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ABSTRACT OF THE THESIS 

   
  

Using Bacterial Cytological Profiling to Study the Interactions of Bacteria and the Defense 
Systems of Multicellular Eukaryotes 

  
  

by 
   
  

Gayathri Kalla 
  
  

Master of Science in Biology 
   
  

University of California San Diego, 2020 
   

Professor Kit Pogliano, Chair 
Professor Eric Schmelz, Co-Chair 

  

Multicellular eukaryotes host diverse microbiomes that play important roles in host 

defense and health. However, little is known about the molecular interactions between the 

microbiota and the host, and if antimicrobial molecules produced by either the host or 

commensal bacteria differentially affect beneficial and pathogenic species. This research focuses 

on antibacterial defense molecules in two settings: plants and human skin. Secondary plant 

defense metabolites have been noted for their antimicrobial bioactivity in vitro, but their exact 

mechanisms of action (MOAs) against individual pathogens and if they differentially affect  

x 



commensal species are unknown. Human skin commensal species Staphylococcus felis has been 

shown to produce antimicrobial peptides that inhibit the growth of drug-resistant Staphylococcus 

aureus (MRSA), but the MOA of these bacterial peptides is unknown. To determine the MOAs 

in each of these contexts, I used Bacterial Cytological Profiling (BCP), a fluorescent microscopy 

technique to rapidly determine the MOA of a compound in vivo against a bacterial species. BCP 

was optimized in two plant-associated strains, Agrobacterium tumefaciens and Pseudomonas 

fluorescens, and databases of cytological profiles were established against compounds with a 

variety of MOAs. These databases provide references for studying novel plant defense 

metabolites, setting BCP up as a powerful in vivo assay for future plant research. The differences 

in BCP phenotypes of Agrobacterium tumefaciens in comparison to the more common 

distributed growth bacteria may also help us learn more about polar growth organisms. BCP was 

also used to determine the MOA of the S. felis extract in inhibiting MRSA growth. I observed 

BCP profiles of condensed chromosomes, suggesting inhibition of translation, and staining of 

DNA with dyes that can only enter the cell when the cell membrane is compromised, suggesting 

permeabilization of the membrane. There may be one compound with multiple activities, or 

multiple compounds with different MOAs. Understanding the MOA of compounds like these is 

important to developing new alternatives to antibiotics that increasing numbers of infectious 

bacteria have built up resistance to. This newfound knowledge in each microbiome-host context, 

as well as the further development of BCP in new species, can enable us to better harness these 

anti-pathogen properties of hosts and commensal bacterial species for future infection treatment 

and disease prevention methods.  

xi



General Introduction and Overview 

The complexity of the relationships that eukaryotic hosts have with their microbiomes is 

of ever-increasing interest in recent years. Current research suggests that commensal and 

mutualistic bacteria play major roles in many physiological functions of their eukaryotic hosts, 

and can also be involved in protecting their hosts from attack by pathogenic bacteria (Abt & 

Palmer 2014). Pathogens that exist as part of the microbiome have their own set of interactions, 

with the host as well as with other commensals, creating a complex web of intercommunication 

within each organism. In plants, the commensal microbiota of plant tissues have been shown to 

be involved in improving nutrient uptake and plant growth, as well as resisting external stressors 

(Trivedi et al., 2020). Similarly, human skin, despite being a dry, low-nutrient, and acidic 

environment, also hosts a wide range of bacterial species, some of which have been shown to 

help resist pathogenic colonization and attack by pathogenic microbes (Byrd et al., 2018). 

However, little is understood about the mechanisms for the molecular interactions between hosts, 

pathogens, and commensals occur. Although the bioactivity of various molecules has been noted 

(Garcia-Gutierrez et al. 2019), and in vitro studies suggest that some antimicrobial molecules 

serve as defenses against pathogens, in both the plant microbiome and human skin microbiome, 

in vivo studies that confirm any particular mechanism are lacking.  

I chose to study this topic with two separate projects. For the first, I tested if plant-

produced antimicrobial molecules had different effects on commensal and pathogenic bacteria.  

For this project, I studied the plant-produced flavonoids, a diverse group of secondary plant 

metabolites, which have many roles in plant health and growth. For the second project, I studied 

the mechanism of action of antimicrobial peptides secreted by specific skin commensal 
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Staphylococcus species, which appear to have protective effects against infection by drug-

resistant Staphylococcus aureus (MRSA) (Gallo Lab UCSD). Both studies used a fluorescent 

microscopy technique called Bacterial Cytological Profiling (BCP) to determine the effects of a 

variety of antimicrobial molecules on both pathogens and commensals in the plant and human 

microbiomes. 

This thesis is divided into two chapters, with each focusing on one project. The plant 

study develops BCP as an effective in vivo assay for studying compounds’ effects against plant 

bacteria, and establishes a database of a wide range of physiological responses of environmental 

bacterial strains to various control compounds. The human skin study determines the likely 

mechanism of action of antimicrobial peptides released by a commensal Staphylococcus species, 

S. felis, against a pathogenic species, S. aureus MRSA. These findings shed light on previously 

unknown mechanisms of action in two different microbiome settings, and reestablish BCP as a 

powerful technique to understand bacterial responses to various molecules, and show its ability 

to be equally as effective in many different strains. Now, plant-associated bacterial strains can 

easily be incorporated into the BCP pipeline, opening up a new and efficient method for plant 

scientists to learn about the molecular interactions between plant hosts and their microbiome. In 

addition, understanding the mechanism of the antimicrobial S. felis peptides may provide another 

approach to overcoming dangerous MRSA infections.  
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Chapter 1: Studies of the differential impact of plant metabolites and antibiotics on plant 

commensals and pathogens 

  

Introduction: 

Protecting plant health is critical for human well-being, as we depend on healthy and 

abundant crops as our primary source for food and other plant-based products. Microbial plant 

pathogens pose a major threat to many of our food sources (Strange & Scott 2005), and with 

populations growing, crop prices rising, climate change, and global food shortages, (UN: Food) 

protecting our crops from pathogenic attack is of increasing importance. 

Microbes have complex relationships with plants, with some causing disease and others 

supporting and promoting plant growth. The interactions between a host plant and the 

commensal and pathogenic bacteria in its microbiota have been shown to dictate many aspects of 

plant health (Vannier et al. 2019). For example, some bacteria live in commensal and mutualistic 

relationships that benefit plants in a variety of ways, such as by fixing nitrogen from the 

atmosphere (Franche et al. 2008), or by protecting plants from pathogenic attack (Vannier et al. 

