

so is worth the time and effort needed for development. In adapting cytological 

profiling, I was able to develop microculture techniques that reduced culture sizes to 

just 15 µl, vastly reducing the amount of compound used for testing compared to other 
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MOA determination techniques. This small sample size is already on the scale needed 

for samples in high-throughput screening. Adaptation to high-throughput methods 

should be possible, and large scale screening is what is required for effective 

characterization of the MOAs of the constantly growing pool of newly available 

natural products. Cytological profiling also works below the minimal inhibitory 

concentrations (MIC) of many molecules, so it is able to detect lower concentrations 

of antibacterial compounds than other methods. Another advantage cytological 

profiling has over other MOA determination techniques is the ability to visualize what 

is happening at the cellular level. This results in the ability to discriminate between 

MOAs at a much finer level than other semi-high-throughput screens, as closely 

related MOAs can result in physical differences. For example, during my studies on 

SDP, I was able to distinguish the effect of collapse of both components of the PMF 

from the effect of collapse of ∆Ψ or ∆pH alone. Another example is in the case of cell 

wall active antibiotics. Treatment with β-lactam antibiotics results in severe cell shape 

defects, whereas vancomycin does not, though both target the cell wall. Microarray 

approaches have lumped cell wall antibiotics into a single category (3, 4), but 

cytological profiling easily distinguishes between the two MOAs.  Indeed, even when 

a novel MOA is detected, changes in cell architecture could provide clues as to the 

pathway targeted. Thus, cytological profiling has the potential to be high-throughput 

while retaining sensitivity and fine accuracy in MOA determination. 

A.  Improvement of cytological profiling MOA determination 

The need for large data sets profiling as many compounds and MOAs as possible 
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 This work is the first study utilizing cytological profiling for MOA 

determination in bacteria, and so it is unsurprising that I was unable to determine the 

MOA of most of the natural products I tested. I have only profiled a handful of control 

compounds thus far, and the number of MOAs tested needs to be greatly increased 

before I could expect to identify the MOA of most natural products. The prediction of 

MOA with any accuracy using comparative studies has only been achieved when large 

libraries of compounds have been screened as controls. Indeed, ongoing studies by 

graduate student Poochit Nonejuie to apply cytological profiling to E. coli cells utilize 

a larger range of control compounds and he is already able to quantitatively show 

differences between different translation inhibitors, DNA gyrase inhibitors, 

transcriptional inhibitors, lipid biosynthesis inhibitors and β-lactam antibiotics. 

 Microarray studies have found that a group of five or six compounds with the 

same MOA need to be profiled in order to obtain accurate clustering of new 

compounds (4). We do not know if a similar figure applies for cytological profiling, 

but we do need to test compounds with as many MOAs as possible to expand our 

dataset. This database must also include compounds that block the same pathway at 

multiple points to help us determine how finely we can assign MOA. Our preliminary 

studies are quite promising in this regard, as I was able to discriminate between 

collapsing either component of the PMF (∆Ψ, ∆pH) and both components and 

between compounds targeting different steps in cell wall biogenesis.  Building a 

diverse library of cytological profiles is key to development of cytological profiling as 

an accurate determiner of the MOA of new natural products. 

The need for automated image analysis 
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 As previously mentioned, the cytological profiling I have done so far has relied 

on visual comparisons of fluorescence images, which is not a reliable measure. In 

order to differentiate accurately between a large number of MOAs, a quantitative 

approach must be taken that limits human bias. Automated data analysis would limit 

human bias and may pick up differences not apparent by eye. Poochit Nonejuie in Joe 

Pogliano’s lab has been working on cytological profiling using E. coli lptD and has 

applied ImageJ and MATLAB threshold based programs to measure cell variables for 

quantitative comparison of different treatments. He has taken measurements of cell 

size and shape, DNA size, shape and intensity, and permeability of cells to SYTOX 

green. All of these parameters can be grouped based on similarity and simplified into 

three variables using principle component analysis (PCA). The PCA data can then be 

graphed three dimensionally to visually compare the data points. Treatments that have 

the same MOA appear on the graph as clusters, and assignment of MOA can be given 

for a new antibiotic based on this clustering. Mike has built up a large library of 

compounds covering major classes of MOA and he is able to easily differentiate 

between at least five MOA classes using a single PCA graph. 

