
 

 

 

 

 

 

 

University of Southern Denmark

Combination of cannabidiol and bacitracin against bacterial infections

Wassmann, Claes Søndergaard

DOI:
10.21996/1hr3-d233

Publication date:
2021

Document version:
Final published version

Citation for pulished version (APA):
Wassmann, C. S. (2021). Combination of cannabidiol and bacitracin against bacterial infections. [Ph.D. thesis,
SDU]. Syddansk Universitet. Det Naturvidenskabelige Fakultet. https://doi.org/10.21996/1hr3-d233

Go to publication entry in University of Southern Denmark's Research Portal

Terms of use
This work is brought to you by the University of Southern Denmark.
Unless otherwise specified it has been shared according to the terms for self-archiving.
If no other license is stated, these terms apply:

            • You may download this work for personal use only.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying this open access version
If you believe that this document breaches copyright please contact us providing details and we will investigate your claim.
Please direct all enquiries to puresupport@bib.sdu.dk

Download date: 23. May. 2023

https://doi.org/10.21996/1hr3-d233
https://doi.org/10.21996/1hr3-d233
https://portal.findresearcher.sdu.dk/en/publications/b251a923-bac5-4f51-bb57-0aa5e8fe2b1d


Combination of Cannabidiol and        

Bacitracin Against Bacterial Infections 
 

 

 

 

 

 

PhD Thesis 

Claes Søndergaard Wassmann 

September 2021 
 
 

 
 

 

 

 

Supervised by Associate Professor Janne Kudsk Klitgaard and  

Steen Plesner Pontoppidan, CEO Canna Therapeutic ApS. 

University of Southern Denmark, Faculty of Science, Department of Biochemistry 

and Molecular Biology, Research Unit for Molecular Microbiology. 



Page 2 of 63 
 

LIST OF PUBLICATIONS AND MANUSCRIPTS 

Manuscripts and scientific publications that will be discussed in this thesis: 
 
Manuscript I 
Wassmann, C.S., Højrup, P. & Klitgaard, J.K. Cannabidiol is an Effective Helper Compound in 
Combination with Bacitracin to Kill Gram-Positive Bacteria. Sci Rep 10, 4112 (2020). 
https://doi.org/10.1038/s41598-020-60952-0 
 
 
Manuscript II 
Claes Søndergaard Wassmann, Andreas Pryds Rolsted, Mie Cecilie Lyngsie, Sergi Torres 
Puig, Tina Kronborg, Martin Vestergaard, Hanne Ingmer, Steen Plesner Pontoppidan, Janne K. 
Klitgaard.  
The Menaquinone Pathway is Important for Susceptibility of Staphylococcus aureus to the    
Antibiotic Adjuvant, Cannabidiol. (Submitted to Microbiological Research (Elsevier)). 

 
 
Manuscript III 
Claes Søndergaard Wassmann, Tina Kronborg, Steen Plesner Pontoppidan, Janne Kudsk 
Klitgaard. 
The Therapeutic Effect of Combined Treatment with Cannabidiol and Bacitracin in a Mouse 
Skin Infection Model. (Manuscript in preparation). 

 
 
Scientific publications I have contributed to during my PhD, but will not be discussed in 
this thesis: 

 

Manuscript IV 
Wassmann CS, Lund LC, Thorsing M, Lauritzen SP, Kolmos HJ, Kallipolitis, BH, & Klitgaard, JK 
(2018) Molecular mechanisms of thioridazine resistance in Staphylococcus aureus. PLOS ONE 
13(8): e0201767. https://doi.org/10.1371/journal.pone.0201767 
 
 
Manuscript V 
Grønnemose, R.B., Garde, C., Wassmann, C.S., Klitgaard, J.K., Nielsen, R., Mandrup, S., Matts-
son, A.H. & Andersen, T.A. Bacteria-host transcriptional response during endothelial invasion 
by Staphylococcus aureus. Sci Rep 11, 6037 (2021). 
https://doi.org/10.1038/s41598-021-84050-x 

https://doi.org/10.1038/s41598-020-60952-0
https://doi.org/10.1371/journal.pone.0201767
https://doi.org/10.1038/s41598-021-84050-x


Page 3 of 63 
 

CONTENTS 
List of publications and manuscripts ............................................................................................................. 2 

Preface and Acknowledgement ...................................................................................................................... 5 

List of Abbreviations ........................................................................................................................................ 7 

Abstract ........................................................................................................................................................... 10 

Dansk Resumé ................................................................................................................................................ 11 

Introduction ................................................................................................................................................... 12 

1. Antibiotic resistance is a global problem ............................................................................................. 12 

2. Antibiotics and resistance – Mechanisms of action ............................................................................. 14 

2.1. Cell wall targeting antibiotics ....................................................................................................... 14 

2.2. Cell membrane targeting antibiotics ............................................................................................ 17 

2.3. Antibiotics inhibiting nucleic acid biosynthesis .......................................................................... 18 

2.4. Antibiotics inhibiting protein biosynthesis ................................................................................. 19 

2.5. Antibiotics inhibiting metabolic pathways .................................................................................. 20 

3. Combination therapy ............................................................................................................................. 23 

3.1. Congruous combination ................................................................................................................ 23 

3.2. Syncretic combination ................................................................................................................... 25 

3.2.1. Class Ia antibiotic adjuvants .................................................................................................. 25 

3.2.2. Class Ib antibiotic adjuvants ................................................................................................. 26 

3.2.3. Class II antibiotic adjuvants .................................................................................................. 27 

3.3. Coalistic combination .................................................................................................................... 28 

3.4. Discovery novel drug combinations ............................................................................................. 29 

3.4.1. Metabolic approach for identification of novel antimicrobial combinations .................... 30 

3.4.2. Application of O2M for identification of novel combination pairs ..................................... 31 

3.4.3. Identification of novel antibiotic adjuvants using the antibiotic resistance platform ..... 32 

4. Alternative approaches to antibiotics .................................................................................................. 33 

4.1. Vaccines .......................................................................................................................................... 33 

4.2. Phage Therapy................................................................................................................................ 34 

4.3. Probiotics ........................................................................................................................................ 35 

4.4. Antivirulence drugs ....................................................................................................................... 36 

5. Staphylococcus aureus and the mevalonate and menaquinone pathway .......................................... 38 

5.1. Staphylococcus aureus ................................................................................................................... 38 

5.2. Isoprenoids and the menaquinone pathway ............................................................................... 39 

6. Medicinal Cannabis ................................................................................................................................ 42 



Page 4 of 63 
 

6.1. The antimicrobial effects of cannabinoids ................................................................................... 43 

Summary of obtained results ........................................................................................................................ 46 

Manuscript I – Cannabidiol enhances the effect of bacitracin in gram-positive bacteria .................... 46 

Manuscript II – The cannabidiol mediated potentiation of bacitracin is proposedly caused by 
changes in the direction of use of isoprenoid precursors ...................................................................... 48 

Manuscript III – Treatment of skin infected mice using the combination of cannabidiol and 
bacitracin .................................................................................................................................................... 50 

Additional Results .......................................................................................................................................... 52 

List of Literature ............................................................................................................................................ 53 

Appendices ..................................................................................................................................................... 63 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Page 5 of 63 
 

PREFACE AND ACKNOWLEDGEMENT 

The work presented in this PhD Thesis was performed from July 2018 to September 2021 in 

the Research Unit of Molecular Microbiology, at Department of Biochemistry and Molecular Bi-

ology at the University of Southern Denmark, Odense, under the supervision of Associate Pro-

fessor Janne Kudsk Klitgaard. Some work was also conducted at Canna Therapeutic ApS under 

the supervision of CEO Steen Plesner Pontoppidan and chemist Gustav Bojesen. Furthermore, 

work was also performed at the Department of Veterinary and Animal Sciences at the Univer-

sity of Copenhagen, under the supervision of Professor Hanne Ingmer, in relation to my change 

of environment.  

Firstly, I would like to extend an enormous thank you to Janne for always being there to answer 

all kinds of question I have had during the 7-year period I was in your group. I really appreciate 

it! Thank you for always believing in me and my work in the laboratory. You told me at an early 

stage of my research carrier that you wanted me as a PhD student which really gave me confi-

dence. Fortunately, it succeeded. Thank you for helping me develop as a researcher. 

Secondly, I wish to give a huge thank you to Steen for believing in the project and me, and for 

financing the project and furthermore, providing your laboratory and staff for help during ex-

periments. It has been a pleasure talking with you and learning from you and Gustav about 

starting up a business, cannabinoids and GC-MS. It has been amazing with an industrial point 

of view and to know that the research we are doing at universities can potentially evolve to 

become a much-needed product.  

Thirdly, a huge thank you to Tina Kronborg for helping in the laboratory and during the con-

duction of the animal experiments. I would not have been able to do it without you. Thank you 

for organizing so much in Janne’s group and telling me and everyone else when we have placed 

chemicals, primers, instruments etc. the wrong place or forgot to add it to the lists. Janne is 

lucky to have you in her group! ...  

A huge thank you to RUMM for making it such a great working atmosphere with amazing peo-

ple, parties, Friday beer(s) and so on. It has been a life-changing 7 years in this unit, and it has 

felt like home every day I’ve come in to work. It will be difficult to find a working environment 

like this! 



Page 6 of 63 
 

Also, I would like to thank all the co-authors for their contribution to the manuscripts included 

in this thesis. 

A special thanks to my office mates, during my time as a PhD Student, Rikke and Patricia. Thank 

you for coping with me and my craziness and sorry for sometimes having the office too cold due 

to the open window or too dark due to the light not being on. I hope we can keep seeing each 

other at Christmas time for “æbleskiver”. 

Thank you to Ann Zahle and Stine Præstholm for proofreading my thesis.  

A huge thank you to my family and friends for supporting me during my project and a special 

thank you to Stine Præstholm for always being there for me and for the scientific sparring       

during both our projects.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Page 7 of 63 
 

LIST OF ABBREVIATIONS 

2-AG - 2-arachidonoyl glycerol 

A. baumannii - Acinetobacter baumannii 

AEA – Anandamide 

AME – Aminoglycoside-modifying enzymes 

AMR – Antimicrobial resistance 

ARP – Antibiotic resistance platform 

ATP – Adenosine triphosphate 

B. subtilis - Bacillus subtilis 

BAC - Bacitracin 

CB1R – Cannabinoid 1 receptor 

CB2R – Cannabinoid 2 receptor 

CBD – Cannabidiol  

CBG - Cannabigerol 

C. difficile - Clostridioides difficile 

DAP - Daptomycin 

DHNA - 1,4-dihydroxy-2-naphtoate 

DMAPP - Dimethylallyl diphosphate 

DMK – Demethylmenaquinone 

E. coli – Escherichia coli 

EHEC - Enterohemorrhagic Escherichia coli 

EPEC – Enteropathogenic Escherichia coli 

EPI – Efflux pump inhibitor 



Page 8 of 63 
 

ESBL – Extended spectrum β-lactamase 

FIC – Fractional inhibitory concentration 

FPP – Farnesyl pyrophosphate 

GC-MS – Gas chromatography-mass spectrometry 

GPP – Geranyl pyrophosphate 

HPP – Heptaprenyl pyrophosphate 

IPP – Isopentenyl pyrophosphate 

K. pneumoniae – Klebsiella pneumoniae  

L. monocytogenes – Listeria monocytogenes 

LPS – Lipopolysaccharide  

M. smegmatis – Mycobacterium smegmatis 

M. tuberculosis – Mycobacterium tuberculosis 

MEP – Methyl erythritol phosphate 

MHC – Major histocompatibility complex 

MIC – Minimum inhibitory concentration 

mRNA – Messenger ribonucleic acid 

MRSA – Methicillin Resistant Staphylococcus aureus 

MVA – Mevalonate  

NADH/NAD+ - Nicotinamide adenine nucleotide 

N. gonorrhoeae – Neisseria gonorrhoeae 

O2M – Overlap2 method 

PABA – Para-aminobenzoic acid 

PARP – Poly(ADP-ribose) polymerase 



Page 9 of 63 
 

PBP – Penicillin binding protein 

PBP2a – Penicillin binding protein 2a 

PEG – Polyethylene glycol 

PG – Peptidoglycan 

PMF – Proton motive force 

P. aeruginosa – Pseudomonas aeruginosa 

PPP – Polyprenyl pyrophosphate  

ROS – Reactive oxygen species 

rRNA – Ribosomal ribonucleic acid 

S. aureus – Staphylococcus aureus 

S. Typhimurium – Salmonella enterica serovar Typhimurium 

SAM – S-adenosyl-L-methionine 

SCCmec – Staphylococcal Cassette Chromosome mec 

THC – Tetrahydrocannabinol 

UDP-GlcNAc – N-acetylglucosamine 

UDP-MurNAc – N-acetylmuramic acid 

UPP – Undecaprenyl pyrophosphate 

VISA – Vancomycin intermediate Staphylococcus aureus 

VRSA – Vancomycin resistant Staphylococcus aureus 

WTA – Wall teichoic acid 

 



Page 10 of 63 
 

ABSTRACT 

Emergence of antibiotic resistant bacteria is a rising problem world-wide. Infections that used 

to be easily treatable have now become somehow cumbersome to cure due to treatment failure 

caused by infections with antibiotic resistant bacteria. It is estimated that by 2050 approxi-

mately 10 million people will die annually due to infections with these hard-to-treat bacteria. 

Therefore, we need to focus our efforts on addressing this problem  

One way of addressing the problem is by developing novel antibiotics. However, since many of 

the large pharmaceutical companies have left research on antibiotic development, due to high 

expenses and low profit, we are currently in an antibiotic innovation gap. Therefore, we must 

turn to alternative approaches. One of these approaches could be the use of antibiotic adjuvants, 

also known as resistance breakers or helper compounds. The advantage of using antibiotic ad-

juvants is that they can extend the life of antibiotics either by directly or indirectly inhibit the 

mechanism of antibiotic resistance thus enhancing the effect of an antibiotic, or by stimulation 

of host immune system. 

A newly identified antibiotic/adjuvant combination is the antibiotic bacitracin and the canna-

binoid cannabidiol. Bacitracin acts on cell wall biosynthesis by inhibiting recycling of the mem-

brane bound lipid carrier that transports peptidoglycan precursors across the membrane. Can-

nabidiol has been shown to synergize with bacitracin against Gram-positive pathogenic bacte-

ria such as Staphylococcus aureus, Listeria monocytogenes and Enterococcus faecalis, in vitro. 

Furthermore, the combination has shown to clear a Staphylococcus aureus skin infection in a 

mouse skin infection model, to a higher extent than either of the compounds alone. Even though 

the exact mechanism of action of the cannabidiol mediated potentiation of bacitracin remains 

unknown, our research suggests that the membrane potential disruptive effects of cannabidiol 

plays a key part in it. For Staphylococcus aureus to compensate for the disastrous effects of los-

ing the electrical membrane potential, it increases the level of menaquinone, also known as vit-

amin K2, thus allowing it to maintain the proton motive force and hence ATP biosynthesis. In 

doing so, the level of important metabolites for synthesis of the membrane bound lipid carrier, 

which is important for peptidoglycan biosynthesis, might be decreased and thus enhancing the 

effect of bacitracin.  
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DANSK RESUMÉ 

Udviklingen af antibiotikaresistente bakterier er et stigende problem. Infektioner, der før var 

nemme at helbrede, er nu blevet ekstremt besværlige at behandle, grundet udviklingen af disse 

antibiotikaresistente bakterier. Det anslås, at fra 2050 vil 10 millioner mennesker dø årligt 

grundet infektioner med disse besværlige bakterier. Derfor, er vi nødt til at reagere nu, før det 

er for sent. 

En måde at angribe problemet på, er ved at udvikle nyt antibiotika. Men idet mange farmaceu-

tiske virksomheder har valgt at forlade forskning i udvikling af nye antibiotika, grundet høje 

omkostninger og lav fortjeneste, er vi nu i et innovationstomrum, hvor der ikke er blevet ud-

viklet nye antibiotika i mange år. Derfor er vi nødt til at vende os mod alternative metoder, 

såsom brug af hjælperstoffer, også kendt som antibiotikaadjuvanter. Fordelen ved brug af disse 

antibiotikaadjuvanter er, at de kan forlænge levetiden af nuværende antibiotika grundet deres 

forskellige virkningsmekanismer. Dette foregår via enten en direkte eller indirekte hæmning af 

årsagen til antibiotikaresistensen, som derved kan øge effekten af antibiotikummet, eller via 

stimulering af værtens immunforsvar. 

En ny identificeret kombination af et antibiotikum og dets adjuvant, er det cellevægsrammende 

antibiotkum bacitracin og cannabinoidet cannabidiol. Bacitracin blokerer dannelsen af celle-

væggen, ved at hæmme genbruget af en membranbundet lipidbærer, der transporterer pep-

tidoglycan-intermediater over membranen. Cannabidiol har vist sig at øge effekten af bacitracin 

mod Gram-positive bakterier, så som Staphylococcus aureus, Listeria monocytogenes og Entero-

coccus faecalis, in vitro. Derudover har kombinationen også vist sig at fjerne Staphylococcus au-

reus, i en muse hudinfektionsmodel, i en højere grad end stoffer hver for sig. Selvom den præ-

cise mekanisme bag cannabidiols måde at øge effekten af bacitracin på stadig ikke er helt fun-

det, antyder vores data, at cannabidiols ødelæggende effekt på membranpotentialet kan være 

årsagen. For at Staphylococcus aureus kan modvirke denne effekt, øger den mængden af mena-

kinon, også kendt som vitamin K2, for derved at opretholde den protonmotoriske kraft og der-

med ATP-syntesen. Ved at gøre dette, sænkes mængden af kritiske metabolitter til dannelse af 

de membranbundne lipidbærere, der er vigtig for cellevægsdannelsen, som dermed medfører 

øget effektivitet af bacitracin.  
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INTRODUCTION 

1. ANTIBIOTIC RESISTANCE IS A GLOBAL PROBLEM 

The discovery of penicillin by Sir Alexander Fleming in 1928 changed the world and since then 

multiple antibiotics for pharmaceutical use have been developed 1. However, due to mishan-

dling of these drugs, antimicrobial resistance (AMR) has become one of the world’s biggest con-

cerns and is predicted to become even bigger if we do nothing to prevent its further progression 
1. AMR has been shown to cause an increased number of hospitalizations which in cases of treat-

ment failure will cause death of the patients. Furthermore, AMR will also lead to an increased 

economic burden to the country due to increased costs related to the hospitalization but also 

due to loss of productivity from the patients during their illness 1,2.   

Development of AMR in bacteria is caused by multiple factors including overuse and misuse of 

antibiotics. Firstly, in many developing countries, antibiotics are sold as over the counter drugs 

causing usage in connection with mild infections and even with viral infections, which are com-

pletely unaffected by antibiotics, thus increasing the selection for resistant bacteria 3,4. Even in 

countries where a prescription is needed, expectations from the patient, regarding acute treat-

ment, causes the doctor to prescribe antibiotics for mild infections such as a common cold. In 

either case, such overuse is a driving factor for AMR development 5. Another major cause of 

AMR development is the use of antibiotics in agriculture. It was estimated that in 2010 approx-

imately 63,000 tons of antibiotics were used in agriculture, a number that is increasing towards 

more than 100,000 annually if the excessive use is not addressed. Most antibiotics used in ag-

riculture are not even used for treatment of infections. Instead, it is used as a prophylactic treat-

ment and even used for growth promotion 6. Even though the antibiotics used in agriculture are 

not the same as those used for treatment of human infections, cross-resistance can appear 7, as 

well as horizontal gene transfer of resistance genes 8. This has been observed in connection 

with the use of the glycopeptide antibiotic avoparcin as a growth promoter in agriculture. Re-

sistance towards avoparcin is caused by acquisition of the vanA operon, the same cluster con-

ferring resistance towards the last-resort antibiotic vancomycin 9. 

Another major factor driving us towards a post-antibiotic era is the fact that most pharmaceu-

tical companies have stopped developing new antimicrobials. The reluctance to develop and 
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market new effective antibiotics can be attributed to the high expenses of developing a new 

drug taken together with the risk that the product may be kept on the shelf as a last-resort drug, 

which may mean limited profit and perhaps even a substantial loss to the developing company 
10 11. 

A consequence of the emergence of these hard-to-treat resistant bacterial infections is that on 

a global scale more than 700,000 people die each year due to AMR, a number that is thought to 

rise to 10,000,000 as well as the global cost of AMR rising to 100 trillion USD by 2050, if we do 

nothing to stop it 12. Therefore, we need to act now. 