2019). Other bacteria can be severely pathogenic to plants, as has been seen with the widely 

damaging tomato “speck” disease, caused by Pseudomonas syringae (Preston 2000) and the 

long-troubling bacterial stalk rot of maize, caused by Erwinia chysanthemi (Thind & Payak 

1985). Pathogenic infection of crops is typically treated with broad-spectrum antibiotics, but 

research in other eukaryotic systems suggests that this may be as harmful as it is helpful. One 

example is provided by the human gut microbiome: extended antibiotic treatment for 

Clostridium difficile infection reduces microbial diversity in the gut, making the individual more 
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susceptible to recurrent infection (Chang et al. 2008). The alarming agricultural parallel of 

dousing crops in antibiotics and biocidal agents to prevent pathogenic disease may lead to larger 

environmental issues in the future (Vidaver 2002), and it may select for antibiotic resistance that 

can be spread to human pathogens (Manyi-Loh et al. 2018). It will be important to consider how 

the use of crop antibiotics may affect beneficial plant microbes, and to begin to search for 

alternative protective measures that are more nuanced and pathogen-specific than broad-

spectrum antibiotics. In addition, a better understanding of host plant-microbiome interactions 

can enable us to engineer crops that produce increased amounts of defense metabolites, 

protecting them from pathogens while not harming their beneficial microbes. 

Plants have two levels of immunity to fight off bacterial infection: an immediate, innate 

response, and then a delayed, adaptive response (Dodds & Rathjon 2010). Pattern-triggered 

immunity is an immediate and non-specific response by plants to infection, where cells recognize 

microbe-associated molecular patterns and mount an immune response to protect against a wide 

range of microbial pathogens. This includes closing the stomata, which are the entrance for many 

pathogens (Melotto et al. 2008), releasing reactive oxygen species (O’Brien et al. 2012), and 

more. If the infection persists, effector-triggered immunity is induced, either by the presence of 

effector molecules produced by the pathogen itself, or by modifications to endogenous plant 

proteins made by the pathogen (Rajamuthiah et al. 2014). This leads to the production of 

multiple highly-specific antimicrobial molecules that collectively have a broad range of 

mechanisms of action (MOAs), and aim to preemptively activate plant defenses and eliminate 

the infection. These plant defense metabolites have been shown to have bioactivity in vitro, but 

their individual MOAs have yet to be well characterized and understood (Cowan 1999). We hope 

!4



to learn more about the bioactivity of these defense molecules by studying them specifically in a 

more ecologically-relevant context: in plant-associated bacterial strains, which may actually 

interact with these plant defense metabolites in the environment.  

In this study, I worked with four environmental bacterial strains that have varied 

relationships with plants. The two commensal strains include Bacillus megaterium and 

Pseudomonas fluorescens, and the two pathogenic strains are Agrobacterium tumefaciens and 

Pseudomonas syringae, chosen for their varied plant associations (Table 1.1). To study their 

interactions with various compounds, I used Bacterial Cytological Profiling (BCP), a fluorescent 

microscopy protocol for determining the MOAs of molecules with unknown bioactivity, initially 

designed for working with attenuated lab strains of E. coli (Nonejuie et al. 2013) and Bacillus 

subtilis (Lamsa et al., 2012). I optimized BCP for these new environmental strains, by treating 

them with clinical antibiotics with a range of known MOAs (Table 1.2) and imaging the 

respective cytological profile for each species-antibiotic pairing. In doing so, I have established a 

database of phenotypic profiles of two strains, A. tumefaciens and P. fluorescens, and their 

physiological responses to inhibition of each of the major biosynthetic pathways. This database 

provides a novel in vivo setting for studying the MOAs of plant metabolites, and understanding 

their effects in ecologically-relevant bacterial species. We hope that understanding these nuances 

can enable us to engineer more robust plants with more powerful and directed immune responses 

to pathogens, while still maintaining healthy plant microbiome diversity. 
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Table 1.1: Plant-associated bacterial species used in this study. 

Four bacterial strains chosen for their relevance in plant research, their varied relationships with 
plants, both positive and negative, and their novelty to BCP-based analysis. 
  

  

  

  

  

  

Bacterial Strain Gram 
stain

Pathogenic?  
(Y/N)

Relationship to plants

Bacillus megaterium  positive N plant-growth promoting root 
bacteria

Pseudomonas fluorescens negative N plant-growth promoting root 
bacteria

Agrobacterium 
tumefaciens

negative Y virulent RNA; crown gall 
disease

Pseudomonas syringae negative Y “Spot and rot” disease
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Table 1.2: Control Antibiotics and their MOAs 

Control antibiotics chosen for having a wide distribution of MOAs, and having been previously 
shown in E. coli studies to produce a variety of cytological profiles. Antibiotics are organized 
alphabetically.  

Antibiotic Mechanism of Action

Bactobolin Protein translation inhibitor

Bleomycin DNA synthesis inhibitor

Carbenicillin Cell wall synthesis inhibitor

Cerulenin Lipid/Biosynthetic inhibitor 

Ciprofloxacin DNA synthesis inhibitor

D-Cycloserine Cell wall synthesis inhibitor

Epirubicin DNA intercalation and DNA synthesis inhibitor

Gentamicin Protein translation inhibitor

Gramicidin Proton ionophore - For Gram positive bacteria only

Meropenem Cell wall synthesis inhibitor

Polymyxin B Outer membrane - For Gram negative bacteria only

Puromycin Protein translation inhibitor

Rifampicin Transcription inhibition

Tetracycline Protein translation inhibitor

Triclosan Lipid/Biosynthetic inhibitor

TritonX Detergent

!7



Methods: 

Minimum Inhibitory Concentration (MIC) assays: 

MICs were conducted in 96-well plates for B. megaterium, A. tumefaciens, and P. 

fluorescens. Cultures were taken from glycerol stocks and plated on LB plates for 24 hours. 

Single colonies were then transferred to overnight LB liquid cultures in a roller. B. megaterium 

and A. tumefaciens were grown at 30°C, and P. fluorescens was grown at room temperature. On 

the day of the experiment, overnights were diluted 100-fold, and rolled until they reached early 

exponential phase (OD600 0.12-0.15). In 96-well plates, antibiotics were serially diluted down 2-

fold across the plate. One µL of cells was added to 100µL of LB + antibiotic. Plates were 

incubated for 24 hours in a 30°C plate shaker. Plates were then read in plate reader using an OD 

600nm spectrophotometer at T0, T6-8, and T24. MIC was determined by the concentration of 

antibiotic at which the T24 OD600 value was 10% or less than the control cell density. 

MICs for P. syringae were done differently, because of the strain’s light sensitivity and 

inability to transfer from one liquid culture to another. Cultures were started on LB plates kept at 

room temperatures in the dark for 24 hours. On the day of the experiment, multiple colonies were 

picked up and added to LB to create a starting liquid culture of 0.002 OD600. Culture tubes carried 

1mL of cells at 0.002 OD600 with serially diluted antibiotic dosage, and were rolled at 30°C. Tubes 

were covered in aluminum foil to minimize light while in the roller. T0 value was taken by 

spectrophotometer if the antibiotic was a colored compound; otherwise, starting OD was 

considered to be 0.002 OD600. OD600 values were also measured at T6-8 and T24. MIC values were 

determined in the same way described above.  
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Bacterial Cytological Profiling (BCP):  

Fluorescence microscopy involved treating cells with antibiotics at 0.5-5X the MICs (as 

indicated in the figure legends). Strains were struck out on LB plates 48 hours before the day of 

the experiment, and transferred to liquid cultures that were incubated for 12 hours before 

experiment, at the same temperatures as indicated for MICs of each species. On the day of the 

experiment, cultures were diluted and grown to early exponential phase (OD 0.12-0.15), then 

200µL was aliquoted small culture tubes. Cultures received 0.5x, 1x, or 5x MIC concentration of 

antibiotic, and were rolled at their respective temperatures for two hours. Samples were taken at 

30 minutes and 2 hours, and added to the dye mixes for each strain. For Agrobacterium, the dye 

mix contained 30 µg mL−1 FM 4–64, 20 µg mL−1 DAPI, and 2.5 µM Sytox Green in 1× Tbase. 