Choice of species – E. coli, B. subtilis or both? 

 All of Poochit’s data was collected using images of E. coli lptD cells, and mine 

used B. subtilis. As can be seen in the cases of spirohexenolide A and chlorothricin, 

the results of the two species do not always agree. Whether this is due to a difference 

in the MOA of the compound on the two species or other factors remains to be seen. 

In some cases, this might be due to a compound having different MOAs in different 

species. However, the weaknesses in using cytological profiling for compounds of 
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certain MOAs might not overlap between species, thus multi-species profiling might 

compensate for the weakness of an individual species. It seems likely that a multi-

species system will ultimately prove the most sensitive for determination of a specific 

MOA and generate the most confident identification.  

 There are several differences between B. subtilis and E. coli lptD that must be 

considered when choosing which strain to use. E. coli lptD exhibits a defect in outer 

membrane biogenesis which permeabilizes it to many molecules, such as Gram-

positive specific antibiotics, that normally would not penetrate the outer membrane. 

This results in a strain that is sensitive to most, but not all, Gram-positive specific 

antibiotics. An advantage of using E. coli is that it is more tractable than B. subtilis for 

our current image analysis techniques. The cells are separated rather than chained, and 

they do not have the tendency to undergo autolysis as B. subtilis does, which makes 

cell measurements impossible. However, the MIC of a compound for the E. coli 

mutant is usually higher than for a Gram-positive species such as B. subtilis, and so if 

compound is extremely limited, experiments may be more manageable in B. subtilis.  

 The induction of autolysis can be a disadvantage, as it makes measurement of 

cell variables very difficult and determination of a cell outline impossible with current 

techniques, but it also offers another variable that can be included in the analysis.  B. 

subtilis cells undergo autolysis when the PMF is collapsed, which can occur either 

through specific mechanisms, or because a compound has formed a non-specific pore 

in the membrane. There are a multitude of compounds that don’t induce autolysis, 

such as RNA synthesis inhibitors and protein synthesis inhibitors, and thus do not 

present the discontinuous membranes that make cell measurements impossible. 
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Another tendency of B. subtilis is for membrane blobs to appear, frequently at septa. A 

disadvantage of these blobs is that they make recognition of cells difficult with our 

current image analysis techniques, the reasons for which are discussed below. 

However, the location and size of these blobs can be characteristic of a MOA. For 

example, vancomycin treatment results in large membrane blobs, which really are 

internal vesicles, at septa. The only other treatment that has exhibited a similar 

placement of internal vesicles is Triton X-100, but other variables, such as the total 

permeability of Triton X-100 treated cells, allow them to be easily discriminated. 

Treatment of E. coli cells does not usually result in membrane blobs, and so they are 

not available as a variable for use in the PCA analysis of E. coli cytological data.  

Utilizing other factors to increase cytological profiling accuracy 

 Accuracy in cytological profiling all comes down to the measurement of 

information and utilization of that information. Increasing the number of variables 

used for input should allow finer differentiation between MOAs. One of the 

disadvantages of low-throughput methods is that they require a single timepoint or 

concentration to be utilized because otherwise, the method could not handle that many 

samples or it would become too expensive. One of the microarray studies emphasized 

that multiple timepoints were required to properly assign MOA. The later timepoint 

was necessary to broadly categorize the MOA, but an earlier timepoint was essential 

to complete MOA assignment (4). Cytological profiling studies in eukaryotes utilized 

a serial dilution method to capture multiple concentrations and allow determination of 

the correct concentration to use for their analysis in the same step (1). We have seen in 

our experiments that the morphological effects exerted on the cell are highly 
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dependent on concentration and timepoint. Early timepoints give additional variables, 

such as time to SYTOX green permeability, and sub-MIC effects can be characteristic 

for a compound. For example, cells treated at a sub-MIC concentration of stenothricin 

showed internal vesicles and SYTOX green permeability whereas above the MIC, the 

membrane appeared to fill the cytoplasm, apparently detaching from the 

peptidoglycan. Many compounds induce autolysis, and so using only a later timepoint 

could result in all cells being lysed. A pre-lysis timepoint would then been needed to 

see any architectural changes in the cell prior to lysis. Utilizing only one concentration 

or timepoint for each compound would result in missing information that could be 

essential for differentiating two MOAs and thus lead to incorrect identification of 

MOA. 