However, for us to address the problems we are currently facing with AMR development we 

need to know more about it. This includes better understanding of the mechanism of resistance 

towards antibiotics as well the investigation of alternative strategies to treatment with conven-

tional antibiotics.  
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2. ANTIBIOTICS AND RESISTANCE – MECHANISMS OF ACTION 

Antibiotics act by targeting and inhibiting vital functions of bacteria leading to either cell divi-

sion arrest (bacteriostatic antibiotics) or cell lysis/death (bactericidal antibiotics). They do so 

by various mechanisms such as targeting cell wall biosynthesis, disrupting the cell membrane, 

inhibition of nucleic acid biosynthesis, inhibition of protein biosynthesis or inhibition of meta-

bolic processes 13,14. Unfortunately, bacteria have found a way to overcome the harmful effects 

against antibiotics that inhibits all the major targets in bacteria, as mentioned above, sending 

us towards a post-antibiotic time.  

2.1. CELL WALL TARGETING ANTIBIOTICS 
The bacterial cell wall encases the cell with a strong matrix of cross-linked polymers consisting 

of polysaccharide strands also known as the peptidoglycan (PG) 14,15. The peptidoglycan of 

Gram-positive bacteria is thicker than that of Gram-negative bacteria, instead, Gram-negative 

bacteria contain both an inner and an outer membrane 16. 

Peptidoglycan biosynthesis is carried out in multiple enzymatically catalyzed steps. In Staphy-

lococcus aureus (S. aureus), peptidoglycan biosynthesis starts with the Mur proteins catalyzing 

the synthesis of N-acetylmuramic acid (UDP-MurNAc) with amino acids attached (Figure 1). 

MraY then links the peptidoglycan precursor to the lipid carrier undecaprenyl pyrophosphate 

(UPP) creating lipid I which in sequential steps will have both UDP-MurNAc and N-acetylglu-

cosamine (UDP-GlcNAc) attached, creating Lipid II. Finally, five glycine are added creating Lipid 

II-Gly5 17. After transport to the periplasmic site of the bacterial membrane, the Penicillin bind-

ing proteins (PBPs) catalyze transglycosylation and transpeptidation of the peptidoglycan pre-

cursor to the growing peptidoglycan 17. Once the peptidoglycan precursor is delivered to the 

PBPs, the lipid carrier UPP must be recycled. It does so by being dephosphorylated by an un-

decaprenyl pyrophosphate phosphatase (UppP/BacA) and subsequently passing across the 

membrane. Here it will be ready to initiate another cycle of peptidoglycan precursor transport 
18. However, if the number of UPP is scarce, de novo biosynthesis of UPP is carried out by an 

undecaprenyl pyrophosphate synthase (UppS) 18. 

Because of the many enzymes and other molecules required for creating the essential pepti-

doglycan biosynthesis, multiple antibiotics discovered are targeting these (Figure 1). These in-

cludes antibiotics such as fosfomycin that targets MurA which catalyzes the first committed 
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step in the peptidoglycan biosynthesis 19, β-lactams (penicillins, carbapenems and cephalospor-

ins) that binds and inhibits the PBPs thus preventing polymerization of the peptidoglycan14, 

vancomycin that binds the D-alanyl-D-alanine part of the pentapeptide preventing further 

cross-linking and elongation by incoming peptidoglycan precursors 14. Furthermore, bacitracin, 

a cyclic polypeptide antibiotic used for treatment of skin infections 20, also inhibits peptidogly-

can biosynthesis. It does so by binding to the lipid carrier UPP preventing the UppP/BacA me-

diated dephosphorylation of it and thus its recycling 21.  

Besides peptidoglycan, the cell wall of Gram-positive bacteria also consists of wall teichoic acids 

(WTAs). WTA is a cell wall anchored glycopolymer consisting of about 40 ribitol phosphate 

units with modifications of N-acetylglucosamine and D-alanine 22. WTA has been observed to 

have multiple functions and roles in e.g. cationic homeostasis, scaffolding for autolysins, biofilm 

formation and interaction with host tissue 23. However, WTAs has also been shown to counter-

act the damaging effects of various antimicrobial compounds such as human skin fatty acids 24, 

cationic antimicrobial peptides, glycopeptides and β-lactams 25. Nevertheless, also WTA biosyn-

thesis constitutes a target for antibiotics. These include tunicamycin that inhibits TarO, the first 

enzyme of the WTA biosynthesis preventing initiation of the biosynthetic pathway26, and tar-

gocil that inhibits the WTA translocase (TarGH) that transfers WTAs to the periplasmic site of 

the membrane (Figure 1)27. 

As visualized above, multiple antibiotics have been identified to inhibit cell wall biosynthesis. 

Unfortunately, bacteria have developed resistance towards most of these. For resistance to-

wards β-lactam antibiotics, many bacteria have acquired genes encoding β-lactamases that in-

activates this group of antibiotics by hydrolyzing the β-lactam ring thus preventing their inter-

action with PBPs. Currently, so called extended spectrum β-lactamase (ESBL) producing bacte-

ria, such as strains of Escherichia coli (E. coli) and Klebsiella pneumoniae (K. pneumoniae), are 

in increasing threat, due to their ability to inactive multiple types of β-lactams such as 3rd gen-

eration cephalosporins due to production of specific β-lactamases 28,29. Other mechanisms of 

resistance towards β-lactams have been observed in S. aureus. More specifically, Methicillin re-

sistant Staphylococcus aureus (MRSA). MRSA has acquired a gene, mecA, which encodes an al-

ternative penicillin binding protein named penicillin binding protein 2A (PBP2a). PBP2a has 

low affinity towards most β-lactams, such as methicillin, which enables peptidoglycan polymer-

ization even in the presence of β-lactams 30. Resistance towards the last resort antibiotic van-

comycin has also been observed in multiple enterococci species as well as S. aureus. Resistance 
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is caused by acquisition of the vanA operon carried on a plasmid 31. vanA mediated resistance 

towards vancomycin is caused by a peptidoglycan modification. In most bacteria, the terminus 

of the peptidoglycan precursor is D-alanyl – D-alanine, which is the target of vancomycin. How-

ever, the vanA operon encodes enzymes that is able to synthesize a terminus with low affinity 

for vancomycin constituting D-alanyl – D-lactate, preventing vancomycin binding and inhibi-

tion of peptidoglycan polymerization 31.  

Last but not least, a mechanism of resistance towards bacitracin has been observed in multiple 

bacteria such as S. aureus 32, bacillus subtilis (B. subtilis) 33 and Listeria monocytogenes (L. mon-

ocytogenes) 34. In all these cases bacitracin resistance is based on expression of bacitracin trans-

porters such as the bacitracin transporter VraDE in S. aureus, that proposedly removes bacitra-

cin from the site of action 35. In addition, resistance towards bacitracin has also been observed 

in bacteria with induced expression of the undecaprenyl pyrophosphate phosphatase 

(UppP/Bac), increasing the dephosphorylation of UPP 36.  

Figure 1: The mechanism of action of cell wall and membrane targeting antibiotics. These include targocil, tunicamycin, 
fosfomycin, daptomycin, bacitracin, β-lactams, vancomycin and colistin.                             
UPP: Undecaprenyl pyrophosphate, UDP-GlcNAc: N-acetylglucosamine, PBP: Penicillin binding protein.                             
Antibiotics are written in bold. Figure is created using Biorender. 
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2.2. CELL MEMBRANE TARGETING ANTIBIOTICS 
The bacterial cell wall is not the sole part of the bacterial cell envelope. The bacterial membrane 

also constitutes a major part of this. The bacterial membrane, whose main constituent is phos-

pholipids, accommodates approximately one third of all bacterial proteins 37. The bacterial 

membrane acts as a selective barrier for waste and nutrients, but also plays a vital role in res-

piration, by enabling an electrical and proton gradient across it creating the the proton motive 

force that drives adenosine triphosphate (ATP) biosynthesis 37. However, the cell membrane 

also constitutes a major target for multiple antibiotics (Figure 1). 

A well-known cell membrane targeting antibiotic used for treatment of Gram-positive bacterial 

infections is daptomycin (DAP). Even though the exact mechanism of action of DAP is unknown 
38, a proposed mechanism is based on a calcium (Ca2+) dependent oligomerization of DAP in the 

membrane. Through oligomerization, DAP creates a pore-like structure that subsequently 

causes potassium (K+) to leak and hence disrupt the electrical membrane potential 39. An alter-

native suggestion for the mechanism of action of DAP has been proposed by Grein and col-

leagues 38. Whereas this work still suggests that DAP treatment leads to ion leakage, it is pro-

posed to do so differently than described by the model above. Instead, Grein and colleagues 

suggest that DAP binds to both phosphatidylglycerol and lipid II, at the cell division septum, 

causing delocalization of proteins related to peptidoglycan biosynthesis and eventually arrest 

of this biosynthetic pathway. Subsequently, DAP scatters along the membrane causing disas-

sembly of the membrane bilayer leading to membrane leakage 38.   

Another well-known membrane targeting antibiotic is colistin, also known as polymyxin E. The 

mechanism of action of colistin is based on its interaction with lipopolysaccharide (LPS) of the 

Gram-negative outer membrane (Figure 1). Binding of colistin to LPS causes displacement of 

cations, such as magnesium (Mg2+) and calcium (Ca2+), from adjacent phospholipids, resulting 

in destabilization of LPS and causing membrane disruption 40. Disruption of the membrane en-

ables colistin diffusion to the periplasmic space leading to generation of reactive oxygen species 

(ROS) such as superoxide (O2-) and hydrogen peroxide (H2O2) that subsequently leads to DNA 

and protein damage and eventually cell death 40. 

Not surprisingly, bacteria have also evolved resistance towards antibiotics targeting the mem-

brane. For daptomycin, resistance has been observed in S. aureus with induced expression of a 

gene called mprF. mprF encodes an enzyme that catalyzes lysinylation of phosphatidylglycerol 
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of the bacterial membrane creating lysyl-phosphatidyl glycerol. Lysinylation of membrane as-

sociated phosphatidylglycerol results in a more positively charged membrane, which acts as a 

repulsion or a barrier preventing daptomycin interaction with the membrane 41,42. Emergence 

of colistin resistance has also been observed. Colistin is considered a last resort antibiotic 

against infections with multiple Gram-negative bacteria, especially infections with ESBL Gram-

negative bacteria 43. Therefore, resistance towards colistin constitutes a major problem. The 

most studied mechanism of resistance towards colistin includes modifications of colistin’s ini-

tial target LPS 44. A well characterized gene discovered in 2015 called mcr-1 has been observed 

to confer a high degree of resistance towards colistin. mcr-1 encodes a phosphoethanolamine 

transferase that can modify LPS by adding a cationic phosphoethanolamine modification onto 

LPS. This modification prevents colistin binding and thus displacement of cations 43,45. 

2.3. ANTIBIOTICS INHIBITING NUCLEIC ACID BIOSYNTHESIS 
Yet another major target for antibiotics is nucleic acid biosynthesis, which includes DNA repli-

cation performed during cell division, and RNA biosynthesis where subsequently the RNA can 

be used for various purposes such as translation into proteins. A well-known class of DNA rep-

lication inhibitors are the quinolones such as nalidixic acid, norfloxacin and ciprofloxacin. Quin-

olones are broad-spectrum antibiotics, targeting both Gram-negative and Gram-positive bacte-

ria, and have been used for treatment of infections since 1962 46. The mechanism of action of 

quinolones is exerted through binding to the enzymes gyrase and topoisomerases which,        

during DNA replication, prevent supercoiling by underwinding and overwinding DNA through 

cleaving and re-ligating the DNA (Figure 2A) 47. However, instead of just inhibiting these en-

zymes, quinolones interfere with the re-ligation step resulting in only cleaving and no re-liga-

tion leading to double stranded breaks which eventually cause cell death 47. A group of antibi-

otics known for their interference with RNA biosynthesis are rifamycins, such as rifampicin. 

Rifamycins inhibit RNA biosynthesis by binding to the β-Subunit of the DNA dependent RNA 

polymerase thus inhibiting the early stages of RNA biosynthesis (Figure 2B) 48. 

A mechanism of resistance towards quinolones, such as ciprofloxacin, has been well character-

ized in S. aureus. Multiple strains of S. aureus express NorA, a multidrug efflux pump. The NorA 

efflux pump displays broad specificity, hence the term multidrug, of which one of them is the 

quinolone ciprofloxacin. Studies have shown that overexpression of norA, either by point mu-
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tations in the promoter region of norA or by regulatory proteins 49, can cause resistance to-

wards ciprofloxacin by simply increasing removal of the drug inside the cell 50. However, muta-

tions in genes encoding targets of the quinolones such as the DNA Gyrase gene, gyrA, has also 

been observed 51. Recently, a new mechanism of ciprofloxacin resistance in Pseudomonas aeru-

ginosa (P. aeruginosa) has also been discovered. It involves expression of a gene positioned on 

the plasmid pUM505 that encodes a protein named CrpP. CrpP prevents ciprofloxacin mediated 

inhibition of the gyrase by phosphorylating ciprofloxacin thus preventing its interaction with 

the gyrase 52. 

Resistance towards antibiotics targeting RNA biosynthesis have been observed as well. In My-

cobacterium tuberculosis (M. tuberculosis), resistance towards rifamycin has been correlated 

with mutations in rpoB, encoding the β-subunit of the RNA polymerase, thus preventing inter-

action of rifamycin with the RNA-polymerase 53. In another case, it was reported that in some 

Nocardia species, these bacteria possessed an additional rpoB gene called rpoB2. RpoB2 con-

tains a different amino acid sequence in the rifampin binding site than that of RpoB, causing the 

RpoB2 to have lower affinity towards rifampin. The decreases the rifampin mediated inhibition 

of the RNA polymerase enabling the enzyme to transcribe DNA into RNA even in the presence 

of rifampin 54. 

2.4. ANTIBIOTICS INHIBITING PROTEIN BIOSYNTHESIS 
The vital process of protein biosynthesis constitutes another major target for multiple antibi-

otics. Antibiotics inhibiting protein biosynthesis target the ribosomal subunits that mediates 

messenger RNA (mRNA) translation into proteins. Bacterial ribosomes are made up of riboso-

mal RNA (rRNA) and multiple proteins forming the small 30S subunit and the large 50S subunit 

that together create the 70S ribosome 55. A group of antibiotics that interfere with protein bio-

synthesis through ribosomal binding is the group of aminoglycosides (Figure 2C). Most amino-

glycosides inhibit protein biosynthesis by binding to the A-site of the 30S ribosomal subunit. 

Disruption by aminoglycosides in this site results in mistranslation of the mRNA leading to        

attachment of wrong aminoacyl-tRNAs and thus insertion of a wrong amino acid on the growing 

peptide. This in turn leads to an incorrect peptide/protein that can be unfunctional and even 

harmful to the bacterium 56. Another antibiotic known to interfere with protein biosynthesis is 
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fusidic acid. Fusidic acid interacts with the translocation factor EF-G-GDP trapping the elonga-

tion factor in a conformation with the ribosome preventing translocation of the growing pep-

tide from the A to the P site stopping further elongation of the peptide (Figure 2C) 57.  

Mechanism of resistance towards antibiotics inhibiting protein biosynthesis include inactiva-

tion of the antibiotic by modification, mutations of the ribosomal subunits, but also modification 

of antibiotic target 58. As mentioned above, aminoglycosides inhibit protein biosynthesis by 

binding to the A-site of the 30S ribosomal subunit causing mistranslation. Some bacteria, such 

as the natural producers of aminoglycosides, Actinomycetes, as well as more clinical relevant 

bacteria such as K. pneumoniae and P. aeruginosa, have acquired an rRNA-methyltransferase 

that transfers a methyl-group from S-adenosyl-L-methionine (SAM), to a set of nucleotides of 

rRNAs situated in the A-site, preventing aminoglycoside binding 59. However, bacterial strains 

expressing enzymes catalyzing modifications on aminoglycosides, aminoglycoside-modifying 

enzymes (AMEs), are also very common in pathogenic bacteria such as S. aureus, M. tuberculosis 

and P. aeruginosa. These enzymes includes N-acetyltransferases, O-nucleotidyltransferases and 

O-phosphotransferases, each carrying out a specific modification on the aminoglycoside that 

prevents its interaction with the ribosome 58. Furthermore, as described for colistin resistance 

above, modification of LPS has also been observed to cause aminoglycoside resistance in               

P. aeruginosa 60. Aminoglycosides rely on their ability to cross the outer membrane of Gram-

negative bacteria in order to enter the cell and interact with the ribosome. By modification of 

LPS, as observed in P. aeruginosa, with a 4-amino-4-deoxy-L-arabinose sugar modification, the 

net negative charge of LPS is reduces. This decreases the aminoglycoside penetration of the 

outer membrane, which in turn prevent the aminoglycosides in entering the cell and reach the 

ribosomes 58,60. 

2.5. ANTIBIOTICS INHIBITING METABOLIC PATHWAYS 
The last well characterized target for some antibiotics are metabolic processes. This is exem-

plified by sulfonamides, a group of synthetic antibiotics that has been used in clinical settings 

for more than 75 years. Sulfonamides inhibits folate biosynthesis (Figure 2D) 61, a precursor for 

purine and amino acid biosynthesis, by inhibiting vital enzymes of this pathway 62. Since hu-

mans acquire folate through the diet, and therefore do not have a folate biosynthetic pathway, 

sulfonamides specifically target bacteria as they are dependent on the pathway. Sulfonamides, 

such as sulfamethoxazole, inhibit folate biosynthesis by binding to dihydropteroate synthase, 
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an enzyme that converts para-aminobenzoic acid (PABA) and dihydropterin pyrophosphate to 

7,8-dihydropteroate, thus blocking this enzymatic reaction 61. Furthermore, sulfonamides can 

also inhibit folate biosynthesis by acting as an alternative substrate for dihydropteroate syn-

thase, instead of PABA, facilitating interaction and connection with the folate precursor dihy-

dropterin pyrophosphate. This forms a so-called dead-end pterin-sulfonamide product that 

presumably inhibits downstream enzymes of the folate biosynthesis and depletes the pool of 

dihydropterin pyrophosphate, an initial substrate of the folate biosynthetic pathway 63,64.  

Another compound inhibiting a metabolic pathway in bacteria is isoniazid. Isoniazid is a syn-

thetic drug that has been used for treatment of infections with M. tuberculosis since 1952. Iso-

niazid acts on M. tuberculosis by initially entering the cytoplasm by passive diffusion 65. How-

ever, since isoniazid is a prodrug, it relies on activation by an M. tuberculosis protein, KatG, that 

activates isoniazid by oxidation 66. Following oxidation, isoniazid prevents biosynthesis of the 

branched chain fatty acid mycolic acid, an important part of the mycobacterial membrane, by 

inhibiting the enoyl-ACP reductase InhA 67. Mycolic acid contributes strongly to virulence, but 

also antibiotic resistance which is why isoniazid is usually administered together with one or 

multiple antibiotics such as rifampicin 65.  

A well characterized mechanism of resistance towards sulfonamides is observed by bacteria 

that carry mutations in folP encoding the dihydropteroate synthase, the initial enzyme of the 

folate biosynthetic pathway. Mutations in folP results in decreased affinity of the enzyme to-

wards sulfonamides enabling folate biosynthesis to carry on in the presence of these antibiotics 
68. Another common mechanism of sulfonamide resistance is through acquisition of an addi-

tional gene, sul. Like folP, sul also encodes a dihydropteroate synthase, though, with low affinity 

towards sulfonamides 68. In many isoniazid resistant M. tuberculosis, resistance has been ob-

served to be caused by a mutation in katG, resulting in lack of activation of the prodrug isoniazid 

by oxidation 67. Resistance towards isoniazid has also been observed to be caused by mutations 

in the promoter region of inhA. This in turn results in overexpression of the isoniazid target 

InhA, increasing the level of the enzyme thus enabling M. tuberculosis to create mycolic acid 67.  
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Figure 2: The mechanism of action of (A) quinolones, (B) rifamycin, (C) aminoglycosides and fusidic acid and (D) sulfona-
mides and trimethoprim.  
PABA: para-aminobenzoic acid. 
Antibiotics are written in bold. Figure is created using Biorender. 
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3. COMBINATION THERAPY 

As noticed above, bacteria have developed resistance towards most of the antibiotics used to-

day. Therefore, an alternative approach to fight these bacteria is needed, such as using drug 

combination therapy. The idea behind this is to achieve synergy, meaning, that the combination 

of two or more drugs will elicit a higher degree of bacterial killing or inhibition of growth, com-

pared to the sum of the effect of the individual drugs. When defining synergy for a drug pair a 

specific mathematical equation is used, a so-called fractional inhibitory concentration (FIC) in-

dex. Simply, the FIC index can be calculated as 69: 

𝐹𝐹𝐹𝐹𝐹𝐹 𝐹𝐹𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 =
𝑀𝑀𝐹𝐹𝐹𝐹𝐴𝐴+𝐵𝐵
𝑀𝑀𝐹𝐹𝐹𝐹𝐴𝐴

+
𝑀𝑀𝐹𝐹𝐹𝐹𝐵𝐵+𝐴𝐴
𝑀𝑀𝐹𝐹𝐹𝐹𝐵𝐵

 

The FIC index is calculated based on the degree of enhanced effect, in terms of decreased MIC 

value of drug A when combined with drug B compared to drug A alone, and vice versa. An FIC 

index ≤ 0.5 defines synergy, FIC >0.5-4 defines indifference or additive effect, whereas FIC ≥ 4 

defines antagonism (Figure 3A) 70. A drug pair preventing bacterial growth at ¼ of MIC for both 

drugs when combined, will therefore have an FIC index at 0.5 and thus constitute a synergistic 

pair. However, others tend to use a less strict definition of synergy implicating that synergy is 

present at an FIC index ≤ 1 69,71. 