Six µL of cells were mixed with 1.5µL of dye mix, and then 6µL of that mixture was added to 

agarose pads (1% agarose, 20% LB). For Pseudomonas, the dye mix contained 40 µg mL−1 FM 

4–64, 100 µg mL−1 DAPI, and 1 µM Sytox Green in 1× Tbase. Pseudomonas culture tubes also 

received 0.8µL dye mix in addition to antibiotics at T0 to improve staining. Then, samples of 

4µL of cells were taken and mixed with 4µL of dye mix, and then 6µL of that mixture was added 

to agarose pads (1% agarose, 20% LB). Cells were then imaged on an Applied Precision DV 

Elite optical sectioning microscope with a Photometrics Cool-SNAP-HQ2 camera, and images 

were deconvolved using SoftWoRx v5.5.1. Deconvolved images were then converted into TIFFs 

using Fiji, and then adjusted for clarity in Photoshop, producing the final images. 
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Results: 

Minimum Inhibitory Concentration (MIC) Results: 

Four plant-associated species, Bacillus megaterium, Agrobacterium tumefaciens, 

Pseudomonas fluorescens, and Pseudomonas syringae, were tested against a range of antibiotics. 

Because these were wildtype environmental strains and not formerly used in the lab for 

fluorescence microscopy, it was important to determine whether these strains would respond to 

standard clinical antibiotics, compounds that our lab had formerly used against Eschericha coli 

and Bacillus subtilis for BCP studies (Lamsa et al. 2012; Nonejuie et al. 2013). Table 1.3 shows 

the resulting minimum inhibitory concentrations (MICs) of each strain treated with different 

antibiotics of known and varying mechanisms of action (MOAs). Concentrations are listed (µg 

mL−1) for each antibiotic-strain pairing. Overall, B. megaterium and A. tumefaciens were 

susceptible to a wide range of antibiotics under the upper limit of 100µg mL−1, whereas the 

Pseudomonas strains were significantly more resistant to many of the same antibiotics. Both A. 

tumefaciens and P. fluorescens were responsive to antibiotics with diverse MOAs, and therefore 

were used in the subsequent microscopy.  
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Table 1.3. MIC Values in µg/mL of Clinical Antibiotics in Plant-Associated Strains 

Values in µg/mL for each strain-antibiotic pairing, confirmed in triplicate. Cells with “R” 
indicate that species was resistant to the antibiotic at the highest tested concentration (100µg/
mL). 
  

Strain

                 
  
Antibiotic

Bacillus 
megaterium

Agrobacterium 
tumefaciens

Pseudomonas 
fluorescens

Pseudomonas 
syringae

Amikacin 0.156 12.5 3.125 1

Bactobolin 3.125 6.25 25 0.1

Bleomycin 0.125 100  R 7.5

Carbenicillin 0.39 12.5  R  R

Cerulenin  R 25  R  R

Ciprofloxacin 0.0625 0.0156 0.25  R

D-cycloserine 1.56  R  R  R

Epirubicin 3.125  R  R  R

Gentamicin 0.125 12.5 6.25  R

Gramicidin 1.56  R  R  R

Imipenem 12.5  R  R  R

Meropenem 0.25 0.1  R  R

Piperacillin 0.781  R 12.5  R

Polymyxin-B 1 0.5  R  R

Puromycin 25 100  R  R

Rifampicin 0.0625 1.5 12.5  R

Tetracycline 0.5 0.25 3.125 0.0625

Triclosan 0.35 6.25  R 5

Triton-X 12.5  R  R  R
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Agrobacterium tumefaciens BCP results: 
A. tumefaciens was very sensitive to a range of antibiotics, and fluorescence microscopy 

showed that visibly different phenotypes were produced after treatment with antibiotics and other 

molecules with different mechanisms of action (Fig. 1.1). Antibiotics that inhibited protein 

translation inhibition, such as Amikacin, Bactobolin, and Tetracycline, all led to smaller cells 

with condensed DNA at the center of the cells. This is somewhat similar to the condensed DNA 

observed in E. coli, although E. coli cells also show a slightly increased cell width (Nonejuie et 

al. 2013). Rifampicin, a transcription inhibitor, also resulted in a similar condensed DNA 

phenotype, as compared to the decondensed DNA phenotype observed in E. coli (Nonejuie et al. 

2013). Cerulenin and Triclosan, both fatty acid synthesis inhibitors, resulted in different 

phenotypes, likely because they inhibit different enzymes. Cerulenin, which has been shown to 

inhibit FabF (Trajtenberg et al. 2014), resulted in textured, uneven membranes, while Triclosan, 

which inhibits an enoyl reductase encoded by FabI (Condell et al. 2102), led to shrunken and 

misshapen cells and cell membranes. Ciprofloxacin, a DNA synthesis inhibitor, resulted in 

elongated cells with a pinched end and condensed, centralized chromosomes. Carbenicillin and 

Meropenem, both which inhibit cell wall synthesis by binding penicillin-binding proteins and 

destabilizing the cell wall (Rodriguez-Tebar et al. 1982; Yang et al. 1995), caused cells to swell 

up. However, the phenotypes of the bacteria did differ slightly between treatment with each 

antibiotic, possibly because they may preferentially bind different PBPs. The swelling is uneven 

throughout the cell bodies for both, but while Carbenicillin caused blebbing on one end or the 

other of a cell, Meropenem caused a swollen central area, with small buddings coming off of the 

central swelling. 
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!
Figure 1.1. Phenotypic profiles of Agrobacterium tumefaciens upon treatment with clinical 
antibiotics. Fluorescent microscopy images taken after 2 hours of treatment. All antibiotics are at 
5x MIC, except for Carbenicillin, which is at 1x MIC. Abbreviation in the bottom right of each 
image indicates the MOA of the antibiotic, and the process it inhibits (TL translation, TC 
transcription, FA fatty acid synthesis, DNA genome replication, PG peptidoglycan biosynthesis). 
Cell membranes are stained red with FM4-64, DNA stained blue with DAPI, and DNA stained 
green with SYTOX Green when membrane integrity is compromised. Scale bar = 2 µm. 
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Pseudomonas fluorescens BCP results: 

P. fluorescens was more resistant to antibiotic treatment than B. megaterium and A. 

tumefaciens (Table 1.3), but still produced distinctive phenotypes for compounds that inhibited 

its growth (Fig. 1.2). The protein synthesis inhibitors Bactobolin, Gentamicin, and Tetracycline, 

produced smaller, rounded cells, with condensed, circular, centralized chromosomes similar to 

the phenotypes observed for antibiotics that cause translational arrest in E. coli (Nonejuie et al. 