 Ultimately, having the ability to rapidly determine MOAs of uncharacterized 

natural products requires having the most information possible at your disposal. The 

first step is to generate cytological profiles of as diverse and complete a group of 

compounds as possible. Cytological profiling with E. coli lptD, including quantitative 

image analysis, paired with PCA is the single technique that will give the most 

information. However, not all compounds will affect the E. coli mutant, or at a low 

enough concentration to make the experiments feasible. In that case, B. subtilis can be 

used to generate a cytological profile. The most accurate MOA prediction will likely 

come from a combination of E.coli and B. subtilis data taken at multiple 

concentrations and timepoints. In this case, the more variables measured, the more 

accurate the predictions for MOA.  

B.  Quantitative analysis of cytological profiling images 
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 We know that the key to developing cytological profiling as an accurate and 

simple method of MOA determination relies heavily on the quality of data analysis 

and the quantity of data in the reference library. Being able to detect and quantify 

subtle differences between cells treated with different compounds will allow specific 

MOA determination. Currently, there is still a lack of easy to use programs to 

accurately measure cells and nucleoids. Poochit has been utilizing simple thresholding 

in ImageJ, but it still takes 15 minutes per field of cells to conduct the analysis and 

requires a large amount of input. It also requires adjusting each image by eye and 

introduces human error that could lead to variability in results between users. 

Thresholding is very sensitive, and adjusting the images is a balance between 

identifying as many cells as possible and accuracy in size measurements. Cells that are 

not ideal are frequently not picked up by this technique, and it could skew the results. 

In the case of B. subtilis cells, membrane blobs can complicate the analysis. 

Thresholding is based on fluorescence intensity, and the membrane blobs are typically 

brighter that the rest of the cells, making it difficult to detect the rest of the membrane 

without completely blowing out the membrane blob, which makes it appear like a 

septum to the program, causing the cell to be counted as multiple cells. We’ve also 

been utilizing a MATLAB based thresholding program developed by Jangir 

Selimkhanov in Jeff Hasty’s lab, but it does not offer much advantage over ImageJ as 

far as eliminating human bias and measuring cells with membrane blobs or 

discontinuous membranes. 

 Other options include a free software package MicrobeTracker which utilizes a 

MATLAB interface and IN Cell Investigator (Biacore), a commercial program used in 
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eukaryotic high content screening (5). MicrobeTracker was developed to analyze cell 

shape and protein localization from images gathered from high-throughput screening 

of Caulobacter cresentus (6, 7). It uses segmentation to measure cell shape with high 

accuracy and has also been used to look at protein localization within the cell. 

However, it was designed to use phase-contrast images to define cell outlines, not 

fluorescence images of cells with membrane stain, as is the case for our images. The 

program might need to be heavily adapted to accurately determine cell size and shape 

from our data.  Even if we adapt this program for use with our images, it will still be 

unable to measure cells that have discontinuous membranes, such as those undergoing 

autolysis. In B. subtilis, the ability to measure these cells is key to complete data 

analysis. Likely we will have to collaborate on new software that can detect the 

presence of cells with discontinuous membranes and count them as a cell, to 

accurately identify cells in tightly packed confluent lawns and to detect and quantify 

the number and size of membrane blobs within a cell. It seems likely that the software 

used in high content screening for eukaryotic cells, that have internal membranes and 

that grow in tightly packed arrays, will have this ability.  If not, additional effort must 

be made to create new software with higher functionality.  

C. The need for high-throughput sample screening 

 In the introduction, I identified the lack of high-throughput methods for MOA 

determination in bacteria as a bottleneck in antibiotic discovery. Cytological profiling 

provides one answer to this issue and in eukaryotes it has already been used as a high-

throughput screen (1, 2). Now that I’ve demonstrated that cytological profiling is 



 

 

161 

possible in bacteria, it can be adapted for high-throughput MOA determination. 