Synergy between two or more drugs can be achieved by three different approaches in teams of 

drug targets: the congruous combination, the syncretic combination and the coalistic combina-

tion (Figure 3B)70. These three approaches will be presented in this section as well as three 

methods for identification of novel synergistic pairs for use against antibiotic resistance bacte-

ria.  

3.1. CONGRUOUS COMBINATION 
Using a congruous combination approach, you exploit the antimicrobial effect of two or more 

drugs in order to achieve synergy (Figure 3B). This can be attained by either having the same 

target or multiple different targets, though, all targets being vital for the bacterium of interest 
72. 
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An example of a congruous combination used in clinical settings for treatment of skin infections 

is the combination of bacitracin with polymyxin B (sold as Polysporin) or with further addition 

of neomycin (sold as Neosporin) 20. In these cases, you achieve synergy by targeting three dif-

ferent vital pathways of bacteria. As mentioned above, bacitracin targets recycling of the lipid 

carrier undecaprenyl pyrophosphate thus preventing peptidoglycan biosynthesis. Polymyxin B 

is a cationic lipopeptide antibiotic active against several multidrug resistant Gram-negative 

bacteria such as P. aeruginosa, K. pneumoniae and Acinetobacter baumannii (A. baumannii) 73. 

Like polymyxin E (colistin), polymyxin B also act on the Gram-negative outer membrane by 

interaction with the LPS that subsequently results in displacement of divalent cations such as 

Ca2+ and Mg2+ and eventually disruption of the outer membrane integrity causing increased 

permeability 73. Neomycin is an aminoglycoside antibiotic active against Staphylococci and 

some Gram-negative bacteria 20. As with other aminoglycosides, as mentioned above, neomycin 

also targets protein biosynthesis by interacting with the A-loop of the 30S ribosomal subunit 

resulting in codon misreading and eventually production of proteins with incorrect amino acid 

sequence 74.  

Another synergistic drug combination used for treatment of both Gram-negative and Gram-

positive bacteria is co-trimoxazole consisting of trimethoprim and the sulfonamide sulfameth-

oxazole 75. In this case, synergy is achieved by having two drugs targeting the same pathway, 

the folate biosynthesis pathway, however, through interaction with two different enzymes of 

the pathway. The structure of trimethoprim resembles a part of the dihydrofolic acid, a sub-

strate for the dihydrofolate reductase, thus competes for the binding to the enzyme preventing 

conversion of dihydrofolic acid to tetrahydrofolic acid 76. On the other hand, sulfamethoxazole 

acts further upstream of the pathway. Like the other sulfonamides, as mentioned above, sulfa-

methoxazole inhibits folate biosynthesis through interaction with the dihydropteroate syn-

thase. However, interaction does not lead to direct inhibition of the enzyme. Instead, the en-

zyme converts sulfamethoxazole together with dihydropterin pyrophosphate forming dead 

end complexes, as mentioned above 64. 

In a recent study published by Zheng and colleagues 77, they showed that a combination of a 

two antibiotics were able to eradicate a bacterial culture containing persister cells, a difficult-

to-treat subpopulation of metabolically inactive bacteria. They did so by using two antibiotics, 

one which bacterial killing was independent of the metabolic state of the bacterium (such as 
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colistin and mitomycin C) and one that was dependent on metabolic state (such as ampicillin 

and ciprofloxacin). They showed, that when first adding ampicillin with which killing is depend-

ing on metabolic state, it eradicated the metabolically active cells, whereas persister cells re-

mained viable. By subsequently treating with colistin with which killing was independent of the 

metabolic state, they were able to kill persister cells. Noticeably, a total killing of all cells in the 

culture was possible by treatment with colistin alone. However, by using ampicillin first, they 

were able to reduce the amount of the highly nephrotoxic colistin 78 by four-fold. 

3.2. SYNCRETIC COMBINATION 
A syncretic combination combines a traditional antibiotic with a so-called antibiotic adjuvant, 

also known as a resistance breaker or helper compound, which typically has no noticeable an-

timicrobial effects on its own (Figure 3B) 70. These are often already known compounds for-

merly used for treatment of other diseases than infections. By using a syncretic combination, 

the life of antibiotics can be extended, which in these times of an antibiotic innovation gap is a 

very useful approach. Another advantage of using antibiotic adjuvant is that some of these com-

pounds have been or still are used in clinical settings for treatment of various diseases, as men-

tioned above. Therefore, they are already approved for use in the clinic and major parts of clin-

ical trial studies such as toxicology can be avoided, reducing the cost of invention of novel syn-

cretic combinations 79. Antibiotic adjuvants can be categorized into two different classes:          

Class I, which is further divided into two subclasses, class Ia that directly inhibits antibiotic re-

sistance, and class Ib which indirectly inhibits antibiotic resistance. Class II adjuvants enhances 

the effect of the antibiotic by altering the biology of the bacterial host 70.  

3.2.1. Class Ia antibiotic adjuvants 

A well-known example of a class Ia antibiotic adjuvant is clavulanic acid. Clavulanic is often 

combined with the β-lactam antibiotic amoxicillin for the clinically used drug Augmentin 80. The 

potentiating effect of clavulanic acid on amoxicillin is not directly caused by interaction with 

vital functions of the bacterium and is therefore itself not affecting bacterial growth. Instead, 

the effect is exerted through inhibition of β-lactamases, thus preventing degradation of the β-

lactam antibiotic, such as amoxicillin, enabling inhibition of PBPs and thus peptidoglycan bio-

synthesis 80. 
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Other examples of class Ia antibiotic adjuvants are the widely studied efflux pump inhibitors 

(EPIs). A well characterized EPI is celecoxib, a commonly used non-steroidal anti-inflammatory 

drug for treatment of fever, inflammation and pain through inhibition of the cyclooxygenase-2 

(COX2) enzyme. Celecoxib has been shown to inhibit efflux pumps in both S. aureus and Myco-

bacterium smegmatis (M. smegmatis) thus increasing the effect of multiple antibiotics such as 

fusidic acid, daptomycin, vancomycin and gentamicin 81. Multiple other compounds have also 

been observed to cause efflux pump inhibition and thus increase the effect of antibiotics. One 

of these includes the compound capsaicin of chili plants observed to inhibit NorA of S. aureus. 

Capsaicin has been shown to potentiate the effect of the NorA targeting antibiotic ciprofloxacin, 

by preventing ciprofloxacin removal from the cell82.  

Since colistin and other polymyxins are last resort antibiotics for treatment of Gram-negative 

bacterial infections, extensive research has been conducted on finding compounds inhibiting 

resistance towards these 83. Recently, Zhou and colleagues 84 have described the finding of a 

novel MCR-1 inhibitor, pterostilbene, observed to act synergistically in combination with both 

colistin and polymyxin B against E. coli. Inhibition of MCR-1 prevents LPS modification enabling 

interaction with colistin and polymyxin B. Yet another approach for inhibition of MCR-1 medi-

ated resistance towards polymyxins is through translational inhibition. This is carried out by 

using peptide conjugated phosphorodiamidate morpholino oligomers that directly bind mcr-1 

mRNA preventing ribosome binding and thus translation 83. 

3.2.2. Class Ib antibiotic adjuvants 

An example of a class Ib antibiotic adjuvant is ticlopidine. Ticlopidine, an antiplatelet drug, has 

been observed to inhibit TarO, the initial protein of the WTA biosynthesis pathway, resulting in 

potentiation of the β-lactam antibiotic cefuroxime in S. aureus 85. The synergistic effect exerted 

from the combination of these drugs is thought to be achieved by disturbing the cooperative 

action of PBP2 and PBP4. The result of TarO inhibition by ticlopidine leads to absence of WTA, 

which in addition to its functions in cationic homeostasis and autolysis as mentioned above, has 

also been shown to regulate PBP4 localization in S. aureus 86. Together with a highly selective 

PBP2 inhibitor, cefuroxime, the cooperative action of these two PBPs and thus peptidoglycan 

biosynthesis is inhibited 85. 
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Another example of a class Ib antibiotic adjuvant is loperamide (Imodium), an opioid used for 

treatment of diarrhea, that was shown by Farha and colleagues 87 to enhance the effect of mino-

cycline, a semi-synthetic tetracycline derivate. Loperamide was shown to synergize with mino-

cycline against multiple Gram-negative bacteria such as A. baumanni, K. pneumoniae and E. coli. 

Loperamide mediated potentiation of minocycline is thought to be caused by dissipation of the 

electrical membrane potential that, when affected, will lead to a compensatory mechanism in 

the bacterium increasing the transmembrane proton gradient in order to maintain the proton 

motive force (more information about this in section 5.2). Since penetration of tetracyclines are 

dependent on the transmembrane proton gradient, an increased penetration of minocycline is 

therefore occurring when exposed to loperamide 87.  

Our research group has also worked extensively on the class Ib antibiotic adjuvant cannabidiol 

(CBD). CBD has been observed to potentiate the effect of bacitracin in multiple Gram-positive 

bacteria such as S. aureus 88. Despite CBD itself having antimicrobial activity, with an MIC value 

at 4 µg/mL for most Gram-positive bacteria tested 88, unpublished data (Manuscript II) suggest 

that synergy is not solely based on its potentially direct interaction with the membrane but 

rather how the bacterium responds to this interaction. Our findings suggest that synergy is 

caused by a redirection of use for the isoprenoid precursors isopentenyl pyrophosphate (IPP) 

and farnesyl pyrophosphate (FPP) towards production of menaquinone. We have previously 

shown that CBD affects the electrical membrane potential of S. aureus. We propose that this in 

turn will force S. aureus to compensate for the disrupted electrical membrane potential by in-

creasing the amount of menaquinone thus increasing the transmembrane proton gradient 

(more information about this in section 5.2) to maintain the proton motive force and therefore 

ATP biosynthesis. In the presence of bacitracin, the dephosphorylation of the lipid carrier UPP 

is inhibited, which might cause the cell to produce more UPP. However, since UPP biosynthesis 

also requires IPP and FPP, like biosynthesis of menaquinone, the amount of UPP required for 

peptidoglycan biosynthesis might be scarce during CBD treatment, eventually causing inhibi-

tion of peptidoglycan biosynthesis and thus cell death (Manuscript II). 

3.2.3. Class II antibiotic adjuvants 

Class II antibiotic adjuvants do not act directly on bacteria, instead they enhance bacterial kill-

ing by acting on the infected host. An example of this is streptazolin, discovered by Perry and 
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colleagues 89. They observed that streptazolin was able to stimulate macrophages through ac-

tivation of the NF-κB pathway. Upon activation of this pathway, production of cytokines in-

creased and macrophages performed remodeling of their cytoskeleton which in turn led to 

phagocytosis of bacteria such as Streptococcus mutants 89. Therefore, using a combination of 

streptazolin and an antibiotic, bacteria can be targeted by two different ways.   

3.3. COALISTIC COMBINATION 
Using a coalistic combination bacterial killing or inhibition of growth is achieved through com-

bination of two or more molecules with no antibiotic properties alone, though, when combined 

bacterial growth inhibition or killing is achieved (Figure 3B) 70. This approach is related to tar-

geting synthetic lethal gene/protein pairs, a method that has been studied and used in cancer 

therapy. An example of this is the use of an inhibitor of the DNA repair enzyme poly(ADP-ri-

bose) polymerase (PARP) for treatment of cancer. Cancer cells containing mutations in either 

of the two DNA repair genes BRCA1 or BRCA2, are more susceptible towards a PARP inhibitor 

due to the DNA repair function being highly dysfunctional. Therefore, only cells containing mu-

tations in either of these genes will be affected by a PARP inhibitor 90. Though, this example is 

based on one drug rather than two, however, the overall idea is the same since lethality of one 

drug, or in this case gene inactivation, is only lethal due to a subsequent event which in this case 

is a drug targeting another enzyme. An example of this in bacteria is also reviewed by Klobucar 

and Brown 91, explaining that a synthetic lethal interaction could be two drugs inhibiting each 

their own pathway of which the end product of both pathways is the same essential metabolite. 

If only one of these pathways are blocked, the other one is still functioning resulting in produc-

tion of the essential metabolite, therefore, inhibition of both pathways is required. A search for 

coalistic combinations has been conducted in bacteria using a computational approach by Aziz 

and colleagues 92. Using this approach, they identified a synthetic lethal pair SerA (phospho-

glycerate dehydrogenase) and SucC (succinyl-CoA synthase), both participating in metabolic 

processes, in E. coli and Salmonella enterica serovar Typhimurium (S. Typhimurium). Subse-

quently, they tested if inhibition of both enzymes resulted in decreased bacterial growth using 

the two inhibitors SERA-126 and SIMI-074. Despite the two compounds resulted in inhibition 

of growth, it showed to be only additive and not synergistic. 
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3.4. DISCOVERY NOVEL DRUG COMBINATIONS 
Traditionally, screening to discover novel drug combinations has been performed by standard 

checkerboard assays, in which bacterial growth is measured upon treatment with combinations 

of two drugs in a variety of concentrations and subsequent FIC index determination of the re-

sults 93. However, this approach is not a high-throughput screening method since it is very time 

consuming and does not allow for testing of multiple drugs at the same time, since the number 

of experiments grows exponentially the more drugs and concentrations tested 94. Therefore, 

new approaches have been developed. These include: a metabolomics approach, studies in 

chemical-genetic interactions and application of an antibiotic resistance platform.  

Figure 3: Combination therapy. (A) Bacterial growth when exposed to a synergistic drug combination, an additive drug combina-
tion and an antagonistic drug combination. The lines (green, blue and orange) indicate bacterial growth for the respective com-
binations. (B) Explanation of a congruous combination, a syncretic combination and a coalistic combination and how these affect 
bacterial growth and host cells.                                                                 
Figure is created using Biorender. 



Page 30 of 63 
 

3.4.1. Metabolic approach for identification of novel antimicrobial combinations 

A method of identifying novel antimicrobial combinations for inhibition of bacterial growth, 

was developed by Campos and Zampieri 94 using a metabolic and computational approach. They 

did so by testing a collection of 1,729 different compounds from Prestwick Chemical Library 

with little or no antimicrobial properties against exponentially growing E. coli. E. coli was incu-

bated for two hours with 100 µM of each compound followed by analysis of the metabolome by 

flow injection analysis using a time-of-flight mass spectrometer. They observed that 70 % of 

the compounds tested resulted in a significant change in the amount of at least one metabolite. 

To gain a deeper understanding on the mechanism of action of the different compounds and 

how they alter the metabolic state of the bacterium, they grouped compounds based on the 

metabolic change they elicited creating 164 different groups. To link the compounds to specific 

enzymatic targets they next compared the metabolic response upon treatment with the com-

pounds to the metabolic response of an E. coli knockout library containing 3,807 individual 

gene knockouts. This resulted in identification of 10,227 comparisons with similar metabolic 

response of which most comparisons were related to carbon metabolism. One of these was the 

compound disulfiram, a drug used for treatment of alcoholism due to its inhibitory effect on the 

acetaldehyde dehydrogenase. E. coli showed a similar metabolic response to disulfiram to that 

which was observed for a △icd strain, lacking the isocitrate dehydrogenase. To verify that their 

approach was indeed able to identify novel drug targets, they performed an in vitro enzyme 

assay with purified Icd, showing that disulfiram caused a 25 % inhibition of Icd, which was 

similar to a known allosteric inhibitor of Icd. Next, they wanted to predict the outcome of drug-

drug interaction. They did so by integrating their metabolic prediction of drug-gene similarities 

as mentioned above, with experimentally validated published data on the susceptibility, in 

terms of colony size post treatment (Fitness score), of an E. coli gene knockout library against 

82 compounds. Next, they compared it to previously published fitness score outcome of 465 

drug pairs tested. The result from the integration and comparisons to other published data, as 

mentioned above, showed 1,032 potential drug interaction pairs. To verify the predicted pairs, 

they tested some of the combinations. One of the combinations observed was the combination 

of the anti-inflammatory drug benzydamine and doxycycline that inhibits bacterial protein bi-

osynthesis. Benzydamine was shown to elicit a similar metabolic pattern as observed for 

△rpoS, encoding a sigma factor, a strain that was shown to be sensitive towards doxycycline. 

Together, these compounds resulted in an FIC index of 0.2, indicating synergy. 
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3.4.2. Application of O2M for identification of novel combination pairs 

Another approach for identification of novel synergistic compound combinations  has been  de-

veloped by Wambaugh and colleagues 79. They developed a so called Overlap2 method (O2M), 

that uses patterns from chemical-genetic datasets created by monitored growth of a bacterial 

mutant library exposed to a chemical library consisting of more than 100 molecules creating a 

growth score for each of these combinations of mutants and molecules. Each combination is 

scored either with a positive value if it induces a faster growth or a negative value if growth is 

inhibited, compared to untreated, thus yielding a chemical-genetic signature for that specific 

molecule based on all mutants tested. O2M is then based on the idea that the resemblances of 

chemical-genetic signature of already known synergistic pairs can be used for identification of 

novel pairs with either of the two compounds of the already known synergistic pair. Further-

more, using these already known synergistic pairs, they were able to identify so-called putative 

synergy prediction mutants based on similar growth score. Based on this, they assumed that 

tested molecules, which would produce the same growth score in the same mutants, as ob-

served for the synergistic pair, would also synergize with either of the compounds of the syn-

ergistic pair.  

In an attempt to test the system, they looked at chemical-genetic signatures exhibited by the 

synergistic antibiotic combination of trimethoprim and sulfamethizole by using a published da-

tabase 95 containing chemical-genetic signatures of multiple molecules and growth conditions 

tested against more than 4,000 E. coli gene deletion strains. Using this database, they searched 

for knockout strains with a significant growth score regarding trimethoprim and sulfame-

thizole and identified 4 genes/operons that were putative synergy prediction mutants. These 

mutants were then used for identification of potential novel synergizing molecules of trime-

thoprim or sulfamethizole in the same database, based on the same growth score as the one 

used for identification of the mutants. Determination of the FIC index was subsequently per-

formed on the identified potential synergizing molecules in combination with either trime-

thoprim or sulfamethizole. Ultimately, they identified 5 new molecules that were able to syner-

gize with trimethoprim, sulfamethizole or both. 
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3.4.3. Identification of novel antibiotic adjuvants using the antibiotic resistance platform 

Yet another approach to be used for searching of antibiotic adjuvant was developed by Cox and 

colleagues 96 using an antibiotic resistance platform (ARP). ARP consists of E. coli strains con-

taining resistance genes placed on either low copy plasmids or which are chromosomally inte-

grated. In total, four different low copy plasmids were created (pGDP1-4) containing an ampi-

cillin or a kanamycin resistance gene for selection, as well as a promoter controlling expression 

of the desired resistance genes using either a strong promoter (Pbla) or a weaker promoter 

(Plac). For chromosomal integration, two plasmids were created (pINT1-2) containing one of 

the two promoters, which were integrated on the arabinose operon of E. coli. To allow for a 

different intracellular concentration of the compounds tested, acquisition of the low copy plas-

mids and chromosomal integration was also applied for an efflux deficient E. coli strain 

(△bamB△tolC). In total, 42 different resistance genes were inserted into each of the above-

mentioned plasmids securing a platform enabling testing against 15 different antibiotic classes.  

For verification of this approach, they searched for compounds acting as adjuvant for                 

gentamicin by testing a chemical library. They did so using the E. coli△bamB△tolC strain con-

taining the pGPD4 plasmid with a aminoglycoside resistance gene ant(2’’)-Ia. The strain was 

subsequently exposed to both gentamicin at a sub-inhibitory concentration (1/4 MIC) as well 

as the chemical library. Since a sub-inhibitory concentration of gentamicin was used, bacteria 

that were unable to grow were thus exposed also to a gentamicin adjuvant.   
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4. ALTERNATIVE APPROACHES TO ANTIBIOTICS 

The use of drug combinations is not the sole alternative solution for treatment and prevention 

of infections with antibiotic resistant bacteria. Other approaches such as use of vaccines, bacte-

riophage therapy and probiotics are also widely used or possess a major potential for future 

clinical use. Furthermore, despite not directly targeting vital functions of bacteria that leads to 

inhibition of growth, a promising approach of decreasing bacterial pathogenesis during infec-

tions are antivirulence drugs. Therefore, these will also be described in the following section.  

4.1. VACCINES 
The first vaccine was developed in 1796 by Edward Jenner, who observed that people inocu-

lated with material from a lesion of a milkmaid infected with cowpox was protected against 

smallpox 97. However, the first attempt of immunization dates back more than 1000 years in 

China and India where people were inoculated with live virulent smallpox virus 98. Since then, 

vaccines have saved millions of lives from bacterial and viral infections and its importance is 

even more in focus now with the current COVID-19 situation 99. 