2013). However, the aminoglycoside Amikacin, which also inhibits translation, caused a slightly 

different phenotype, with a damaged membrane, on a normal-sized cells, without DNA 

condensation. This phenotype is reminiscent of aminoglycosides that cause mistranslation in E. 

coli (Nonejuie et al. 2013). Rifampicin, a transcription inhibitor, produced shorter cells, and 

caused some cell permeability, with decondensed DNA throughout the cell. A similar phenotype 

was previously noted in E. coli (Nonejuie et al. 2013). The DNA replication inhibitor 

Ciprofloxacin did not cause extremely elongated cells, as is typically observed with 

Ciprofloxacin treatment in other bacteria (Nonejuie et al. 2013). However, cells did appear 

slightly longer than normal, and they had patchy and slightly condensed DNA, reminiscent of E. 

coli. Piperacillin, which inhibits cell wall synthesis by binding penicillin-binding proteins 

(Hakenbeck et al. 1994), caused elongated cells with decondensed and patchy chromosomes that 

extended throughout the cell, similar to the BCP phenotype observed in E. coli (Nonejuie et al. 

2013). 
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!  
Figure 1.2. Phenotypic profiles of Pseudomonas fluorescens upon treatment with clinical 
antibiotics. Fluorescent microscopy images taken after 2 hours of treatment. All antibiotics are at 
5x MIC, except for Ciprofloxacin, which is at 1x MIC. Abbreviation in the bottom right of each 
image indicates MOA of antibiotic, and the process it inhibits (TL translation, TC transcription, 
FA fatty acid synthesis, DNA genome replication, PG peptidoglycan biosynthesis). Cell 
membrane stained red with FM4-64, DNA stained blue with DAPI, and DNA stained green with 
SYTOX Green when membrane integrity is compromised. Scale bar = 2 µm 
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Flavonoid MIC Results: 
Having established BCP in these environmental strains with control antibiotics, the next 

step was to use this methodology with actual plant compounds. Twenty purified flavonoids were 

tested for bioactivity against B. megaterium, A. tumefaciens, and P. fluorescens, to determine if 

these environmental strains were sensitive to plant defense compounds in this experimental 

context (Table 1.4). A large number of flavonoids inhibited the growth of B. megaterium at the 6-

hour time point, but a smaller number were still effective at the 24-hour time point, possibly due 

to structural instability. A. tumefaciens and P. fluorescens were both too slow-growing to show 

any effects at the 6-hour mark, but did show sensitivity to some flavonoids at the 24-hour 

timepoint, although fewer than B. megaterium. 
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Table 1.4. MIC Values in µg/mL of Flavonoids in Plant-Associated Strains

Values in µg/mL for each strain-flavonoid pairing. Cells with “R” indicate that species was 
resistant to the flavonoid at the highest tested concentration (100µg/mL). Only B. megaterium 
grew fast enough to show inhibition at T6; A. tumefaciens and P. fluorescens only showed 
growth and/or inhibition at T24. Flavonoids that were tested but not inhibitory towards any strain 
were not included in this table. 

Strain

Flavonoid

(T6) 
Bacillus 

megaterium

(T24) 
Bacillus 

megaterium

(T24) 
Agrobacterium 

tumefaciens

(T24) 
Pseudomonas 
fluorescens

Purpurin 25 25 100  R

Naringenin 100 R  R  R

Anthrapurpurin 25 50 50 100

Hesperidin 100 R  R  R

Hispidulin 50 R  R  R

Pinocembrin 50 100  R  R

Myricetin 100 100 100 100

Flavone 50 R  R  R

4'H 3'M 
Flavanone

25 25  R  R

Baicalin 50  R  R 100

Gossypetin 100  R 100 100

Quercetin 100  R 100 100

Herbacetin 100  R 100 100

7 8 DHF 100  R 100  R

3'4' DHF-ol 50  R  R  R
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Discussion: 

Bacterial Cytological Profiling (BCP) has been previously developed in E. coli and B. 

subtilis as a way to rapidly identify the mechanism of action (MOA) of uncharacterized, 

antibiotic-like molecules by assessing their impact on bacterial cell structure (Lamsa et al., 2012; 

Nonejuie et al. 2013). I have optimized BCP fluorescence microscopy for two new plant-

associated strains, the pathogen Agrobacterium tumefaciens, and the commensal Pseudomonas 

fluorescens, and imaged the physiological profiles of bacterial strains to clinical antibiotics with 

known mechanisms of action (MOAs). This research establishes BCP as a means of 

strengthening studies on the MOAs of novel plant defense metabolites, which are being studied 

for their bioactivity against microbial plant pathogens (Schmelz et al. 2014), by providing a 

powerful in vivo assay. 

The minimum inhibitory concentration (MIC) assays for each strain showed differing 

responses to a list of control antibiotics. B. megaterium and A. tumefaciens were generally 

responsive to antibiotic treatment, while both P. fluorescens and P. syringae were insensitive to 

many. This is likely due to the powerful efflux pumps of Pseudomonas species that expel 

antibiotics out of the cell body (Li et al. 1994). However, P. fluorescens was still susceptible to 

enough compounds to try with fluorescence microscopy, while P. syringae was sensitive to so 

few that it was excluded from further microscopy studies. 

The cytological profiles observed in A. tumefaciens and P. fluorescencs were generally 

similar to those observed in E. coli, the main Gram negative model organism for BCP (Nonejuie 

et al. 2013), suggesting that these undomesticated strains are well-suited for BCP-based 

experimentation and analysis. However, there are some notable differences in profiles between 
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A. tumefaciens and E. coli (Fig. 1.1). First, A. tumefaciens treated with either protein translation 

inhibitors (Amikacin, Bactobolin, and Tetracycline) or transcription inhibitors (Rifampicin), 

showed similar smaller cells and condensed chromosomes, whereas transcription and translation 

inhibitors produce different cytological phenotypes in both E. coli and B. subtilis. This suggests 

that that transcription and translation may be co-regulated processes in A. tumefaciens, such that 

inhibiting either process blocks the other, producing the same cytological phenotype. Second, 

treatment of A. tumefaciens with the DNA gyrase inhibitor Ciprofloxacin led to elongated cells 

with one pinched end, whereas E. coli cells maintain and even width when elongated. This 

pinching may be due to the polar growth of A. tumefaciens (Kieser & Rubin 2014), rather than 

the distributed growth that elogates other rod-shaped bacteria (Daniel & Errington 3003). Polar 

growth would likely mean that only the one pole elongates after Ciprofloxacin treatment, while 

the other end remains the same. Finally, we observed uneven swelling with Carbenicillin and 