Unfortunately, the automated microscopy systems utilized for eukaryotic systems are 

based on an air immersion objective, which does not provide sufficiently high 

resolution or magnification for bacterial studies. However, the requirement for oil 

immersion objectives does not mean that the throughput of microscopy-based 

screening cannot be improved. In 2009, Zemer Gital’s lab introduced a method for 

increasing throughput based on the use of agarose pedestals (8, 9). These pedestals 

allow for 48 samples to be imaged on a single slide, which makes the screening 

compatible with automated imaging. This method was used to screen almost 3000 

strains of C. crescentus for localization of fluorescently tagged proteins (8), and 

demonstrates that many of the tools needed to make cytological profiling high-

throughput already exist. We merely need to adapt them to our specific imaging 

system, and to strive to increase the capacity for image collection and analysis. 

 Another potentially high-throughput method for cytological profiling is the use 

of microfluidics to monitor the effect of different antibiotics over time. In 

collaboration with Jeff Hasty’s lab, Poochit Nonejuie has just begun testing a 16 

compartment microfluidics chip that only requires 10-20 µl of sample, comparable to 

our current cytological profiling experiments. This would theoretically allow 

timelapse microscopy to occur, as the cells would be in growth medium, and provide 

multiple timepoints from one sample. However, the chip currently does not support 

robust growth and is far from ready for deployment as a viable method. Additionally, 

the antibiotics must be dried down in the well prior to addition of cells. The addition 

of the culture rehydrates the antibiotic and diffusion mixes it, but diffusion also 
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ultimately results in cross contamination after an extended period of time, and the 

initial concentration of the antibiotic could vary depending on how well it solubilizes 

and mixes within the well, and where in the chamber the pictures are taken. Chips of 

this nature will likely find their primary use in hospital settings, where they can be 

used as a diagnostic for determining the resistance or sensitivity profiles of isolates, 

not as a precise tool for MOA determination. Other chips exist that allow for robust 

growth, but they are limited to only a few chambers per chip, require a much larger 

sample size, and cannot be moved during the experiment. Thus microfluidics chips are 

not ideal for high-throughput cytological profiling. 

D.  Utilizing cytological profiling for screening crude extracts 

 Once the method for cytological profiling has been adapted for high-

throughput screening, it could be effectively utilized to screen crude extracts and 

subsequent fractions for the presence of antibacterial natural products. As we 

demonstrated for the crude extract containing the bromoalterochromide, cytological 

profiling can be utilized to determine the MOA of a natural product prior to 

purification. Indeed, other studies in the lab have demonstrated the ability to detect up 

to three distinct MOAs in a crude extract of B. subtilis strain 3610. This will allow 

extracts to be screened and cytological profiling can be used to determine which show 

promise for further purification and development. The fractions generated during 

purification can then be screened again for activity-guided purification. Cytological 

profiling of these fractions would require less than a microliter of the fraction per 

experiment, and thus provide valuable information on activity with a negligible 
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amount of sample required. For many natural products, the activity can be detected 

with sub-MIC levels of the molecule, as I have shown for stenothricin, the 

bromoalterochromide and nisin, making the method extremely sensitive. Cytological 

profiling represents a fast and effective means of screening for new natural products 

that will generate information about the MOA simultaneously with purification and 

allow dereplication without limiting the range of actions detected. This will also allow 

natural products to be prioritized based on MOA. Staying ahead of the microbes 

requires new molecules with a unique MOA. Cytological profiling will allow 

molecules with a unique MOA to be singled out early as promising lead candidates. 

E.  Concluding remarks 

 In this discussion I have reviewed why cytological profiling appears to be 

ideally suited to address the major bottlenecks of antibiotic discovery. It is adaptable 

to high-throughput screening, utilizes a minimal amount of compound, and offers the 

possibility of accurate MOA determination in a matter of hours. All that is required to 

make this a reality is the screening of a large library compounds with diverse MOAs 

and the development of new image analysis software to handle this new influx of 

imaging data. Both of these should be possible in the near future if effort is invested 

into development of cytological profiling. Once that is achieved, MOA determination 

should be a simple task that can be accomplished quickly and can be utilized directly 

in screens for new natural products, allowing the majority of time and effort to be 

spent in development of these molecules as antibiotics. 
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