Vaccines are usually characterized as non-live and live vaccine. However, there are others like 

toxoid, polysaccharide, conjugate and mRNA vaccines 100. A non-live vaccine, also known as an 

inactivated vaccine, usually contains parts of the pathogenic organism/entity of which immun-

ization is desired101. In contrast, live vaccines contain living organisms/entities with reduced 

virulence. Nevertheless, the overall common goal of vaccines is to create an immune response 

resulting in antibody production by the B cells against the desired organism/entity 101. Upon 

vaccine administration the antigen is taken up by dendritic cells that further presents it through 

the major histocompatibility complex (MHC). The antigen is then recognized by the T cells 

through their T cell receptor (TCR) which further present it to B cells causing B cell develop-

ment, which subsequently result in formation of plasma cells that produces antibodies. These 

antibodies target the desired antigen/organism leading to opsonization and phagocytosis and 

activation of the complement system 102, as well as memory B cells that, upon encounter with 

the antigen again, will result in a quick respond 101.  Vaccines have been developed against mul-

tiple viruses and bacteria, and even vaccines against parasites are under development 99. How-

ever, effective vaccines are still needed against urgent pathogens such as S. aureus 103, P. aeru-

ginosa 104, A. baumannii 105 and Neisseria gonorrhoeae (N. gonorrhoeae) 106. 
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4.2. PHAGE THERAPY 
The use of bacteriophages, also known as phages, for treatment of bacterial infections has also 

been widely studied. Phages are viruses found throughout nature that target and kill bacteria 

in a specific manner 107. Phages 

were discovered in 1915 by Wil-

liam Twort and has since then 

been considered as a potential 

option for treatment of bacterial 

infections. However, more than a 

decade after phages were identi-

fied, penicillin was discovered 

leading to the Western world 

abandoning the use of phages for 

treatment of bacterial infections 
108. Nevertheless, the use of 

phages for treatment of infections 

continued in Eastern Europe and 

Soviet Union and are currently 

still being used in countries such 

as Georgia, Russia and Poland 107.109. To this date, multiple phages have been approved or are 

in preclinical trials to be used for treatment of infections with P. aeruginosa, E. coli, Shigella, 

Salmonella and more 110. 

The phage mediated killing of bacterial is a result of its life cycle which can be either lytic or 

lysogenic. The life cycle of a phage (Figure 4) starts with the phage interacting with a bacterial 

host receptor leading to the phage injecting its genome into the bacterium containing genes 

encoding proteins for creation of more phages. The genome will then enter either the lytic cycle 

or the lysogenic cycle. In the lytic cycle, the injected genome will be replicated, transcribed and 

translated into proteins catalyzed by host enzymes causing assembly of new phages that even-

tually will lead to lysis of the bacterium and further spread of the phages. In the lysogenic cycle, 

the phage genome, also known as prophage, is integrated on the host genome and replicated 

along with the genome of the bacterium. Eventually, upon encounter of stress the prophage will 

Figure 4: The life cycle of bacteriophages. The life cycle starts with attachment of 
the phage to the host cell followed by injection of its genome into the cell. During 
the lysogenic cycle the genome will be integrated on the host genome. Eventually, 
the prophage will enter the lytic cycle of which the host cell will transcribe the pro-
phage genome and subsequently translate it into proteins allowing for assembly of 
new phages causing host cell lysis of spread of phages.               
Figure is adapted from Chiang, YN et. al. Plos Pathogens (2019). 
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enter the lytic cycle leading to assembly of phages and host cell lysis enabling further spread of 

the newly created phages 111. 

4.3. PROBIOTICS 
Probiotics are non-pathogenic bacteria that upon ingestion passes to the intestinal mucosa and 

prevents pathogenic bacteria from harming the human host. They do so by multiple mecha-

nisms such as prevention of adherence and invasion of host epithelial cells, enhancing the mu-

cosal barrier, improving host immune system and production of antimicrobial compounds 112-

114. Common probiotic bacteria are mostly found in the genera of Lactobacillus and Bifidobacte-

rium, both bacteria commonly found in yoghurt 115, however, other bacteria such as Streptococ-

cus thermophilus, Pediococcus and the well-known pathogens Enterococcus faecalis and faecium 

have also been characterized as probiotic bacteria 112,116. A classic example of the use of probi-

otic bacteria is after a long-term antibiotic treatment. This treatment causes extensive altera-

tion of the patient gut microbiota which may give rise to secondary infections such as by the 

spore forming Clostridioides difficile (C. difficile) that causes colitis 110,117 and is resulting in ap-

proximately 30,000 deaths annually in the United States 118. However, in order to restore the 

gut microbiota and prevent C. difficile infections, probiotics can be administered with the anti-

biotic 118. As mentioned above, the beneficial effects of probiotics against pathogenic bacteria 

are thought to be numerous. In a study by Mack and colleagues 119, they searched for beneficial 

effects of Lactobacillus plantarum and Lactobacillus rhamnosus during infection of intestinal 

epithelial cells with enteropathogenic Escherichia coli (EPEC). They discovered that expression 

of two mucin genes, MUC2 and MUC3, of epithelial cells increased upon encounter with the two 

strains of Lactobacillus. The increased expression of these genes, and presumably the associ-

ated proteins, caused a decreased adherence of EPEC to the cells suggesting a possible benefi-

cial role of the two Lactobacilli in pathogenic mucosal adherence and invasion. Another pro-

posed mechanism of action of probiotic in preventing the harmful effects of pathogenic bacteria 

is the production of antimicrobial compounds. These includes organic acids and bacteriocins. 

Organic acids, such as lactic acid produced by lactic acid bacteria such as Lactobacillus spp. 120, 

have been shown to possess outer membrane disruptive effects on Gram-negative pathogenic 

bacteria such as E. coli, P. aeruginosa and S. Typhimurium 121. Furthermore, probiotics have also 

shown to produce bacteriocins which are small heat stable antimicrobial peptides. In a study 
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by Corr and colleagues 122, they show that co-administration of the bacteriocin producing pro-

biotic Lactobacillus salivarius protected mice against infection with the human pathogen Lis-

teria monocytogenes due to production of the bacteriocin Abp118 122.   

4.4. ANTIVIRULENCE DRUGS 
The use of antivirulence drugs is not for the purpose of targeting vital functions of bacteria. 

Instead, antivirulence drugs directly target virulence factors, which are important for patho-

genesis during infection, by interfering with production of them or preventing their interaction 

with the host thus decreasing pathogenesis and the development of patient symptoms during 

infections 123.  

A well characterized antivirulence drug is savirin, discovered by Sully and colleagues 124. Savi-

rin inhibits bacterial signaling and communication by interfering with quorum sensing, a highly 

important bacterial trait during infection. Savirin inhibits quorum sensing in S. aureus by inhib-

iting transcription of the agr operon which is important regulation of virulence (Figure 5A). 

Inhibition of agr operon transcription is caused by binding to the transcriptional regulator AgrA 

preventing binding of AgrA to agr operon promoters P2 and P3 as well as additional promoters 

important for transcription of virulence genes such as psm-α, hla and pvl. The savirin mediated 

inhibition of agr transcription was also observed to be evident in an in vivo mouse infection 

model showing both inhibition of agr operon transcription as well as increased bacterial clear-

ance during infection 124.  

Another approach to inhibit bacterial virulence is by targeting and inhibiting toxins using anti-

bodies 123. An example of an antibody shown to interact with a bacterial toxin is urtoxazumab, 

also known as TMA-15(Figure 5B). TMA-15 has shown to inhibit the effect of Shiga toxin 2, a 

toxin produced by Enterohemorrhagic E. coli (EHEC) that induces apoptosis in endothelial cells 

causing hemorrhage in vital organs such as kidneys and brain 125. TMA-15 acts by binding to 

the B subunit of Shiga toxin 2 thus neutralizing it by preventing binding to endothelial cells 126. 

Inhibition of bacterial secretion system also constitute a major targeting when aiming to inhibit 

bacterial virulence. In a study by Larzábal and colleagues 127, they synthesized two peptides, 

CoilA and CoilB, that have shown promising efficacy in binding and inhibiting EHEC and EPEC 

Type III secretion system important for secretion of virulence factors (Figure 5C). Both peptides 

were created based on the coiled coil structure of one of the secreted virulence factors, EspA. 
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However, the Type III secretion system of EHEC and EPEC also secretes other virulence factors 

such as EspD and EspB, important for host cell pore formation and lysis, as well as the Tir pro-

tein that enables adhesion to host cells. Inhibition of the Type III secretion system by CoilA and 

CoilB therefore prevent secretion and translocation of these virulence factors decreasing      

pathogenesis of EHEC and EPEC. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Antivirulence strategies. Depiction of three antivirulence strategies: (A) Savirin for inhibition of Agr mediated quorum        
sensing. (B) inhibition of Shiga toxin 2 using TMA-15 antibodies. (C) Using CoilA and CoilB for prevention of virulence factor secretion.  
Figure is created using Biorender.  
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5. STAPHYLOCOCCUS AUREUS AND THE MEVALONATE AND MENAQUI-

NONE PATHWAY 

Staphylococcus aureus is a major bacterial pathogen known for its ability to develop antibiotic 

resistance, and is the main bacterium used throughout this project. Therefore, a brief descrip-

tion of the bacterium will be presented. Furthermore, a description of Staphylococcal path-

ways related to this project, especially Manuscript II, will also be presented in this section.  

5.1. STAPHYLOCOCCUS AUREUS 
Staphylococcus aureus (S. aureus) is a Gram-positive cocci shaped bacterium. It is a commensal 

opportunistic pathogen residing on surfaces such as skin and nares in approximately 30% of 

the human population world-wide 128,129. S. aureus is able to colonize and cause infections in 

elderly and immunocompromised individuals causing various diseases ranging from mild skin 

and soft-tissue infections to major life-threatening diseases such as sepsis, endocarditis, osteo-

myelitis and toxic shock syndrome, if untreated 129. S. aureus has gained great focus the last 

couple of decades owing to its great ability to avoid antibiotic treatment through development 

of resistance. Development of antibiotic resistance in S. aureus, due to inactivation of the anti-

biotic by β-lactamases, was discovered not long after the identification and development of 

penicillin 130. Therefore, methicillin, a β-lactamase resistant antibiotic was developed. However, 

it only took a few years for the bacterium to obtain resistance towards methicillin (MRSA). Re-

sistance towards methicillin was due to acquisition of a mobile genetic element called Staphy-

lococcal Cassette Chromosome mec (SCCmec). One of the genes positioned on the mobile ge-

netic element is mecA. mecA encodes an alternative penicillin binding protein, PBP2a, which 

was observed to have low affinity towards methicillin, thus enabling S. aureus to synthesize cell 

wall peptidoglycan even in the presence of methicillin 130. In recent years, resistance problems 

has progressed as S. aureus has evolved resistance even towards last resort antibiotics such as 

vancomycin (vancomycin intermediate S. aureus (VISA) and vancomycin resistant S. aureus 

(VRSA)) 130 and daptomycin 131. However, as we are currently in an antibiotic innovation gap, 

as mentioned above, we might need to focus on alternative approaches.  

One of these approaches could be the use of a combination of an antibiotic adjuvant and an 

antibiotic such as cannabidiol and bacitracin 88, as mentioned above. Since the exact mechanism 
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underlying the CBD mediated potentiation of BAC remains unknown, we speculate that                    

S. aureus responds to CBD exposure by redirecting important pathways that use the isoprenoid 

precursor isopentenyl pyrophosphate (IPP) and farnesyl pyrophosphate (FPP). 

5.2. ISOPRENOIDS AND THE MENAQUINONE PATHWAY 
Isoprenoids are vital ubiquitous molecules found in both eukaryotes, bacteria and archaea. 

More than 35,000 isoprenoids have been discovered emphasizing its diverse functions and 

their roles in various pathways 132. Isoprenoids are produced by the two isoprenoid precursor 

isomers, IPP and dimethylallyl diphosphate (DMAPP). IPP and DMAPP can be created by two 

different pathways. The mevalonate (MVA) pathway, which is mainly found in eukaryotes, ar-

chaea and some Gram-positive bacteria, including S. aureus, and the methyl erythritol phos-

phate (MEP) pathway mainly found in Gram-negative bacteria and cyanobacteria 133. In eukar-

yotes, isoprenoids have multiple purposes such as being used for production of cholesterol for 

regulation of membrane fluidity 134, but also for post translational modification of proteins that, 

due to the hydrophobicity of isoprenoids, facilitates the insertion of the modified protein into 

the membrane 135. In archaea, isoprenoids are used for production of membrane phospholipids 
136.  

In bacteria, such as S. aureus, isoprenoids are used for production of the carotenoid staphy-

loxanthin (Figure 6) that gives  S. aureus its yellow pigmentation 137 and has antioxidative prop-

erties 138. Additionally, isoprenoids are used for production of the lipid carrier undecaprenyl 

pyrophosphate (UPP) that is vital for peptidoglycan biosynthesis since, as mentioned above, it 

is used for transportation of peptidoglycan precursor across the membrane for peptidoglycan 

biosynthesis (Figure 6) 139,140. Finally, IPP is also used for production of menaquinone (MK), a 

vital vitamin (Vitamin K2) that participates in the electron transport chain of many bacteria 

which contributes to production of ATP (Figure 6) 141.  

The MK pathway starts with the conversion of chorismate to isochorismate, catalyzed by MenF, 

that by six subsequently enzymatic reactions catalyzed by MenD, MenH, MenC, MenE, MenB and 

MenI, will be converted to 1,4-dihydroxy-2-naphtoate (DHNA) 142 (Figure 6). The mevalonate 

and the MK pathway are then joined. As mentioned above, the mevalonate pathway creates IPP. 

IPP, together with DMAPP, are joined to form geranyl pyrophosphate (GPP) and then farnesyl 

pyrophosphate (FPP), in a two-step enzymatic reaction catalyzed by IspA. HepT then catalyzes 

conversion of FPP, together with multiple IPP, to form polyprenyl pyrophosphate (PPP). PPP is 
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then joined with DHNA, a reaction carried out by MenA, to form demethylmenaquinone (DMK) 

and subsequently converted to MK catalyzed by MenG 142.  

As mentioned above, MK participates in the electron transport chain and is thought to be the 

sole electron carrier during both aerobic and anaerobic growth in Gram-positive bacteria 143. 

MK receives electrons (Figure 6) through either the NADH dehydrogenase mediated oxidation 

of NADH to NAD+ (Nicotinamide adenine nucleotide) or through the succinate dehydrogenase 

that oxidizes succinate to fumarate, creating the reduced form menaquinol (MKH2)144,145. Sub-

sequently, MKH2 is oxidized to MK by cytochrome complexes which mediates movement of pro-

tons (H+) across the bacterial membrane into the periplasmic space creating the transmem-

brane proton gradient (△pH) 144,146. The transmembrane proton gradient, together with the 

electrical membrane potential (△ψ), created by difference in the ion gradient across the mem-

brane 147, forms the proton motive force (PMF) that drives the ATP biosynthesis carried out by 

the ATP Synthase 146. Since ATP biosynthesis is a vital process, regulation of the PMF is crucial. 

Therefore, upon encounter with substances that disturb one part of the system, such as the 

electrical membrane potential, the bacterium will compensate this by upregulating the trans-

membrane proton gradient, such as by increasing the level of menaquinone, in order to main-

tain the PMF and thus ATP biosynthesis 146. 

 

A compound that we 88, and others 148, have observed to dissipate the transmembrane proton 

gradient in S. aureus is the cannabinoid cannabidiol (CBD). In addition to the effect of CBD on 

the bacterial membrane of S. aureus, CBD has also been shown to affect the human body, an 

effect that is being exploited for therapeutic use for treatment of various diseases. 
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Figure 6: The mevalonate and connected pathways in S. aureus. The final product of the mevalonate pathway is IPP. IPP is subse-
quently converted to FPP which has different faiths in S. aureus. It can either be used for production of the carotenoid staphyloxanthin 
or be used, together with multiple IPPs, for creation of the lipid carrier UPP used for transport of peptidoglycan precursors for pepti-
doglycan biosynthesis. Finally, FPP and IPP can also be used for creation of menaquinone. FPP, together with multiple IPPs, is con-
verted to PPP, which is attached to DHNA that, in a subsequent enzymatic step, will form MK. MK is subsequently reduced to MKH2 
carried out by either the NADH dehydrogenase or the succinate dehydrogenase. Following this, MKH2 is oxidated to MK mediating 
translocation of protons (H+) across the membrane creating the transmembrane proton gradient which participate in creation of the 
proton motive force for ATP production carried out by the ATP synthase.          
IPP: Isopentenyl pyrophosphate, FPP: Farnesyl pyrophosphate, PPP: Polyprenyl pyrophosphate, DHNA: 1,4-dihydroxy-2-naphtoate, 
DMK: Demethylmenaquinone, MK: Menaquinone, MKH2: Menaquinol, UPP: Undecaprenyl pyrophosphate, UDP-GlcNAc: N-acetylglu-
cosamine, PBP: Penicillin binding protein, ADP: Adenosine diphosphate, Pi: Inorganic phosphate, ATP: Adenosine triphosphate, Suc: 
Succinate, Fum: Fumarate, NADH/NAD+: Nicotineamide adenine nucleotide.         
Figure is created using Biorender.  
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6. MEDICINAL CANNABIS 

Cannabinoids are a group of more than 100 different molecules produced by the plant Cannabis 

sativa 149,150. The best characterized cannabinoids are tetrahydrocannabinol (THC) and canna-

bidiol (CBD). However, both are found in very low quantities in the plant, instead, they are in 

present in their acid forms tetrahydrocannabinolic acid (THCA) and cannabidiolic acid (CBDA). 

However, thermal heating, such as during smoking, facilitates decarboxylating of the acids con-

verting the cannabinoids to THC and CBD 151. The use of cannabis has been shown to result in 

multiple other beneficial effects such as stimulation of appetite in patients with anorexia as well 

as having pain relieving properties in patients with cancer, HIV and AIDS, chronic pain and mul-

tiple sclerosis 150. Despite the application of cannabis for therapeutic use has been ongoing for 

more than 4000 years, prescription use by patients has been hampered by the lack of clinical 

trials, product specification and dose standardization 152.  

The effects of cannabinoids on the human body are mainly exerted through the endocanna-

binoid system, a system shown to be important for regulation of multiple physiological areas 

such as learning and memory, depression, pain and inflammation 153. The effect of the endocan-

nabinoid system is primarily exerted through two receptors. These receptors, cannabinoid 1 

receptor (CB1R), situated mainly in the central nervous system, and cannabinoid 2 receptor 

(CB2R), found mainly in the immune system and to some degree in adipose and bone tissue. 

These receptors bind both to endocannabinoids, which are cannabinoids produced by the hu-

man body, but also by exocannabinoids, not produced by the human body, such as THC and CBD 
153. The best characterized endocannabinoids are anandamide (AEA) and 2-arachidonoyl glyc-

erol (2-AG). Both endocannabinoids are agonist for both CB1R and CB2R, whereas 2-AG yields 

a high efficacy for both receptors, the efficacy for AEA is very low. Therefore, in tissue with low 

abundance of either receptor the effect of AEA is antagonistic rather than agonistic since bind-

ing to the receptor by another endocannabinoid with higher efficacy is blocked 154. The effect 

of exocannabinoids on the endocannabinoid system has been shown to be various and depends 

on the specific cannabinoid. THC acts on the endocannabinoid system as partial agonist on the 

CB1R. Besides the well-known psychoactive effects of THC such as anxiety, euphoria and cog-

nitive impairment 155, binding of THC to the CB1R also results in pain relief and enhancement 
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of appetite 156. On the other hand, CBD has been characterized as a negative allosteric modula-

tor of the CB1R receptor reducing the efficacy of THC and 2-AG binding 157 yielding a so called 

entourage effect meaning that CBD is able to decrease the adverse effects of THC when admin-

istered together 155. 

6.1. THE ANTIMICROBIAL EFFECTS OF CANNABINOIDS 
Besides the pain-relieving effect and multiple other effects of cannabinoids on the human body, 

cannabinoids have lately gained great interest due to their antibacterial properties. The anti-

bacterial effects of cannabinoids were first characterized in 1976 by Van Klingeren and Ten 

Ham 158 who discovered that both THC and CBD possessed antibacterial properties against 

Gram-positive bacteria with an MIC value ranging from 1 to 5 µg/mL. However, in recent years 

more research has been performed on this subject starting with Appendino and colleagues in 

2008 159, publishing research on the antibacterial properties of cannabinoids and synthetically 

modified analogues against strains of S. aureus. Since then, much research has been focusing on 

the spectrum of use of these cannabinoids as well as trying to unveil the mechanism underlying 

the antibacterial effects of cannabinoids.  