Meropenem, rather than the generalized cell rounding seen in other species. This is likely also 

due to polar growth, as only the growing pole will be producing new peptidoglycans required for 

elongation and will be most affected by antibiotics that primarily bind PBPs involved in cell 

elongation, resulting in one end of the cell ballooning or blebbing. To the best of my knowledge, 

this is the first development of BCP in an organism that exhibits polar growth.  Polar growth is a 

feature of the Actinomycetales and Rhizobiales, which includes many important human and plant 

pathogens and commensal bacteria in the Mycobacterium, Corynebacterium, and Agrobacterium 

genera (Cameron et al. 2015).  Further development of BCP in these species may provide insight 

into their mechanisms of growth, as well as allowing the development of new therapeutic agents 

and rapid antimicrobial susceptibility tests for these important species. 
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P. fluorescens also showed significant similarities to E. coli after treatment with various 

antibiotics (Fig. 1.2). Rifampicin, the transcription inhibitor, caused DNA decondensation 

throughout the cell, similar to the impact in E. coli. Ciprofloxacin produced only slightly 

elongated cells, rather than the dramatically increased cell length observed in E. coli, but did 

seem to cause some DNA condensation. Piperacillin, which, like Carbenicillin, is a β-lactam 

antibiotic (Hakenbeck et al. 1994), produced elongated cells with decondensed chromosomes 

throughout the cell, similar to E. coli. Protein translation inhibition by Bactobolin and 

Gentamicin also produced condensed, central, and circular chromosomes consistent with the 

phenotype of molecules that arrest translation in E. coli. However, cells treated with Amikacin 

did not show tightly condensed chromosomes, and instead showed cell membrane defects and 

chromosomes that filled the cell. Prior cytological profiling also showed that different 

aminoglycosides can produce distinct cytological phenotypes associated with translational arrest 

(chromosome condensation), mistranslation (more extended chromosomes) and increased cell 

permeability (causing irregular membrane staining and Sytox staining; Nonejuie et al. 2013). 

Thus, the distinct phenotypes of two aminoglycosides (Gentamicin and Amikacin) is generally 

consistent with this result, and with biochemical studies showing that different aminoglycosides 

can have distinct effects on E. coli ribosomes in vitro. The variable cytological profiles of 

aminoglycosides in different species may reflect their variable impact on the ribosomes from 

different species, or the existence of different regulatory mechanisms coupling transcription and 

translation, or governing translational proofreading in these species (Tsai et al. 2013; Ieong et al. 

2016). Further studies into these species-specific cytological profiles are needed to discriminate 

between these possibilities. 
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I have now developed BCP in two new plant-associated strains, establishing an in vivo 

method of studying novel plant molecules in ecologically-relevant bacterial species. I also tested 

a flavonoid panel against two commensal species and two pathogenic bacterial species, to 

determine if the flavonoids specifically inhibited the growth of pathogenic bacteria while sparing 

the commensal bacteria. Instead, I found that the pathogens were more resistant to the flavonoids 

than the commensal bacteria. Future studies are required to determine if constitutively produced 

molecules differentially affect commensal bacteria and pathogens, or if plants might have 

specific relationships with commensal bacterial species in which they metabolically nurture their 

partners and/or target specific pathogens (Currie et al. 2003). Such studies might benefit from 

studying the interactions of naturally occurring plant-microbe pairs that have co-evolved stable 

mutualistic relationships, similar to the relationship of the leaf harvesting ants with their 

beneficial Actinobacteria and fungus (Soto et al. 2009). 

My research establishing BCP in new organisms demonstrates that we can now expand 

our testing to a wide range of plant metabolites and to additional bacterial species, to learn more 

about these important defense molecules. Future BCP work can begin with the bioactive 

flavonoids noted in Table 1.4, to determine their MOAs in these environmentally-relevant 

bacteria. Continued use of BCP on newly discovered plant antimicrobials can enlighten us on the 

wide range of bioactive molecules a plant’s immune system can produce, and how these 

molecules protect the plant from pathogens while still supporting commensal life. From here, we 

can move forward into engineering crops to inherently produce greater amounts of these defense 

molecules for increased plant resistance to infection. We hope that this research will help us 

protect plants from pathogenic microbes while continuing to support plant health and growth. 
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Chapter 2: Bacterial Cytological Profiling studies of the antimicrobial peptides produced 

by Staphylococcus felis 

  

Introduction: 

There has been growing interest in studying the microbiomes of the human body, as 

research continues to show how complex relationships between the species of the microbiota 

affect our health. The human body hosts more than 10,000 different species of bacteria, in many 

locations throughout the body (NIH). Recent research supports the importance of these 

commensal bacteria and the roles they play in the human body. The human microbiota seem to 

be involved in everything from preventing pathogens from establishing infection by a variety of 

mechanisms, such as outcompeting pathogens in specific niches such as the gut (Buonomo & 

Petri 2016), stimulating the host’s immune system (Thaiss et al. 2016), or by producing 

antimicrobial metabolites that directly inhibit growth of bacterial pathogens (Zipperer et al. 

2016). It is likely that many commensal bacteria impact human health via all three mechanisms. 

Much of the research on the roles of the human microbiota has been done in the gut; less is 

known about host-microbiota interactions in other environments, such as the skin. Skin, itself, is 

a multi-layered physical barrier for the interior of the body. The skin has many protective 

mechanisms against pathogenic attack, such as cathelicidins (Schauber et al. 2008), which are 

antimicrobial peptides produced by many different eukaryotes. The skin, despite being dry, 

acidic, and generally unwelcoming to bacteria, still hosts many species, which likely play a 

significant role in the skin’s defenses for the body. In addition to these physical defenses, the 

presence of bacteria also offers protection, both indirect and direct. Indirect methods usually 
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include colonizing an area and monopolizing a territory and its nutrients, such that newly-

incoming pathogens cannot access the space or resources to establish a population (Britton & 

Young 2014; Kassam et al. 2012). Direct methods involve commensal and mutualistic strains 

actively working to prevent infection, often by producing a metabolite that inhibits pathogenic 

infection and/or growth (Khan et al. 2019). However, many aspects of the complex interplay 

between host, commensal and pathogenic microbes remain poorly defined. It is of interest to 

study these interactions, and to elucidate the molecular mechanisms of these interactions, to 

better understand how we can preserve, strengthen, and capitalize upon our natural defenses. 

The skin bacterium, Staphylococcus felis, is one commensal skin species that appears to 

provide protection from colonization dangerous human pathogens. Research performed in the 

Gallo lab (UCSD) has found that phenol-soluble modulins, secreted by S. felis, have inhibitory 

effects on the growth of drug-resistant Staphylococcus aureus (MRSA), a bacterium that causes 

skin infections that are extremely difficult to treat (Grema et al. 2015). Similar peptides 

previously found to be produced by another skin commensal, Staphylococcus capitis, were 

shown to be at least as effective as traditional antibiotics at inhibiting growth of MRSA, in both 

in vitro studies as well as in vivo studies of MRSA-infected mouse and pig skin (O’Neill et al. 

2020). The predicted amphipathic structure of these phenol-soluble modulin peptides suggests 

that these molecules may disrupt the membrane, but the exact mechanism of action (MOA) is 

still unknown.  

The aim of this study is to determine the MOA of the antimicrobial peptides secreted by 

the skin commensal species, Staphylococcus felis. I used Bacterial Cytological Profiling (BCP) 

to determine the possible mechanism of inhibition of this antimicrobial peptide in S. aureus 
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MRSA, Staphylococcus pseudintermedius, and Bacillus subtilis, the Gram positive model 

organism for BCP. In prior studies, BCP was shown to prove effective in complex mixtures of 

natural products (Nonejuie et al. 2015), so we performed BCP on the S. felis culture 

supernatants, butanol extracts, and synthetic phenol-soluble modulin β (PSM-β). I found that the 

synthetic peptide showed no activity in these assays, but that treatment with S. felis supernatant 

and extract caused DNA condensation, arrests bacterial cell division in B. subtilis, S. aureus 

MRSA, and S. pseudintermedius, in a manner that is most similar to the inhibition of protein 

synthesis, with only minor membrane permeabilization. This suggests the extracts primarily kill 

cells by inhibiting translation rather than by causing directly interacting with and damaging the 

cytoplasmic membrane. Further studies are required to fully document this mechanism of action, 

to identify the inhibitory molecules in the extracts and culture supernatants, and to perform 

additional studies on synthetic PSM-β. 

Methods: 

Minimum Inhibitory Concentrations (MICs): 

MICs were performed on all strains in 96-well plates as described in Chapter 1. All B. 

subtilis culturing was done at 30°C. All Staphylococcus (MRSA and S. pseudintermedius) work 

was done in BSL-2 hood. Staphylococcus cultures were grown at 37°C, and MIC plates were in 

the 37°C BSL-2 plate shaker. All strains were grown in LB media except where otherwise noted. 

Bacterial Cytological Profiling (BCP): 

BCP was performed on all strains as described in Chapter 1. Bacillus dye mix was 30 µg 

mL−1 FM 4–64, 5 µg mL−1 DAPI, and 2.5 µM SYTOX Green in 1× Tbase. Six µL of cells were 
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mixed with 1.5µL of dye mix before adding 6µL of the mixture to the agarose pad. 

Staphylococcus dye mix was 100 µg mL−1 FM 4–64, 5 µg mL−1 DAPI, and 2.5 µM SYTOX 

Green in 1× Tbase. Eight µL of cells were mixed with 2µL of dye mix before adding 6µL of the 

mixture to the pad.  

BCP of cells grown in LBMSM medium required overnight and day cultures of B. 

subtilis in LBMSM, and agarose pads for microscopy were 20% LBMSM. LBMSM was 1:1 of 

LB and magnesium-sucrose-maleic acid (MSM) pH 7 (40 mM MgCl2, 1 M sucrose, and 40 mM 

maleic acid). BCP done with cell culture medium required overnight and day cultures of S. 

pseudintermedius in EpiLife medium, and agarose pads for microscopy were 20% EpiLife 

medium. 

  
Results: 

Minimum Inhibitory Concentration (MIC) Results: 

MIC assays were performed on three species, drug-resistant Staphylococcus aureus 

(MRSA), the Gram positive model organism, Bacillus subtilis, and Staphylococcus 

pseudintermedius, to ensure that the extracts and compounds had an inhibitory effect and to 

determine the concentrations to be used in BCP studies. The S. felis molecules were tested in 

three forms: the bacterial supernatant from an S. felis liquid culture, the butanol extract of that 

supernatant, which contains the phenol-soluble modulins (PSMs), or a synthetic antimicrobial 

peptide corresponding to one of the PSMs of interest (PSM- β).  The MIC results are listed in 

Table 2.1, and show significant sensitivity of each strain to both the supernatant and the extract. 

My collaborator Alan O’Neill in the Gallo lab performed the MIC experiments with PSM- β and 
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Staphylococcus pseudintermedius, which was chosen for its increased sensitivity to the synthetic 

peptide. 

  

Table 2.1. MIC of S. felis Compounds and Control Antibiotics with Staphylococcus and Bacillus 
Species 
  

Values in µg/mL for each strain-compound pairing, unless indicated otherwise by unit of 
measurement. Percentages indicated how much of the well culture was composed of that 
compound. “N/A” indicates that that strain-compound pairing was not tested.  
*This value was provided by my collaborator on this project Alan O’Neill, in Professor Richard 
Gallo’s laboratory. 
  
  
  

  
  
  

Strain

Compound

Staphylococcus aureus – 
MRSA 

(ATCC33591)

Bacillus 
subtilis 
(PY79)

Staphylococcus 
pseudintermedius 

(MRSP ST71)

Supernatant 5% 10% 20%

Extract 6.25µg/mL 12.5µg/mL 6.25µg/mL

Synthetic Peptide N/A N/A 16µg/mL*

Nisin 5µg/mL 5µg/mL 10µg/mL

D-cycloserine 25µg/mL 100µg/mL 100µg/mL

Triton-X >0.1% 0.0125% >0.1%

Mecillinam N/A 12.5µg/mL N/A
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Bacterial Cytological Profiling (BCP) with Bacillus subtilis: 

BCP was first performed on B. subtilis strain PY79, which has been extensively 

characterized with BCP.  We first assessed the impact of the molecules after 30 minutes of 

exposure to the experimental and control compounds, to determine if there was a phenotypic 

response to treatment with the peptide. These early timepoints focused on the membrane active 

compounds, many of which cause complete cell lysis at later timepoints. The lantibiotic Nisin, 

which creates pores in the cell wall and interrupts cell wall synthesis (Wiedemann et al. 2001), 

permeabilized the membranes of B. subtilis after 30 minutes of treatment, as can be seen with the 

Sytox Green staining of the DNA (Fig. 2.1). D-cycloserine, which inhibits L-alanine racemase 

and D-alanine:D-alanine ligase to interrupt cell wall synthesis (Prosser & de Carvalho 2013), 

also resulted in membrane blebbing and permeability (Fig. 2.1). TritonX, a membrane-disrupting 

detergent, caused membrane gaps and damage, resulting in extensive cell permeability in B. 

subtilis (Fig. 2.1). After 30 minutes of treatment, cells treated with the supernatant and extract 

showed cells of normal length and width, that contained condensed chromosomes but little 

evidence of Sytox Green permeability or membrane-staining irregularities. Thus, at early 

timepoints, the supernatant and extracts did not show clear evidence of membrane activity.  

We compared the supernatant and extracts to additional antibiotics after two hours of 

treatment.  The strains treated with the supernatant and extracts showed condensed chromosomes 

with some cells also showing evidence of Sytox Green staining.  They appeared the most similar 

to compounds that cause translational arrest, such as Tetracycline or Chloramphenicol (Fig. 2.1), 

which also showed regularly-spaced, condensed chromosomes. They also bore some similarity to 

cells treated with Calcimycin, a membrane-active ionophore that also caused tightly-condensed 
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chromosomes. After two hours of treatment, cells treated with Nisin and D-cycloserine had 

completely lysed (not shown), whereas those treated with the extract and supernatant showed 

some permeabilized cells, but minimal lysis. Thus, the S. felis supernatant and extract produce a 

primary BCP phenotype that is likely consistent with the inhibition of translation and a 

secondary phenotype of cell lysis.  

Previous studies have shown that performing BCP in osmotically-stabilizing conditions 

can help better differentiate between cells that cause lysis by directly permeabilizing the 

cytoplasmic membrane and those that cause lysis by inhibiting cell wall synthesis (Lamsa et al. 