The spectrum of use of cannabinoids against bacteria have, until recently, only described        

cannabinoids to affect bacterial growth of Gram-positive bacteria. However, research per-

formed by Blaskovich and colleagues 148 identified great potency of CBD against multiple       

pathogenic Gram-negative bacteria such as Neisseria gonorrhoeae, Neisseria meningitidis, 

Moraxella catarrhalis and Legionella pneumophila with MICs ranging from 0.25 to 1 µg/mL wid-

ening the spectrum of use of cannabinoids as a future treatment option for bacterial infections. 

A few additional studies also describe the use of cannabis for inhibition of biofilm formation. 

Frassinetti and colleagues 160 observed inhibition of staphylococcal biofilm formation from   

Cannabis sativa seed extract. In addition, Blaskovich and colleagues 148 observed, by confocal 

microscopy, that CBD was able to penetrate and remove biofilm. Biofilm removal has also been 

observed in in vivo experiments in relation to dental plaque removal of which 1% CBD was 

supplemented to tooth polishing powder resulting in significant increased bacterial removal 

compared to unsupplemented tooth polish 161. 
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Research has also been performed on the use of cannabinoids in combinations with antibiotics. 

Our group has published and performed research on the use of CBD in combination with baci-

tracin 88, showing that CBD was able to synergize with bacitracin yielding an FIC index at 0.5 or 

below against Gram-positive pathogenic bacteria such as S. aureus and E. faecalis. Synergy using 

CBD has also been observed by others such as when combined with polymyxin B or colistin 

against E. coli and A. baumannii, possibly due to the effect of these antibiotics acting on the outer 

membrane allowing CBD to cross through it 148. Kosgodage and colleagues 162 also combined 

CBD with multiple antibiotics such as erythromycin, rifampicin and vancomycin against E. coli 

in a disk diffusion assay, generating a significant larger zone of inhibition of these antibiotics 

when combined with CBD.  

Regarding the antibacterial mechanism of action of cannabinoids, multiple observations have 

been made. Most research has been performed on cannabidiol, however, some have also inves-

tigated other cannabinoids such as cannabigerol (CBG). Our own research group has shown 

that CBD is able to disrupt the bacterial electrical membrane potential 88, by a yet unknown 

mechanism, an effect also observed by Blaskovich and colleagues 148. Blaskovich and colleagues 

also performed a permeability assay using SYTOX green dye, which showed that S. aureus that 

received CBD at concentrations of 10 and 25 µg/mL had increased permeability. Furthermore, 

they also performed a radiolabeled macromolecular biosynthesis assay. They observed that 

both DNA, RNA, protein and peptidoglycan biosynthesis were highly reduced in S. aureus 163, 

though, at concentrations near the MIC. Interestingly, they also observed reduction of lipids at 

sub-MIC concentrations. In relation to this, Kosgodage and colleagues 162 observed that CBD 

had remarkable effects on membrane vesicle release in E. coli, an effect thought to participate 

in interaction with host cells as well as communication 162. The degree of membrane vesicle 

release was reduced, a similar effect observed in eukaryotic cells treated with CBD 164. These 

observations might suggest the bacterial membrane to be a major target for CBD. Whether the 

effects on the membrane is caused by CBD interaction with a specific target protein or simply 

by a physicochemical interaction with the membrane remains unknown.  

Another attempt to identify the antibacterial mechanism of action of cannabinoids was per-

formed by Farha and colleagues 165. They screened the Nebraska Transposon Mutant Library, a 

collection containing transposon mutants of almost all non-essential genes in S. aureus, against 

sub-lethal concentrations of cannabigerol. In general, they show that strains that were unable 
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to grow in presence of sub-lethal concentration of cannabigerol had disruption in genes               

encoding proteins participating in processes situated in the membrane such as the electron 

transport chain and cellular respiration.  

In summary, cannabinoids have been shown to possess antimicrobial properties against both 

Gram-positive and Gram-negative bacteria. Furthermore, cannabinoids have been observed to 

enhance the effect of antibiotics such as bacitracin, polymyxin B and colistin against both Gram-

positive and Gram-negative bacteria. The antibacterial properties, and perhaps also their abil-

ity to enhance the effect of some antibiotics, might be exerted through interaction with the bac-

terial membrane, by a yet unknown mechanism.  
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SUMMARY OF OBTAINED RESULTS 

The three manuscripts presented in this thesis, manuscript I “Cannabidiol is an Effective Helper 

Compound in Combination with Bacitracin to Kill Gram-Positive Bacteria”, manuscript II “The 

Menaquinone Pathway is Important for Susceptibility of Staphylococcus aureus to the Antibiotic 

Adjuvant, Cannabidiol”, and manuscript III “The Therapeutic Effect of Combined Treatment with 

Cannabidiol and Bacitracin in a Mouse Skin Infection Model” describe and characterize a novel 

synergistic combination of cannabidiol and bacitracin. These manuscripts cover the inven-

tion/identification of the novel synergistic combination of CBD and BAC (manuscript I), a po-

tential mechanism of action underlying the CBD mediated potentiation of BAC (manuscript II) 

and in vivo experiments showing that the combination is applicable for treatment of skin              

infections (manuscript III) and not only functioning in classical laboratory in vitro settings.  

In this section, a summary will be given of the results obtained during preparation of the three 

manuscripts, a further discussion of the results as well as future perspectives. 

MANUSCRIPT I – CANNABIDIOL ENHANCES THE EFFECT OF BACITRACIN IN GRAM-POSITIVE BAC-

TERIA 
In manuscript I, we describe the identification and characterization of the novel synergistic 

combination of CBD and BAC. Initially, we observed that the antimicrobial properties exerted 

by the combination of CBD and BAC was only towards Gram-positive bacteria since the Gram-

negative bacteria tested were unaffected by the combination. Subsequently, we examined the 

mechanism underlying the CBD mediated potentiation of BAC by performing electron                  

microscopy on S. aureus treated with BAC, CBD or the combination. To our surprise, a very dis-

tinct phenotype for the cells treated with the combination was observed. It showed both for-

mation of several septa in almost all cells as well as membrane or cell wall irregularities in some 

of the cells. We therefore thought to investigate this further. Since most of the cells were ob-

served to have formed multiple septa, this could indicate that they were unable to separate 

from each other and therefore unable to form daughter cells during cell division. To verify the 

lack of cell separation, we performed an autolysis assay. The assay showed that autolysis was 

decreased in cells exposed to the combination of CBD and BAC compared to untreated cells 
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indicating a cell division arrest. Next, we investigated the irregularities discovered in the mem-

brane and/or the cell wall. It was evident from our muropeptide analysis that the peptidoglycan 

of the cells treated with the combination of CBD and BAC was unaltered. This was both in terms 

of the pattern of the chromatogram indicating that the composition of the peptidoglycan was 

unaltered as well as the degree of cross-linking indicating no changes in cell wall thickness upon 

treatment. We therefore went on to look at the membrane. We eventually analyzed the electri-

cal membrane potential of treated cells and found that even at very low concentrations of CBD 

the electrical membrane potential was affected, an effect also observed by Blaskovich and col-

leagues 148, see above. Interestingly, the effect did not seem to be enhanced by the presence of 

BAC. The fact that CBD at very low concentration affects the electrical membrane potential sug-

gests an interaction with the membrane, perhaps a physicochemical interaction.  

After publishing manuscript I, we have worked more on the influence of CBD and BAC on the 

membrane. We therefore looked further into the membrane lipids by determining the mem-

brane fatty acid composition using Gas Chromatography-Mass Spectrometry (GC-MS) during 

treatment with either, CBD, BAC or the combination (Additional Data, Figure 7 and Figure 8). 

While BAC and CBD were not shown to cause any changes in the fatty acid composition on their 

own, an altered fatty acid composition was evident upon treatment with the combination of 

CBD and BAC. The composition was observed to contain an increased level of straight chain 

saturated fatty acids and unsaturated fatty acids, whereas the amount of the branched chain 

fatty acids decreased. Similar results have been observed in S. aureus with regard to daptomy-

cin susceptibility showing that cells with a high amount of straight chain fatty acids and a lower 

amount of branched chain fatty acids are less susceptible towards daptomycin 163. This could 

either suggest that S. aureus itself changes the composition as a defense mechanism towards 

the combination of CBD and BAC, or that the altered composition is somehow a direct conse-

quence of the treatment.  

The relation between the CBD mediated effects on the bacterial membrane and the enhanced 

effect on BAC is still unknown. However, one could speculate if the effect of CBD on the mem-

brane enables increased BAC diffusion across the membrane increasing the level of bacitracin 

on the inside of the cell. De novo biosynthesis of the lipid carrier UPP is carried out on the inside 

of the membrane by UppS (Figure 6), however, since attachment of the peptidoglycan precur-

sors requires the lipid carrier to have a monophosphate attached instead of a diphosphate, UPP 
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needs to be dephosphorylated 166. If CBD indeed allows for increased flux of BAC into the cell, 

this could lead to enhanced effects of BAC since inhibiting dephosphorylation on the inside of 

the cell would prevent attachment of even a single peptidoglycan precursor whereas blocking 

the dephosphorylation of UPP on the outside part would be performed subsequently after de-

livering of a single peptidoglycan precursor to the PBPs allowing peptidoglycan polymerization. 

However, future experiments should focus more on how CBD affects the membrane such as 

membrane stability and if this somehow enables bacitracin to cross the membrane which even-

tually could cause an enhanced effect of BAC.  

MANUSCRIPT II – THE CANNABIDIOL MEDIATED POTENTIATION OF BACITRACIN IS PROPOSEDLY 

CAUSED BY CHANGES IN THE DIRECTION OF USE OF ISOPRENOID PRECURSORS 
The focus of Manuscript II is solely on the mechanism of action of CBD and how it potentiates 

the effect of BAC. At first, we created CBD resistant strains by serial passaging and subsequently 

performed whole-genome sequencing on the generated strains to reveal potential mutations 

causing CBD resistance. We observed a total of 6 mutations of which three were observed in 

the farE/farR system, encoding a fatty acid efflux pump (FarE) and its regulator (FarR). How-

ever, generating each individual mutation in a Wildtype strain did not show decreased suscep-

tibility towards CBD but only towards the combination of CBD and BAC. Though, since the area 

of farE/farR showed to be highly mutated we thought that it must be important for CBD            

susceptibility. We therefore created a plasmid for overexpression of farE. Unfortunately, in ad-

dition to the plasmid being leaky, the level of induced expression might have been too low, since 

susceptibility towards CBD did not change compared to the S. aureus strain containing the 

empty plasmid. Nonetheless, farE was also observed to be one of the highest upregulated genes 

in our RNA-seq data emphasizing a possible role for the transporter regarding susceptibility 

towards CBD.   

Since creating CBD resistant strains did not give us a clear understanding of the mechanism of 

action of CBD and how it enhances the effect of BAC, we next screened the Nebraska Transposon 

Mutant Library (NTML) for CBD susceptible strains. Interestingly, we observed multiple strains 

that did not grow on plates containing sub-inhibitory concentration of CBD. Importantly, one 

of the strains that did not grow on plates containing CBD contained disruption in the gene menH 

which encodes an enzyme of the menaquinone pathway. As both the menaquinone pathway 
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and production of UPP requires common isoprenoid precursors, IPP and FPP, we decided to 

study the menaquinone pathway further. We did so by creating deletion mutants of other genes 

participating in the menaquinone pathway. These turned out to be more susceptible towards 

CBD compared to the Wildtype. We therefore tested the influence of exogenous menaquinone 

on the susceptibility of S. aureus towards CBD, which interestingly made them less susceptible 

towards CBD. Furthermore, we also observed that DHNA, an intermediate of the menaquinone 

pathway, had the opposite effect since S. aureus became more susceptible towards CBD when 

media was supplemented with DHNA. DHNA has been observed in M. tuberculosis to be a com-

petitive inhibitor of MenD 167, an enzyme of the menaquinone pathway. If this is also applicable 

in S. aureus, it further emphasizes that the menaquinone pathway somehow influences suscep-

tibility of S. aureus towards CBD. 

Based on these results, we hypothesize that when S. aureus is exposed to CBD, it attempts to 

compensate the CBD mediated disruptive effects on the electrical membrane potential, shown 

in manuscript I, by increasing production of menaquinone, and thus increasing the transmem-

brane proton gradient in order to maintain the proton motive force and ATP biosynthesis. In 

relation to this, results from the NTML screen on CBG susceptibility performed by Farha and 

colleagues 165, as mentioned above, showed that strains with disruption of genes important for 

cellular respiration and electron transport chain were more susceptible towards CBG. This fur-

ther emphasizes that CBD and other cannabinoids might affect ATP production and related 

pathways. However, future experiment should attempt to unravel this by quantifying the 

amount of menaquinone produced in S. aureus as one would expect an increased level upon 

CBD treatment.  

Another suggestion for a potential mechanism of action of the CBD mediated potentiation of 

BAC is based on the work performed in B. subtilis, by Kingston and colleagues 168.  

They wondered why bacteria, such as B. subtilis, would have a BAC transporter (BceAB in B. 

subtilis and VraDE in S. aureus) to confer resistance towards BAC. Since BAC targets UPP situ-

ated on the periplasmic site of the bacterial membrane, removal of BAC away from UPP by the 

transporter would then be by transporting bacitracin into the cell. However, as mentioned 

above, BAC could potentially also inhibit dephosphorylation of UPP on the inside of the cell 

questioning if BAC is even a substrate of the transporter. Therefore, they aimed to seek for an 

alternative substrate for the transporter. Instead, they suggest that the transporter removes 
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the target of BAC, UPP, away from bacitracin thus mediating resistance towards BAC. In relation 

to this, they also discovered that accumulation of heptaprenyl pyrophosphate (HPP), produced 

by HepT in B. subtilis during menaquinone production, can enhance the effect of bacitracin. 

Based on this, they suggest that HPP could also be a substrate for the BceAB transporter. They 

propose that the mechanism for this HPP mediated potentiation of BAC is presumably by HPP 

acting as an additional substrate for both the BceAB mediated export of UPP but also for the 

enzyme BcrC (UppP/BacA in S. aureus), that catalyzes dephosphorylation of UPP. Therefore, by 

accumulating HPP, there will be a decreased export of UPP causing increased BAC binding to 

UPP and thus decreased BcrC mediated dephosphorylation of UPP and further increased effect 

of BAC. A similar mechanism could play out in S. aureus treated with the combination of CBD 

and BAC. CBD treatment might cause increased production of menaquinone, and perhaps also 

intermediates of the menaquinone pathway such as the HepT product PPP (HPP in B. subtilis). 

In the case of VraDE also being a transporter for UPP and PPP instead of BAC, increased levels 

of PPP might cause competitive inhibition of the VraDE transporter as well as increased binding 

of UppP which increases the effect of BAC.  

MANUSCRIPT III – TREATMENT OF SKIN INFECTED MICE USING THE COMBINATION OF CANNA-

BIDIOL AND BACITRACIN 
In Manuscript III, we show that the combination of CBD and BAC was able to eradicate an S. 

aureus mouse skin infection more effectively than either of the compounds alone.  

Firstly, we investigated if the compounds induced cytotoxicity in human eukaryotic cell lines 

by performing an LDH cytotoxicity assay. While no cytotoxicity was evident in both lung epi-

thelium A549 cells and hepatocyte HepG2 cells exposed to CBD, BAC and the combination, a 

high degree of cytotoxicity was observed in keratinocyte HaCat cells exposed to CBD at concen-

trations of 16 µg/mL. The fact that our goal for this combination is a product used for topical 

applications for treatment of bacterial skin infections, it is not rather convenient if somehow 

skin cells are negatively affected by CBD. On the other hand, the fact that the human skin is more 

complex than just HaCat cells as it consists of multiple layers each containing multiple cell types 

and filaments 169 it questions the potential harmful effects of CBD on the human skin. However, 

this needs to be investigated further before approaching to human trials. Alternatively, other 
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assays, such as live/dead staining or measuring the metabolic state using an MTS approach 170, 

could be conducted to validate the effect of CBD on HaCat cells.  

Furthermore, we assessed the in vivo potential of the combination of CBD and BAC-Zn2+ in a 

murine skin infection model. Importantly, the combination of CBD and BAC-Zn2+ showed to 

clear the skin infection significantly better than CBD alone. However, treatment with the com-

bination did not show to be significantly better than BAC-Zn2+ using a significance level of 0.05 

(p-value = 0.057). Furthermore, when comparing the combination treatment with mice treated 

with fusidic acid, which we used as a positive control, there were no significant difference ei-

ther, suggesting a great efficacy for the combination of CBD and BAC for treatment of an S. au-

reus skin infection in vivo. 

However, further studies are needed on this, since it is unclear whether the polyethylene glycol 

(PEG) formulation, in which the compounds were dissolved, is ideal for these compounds. It 

should be noted that we initially performed multiple pilot experiments with a limited number 

of mice using an Original Clinic crème (Decubal) formulation of CBD and Bac-Zn2+, which gave 

inconclusive results. In the meantime, Blaskovich and colleagues 148 published an article de-

scribing the use of a PEG formulation into which CBD was incorporated, that showed great ef-

fect on an ex vivo pig skin infection model compared to PEG not containing CBD. However, the 

degree of incorporation of BAC-Zn2+ into the PEG formulation remains unknown, suggesting 

that alternative formulation should be investigated for their ability to incorporate both CBD 

and BAC-Zn2+ before repeating animal experiments and proceeding to human trials. 

 

In conclusion, the work of this project covered the intriguing process from initial experimenta-

tion with the hitherto untrialed combination of the antibiotic BAC and the antibiotic adjuvant 

CBD through elucidating of a potential mechanism of action, to the in vivo test of the combina-

tion in a product-like formulation in an animal model.  
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ADDITIONAL RESULTS 

Figure 7: Membrane fatty acid composition. Bar plot of the composition of membrane fatty acids of S. au-
reus treated with either CBD, BAC, combination of CBD and BAC, ethanol or left untreated.  
Plot created using GraphPad Prism. 

Figure 8: Membrane fatty acid composition. Bar plot of the composition of the unsaturated fatty acids, branched chain 
fatty acids and saturated fatty acids in S. aureus upon treatment with either CBD, BAC, combination of CBD and BAC, etha-
nol or left untreated. 
Plot created using GraphPad Prism. 
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Cannabidiol is an effective helper 
compound in combination with 
bacitracin to kill Gram-positive 
bacteria
Claes Søndergaard Wassmann1, Peter Højrup2 & Janne Kudsk Klitgaard1,3*

The cannabinoid cannabidiol (CBD) is characterised in this study as a helper compound against resistant 
bacteria. CBD potentiates the effect of bacitracin (BAC) against Gram-positive bacteria (Staphylococcus 
species, Listeria monocytogenes, and Enterococcus faecalis) but appears ineffective against Gram-
negative bacteria. CBD reduced the MIC value of BAC by at least 64-fold and the combination yielded an 
FIC index of 0.5 or below in most Gram-positive bacteria tested. Morphological changes in S. aureus as 
a result of the combination of CBD and BAC included several septa formations during cell division along 
with membrane irregularities. Analysis of the muropeptide composition of treated S. aureus indicated 
no changes in the cell wall composition. However, CBD and BAC treated bacteria did show a decreased 
rate of autolysis. The bacteria further showed a decreased membrane potential upon treatment 
with CBD; yet, they did not show any further decrease upon combination treatment. Noticeably, 
expression of a major cell division regulator gene, ezrA, was reduced two-fold upon combination 
treatment emphasising the impact of the combination on cell division. Based on these observations, 
the combination of CBD and BAC is suggested to be a putative novel treatment in clinical settings for 
treatment of infections with antibiotic resistant Gram-positive bacteria.

Since the discovery of penicillin in 1928 by Sir Alexander Fleming, antibiotics have saved millions of lives from 
fatal infections world-wide. However, with time bacteria have developed mechanisms to escape the effects of 
antibiotics. The amount of antibiotics used seems to be directly related to development of antibiotic resistance. 
Similarly, a growing number of multi drug resistant (MDR) bacteria is a result of inadequate intentions to solve 
the resistance problem and increasing unmet demands for new antibacterial drugs1.

With fewer antibiotics available to treat MDR bacterial infections, the possibility of entering a pre-antibiotic 
era is looming ahead. Alternative strategies are being explored and helper compounds, also known as antibiotic 
potentiators or resistant breakers, are attracting attention2. Helper compounds are non-antibiotic compounds 
functioning as adjuvants for antibiotics to operate in synergy through various mechanisms including efflux pump 
inhibition, inhibition of enzymes, and changes in membrane permeability, all of which may contribute to increas-
ing the efficacy of a specific antibiotic 3,4. Drugs found to contain helper compound properties are normally used 
for treatment of non-infectious diseases but may contain some degree of antibacterial activity itself5. Helper 
compounds are usually associated with side-of-action in the central and peripheral nervous system as local anaes-
thetics and in psychopharmaceutic practice, where they usually block membrane associated transporter activity5.

Overuse of antibiotics is the main cause of antibiotic resistance. Therefore, by combining an antibiotic with 
a helper compound less antibiotic is needed in order to achieve bacterial growth inhibition or killing compared 
to using the antibiotic alone. This strategy may therefore decrease the likelihood of resistance development, and 
investigations to identify efficient helper compounds are thus important.