2016), because the osmotic stabilization prevents lysis of cells that cannot synthesize 

peptidoglycan, but does not affect cells treated with membrane active compounds. To test if the 

cell permeabilization was produced by inhibition of cell wall synthesis or direct membrane 

damage, I performed BCP with B. subtilis in LBMSM, an osmotically-stabilizing medium, and 

treated the strain with S. felis extract, as well as with Mecillinam, a β-lactam antibiotic that 

inhibits peptidoglycan biosynthesis (Spratt 1977). Treatment with Mecillinam produced bulbous 

cells, a result of cell wall synthesis inhibition in osmotically-stabilizing conditions. Treatment 

with the extract did not result in rounded cells, and instead produced the same phenotype of 

condensed chromosomes and Sytox staining that was observed in non-stabilizing conditions. 

This suggests that the lysis phenotype associated with treatment with these extracts is produced 

by direct membrane damage, not by the inhibition of cell wall synthesis.  

Together these results suggest that the supernatant and extract produce two distinct 

cytological profiles with a primary phenotype consistent with translational inhibition and a 

secondary phenotype associated with membrane damage.  This suggests that either the 
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supernatant and extracts contain two bioactive molecules that have inhibit B. subtilis cells by 

different mechanisms, which has also been observed in B. subtilis crude extracts (Nonejuie et al, 

2017), or that it contains a single bioactive molecule that both inhibits translation and damages 

the membrane, which has also been observed for some aminoglycosides (Nonejuie et al 2013).    

Bacterial Cytological Profiling (BCP) with a S. aureus MRSA strain 

I next tested the supernatant and extract against the S. aureus MRSA strain 

(ATCC33591), a community/hospital acquired strain we have previously used in BCP 

experiments (Quach et al. 2016), comparing the phenotype to control compounds. After 30 

minutes of treatment with the supernatant and the extract, MRSA cells showed condensed 

chromosomes, as well as reduced cell division, producing cells that were somewhat larger than 

untreated cells and are present in single cells rather than the doublets typically observed in 

S.aureus (Fig. 2.2). Treatment with D-cycloserine permeabilized the cells, causing swelling of 

MRSA cells, inhibited cell division, and membrane irregularities, but the DNA remained 

decondensed throughout the cell (Fig. 2.2). In contrast, cells treated for 30 minutes with Nisin, 

which directly damages the membrane, show increased permeability to Sytox Green, as well as 

membrane irregularities and condensed chromosomes. After two hours of treatment with the 

supernatant and extract, MRSA strains continued to show condensed chromosomes and single 

cells, indicative of the inhibition of cell growth, with occasional membrane permeability.  

These results suggest that, similar to B. subtilis, the extract and supernatant inhibit translation, 

with lysis as a secondary phenotype. I am now performing additional experiments to compare 

these phenotypes with control compounds that inhibit translation to validate these preliminary 
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conclusions. These experiments were delayed due to COVID-19 restrictions on research lab 

occupancy.  

Bacterial Cytological Profiling (BCP) with Staphylococcus pseudintermedius: 

I next performed BCP experiments with S. pseudintermedius, a pathogen that causes skin 

infections in dogs (Bannoehr & Guardabassi 2012), which is a focus of the Gallo lab’s current 

work to narrow the activity of the S. felis extract to one of the S. felis PSMs (Gallo Lab UCSD).  

For these experiments I used the extract and the synthetic peptide of phenol-soluble modulin β 

(PSM- β). My collaborators found that this phenol-soluble modulin is the primary component of 

the bacterial extract, and are further studying it to determine if it is singularly responsible for the 

antimicrobial activity of the extract. I used the MIC value of 16-25 µg mL-1 (Table 2.1) that they 

determined to perform BCP on Staphylococcus pseudintermedius, which was chosen due to its 

greater sensitivity to the synthetic peptide than S. aureus. I performed these experiments were in 

cell tissue culture media, rather than in LB, which further increased the sensitivity of S. 

pseudintermedius in the MIC assay. I found that when S. pseudintermedius, was treated with the 

S. felis extract, it produced the same condensed-chromosome phenotype seen in the experiments 

with S. aureus MRSA (Fig. 2.3). However, despite its sensitivity in MIC assays, S. 

pseudintermedius did not produce any distinctive phenotype upon treatment with the synthetic 

PSM- β (Fig. 2.3). This suggests that either the synthetic peptide is not the source of the BCP 

phenotype observed in the supernatants and extracts or that the peptide lost activity.  I will be 

further pursuing this question by performing experiments BCP and viable cell counts on the 

same cultures after treatment the extracts, supernatants and synthetic PSM- β. 
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Figure 2.1: Phenotypic profiles of Bacillus subtilis upon treatment with S. felis supernatant, 
extract, and control antibiotics. Fluorescent microscopy images taken after 2 hours of treatment. 
All compounds are at 5x MIC, except those in LBMSM, which are at 3x MIC. Abbreviation in 
the bottom right of each image indicates the MOA of the antibiotic, and the process it inhibits 
(TL translation, CM cell membrane, PG peptidoglycan biosynthesis). Cell membranes are 
stained red with FM4-64, DNA stained blue with DAPI, and DNA stained green with SYTOX 
Green when membrane integrity is compromised. Scale bar = 2 µm. 
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Figure 2.2: Phenotypic profiles of S. aureus MRSA upon treatment with S. felis supernatant, 
extract, and control antibiotics. Fluorescent microscopy images taken after 2 hours of treatment. 
All compounds are at 5x MIC. Abbreviation in the bottom right of each image indicates the 
MOA of the antibiotic, and the process it inhibits (CM cell membrane, PG peptidoglycan 
biosynthesis). Cell membranes are stained red with FM4-64, DNA stained blue with DAPI, and 
DNA stained green with SYTOX Green when membrane integrity is compromised. Scale bar = 2 
µm. 
  

!  

Figure 2.3: Phenotypic profiles of S. pseudintermedius upon treatment with S. felis synthetic 
PSM- β, extract, and control antibiotic. Fluorescent microscopy images taken after 2 hours of 
treatment. All compounds are at 5x MIC. Abbreviation in the bottom right of each image 
indicates the MOA of the antibiotic, and the process it inhibits (PG peptidoglycan biosynthesis). 
Cell membranes are stained red with FM4-64, DNA stained blue with DAPI, and DNA stained 
green with SYTOX Green when membrane integrity is compromised. Scale bar = 2 µm. 
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Discussion: 

The phenotypic profiles of drug-resistant Staphylococcus aureus (MRSA) and of Bacillus 

subtilis after treatment with Staphylococcus felis supernatant and extract suggest that the 

antimicrobial activity of the bacterial peptides primarily occurs via the inhibition of translation, 

with membrane activity occurring late and only in a subset of cells. This is a surprise, as 

antimicrobial peptides often inhibit cells directly compromise membrane integrity (Shai et al. 

2004). However, PSMs are negatively charged, whereas antimicrobial peptides produced by 

eukaryotes are often positively charged (Shai et al. 2004), possibly explaining the difference in 

MOA. Further experiments are required to more fully document this activity and to identify the 

active molecule within these extracts. The chromosome condensation seen even at the early 

timepoints in all three strains appears similar to the condensation seen in B. subtilis by translation 

inhibitors Tetracycline and Chloramphenicol (Fig. 2.1). Membrane permeability only appears at 

the 2-hour timepoint in B. subtilis, as evidenced by the Sytox Green staining (Fig. 2.1). There are 

multiple possible explanations for this two-phenotype result. It is possible that the extract 

contains two or more different molecules that have different MOAs, and their simultaneous 

activity results in this mixed result. It is also may be that a single compound is responsible for 

these multiple phenotypes. This is possible, as we can see condensed chromosomes and some 

Sytox staining (not shown) in B. subtilis upon treatment with Calcimycin (Fig. 2.1), an ionophore 

that primarily interacts with Gram positive cell membranes (Abbott et al. 1979). Future 

experiments will include a GFP induction assay to determine whether translation is being 

inhibited in cells treated with the S. felis extract. 
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Experiments with B. subtilis in LBMSM confirmed that the Sytox Green staining 

observed in B. subtilis at the 2-hour timepoint (Fig. 2.1) is likely due to direct membrane activity, 

and not to the inhibition of peptidoglycan (PG) biosynthesis. In LB medium, both MOAs, 

membrane interaction and inhibition of PG biosynthesis, can lead to membrane damage, and 

therefore, result in the same SYTOX-stained chromosome phenotype in cells upon treatment. 

LBMSM medium, however, is an osmotically-stabilizing medium that can prevent the lysis of 

cell membranes that have dysfunctional cell walls. LBMSM maintains the osmotic balance of the 

cell as the cell membrane continues to grow without the cell wall for structure and support 

(Lamsa et al. 2016). This results in bulbous and misshapen, but unbroken cell membranes and no 

SYTOX staining for cells treated with PG biosynthesis inhibitors in LBMSM. Directly 

membrane-active compounds, which will compromise membrane integrity regardless of osmotic 

stabilization, will cause SYTOX-staining of chromosomes in both LB and LBMSM. Treatment 

of B. subtilis with Mecillinam resulted in this bulbous phenotype, as was expected for a β-lactam 

antibiotic (Fig. 2.1). Treatment of B. subtilis with Nisin in LBMSM results in Sytox Green 

staining and no bulbous cells, as Nisin in directly membrane-active (Lamsa et al. 2016). 

Treatment with S. felis extract resulted in the same Sytox Green-stained phenotype as seen in LB 

medium, suggesting that the Sytox Green staining of B. subtilis in LB was not due to osmotic 

imbalance and lysing, but rather, due to direct membrane damage. 

The next step was to determine if the antimicrobial activity of the extract could be 

narrowed down to phenol-soluble modulin β (PSM- β), one of the major components of the 

extract. I performed BCP with the PSM-β against Staphylococcus pseudintermedius, a strain 

which had shown sensitivity to PSM-β when grown in EpiLife media. However, there were no 

!34



observable phenotypic changes upon treatment, even at concentrations of PSM-β much higher 

than the MIC (Fig. 2.3). It is possible that PSM-β is slower-acting than the extract and 

supernatant, and that the 2-hour timeline of BCP was insufficient to see the effects. Future 

experiments could include a 4-hour timeline to provide sufficient time for the peptide to take 

effect. PSM-β may also be inhibiting growth without causing cytological changes, so it will be 

important to perform cell viability experiments and CFU counts in the future. It is also possible 

that that the bioactivity of PSM-β is dependent upon some other component found in the S. felis 

extract, and that the phenotype observed is only possible when the two compounds are working 

in conjunction. This would be in line with the “multiple compound” model for explaining the 

multiple phenotypes observed in B. subtilis, and this kind of co-dependency of compounds for 

bioactivity is commonly observed in antimicrobial crude extracts (Obeidat et al. 2012; Nonejuie 

et al. 2015). 

I have shown that S. felis supernatant and extract likely inhibit translation and have direct 

membrane activity in vivo in three Gram+ organisms: drug-resistant Staphylococcus aureus, 

Bacillus subtilis, and Staphylococcus pseudintermedius. Future studies will focus on determining 

the exact MOA of the extract, as well as further exploring PSM-β and learning more about its 

bioactivity and behavior. This research will support the global efforts to find alternatives to the 

first-line antibiotics that many pathogens, including the increasingly deadly MRSA, have already 

developed resistance to. Finding new sources of antimicrobials, like this commensal species that 

inhabits the same microbiome as the pathogen, may be one way to source new treatments in the 

face of growing antibiotic-resistant bacteria. 
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Chapter 2 is material that is being prepared for publication. O’Neill, Alan M.; Kulkarni, 

Nikhil; Nakatsuji, Teruaki; Kalla, Gayathri; Pogliano, Joe; Gallo, Richard L. The thesis author 

was a contributing author on this paper. 

  

Conclusion: 

The aim of my research was to better understand bacterial interactions within their 

microbiomes as well as with their respective eukaryotic hosts. Fluorescent microscopy was used 

to study two different microbiomes, the plant and the human skin. The goal of the plant project 

was to develop Bacterial Cytological Profiling (BCP) for plant-associated strains such that there 

was an efficient way to determine the mechanisms of action (MOAs) of plant defense 

metabolites in vivo. BCP was established in two strains, Agrobacterium tumefaciens, a 

carcinogenic plant pathogen, and Pseudomonas fluorescens, a commensal root-associated strain. 

The databases of profiles for each strain in response to a variety of antibiotics will enable future 

research on plant defenses to rapidly determine the MOA of the compounds against each of these 

strains. While the focus of the plant project was to observe interactions between plant bacteria 

and their host, in the human skin project, the focus was on the molecular interactions between a 

pathogen and a commensal. The study centered around determining the MOA of an antimicrobial 

peptide produced by the commensal species Staphylococcus felis, as this peptide demonstrated 

an ability to inhibit the growth of drug-resistant Staphylococcus aureus (MRSA). BCP enabled 

us to determine that S. felis extract may be inhibiting translation and may be directly membrane-

active against S. aureus MRSA in vivo. Bettering our understanding of compounds that are active 
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against drug-resistant strains can strengthen our search for viable alternatives for facing difficult-

to-treat infections caused by these dangerous pathogens.  

We can now continue to develop our understanding of bacterial-eukaryotic molecular 

interactions in order to strengthen defenses in both plants and humans. Plant defense metabolites 

can be studied for their antimicrobial activity in vivo, and plants themselves can be reengineered 

to produce stronger defenses against dangerous crop pathogens. Commensal bacteria that are a 

part of human microbiomes can also be further studied for their antimicrobial properties, as 

commensals must inherently defend themselves, and by extension, their hosts, from pathogenic 

attract, making them strong candidates for new sources of antibiotics in the face of increasing 

antibiotic resistance. By continuing research on eukaryotic microbiomes, we can better harness 

these anti-pathogen properties of both the hosts and the commensal bacterial species for future 

infection treatment and disease prevention methods. 
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