Cannabinoids are categorised as either endogenous cannabinoids, which are cannabinoids produced by the 
human body, or exogenous cannabinoids, which are produced either by plants such as Cannabis sativa or syn-
thetically. Cannabinoids act on the endocannabinoid system of the human body6 consisting of two G-protein 
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coupled receptors (GPCR). These are named cannabinoid type 1 and 2 (CB1 and CB2) receptors, and, depending 
on the specific cannabinoid, the binding results in either an agonistic or antagonistic downstream effect7. Besides 
endocannabinoids being ligands for the endocannabinoid receptors, exogenous cannabinoids are also ligands for 
the receptors. One of the best characterised exogenous ligands is tetrahydrocannabinol (THC). It is a partial ago-
nist for both CB1 and CB2 receptor mediating effects such as analgesia, muscle relaxation, and antiemetic effects, 
but also results in negative effects such as anxiety, psychosis, and sedation. Another exogenous cannabinoid is 
cannabidiol (CBD), which has been observed to decrease the adverse negative effects of THC. CBD is an antag-
onist of both CB1 and CB2 receptor leading to anti-sedative, anti-psychotic, and anxiolytic effects7. However, 
these are not the only known effects of CBD, as it is able to cause a variety of different effects such as inhibition 
of cancer cell growth8, neuroprotection in both neuro-degenerative diseases such as Parkinson’s Disease9 and 
post-ischemia10, and anti-inflammatory effects as in type-1 diabetes11. Not much is known regarding antimi-
crobial effects of cannabinoids and even less on the mechanism of action. Endocannabinoids and exogenous 
cannabinoids such as CBD have been observed to inhibit growth of bacteria12–14, yet the use of cannabidiol as an 
antibiotic adjuvant has not been studied so far.

In the present study, we aim to characterise cannabidiol as a potential helper compound against resistant 
bacteria in combination with the cyclic peptide antibiotic bacitracin (BAC). BAC is a mixture of related cyclic 
peptides operating as a bactericidal antibiotic by interfering with the cell wall and interrupting the biosynthesis 
of the peptidoglycan leading to cell lysis15.

Results
The combination of CBD and BAC is effective against Gram-positive bacteria. Initially, we vali-
dated the antimicrobial effect of cannabidiol (CBD) against the Gram-positive bacterium Methicillin-Resistant 
Staphylococcus aureus (MRSA) as previously published by Appendino and colleagues14 but also for Enterococcus 
faecalis (E. faecalis), Listeria monocytogenes (L. monocytogenes), and Methicillin-Resistant Staphylococcus epider-
midis (MRSE). We found the Minimum Inhibitory Concentration (MIC) to be 4 µg/mL for S. aureus, L. mono-
cytogenes, and the MRSE strain and 8 µg/mL for E. faecalis, indicating that Gram-positive bacteria are sensitive 
towards CBD (Table 1).

To determine whether CBD would induce a higher susceptibility of BAC in Gram-positive bacteria, MICs of 
BAC were determined for the four Gram-positive bacteria in the presence of CBD. Remarkably, the MIC of BAC 
was decreased by 8 to at least 64-fold when combined with 1/2 x MIC of CBD compared to MIC of BAC alone in 
the different Gram-positive strains (Table 1). Furthermore, the Fractional Inhibitory Concentration (FIC) index 
was determined for each Gram-positive bacteria. The results showed a FIC index at 0.5 for both MRSA USA300 
and MRSE and 0.375 for E. faecalis indicating weak synergistic effect between the compounds CBD and BAC 
(Table 1). After combining CBD with other antibiotics, both similar and different types, we concluded that CBD 
had the best effect together with BAC (see Supplementary Figure S1).

To assess the potentiating effect of CBD on BAC over time, measurements of bacterial growth over 24 hours in 
the presence of either CBD alone or in combination with BAC were performed. The assessment concentrations of 
CBD were at 2 µg/mL and 8, 16, and 32 µg/mL for BAC. As seen in Fig. 1a, growth of S. aureus is inhibited by 2 µg/
mL CBD and 16 µg/mL BAC combined compared to monotherapies of the individual compounds. The results 
suggest that CBD can potentiate the antimicrobial effects of BAC. Similarly, growth measurements of E. faecalis, 
MRSE, and L. monocytogenes on monotherapies and combination (Fig. 1b–d), suggests that the combination of 
CBD and BAC is useful against other Gram-positive bacteria.

To clarify whether CBD and BAC act in synergy, time-kill assays were performed (Fig. 1e). CBD and BAC 
reduced the viability by 6 log10 CFU/mL compared to CBD alone. The result shows that a clear synergistic effect 
in fact exists between CBD and BAC, and that the effect is bactericidal. The slight re-initiation of growth after 
8 hours is almost certainly caused by degradation or oxidation of the cannabinoid16. To verify that the decreased 
CFU upon combination treatment is caused by killing of the bacteria and not due to clustering of the cells, 
microscopy was performed at the time 1, 2, 4, and 8 hours post treatment (Supplementary Figure S2). Images 
show no additional clustering of the cells treated with the combination compared to the other treatments.

To further assess the spectrum of use for the combination of CBD and BAC, growth of Gram-negative bacteria 
upon treatment was measured as well. The Gram-negative bacteria tested were strains of Pseudomonas aeruginosa, 
Salmonella typhimurium, Klebsiella pneumoniae, and Escherichia coli (Supplementary Figure S3). Experiments for 
CBD and BAC against the Gram-negative bacteria revealed MIC values above 128 µg/mL for all tested bacteria, 
presumably due to the outer membrane. In addition, the experiments did not reveal any synergy between CBD 
and BAC in the concentrations tested, limiting the use of the combination to Gram-positive bacteria.

Strain

MIC 
CBD 
(µg/
mL)

MIC 
BAC 
(µg/
mL)

Fold reduction in 
MIC of BAC when 
combined with 
½xMIC CBD

FIC 
Index*

MRSA USA300 FPR3757 4 64 32–64 0.5

E. faecalis (13–327129) 8 64 ≥64 0.375

L. monocytogenes (EGD) 4 512 8 0.625

MRSE (933010 3F-16 b4) 4 32 64 0.5

Table 1. *FIC index indicates synergy when FIC index ≤ 0.5, indifference when 0.5 < FIC index < 4, and 
antagonism when FIC index > 437. 
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CBD and BAC causes morphological changes. We have established that CBD can potentiate the effect of 
BAC in Gram-positive bacteria. The next step is to study the mechanism underlying this synergy. First, we looked 
at the morphological changes of S. aureus USA300 upon exposure to CBD and/or BAC by treating a culture at 
start exponential phase for 2.5 hours and then performing transmission electron microscopy (TEM) of the cells. 
Results showed that CBD and BAC alone caused no morphological changes, as they resembled untreated control 
and EtOH control. However, as seen in Fig. 2a, treatment with the combination of CBD and BAC resulted in large 
undivided cells with several septa formations or several initiations of septum formation indicating severe defects 
in cell division (red arrows) and irregularities around cell envelope (green arrow) (Supplementary Figure S4). The 

Figure 1. Growth curves of cannabidiol (CBD) in combination with bacitracin (BAC). Bacterial density (BCA: 
Background corrected absorption) was measured using an oCelloScope for 24 hours; (a) Methicillin-resistant 
Staphylococcus aureus USA300 FPR 3757, (b) Enterococcus faecalis (13-327129), (c) Listeria monocytogenes 
EGD, (d) Methicillin-resistant Staphylococcus epidermidis. (e) Time-kill assay showing the effect of CBD and 
BAC in monotherapy and combination in MRSA USA300 FPR3757. Viability was monitored by OD600 readings 
and CFU/mL determinations. Growth experiments were repeated at least three times and the time-kill assay 
was repeated twice with similar results.
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result was confirmed by staining the Penicillin Binding Proteins (PBPs) in the membrane using Bocillin-FL, a 
fluorescence-conjugated penicillin V derivative (Fig. 2b) which showed similar morphology (red arrows). As pep-
tidoglycan synthesis occurs both at the septal and peripheral cell wall, we can observe irregularities concerning 

Figure 2. Morphology of USA300 FPR3757 following treatment with CBD and/or BAC. Cultures were 
subjected to the drugs for 2.5 hours as described in Methods. (a) Morphology imaged by transmission electron 
microscopy. TEM overview images are shown in Supplementary Figure S4. (b) Bocillin-FL labelled PBPs 
visualised using Olympus IX83 fluorescence microscope. Images merged with DAPI stain solution to localise 
PBPs in the bacteria. Defects in cell division are marked by red arrows and irregularities around cell envelope 
are marked by a green arrow.
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the peptidoglycan all over the cell surface17. Upon exposure to either CBD or BAC alone regular septum forma-
tions were visualised, however, when treated with the combination, several septa formations appeared for some of 
the cells as visualised by Bocillin-FL as in the TEM images. This suggests that the combination of CBD and BAC 
affects the cell envelope causing irregular cell division visualised by multiple septa formations and irregular cell 
membrane. To study whether the cell division defect is specific for the combination of CBD and BAC, micros-
copy analysed using higher concentrations of CBD and BAC at 4 and 64 µg/mL, respectively, was performed 
(Supplementary Information Figure S5). Images show cells with multiple septa upon treatment with 64 µg/mL 
BAC, indicating that the effect visualised is not specific to the combination of CBD and BAC. However, it further 
emphasises the CBD mediated potentiation of BAC, since this phenotype did not appear at lower BAC concentra-
tion. Adding a higher concentration of CBD did not seem to cause any division defects.

The combination of CBD and BAC decreases autolysis in S. aureus. Since treatment with the com-
bination of CBD and BAC shows impaired cell division, probably causing an arrest in cell division and potentially 
decreased cell wall turnover, one could speculate if this would result in decreased autolysis as well. Therefore, a 
Triton X-100 induced autolysis assay was performed. S. aureus USA300 were grown until start exponential phase 
and stressed for one hour with CBD, BAC, CBD+BAC, EtOH or left untreated. Cells were then washed and 
incubated with or without triton X-100. As suspected, upon treatment with the combination of 1 µg/mL CBD and 
16 µg/mL BAC a significant decreased autolysis was observed (Fig. 3) compared to the untreated control from 90 
to 300 minutes except at the 150 minute timepoint, indicating cell division arrest.

The combination of CBD and BAC does not change the cell wall composition or the degree of 
cross-linking. To further asses the irregularities around the cell envelope and the possible effect on the cell wall 
biosynthesis, the muropeptide composition of the peptidoglycan was analysed. Peptidoglycan was purified from 
S. aureus USA300 grown in either CBD, BAC, the combination of CBD and BAC, EtOH or left untreated and fur-
ther digested using mutanolysin and analysed using HPLC. The chromatogram of purified digested muropeptides 
revealed the typical pattern of S. aureus18 with the highest peak found in the dimeric fraction (peak 4). Treating the 
bacteria with both CBD and BAC alone or in combination did not change the pattern of the HPLC chromatogram of 
the muropeptides (Fig. 4) indicating no change in the muropeptide composition. Even though the relative amount 
of some of the muropeptide fractions were significantly different, the degree of cross-linking was unaltered when 
compared to the untreated control (Supplementary Tables S3, S4 and S5). Based on these observations, CBD or the 
combination of CBD and BAC does not seem to cause changes in the cell wall composition.

CBD causes depolarisation of the cytoplasmatic membrane. Since the analysis of the muropeptide 
composition did not reveal any changes, we investigated the membrane. To evaluate effects on the bacterial mem-
brane, the membrane potential was measured when exposed to either CBD, BAC, or the combination of the two 
(Fig. 5). Accumulation of the fluorescent dye DiOC2(3) in healthy bacteria cells with intact membrane potential 
results in red fluorescence (high red/green ratio), whereas lower concentrations of the dye, due to membrane poten-
tial disruption, exhibit green fluorescence (low red/green ratio), as visualised for the depolarised control using 
CCCP. Thus, the ratio between red and green fluorescence can reveal the state of the membrane potential. As shown 
in Fig. 5, even very low concentrations of CBD at 0.1 and 0.2 µg/mL as well as concentration of BAC at 16 µg/mL 
resulted in a significant lower red/green fluorescence ratio compared to either the untreated or the EtOH control 
indicating disruption of the membrane potential. However, combining BAC with CBD at either 0.1 or 0.2 µg/mL did 
not show any significant further membrane depolarisation compared to either CBD or BAC alone.

Transcriptional expression analysis by qPCR. With the shown defects in cell division and septum 
formation observed by TEM as well as decreased autolysis, we wished to identify whether expression of spe-
cific genes encoding proteins important for cell division and formation of the divisome as well as autolysis were 

Figure 3. Effects of CBD and BAC on autolysis. Unstimulated and Triton X-100 stimulated autolysis of 
USA300 grown in BHI to early exponential phase. Statistical analysis by 2-way ANOVA with Bonferroni’s 
Multiple Comparison Test shows P < 0.05 when comparing Triton X-100 stimulated untreated samples with 
combination of CBD and BAC samples after 90 minutes, except at the 150 minutes timepoint. Detailed statistical 
analysis and figure including all controls are shown in Supplementary Figure S6.
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affected by CBD and BAC. Similar to the TEM experiment, S. aureus USA300 was grown for 2.5 hours after expo-
sure to CBD and/or BAC in the exponential growth phase. Analysis of transcriptional changes of selected genes 
(see Supplementary Table S1) involved in the divisome, cell division and autolysis of S. aureus upon treatment 
was performed by Reverse Transcriptase qPCR. Regarding the divisome and cell division genes, ezrA was shown 
to be the most regulated gene upon combination treatment at approximately 2-fold down-regulation (Fig. 6a). 
EzrA is an important multifunctional component of the bacterial cell divisome implicated in peptidoglycan syn-
thesis and assembly of the cell division apparatus19. The results for the remaining genes analysed can be seen 
in Supplementary Figure S8. These data support the TEM images by showing that CBD in combination with 
BAC disrupts the cell division. As autolysis was shown to be decreased upon treatment with the combination 
of CBD and BAC, we studied the expression of selected autolysis genes. Of the genes studied, the expression of 
lytM and lytN showed to be highly upregulated upon combination treatment at approximately 2.5 (Fig. 6b) and 
3.5 (Fig. 6c), respectively, whereas the combination treatment did not seem to affect the expression of the other 

Figure 4. Effect of CBD and BAC on the muropeptide composition of USA300 peptidoglycan. Peptidoglycan 
was isolated from cultures grown to exponential phase in the absence or presence of CBD or BAC and 
muropeptide compositions were analysed by HPLC as described in Methods. Muropeptide analysis was 
performed twice with similar profiles. X-axis show retention time in minutes, Y-axis show milli absorbance 
units (mAU). One biological replicate is depicted in the figure. Two other replicates are shown in Supplementary 
Figure S7.

Figure 5. Measurements of membrane potential in USA300 treated with CBD, BAC and the combination 
using BacLight Bacterial Membrane Potential Kit as described in Methods. The ratio between the mean red 
fluorescence and mean green fluorescence was calculated as a measure of membrane potential for each sample 
since the dye will accumulate in unaffected cells thus emitting a red fluorescence, whereas in cells with affected 
membranes less accumulations will occur resulting in emission of green fluorescence. CCCP is a depolarised 
control. Statistical analysis was done by one-way ANOVA with Bonferroni’s Multiple Comparison Test and is 
shown in the upperpart of the figure. ns (not significant) is P-values above 0.05. ** is P-values below or equal to 
0.01. *** is P-values below or equal to 0.001.

https://doi.org/10.1038/s41598-020-60952-0


7Scientific RepoRtS |         (2020) 10:4112  | https://doi.org/10.1038/s41598-020-60952-0

www.nature.com/scientificreportswww.nature.com/scientificreports/

genes autolysis genes (atl, sle1, lytA)) compared to treatment with either CBD or BAC alone (see Supplementary 
Information Figure S8).

Discussion
The limited availability of effective therapies against S. aureus has increased the pursuit to discover new treatment 
strategies. Development of new antibiotics is currently undergoing an innovation gap, while research in the use of 
helper compound in combination with antibiotics is becoming more intense. It has previously been reviewed that 
many natural compounds such as flavonoids and compounds from manuka honey and teas have been reported 
to potentiate antibiotics20–22. In this study, we found that the antibacterial effects of BAC against S. aureus as 
well as other Gram-positive bacteria can be enhanced by cannabidiol originating from the Cannabis plant. The 
potentiation was confirmed through MIC determinations, standard growth experiments, fractional inhibitory 
concentration determination and time-kill assays. As expected, the combination turned out to be ineffective 
in Gram-negative bacteria, as BAC is a mixture of related cyclic peptides which interrupt cell wall synthesis in 
Gram-positive bacteria and is probably unable to cross the outer membrane in Gram-negative bacteria. BAC 
interferes with the dephosphorylation of bactoprenol (C55-isoprenyl pyrophosphate); a membrane lipid-carrier 
that transports peptidoglycan-precursors across the membrane for peptidoglycan biosynthesis23,24. The use of 
BAC in combination with other compounds against S. aureus has been studied before such as in combination 
with colistin25 and alkyl gallates26,27. Colistin is believed to damage the cell membrane thus increasing entry of 
BAC into the cell or by increasing availability of divalent ions such as Zn2+. This is important for the functionality 
of BAC25, whereas the mechanism underlying the alkyl gallate mediated potentiation of bacitracin is unknown. 

Figure 6. qPCR data of the divisome gene ezrA and autolysis genes lytM and lytN studied upon 2.5 hours 
treatment with either CBD, BAC, combination, EtOH or left untreated in USA300. Data was obtained using the 
Roche LightCycler 480 Instrument as described in Methods. Experiments were performed in four biological 
replicates and Cp values were generated in technical replicates. Statistical analysis was done by one-way 
ANOVA with Bonferroni’s Multiple Comparison Test. *** is P-values below or equal to 0.001.
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However, it has been shown to bind the bacterial membrane affecting the membrane integrity suggesting similar 
mechanism for synergy as suggested for colistin28.

The use of CBD and other cannabinoids as antibacterial agents was first described in 1976 by Van Klingeren 
and Ten Ham13 and again in 2008 by Appendino and colleagues14, however, since then very little has been pub-
lished on this topic. CBD is a quite effective antimicrobial compound with a MIC value of 4 µg/mL against S. 
aureus USA300 and other Gram-positive bacteria. Appendino and colleagues14 found MIC values of CBD 
extracted from powdered plant material in the 0.5-1 µg/mL range towards various drug-resistant strains of S. 
aureus. However, the mechanism or how CBD and other cannabinoids affects the bacteria has not been studied so 
far. Endogenous endocannabinoids as anandamide (AEA) and endocannabinoid-like arachidonoyl serine (AraS) 
has been shown to contain poor antimicrobial properties but have a pronounced dose-dependent inhibitory 
effects on biofilm formation of all tested MRSA strains12. In this study, we have shown that the cannabinoid CBD 
is able to potentiate the antibacterial properties of the cell wall targeting BAC. Nevertheless, unlike in the case of 
the endocannabinoids, we did not find any effect on biofilm formation and breakdown in our experimental setup 
(Supplementary Figure S9). This may indicate a different mechanism of action for CBD.

Cell imaging is an approach to obtain indications of the mechanism or site of action of an antimicrobial com-
pound. Cells grown in the presence of either CBD or BAC did not reveal any phenotypical changes compared 
to the untreated or the EtOH control. However, treatment with the combination of CBD and BAC revealed a 
remarkable phenotype visualised by transmission electron microscopy. The TEM images showed bacteria with 
several septa causing lack of cell separation during cell cycle and a distorted cell membrane. The lack of cell 
separation and termination of the cell cycle is consistent with the Triton X-100 induced autolysis assay show-
ing a decrease in autolysis upon combination treatment. We therefore thought to study the expression of genes 
encoding proteins involved in the autolysis and found the expression of lytM and lytN to be upregulated upon 
combination treatment. In a study of gene silencing of the major regulator of cell wall metabolism walRK, S. 
aureus was shown to have similar phenotype as observed in this study; several septa and initiation of septa29. In 
addition, they found that by increasing the expression of lytM, they could restore the viability of the cells even 
though the cells had still formed several septa. Based on this, the increased expression of lytM, and perhaps also 
lytN, might be due to a kind of self-defense mechanism trying to restore the cell viability. Regarding the several 
septa formation, similar characteristics have been recorded by others as well, e.g. by treating S. aureus with the 
wall teichoic acid biosynthesis inhibitor targocil 30,31, causing both decreased autolysis and impaired cell division 
as visualised by several septa formations. In addition, formation of several septa has been visualised by others by 
creation of gene knockouts or by performing gene silencing of genes important for cell cycle regulation. Pang and 
colleagues showed this phenotype in a Δnoc strain, lacking a very important cell division regulator32. In addition, 
Stamsas and colleagues found effects on septum formation in a ΔcozEa strain upon gene silencing of cozEb, 
encoding proteins which together are important for proper cell division in S. aureus and which interacts with 
the major cell division protein EzrA33. Furthermore, construction of a conditional ezrA mutant has also shown 
to cause impaired cell division and several septa formations in S. aureus34. The fact that ezrA is downregulated 
upon exposure to the combination of CBD and BAC by approximately two-fold, indicates that the combination 
of CBD and BAC affects the cell division in S. aureus. Steele and colleagues19 showed that S. aureus cells partially 
depleted of EzrA cannot divide without sufficient levels of EzrA. The authors also showed that EzrA is required 
for peptidoglycan synthesis. Nevertheless, the combination of CBD and BAC in our experimental setup does not 
seem to have a noteworthy effect on peptidoglycan synthesis, or at least not on the composition of the peptidogly-
can nor the degree of cross-linking, as the muropeptide analysis showed a similar pattern in the chromatograms 
of the untreated cells as for the CBD and BAC treated cells. However, whether the decreased expression of ezrA is 
a direct or a secondary effect of the combination treatment is unknown and will be studied further in the future.

The exact mechanism of CBD potentiation of BAC is not yet fully understood; however, it was visualised that 
the combination did cause cell division complications and envelope irregularities. As mentioned above regarding 
the combination of colistin and BAC and presumably alkyl gallates, one would argue that CBD could have sim-
ilar mechanism, that is affecting the membrane as visualised by the membrane potential disruption. This causes 
either increase of BAC entry into the cell or increased divalent ion availability for BAC. On the other hand, the 
mechanism of potentiation seems to be specific for bacitracin, since no particular synergy was observed when 
combining CBD with either dicloxacillin, daptomycin, nisin or tetracycline indicating other mechanisms for CBD 
mediated potentiation of BAC than an increased uptake due to disrupted membrane.

Conclusion
In this study, we present a putative novel antimicrobial combination for treatment of Gram-positive bacterial 
infections using the cannabinoid cannabidiol and the cell wall targeting antibiotic bacitracin.

Through growth experiments, it was interestingly found that CBD was able to potentiate the effects of BAC 
against S. aureus USA300 and other Gram-positive bacteria. However, it was found to be ineffective against 
Gram-negative bacteria. Upon treatment with the combination of CBD and BAC, it was revealed by TEM that the 
morphology of the cells had changed compared to cells treated with either CBD or BAC alone or left untreated. 
The cells showed several septa formations indicating lack of cell separation during cell division causing reduced 
autolysis, as well as an irregular membrane. In addition to this, a very important cell division gene, ezrA, turned 
out to be transcriptionally down regulated upon combination treatment. Changes observed in morphology was 
not caused by compositional changes in the cell wall muropeptide composition. Membrane potential changes for 
the combination of CBD and BAC compared to either CBD or BAC treatment alone did not reveal the mechanism 
of action for the combination of CBD and BAC. Future studies are therefore focused on the cell division and cell 
envelope to identify the mechanism of action.
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Methods
Bacteria and growth conditions. The resistant Staphylococcus aureus strain, MRSA USA300 FPR375735, 
was the main bacterium used throughout this study. MRSA was grown in Brain Heart Infusion (BHI) or Müeller 
Hinton (MH) media on plate or in liquid cultures with agitation at 37 °C. Additional bacteria Enterococcus fae-
calis (13-327129), Methicillin-resistant Staphylococcus epidermidis (933010 3F-16 b4), Listeria monocytogenes 
EGD, Pseudomonas aeruginosa (PA01), Salmonella typhimurium (14028), Klebsiella pneumoniae (CAS55), and 
Escherichia coli (UTI89) were either grown in BHI, MH or Lysogeny Broth (LB) media on plate or in liquid cul-
tures with agitation at 37 °C. As CBD (Sigma Aldrich) was dissolved in EtOH, a control using same volume of 
96% EtOH was constructed.

Minimum inhibitory concentration (MIC) and Fractional Inhibitory concentration (FIC). The 
MIC was determined using the broth microdilution method36. The MIC was interpreted as the lowest concen-
tration at which no growth was observed. Briefly, MIC measurements were performed using the MH or BHI 
medium in 96-well plates (Nunc A/S or Sarstedt). A total volume of 100 μl with a bacterial inoculum of approxi-
mately 5 × 105 CFU/mL was incubated with two-fold dilution series of the compound or antibiotic of interest for 
the MIC determination and incubated at 37 °C for 16–22 hours with agitation. For the FIC index determination, 
¼ volume of each compound or liquid media was added to the wells in the 96-well plate and final ½ volume with 
same bacterial inoculum was added to the wells afterwards. The plate was incubated as mentioned above. The 
MIC and FIC determination were performed using at least three biological replicates. Growth was determined 
using a Synergy H1 Plate Reader (BioTek). The FIC index was calculated using this formula:

= +FIC Index MIC in Combination
MIC

MIC in Combination
MIC

A

A

B

B

and can be used to determine presence of synergy between two compounds. MICA and MICB in combination 
indicate the MIC value of compound A or B, when combined with the other compound (A or B). The FIC 
index were defined as follow: FICI ≤ 0.5 shows synergy, FICI 0.5-4 shows indifference, and FICI > 4 shows 
antagonism37.

Growth experiments and time-kill assay. For micro dilution growth experiments, a 96-well plate (Nunc 
Edge) was prepared with different concentrations of the compounds of interest in MH media. Diluted overnight 
cultures (OD600 nm of 0.005) were added to each well. The plate was incubated at 37 °C (without agitation) for 
24 hours. Using an oCelloScope (BioSense Solutions ApS), the bacterial density was measured over a period 
of 24 hours using the UniExplorer software. Data retrieved was obtained as Background Corrected Absorption 
(BCA), calculated by an algorithm enabling determination of bacterial growth kinetics resulting from images 
taken with the oCelloScope camera38,39. Experiments were performed with at least three biological replicates.

For macro dilution growth experiment, an ON culture was diluted to OD600 0.02 in BHI media in an 
Erlenmeyer Flask and placed in a water bath at 37 °C with agitation. Bacterial growth was determined by turbidity 
measurements at OD600 nm.

The time-kill assay was performed as previously described40. Briefly, a culture grown to OD600 0.2 in BHI, was 
split, and treated with CBD or BAC alone and in combination. An untreated control was included. Viability was 
monitored by OD600 readings and CFU/mL determinations by spotting 10-fold serial dilutions on MH agar plates. 
The viability assay was performed twice with similar results.

Transmission electron microscopy (TEM). Cultures were prepared for TEM according to Thorsing 
et al.40. Briefly, USA300 was grown in BHI media at 37 °C with agitation from OD600 0.02 to start exponential 
growth at 0.2. The culture was diluted 5 times in BHI media and split into different flasks. The cultures were 
either left untreated or treated with 1 µg/mL CBD and/or 16 µg/mL BAC or ethanol. The cells were incubated at 
37 °C with agitation for 2 hours and 30 minutes. Treated cells were harvested and the pellet was washed twice in 
PBS followed by fixation ON in 2% glutaraldehyde diluted in 0.04 M phosphate buffer pH = 7.4. The fixated cells 
were washed in 0.1 M phosphate buffer pH = 7.4 and the pellet was resuspended in 15% bovine serum albumin 
and incubated at 20 °C for 1 hour and 15 minutes. The cells were centrifuged and fixed again ON in 2% glutar-
aldehyde at 4 °C. Fixated cell pellets were cut into pieces and washed three times using 0.1 M phosphate buffer 
pH 7.4, followed by staining with 1% OsO4 for 60 minutes at 4 °C. The samples were dehydrated using increasing 
concentrations of ethanol (50–99%) at 4 °C and then embedded in epon TAAB-812. The samples were cut into 
ultra-thin sections using an ultra-microtome and collected on a nickel grid. The sections were stained using 
3% uranyl acetate for 14 minutes at 60 °C followed by a wash using water and then stained using lead citrate for 
6 minutes at room temperature. Finally, the samples were washed in 20 mM NaOH and water and then dried. The 
sections were analysed by transmission electron microscopy using a Philips EM 208 Microscope equipped with 
a Quemsa TEM CCD camera and an iTEM Digital Imaging Platform software. The experiment was carried out 
using two biological replicates.

Fluorescence microscopy. Cells were grown and treated as mentioned for transmission electron micros-
copy. After treatment, cells were washed in PBS and incubated at room temperature with 5 µg/mL Bocillin-FL for 
4 minutes followed by wash in PBS. The cells were then incubated with 100 µg/mL DAPI for 4 minutes followed 
by PBS wash. Stained cells were added to a Poly-L-Lysine treated glass slide and visualised using Olympus IX83 
fluorescence microscope with 405 nm for DAPI and 488 nm for Bocillin-FL. Images were processed using ImageJ 
(NIH).
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Autolysis assay. The autolysis assay was performed according to Campbell et al.31. Briefly, ON culture of S. 
aureus USA300 was diluted in BHI to OD600 0.02 and grown to early exponential phase OD600 0.2 at 37 °C with 
agitation. The culture was treated with either 1 µg/mL CBD, 16 µg/mL BAC, the combination of CBD and BAC, 
the solvent EtOH, or left untreated and incubated for one hour at 37 °C degrees with agitation. After incubation, 
cells were washed in PBS pH 7.2 and pellet was resuspended in 50 mM Tris-HCl with or without 0.05% Triton 
X-100 and adjusted to OD600 1.0 and incubated at 30 °C with gentle agitation. Turbidity measurements were 
performed every 30 or 60 minutes for five hours at OD600. The autolysis assay was carried out in three biological 
replicates.

Muropeptide isolation and analysis by reverse phase HPLC. Muropeptides were isolated according 
to Kühner et al.18 with minor changes. Briefly, an ON culture of S. aureus USA300 was treated and grown as men-
tioned above for TEM. After 2.5 hours treatment, the cells were harvested at 10.000x G and the pellet was resus-
pended in 0.1 M tris/HCl containing 0.25% SDS and heated to 100 °C for 30 minutes. To remove SDS the samples 
were washed at least 15 times in sterile ddH2O and absence of residual SDS was confirmed according to Heyashi, 
197541. The samples were sonicated for 30 minutes in a sonicator bath followed by DNase and RNase treatment 
using DNase I (15 µg/mL) and RNase A (60 µg/mL) and incubated at 37 °C for 1 hour followed by trypsin diges-
tion (50 µg/mL) for 1 hour at 37 °C. Enzymes were inactivated at 100 °C for 3 minutes. To remove wall teichoic 
acids, the samples were incubated with 1 M HCl at 37 °C for 4 hours with agitation. The samples were washed to 
pH = 5–6 and resuspended in digestion buffer. Cell walls were digested with mutanolysin (5000 U/mL) (Sigma) 
at 37 °C with agitation for 17 hours. The samples were then centrifuged, and supernatant was moved to a fresh 
tube followed by addition of 50 µL reduction solution containing 10 mg/mL NaBH4 and left at room temperature 
for 20 minutes with lids open to reduce MurNac. The reaction was stopped using 15 µL of 85% phosphoric acid.

Separation of the samples were carried out with a flow rate of 250 µL/min using an Agilent 1260 Infinity 
RP-HPLC (Agilent Technologies) and an Xselect Peptide CSH C18, 130 A, 3.5 µm, 2.1 mm ×150 mm col-
umn (Waters) heated to 52 °C. The peptides were eluted by a gradient of solvent B (0.06% trifluoroacetic acid 
(TFA)/35% methanol) and solvent A (0.06% TFA) as described18. The muropeptide isolation and subsequent 
separation was carried out in three biological replicates.

Cross-linking was calculated as -described in40:

= . + . + .Cross Linking x dimer x trimer x oligmer% 0 5 (%) 0 67 (%) 0 9 (%)‐

Membrane potential. The bacterial membrane potential was analysed using BacLight Bacterial Membrane 
Potential Kit (ThermoFisher) and the experiment was performed according to the manufacturer’s recommen-
dations. Briefly, an ON cultures of USA300 was diluted to OD600 0.02 and grown to 0.3 in BHI media at 37 °C 
with agitation. The culture was diluted 1:100 in PBS and split into separate tubes. The samples including an eth-
anol control were either left untreated or treated with either 5 µM CCCP (depolarised control), 0.1 or 0.2 µg/mL 
CBD and/or 16 µg/mL BAC and incubated at room temperature for 5 minutes. Following the incubation, the dye 
diOC2(3) was added to a final concentration of 0.03 mM in each sample except for an unstained control and left 
to stain for at least 15 minutes at room temperature protected from light. The samples were analysed using BD 
FACSAria II flow cytometer and FACSDiva Version 6.1.2 software. For each sample, 104 events were analysed 
using a laser emitting at 488 nm and fluorescence was collected in the red and green channels. The experiment 
was carried out in three biological replicates.

Isolation of total cellular RNA, DNase treatment and cDNA synthesis. Cultures of S. aureus 
USA300 were prepared, diluted and treated as described for TEM. After 2.5 hours of treatment, samples were 
harvested for RNA purification. RNA was purified by a hot acid-phenol procedure42 using FastPrep and FastPrep 
beads and treated with 0.2 units of DNase I (NEB) for 15 minutes at 37 °C followed by heat inactivation. cDNA 
was synthesised using the High-Capacity cDNA Reverse Transcriptase Kit (ThermoFisher Scientific) and was 
performed according to the manufacturer’s recommendations. Briefly, the cDNA synthesis was carried out at 
25 °C for 10 minutes followed by 37 °C for 45 minutes and finally the enzyme was inactivated at 85 °C for 5 min-
utes. A No Template Control (NTC) and a No Reverse Transcriptase Control (NRT) was created as well. The 
experiment was performed using four biological replicates.

Quantitative polymerase chain reaction. Reverse Transcriptase qPCR was performed using the Roche 
LightCycler 480 Instrument. For each reaction, 5 µL RealQ Plus Master Mix Green 2×(Ampliqon), 0.75 µL 10 µM 
primers (Supplementary Table S1), 1 µL sterile ddH2O and 2.5 µL sample were used. Each reaction was made in 
technical duplicates. Pre-incubation was set at 95 °C for 15 minutes, the amplification cycle was set at 95 °C for 
15 seconds followed by 60 °C for 45 seconds and then 72 °C for 45 seconds for 45 cycles. A melting curve was 
created in the end of the procedure by heating to 95 °C for 5 seconds 60 °C for 20 seconds and then 97 °C contin-
uously. Data was retrieved using LightCycler 480 Software version 1.5.1.62. Data were normalised using gyrB as 
a reference gene.

Statistical analysis. P-values were calculated by a one-way ANOVA with Bonferroni’s Multiple Comparison 
Test for qPCR and membrane potential data. A 2-way ANOVA with Bonferroni’s Multiple Comparison Test was 
used for the autolysis assay. Significance was determined based on the P-values visualised in the figures. ns (not 
significant) is P-values above 0.05. * is P-values below or equal to 0.05. ** is P-values below or equal to 0.01. 
*** is P-values below or equal to 0.001.
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Supplementary Table S1 
Overview of primers used in the study 

Primers Sequence (5’-3’) 

qPCR_ftsZ_F   AAAGCTGCAGAGGAATCTCG 

qPCR_ftsZ_R   TTTAGCAACGACTGGTGCTG 

qPCR_ezrA_F   ATTTGGTGAGGCAGCAAGTC 

qPCR_ezrA_R   GCTATATGGTTGTGCGCTTG 

qPCR_ftsW_F   CTTGTGTGTGTTGGGATTGC 

qPCR_ftsW_R   TTGATGATCCACCAAAGCTG 

qPCR_ftsH_F   GATTGATGCTGTTGGTCGTC 

qPCR_ftsH_R   CCGAAACCATCCATTTCAAC 

qPCR_ftsA_F   GGCGAGAAATTTCACAATGG 

qPCR_ftsA_R   TGTGTCTTTGATTGCTTGTCG 

qPCR_ftsL_F   GATACGCGAGGAAAGATTGC 

qPCR_ftsL_R   ATCGTTCTCAAGGCTCATCC 

qPCR_divIB_F   CGACTCGATTGATGAGGAAAC 

qPCR_divIB_R   TTGTCGCTTACGTCTTAACTTCC 

qPCR_divIC_F   ATGCGTGTTGTTCGTAGGC 

qPCR_divIC_R   CGCTCCTGTGCATCAATATC 

qPCR_divIVA_F   GATCGCGTTTCCGTATGTTAG 

qPCR_divIVA_R   TCAAGCGTCACTTGTTCAGC 

qPCR_sepF_F   GCGGTACTGTTTATGCAATCG 

qPCR_sepF_R   TGGTCTGTAATGCTTCCAGCTAC 

qPCR_atl_F GACCCTGCTATTGTCCAACC 
 

qPCR_atl_R CGCTGATTGATTAGCACGAG 
 



qPCR_lytM_F TCAGCAAGTAAAGCGACAGC 

qPCR_lytM_R TTTCAGGCATTGCATAGTCG 

qPCR_sle1_F TCAGGATCTGCAACAACGAC 

qPCR_sle1_R CCTTTACCAATTTCAGCACGAC 

qPCR_lytA_F TGGTGGTGCAAAGTTCATTC 

qPCR_lytA_R TATCTGCCCAGCGAATGTC 

qPCR_lytN_F TGCCAATGACACCATTAGTAGAAC 

qPCR_lytN_R ACCGTCGAAATCCCATCC 

gyrB_fwd3 GAAGCATTAGCTGGTTATGCAA 

gyrB_rev3 CCACGTCCGTTATCCGTTAC 

 

 

 

 

 

 

 
 

 

 
 

 

 

  



Supplementary Figure S1 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S1: Growth experiment of USA300 treated with CBD in combination with various antibiotics 

a-b) Dicloxacillin (DCX), c-d) Daptomycin (DAP), e-f) Nisin and g-h) Tetracycline (TET). 

The 96-well plate was prepared with antibiotics and media as mentioned in Methods. ON cultures 

were diluted to OD600 0.001 and added to the 96-well plate. Growth (OD600) was measured 

every hour using a Synergy H1 Plate Reader (Biotek) for 24 hours at 37 degrees with 15 seconds 

agitation before each measurement. The experiment was performed in three biological replicates. 
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Supplementary Figure S2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S2: Microscopy of S. aureus USA300 left untreated, treated with 1.5 µg/mL CBD, 20 µg/mL BAC, 

combination of CBD and BAC or EtOH at 1, 2, 4 and 8 hours post treatment. 
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Supplementary Figure S3 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S3: Growth curves of cannabidiol (CBD) in combination with bacitracin (BAC). Bacterial 

density (BCA: Background corrected absorption) was measured using an oCelloScope for 24 hours; 

a) Escherichia coli UTI89, b) Pseudomonas aeruginosa PA01, c) Klebsiella pneumonia CAS55, d) 

Salmonella thyphimurium 14028. 
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Supplementary Figure S4 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S4: Overview images of morphology of USA300 FPR3757 following untreated, treatment 

with EtOH, treatment with cannabidiol (CBD) and/or bacitracin (BAC). Cultures were subjected to 

the drugs for 2.5 hours as described in Methods. Morphology was imaged by transmission electron 

microscopy.   
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Supplementary Figure S5 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S5: Microscopy of USA300 left untreated, treated with 4µg/mL CBD, 64µg/mL BAC or EtOH. 

Red arrows points towards cells with multiple septa.  
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Supplementary Figure S6 

  

 

 

 

 

 

 

 

 

 

 

Figure S6: Effects of cannabidiol (CBD) and bacitracin (BAC) on autolysis. Unstimulated and Triton 

X-100 stimulated autolysis of USA300 grown in BHI to early exponential phase. 

 

Supplementary Table S2 
 

Statistical analysis by 2-way ANOVA with Bonferroni's Multiple Comparison Test on Triton X-100 

stimulated samples. ns (not significant) P>0.05, * P≤0.05, ** P≤0.01, *** P≤0.001 

Timepoint Untreated vs COM CBD vs COM BAC vs. COM 

0 P > 0.05 ns P > 0.05 ns P > 0.05 ns 

30 P > 0.05 ns P < 0.05 * P > 0.05 ns 

60 P > 0.05 ns P < 0.01 ** P > 0.05 ns 

90 P < 0.01 ** P < 0.001 *** P > 0.05 ns 

120 P < 0.05 * P < 0.001 *** P > 0.05 ns 

150 P > 0.05 ns P < 0.001 *** P > 0.05 ns 

180 P < 0.01 ** P < 0.001 *** P > 0.05 ns 

240 P < 0.01 ** P < 0.001 *** P > 0.05 ns 

300 P < 0.05 * P < 0.001 *** P > 0.05 ns 



Supplementary Figure S7 
 

 

 

 

Figure S7: Two biological replicates showing the effect of CBD and BAC on the muropeptide 

composition of USA300 peptidoglycan. Peptidoglycan was isolated from cultures grown to 

exponential phase in the absence or presence of CBD or BAC and muropeptide compositions were 

analysed by HPLC as described in Methods. Muropeptide analysis was performed in three 

biological replicates with similar profiles. X-axis show retention time in minutes.  
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Supplementary Table S3 

 

Mean value and standard deviation of the relative quantification of the muropeptide fractions. 

 

 

Supplementary Table S4 

 

Statistical analysis by 2-way ANOVA with Bonferroni's Multiple Comparison Test on the muropeptide 

fractions for the various treatments. ns (not significant) P>0.05, * P≤0.05, ** P≤0.01, *** P≤0.001.  

  

Peak # 
GC 

mean 
GC   
s.d. 

CBD 
mean 

CBD  
s.d. 

BAC 
mean 

BAC  
s.d. 

COM 
mean 

COM  
s.d. 

EtOH 
Mean 

EtOH  
s.d. 

1 11.25 0.90 12.16 0.31 12.35 0.30 12.72 1.72 9.95 0.77 
2 3.86 0.16 3.5 0.30 4.01 0.25 2.91 0.30 3.63 0.51 
3 2.66 0.12 2.62 0.06 2.83 0.04 2.20 0.07 2.68 0.14 
4 12.88 0.38 13.58 0.44 14.14 0.13 15.78 0.54 13.19 0.12 
5 4.08 0.93 3.93 0.89 3.85 0.05 4.01 0.93 4.07 0.93 
6 9.34 0.48 7.19 1.26 6.05 0.08 7.02 0.99 9.41 0.95 
7 11.17 0.39 12.09 0.44 12.45 0.17 13.90 0.80 11.52 0.29 
8 3.32 0.42 3.05 0.10 3.28 0.01 3.49 0.12 3.61 0.43 
9 7.67 0.46 8.03 0.31 7.83 0.14 6.90 0.70 7.86 0.21 

10 5.91 0.36 6.51 0.32 6.97 0.13 7.30 0.35 6.19 0.21 
11 15.28 1.18 14.94 0.63 14.17 0.69 13.19 1.20 15.04 1.02 
12 12.56 0.27 12.45 0.23 12.06 0.45 10.58 0.58 12.85 0.59 

 
Peak # 

GC vs 
CBD 

GC vs 
BAC 

GC vs 
COM 

GC vs 
EtOH 

CBD vs 
BAC 

CBD vs 
COM 

CBD vs 
EtOH 

BAC vs 
COM 

BAC vs 
EtOH 

COM vs 
EtOH 

#1 ns ns ns ns ns ns ** ns ** *** 
#2 ns ns ns ns ns ns ns ns ns ns 
#3 ns ns ns ns ns ns ns ns ns ns 
#4 ns ns *** ns ns ** ns ns ns *** 
#5 ns ns ns ns ns ns ns ns ns ns 
#6 ** *** ** ns ns ns ** ns *** ** 
#7 ns ns *** ns ns * ns ns ns ** 
#8 ns ns ns ns ns ns ns ns ns ns 
#9 ns ns ns ns ns ns ns ns ns ns 

#10 ns ns ns ns ns ns ns ns ns ns 
#11 ns ns ** ns ns * ns ns ns * 
#12 ns ns * ns ns * ns ns ns ** 
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Mean values of the relative quantification of the muropeptide fraction sizes. Monomer (peak #1-2), dimer 

(peak #3-6), trimer (peak #7-8) and oligomer (#9-12).   

Fraction 
size 

GC CBD BAC COM EtOH 

Monomer 15.12 15.62 16.36 15.63 13.57 
Dimer 28.97 27.32 26.87 29.01 29.36 
Trimer 14.49 15.14 15.73 17.39 15.13 

Oligomer 41.43 41.93 41.03 37.98 41.94       

% Cross-
Linking 

61.48 61.53 60.91 60.33 62.56 
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Figure S8: qPCR data of the cell division and autolysis related genes studied upon 2.5 hours 

treatment with either CBD, bacitracin or combination in USA300. Data was obtained using the 

Roche LightCycler 480 Instrument as described in Methods. Experiments were performed in four 

biological replicates and Cp values were generated in technical replicates. Statistical analysis was 

done by one-way ANOVA with Bonferroni’s Multiple Comparison Test. * is P-values below or 

equal to 0.05. ** is P-values below or equal to 0.01. *** is P-values below or equal to 0.001. 

 



Supplementary Figure S9 
 

 

   

 

Figure S9: Static biofilm on silicone discs performed as described below. The cells were either 

treated with cannabidiol (CBD) and/or bacitracin (BAC) at time 0 for 20 hours (a) to discover 

effects on biofilm formation or left to form biofilm for 20 hours before treatment for 4 hours to 

discover effects on biofilm degradation (b). No statistical differences between the treatments 

were observed using one-way ANOVA with Bonferroni's Multiple Comparison Test. 

 

Biofilm quantification using crystal violet stain 

An ON culture of USA300 was diluted to OD600 0.1 in PBS and further diluted 20x in PBS 

containing 10% plasma. 1.5 mL of the culture was added to a 24-well plate containing a sterile 

silicone discs (LEBO Production AB) in each well with a thickness of 2 mm and a shore A hardness 

of 60. The cells were either treated at time 0 for 20 hours or left to form biofilm for 20 hours 

before treatment for 4 hours using either 1 µg/mL CBD, 16 µg/mL BAC, the combination of CBD 

and BAC, EtOH, or left untreated. The plates were incubated at 37 degrees with agitation. After 

treatment the liquid was carefully removed, and the cells were stained for 15 minutes using 4% 

crystal violet. After staining, the excess crystal violet was removed by pipetting and the remaining 

crystal violet removed by PBS washing. The silicone discs were moved to a clean 24-well plate and 

the crystal violet bound to the biofilm was removed using 33% acetic acid. The amount of biofilm 

was quantified by measuring optical density at 590 nm. 

a b 
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Abstract 21 

Emergence of antibiotic resistant bacteria is evolving at an alarming pace; therefore, we must 22 

start turning to alternative approaches. One of these, could be the use of antibiotic adjuvants 23 

that enhances the effect of antibiotics towards resistant bacteria. A novel antibiotic adjuvant is 24 

cannabidiol (CBD), which we have previously shown can enhance the effect of bacitracin 25 

(BAC). BAC targets cell wall synthesis by inhibiting dephosphorylation of the lipid carrier 26 

undecaprenyl pyrophosphate prior to recycling across the membrane. However, the 27 

mechanism underlying this CBD mediated potentiation of BAC has remained unknown. To 28 

explore this, we examined resistance to CBD in Staphylococcus aureus through daily exposures 29 

to CBD. By subsequent whole genome sequencing, we observed multiple genes to be mutated, 30 

including the farE/farR system encoding a fatty acid efflux pump (FarE) and its regulator 31 

(FarR). Importantly, recreation of mutations in these genes showed decreased susceptibility 32 

towards the combination of CBD and BAC. Furthermore, we searched the Nebraska 33 

Transposon Mutant Library for CBD susceptible strains and identified menH encoding a 34 

protein participating in menaquinone biosynthesis. Strains containing deletions in this and 35 

other menaquinone related genes showed increased susceptibility towards CBD, while 36 

addition of exogenous menaquinone reversed the effect and reduced susceptible towards 37 

CBD. These results suggest that CBD potentiates BAC by redirecting the isoprenoid precursor 38 

isopentenyl pyrophosphate towards production of menaquinone rather than the lipid carrier 39 

undecaprenyl pyrophosphate, which dephosphorylation is inhibited by BAC. This in turn 40 

might decrease the level of undecaprenyl pyrophosphate thus enhancing the effect of BAC. 41 

Our study illustrates how antibiotic adjuvants may apply to enhance efficacy of antimicrobial 42 

compounds. 43 

 44 

Keywords:  Antibiotic, Resistance, Cannabidiol, Bacitracin, Menaquinone 45 

 46 

 47 

 48 

 49 
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Introduction 50 

The excessive use of antibiotics has led to rapid emergence of antimicrobial resistance as a 51 

global issue. The antibiotic resistance development exhibits a correlation with the amount of 52 

antibiotics used, and the multidrug-resistant pathogens are developing and spreading at an 53 

alarming pace (Aslam et al., 2018). Infections with multidrug-resistant pathogens are more 54 

difficult to treat, and both the length and the cost of the hospitalization, as well as the fatality 55 

rate and morbidity, increases (Bin Zaman et al., 2017; Medina and Pieper, 2016). One of the 56 

pathogens known to cause complex nosocomial infections is the Gram-positive bacterium 57 

Staphylococcus aureus. S. aureus is often resistant towards a variety of antimicrobials such as a 58 

broad range of β-lactams including methicillin (Methicillin-Resistant S.  aureus, MRSA) 59 

(Gurung et al., 2020). In worst cases, MRSA also possesses resistance towards last-resort 60 

antibiotics such as vancomycin and daptomycin (Lowy, 2003; Sievert et al., 2008). With the 61 

restricted repertoire of antibiotics against MRSA and other multidrug-resistant pathogens, it 62 

is important to find alternative treatment strategies such as use of antibiotic adjuvants. 63 

Antibiotic adjuvants, also known as resistance breakers (Laws et al., 2019) and helper 64 

compounds (Martins et al., 2008), increase the effect of a specific antibiotic towards a 65 

bacterium that otherwise might be resistant towards that specific antibiotic (Douafer et al., 66 

2019). A classic example of an antibiotic adjuvant used in the clinic is the beta-lactamase 67 

inhibitor clavulanic acid that enhances the effect of amoxicillin by preventing degradation by 68 

beta-lactamases (Douafer et al., 2019). However, to date very few antibiotic adjuvants are 69 

used in the clinic (Douafer et al., 2019).  70 

We have previously shown that cannabidiol (CBD), a cannabinoid found in the plant Cannabis 71 

sativa affecting the endocannabinoid system of humans, acts as an antibiotic adjuvant in 72 

combination with the antibiotic bacitracin (BAC) (Wassmann et al., 2020). BAC interferes with 73 

cell wall synthesis by binding to the important lipid carrier undecaprenyl pyrophosphate 74 

(UPP). This interaction prevents the undecaprenyl pyrophosphate phosphatase (UppP) 75 

mediated dephosphorylation of the lipid carrier thus preventing recycling and further 76 

polymerization of the peptidoglycan forcing de novo synthesis of UPP by the undecaprenyl 77 

pyrophosphate synthase (UppS) (Hiron et al., 2011; Shaaly et al., 2013). De novo synthesis of 78 

UPP requires production of the isoprenoid precursor isopentenyl pyrophosphate (IPP) by the 79 

mevalonate pathway, which is then converted to farnesyl pyrophosphate (FPP) an isoprenoid 80 
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also used for synthesis of the carotenoid staphyloxanthin and the vital electron transporter 81 

menaquinone (Balibar et al., 2009). 82 

In our previous study, we showed that CBD lowered the minimum inhibitory concentration 83 

(MIC) of BAC by up to at least 64-fold and showed to have great antimicrobial effects on its 84 

own against several Gram-positive bacteria. In addition, we found that the combination of 85 

CBD and BAC resulted in morphological changes indicated by several septa formation and 86 

membrane irregularities in MRSA resulting in severe cell division defects. Furthermore, we 87 

observed that CBD itself was able to disrupt the membrane potential of S. aureus (Wassmann 88 

et al., 2020).  89 

In the present study, we seek to understand the underlying mechanism of CBD and the CBD 90 

mediated potentiation of BAC through various approaches. These include generation of CBD 91 

resistant strains, transcriptomic analysis by RNA sequencing upon treatment with CBD, BAC 92 

and the combination and by screening the Nebraska Transposon Mutant Library (NTML) for 93 

CBD susceptible strains. 94 

 95 

 96 

 97 

 98 

 99 

 100 

 101 

 102 

 103 

 104 

 105 

 106 



5 
 

Methods and Materials 107 

Bacteria and growth conditions  108 

Staphylococcus aureus USA300 FPR3757 (Diep et al., 2006) (addressed as USA300), was the 109 

main bacterium used throughout this study. USA300 was grown in Mueller Hinton (MH) 110 

(Merck) or Brain Heart Infusion (BHI) (OXOID) media on plate or in liquid cultures.  111 

 112 

Selection of CBD resistant strains by in vitro serial passaging 113 

CBD resistant USA300 was generated by serial passaging growing USA300 in daily increasing 114 

concentration of CBD (Merck) and was performed as described by Ling and colleagues (Ling 115 

et al., 2015). An ON culture of USA300 was diluted 1:100 in MH media in five separate tubes 116 

supplemented with increasing concentrations of CBD. Tubes were incubated at 37 ˚C with 117 

agitation for approximately 24 hours. The following day, OD600 was measured and the culture 118 

with the second highest concentration of CBD allowing OD600 >2 was chosen for further 119 

passaging, diluting the culture 1:100 in MH media containing higher concentrations of CBD. 120 

The experiment was performed for a total of 14 days with creation of freeze stocks each day. 121 

Cultures collected were streaked on MH plates and a single colony was selected for storage to 122 

ensure homogenous culture.  123 

 124 

DNA sequencing and mutational analysis 125 

DNA sequencing of the resistant strains as well as the wildtype USA300 was performed by use 126 

of the Illumina MiSeq platform with paired end 150 bp reads. The wildtype strain was 127 

sequenced as well to rule out putative single-nucleotide polymorphisms previously present in 128 

the genome, thus enabling identification of unique mutations acquired by the CBD resistant 129 

strains. Library preparation was performed by use of the Nextera XT DNA Kit (Illumina). The 130 

Whole Genome Sequencing (WGS) data were analysed using the Breseq pipeline from Barrick 131 

Lab (Deatherage and Barrick, 2014) aligning the WGS data to the reference genome of S. 132 

aureus USA300 FPR3757 (NC_007793) and subsequently analysing for mutations using the 133 

COMPARE tool. The analysis was performed using the Ubuntu operation system. Mutations 134 

were verified by PCR using the check_F/R primers and followed by sequencing at 135 

EurofinsGenomics. Full list of primers (Merck) used in this study can be found in 136 

Supplementary A. 137 
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CBD susceptibility testing of Nebraska Transposon Mutant Library 138 

Susceptibility of the Nebraska Transposon Mutant Library (NTML) (Fey et al., 2013a) was 139 

tested against CBD (THC Pharm). The NTML distributed on twenty 96-well plates was spotted 140 

on twenty MH plates containing 1 µg/mL CBD and 5 µg/mL erythromycin (since the 141 

transposon used to create the library contains the resistance cassette ermB) using a Duetz 96 142 

cryo-replicator. The cryo-replicator was sterilized by submerging the pins in 96% EtOH 143 

followed by ignition with fire. The plates were incubated at 37 °C ON and growth was 144 

assessed as growth or no growth. 145 

 146 

Creation of gene deletion and site directed mutagenesis mutants   147 

In-frame deletion of selected genes (atpD, tarO,  farE, farR, menH, hepT, menA and ispA) as well 148 

as creation of strains containing site directed mutagenesis (SDM) mutations (walRA453C, 149 

atpDT421A, tarOC710A,  farET1750A, farRG280T and farG80/86A) were achieved through splicing by 150 

overlap extension PCR according to Monk and colleagues (Monk et al., 2012). Specific primers 151 

utilized for creation of deletion and SDM mutants are listed in Supplementary A. For creation 152 

of gene deletion mutants, fragments of 500 bp up and down-stream of the gene of interest was 153 

amplified using Phusion polymerase (Thermo Fisher Scientific) and joined by overhang PCR. 154 

For creation of SDM mutants, an approximate 500 bp sequence up and down-stream of the 155 

site of the desired mutation was amplified. The reverse primer for the up-stream fragment 156 

and the forward primer for the down-stream fragment were reverse complement to each 157 

other and contained the desired mutation. The inserts and vector pIMAY were digested with 158 

SalI (Thermo Fisher Scientific) and/or SacI at 37 °C and ligated using T4 DNA Ligase (Roche) 159 

at 16 °C. pIMAY containing the insert of interest were transformed into chemical competent 160 

Escherichia coli IM08B created by CaCl2 wash, purified by GenElute Plasmid Miniprep Kit 161 

(Merck) and transformed into electrocompetent S. aureus USA300 created by 0.5M sucrose 162 

wash. Colonies grown on BHI plates containing 20 µg/ml chloramphenicol (CHL) were 163 

identified as positive transformants by colony PCR using primers IM151 and IM152 (Monk et 164 

al., 2012). Positive transformants were incubated on BHI agar containing 20 µg/ml CHL at 28 165 

°C. Genomic integration of the plasmid was achieved by inoculating ON culture in BHI 166 

containing 20 µg/ml CHL followed by incubation at 37 °C. Plasmid integration was verified by 167 

PCR using primers primer D + outF and primer A + outR for the respective gene. Plasmid 168 

excision was carried out by daily dilution of ON culture in BHI media with incubation at 28 °C 169 
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for approximately 7 days. The culture was plated on BHI containing 1 µg/ml 170 

anhydrotetracycline (AHT) for counter selection and incubated at 28°C for 1-2 days. Colonies 171 

were subsequently spotted on BHI agar with and without 20 µg/ml CHL followed by 172 

incubation ON at 37°C. Colony PCR was performed for CHL sensitive colonies verifying gene 173 

deletion using the the outF and outR primers. Mutant creation was verified by sequencing at 174 

Eurofins Genomics using the ourF + outR primers for gene deletion or SDM_check_F and 175 

SDM_check_R primers for SDM mutants. 176 

 177 

Minimum inhibitory concentration (MIC) determination 178 

MIC was determined using the broth microdilution method (Wiegand et al., 2008). Briefly, 179 

MIC measurements were performed using MH or BHI medium in 96-well plates (Sarstedt). A 180 

bacterial inoculum of approximately 5×105 CFU/mL from either an ON culture or from a plate 181 

was incubated with two-fold dilution series of the compound of interest. The plates were 182 

incubated at 37  ̊C for 16–22 hours with agitation. MIC determinations were performed using 183 

at least three biological replicates. Growth was determined using a Synergy H1 Plate 184 

Reader (BioTek).   185 

 186 

Growth experiments 187 

Growth experiments in 96-well plates were performed by use of Synergy H1 Plate reader. 188 

Plates and bacterial cultures were prepared as mentioned above. Growth experiments were 189 

performed for 24 hours at 37 ̊C with continuous agitation measuring OD600 every 1 hour. 190 

Experiments were performed in at least three biological replicates. 191 

Growth experiments in flasks were performed as well. An ON of USA300 was diluted to OD600 192 

= 0.02 in MH media and incubated at 37 °C until early exponential phase OD600 = 0.2. Cells 193 

were split into separate flasks and treated with either CBD, BAC (Merck) or the combination 194 

of CBD + BAC or left untreated. Menaquinone-4 (MK-4) (Merck) was added in respective 195 

flasks as well. Experiments were performed in three biological replicates. 196 

 197 

Creation of pRAB12-farE for inducible expression 198 

For inducible expression of farE, the vector pRAb12-lacZ (Helle et al., 2011) was used. The 199 

vector was digested with BglII and EcoRI at 37 °C to remove lacZ. Since EcoRI restriction site 200 

is present in the farE gene, a multiple cloning site (MCS) was inserted with the primers 201 
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Fwd_pRAB12_MCS_Overhang and Rev_pRAB12_MCS_Overhang creating the vector pRAB12-202 

MCS. pRAB12-MCS, as well as the farE insert created by PCR using primers Up_farE_BglII and 203 

Dw_farE_NotI, were digested with BglII and NotI. Digested pRAB12-MCS and farE insert were 204 

ligated using T4 DNA Ligase (Roche) at 16 °C ON and transformed into competent E. coli 205 

IM08B. The plasmid was purified from IM08B using GenElute Plasmid Miniprep Kit (Merck), 206 

transformed into electrocompetent USA300 and plated on BHI agar containing 20 µg/mL CHL. 207 

Positive transformants were verified using the primers pRAB12_Seq_F and pRAB12_Seq_R. 208 

 209 

RNA purification and qRT-PCR 210 

ON cultures of USA300 + pRAB12-farE and USA300 + pRAB12-MCS grown in BHI containing 211 

20 µg/mL CHL were diluted to an OD600 = 0.02 and grown for 4 hours at 37 °C in BHI media 212 

with and without addition of 100 ng/mL AHT to induce farE expression. Cells were harvested 213 

by centrifugation. RNA was extracted by a hot acid-phenol procedure, pelleted on ice, washed 214 

in 70% EtOH and finally resuspended in sterile ddH2O. 1 µg of purified RNA was treated with 215 

DNase I (NEB) at 37 °C for 15 minutes and then heat inactivated at 75 °C for 10 minutes. cDNA 216 

synthesis was carried out using the High-Capacity cDNA Reverse Transcriptase Kit (Thermo 217 

Fisher Scientific) and performed as recommended by the manufacturer. RT-qPCR was 218 

performed on the cDNA samples using 2x RealQ Plus Master Mix Green (Ampliqon) and 219 

primers (Supplementary A) in a LightCycler 480 instrument (Roche). The house keeping gene 220 

gyrB was used for normalization. Reactions were carried out using the following procedure: 221 

15 minutes preincubation at 95 °C, followed by 45 amplification cycles at 95 °C for 15 222 

seconds, 60 °C for 45 seconds and 72 °C for 45 seconds. Data was retrieved using the 223 

LightCycler 480 Software. Experiment was performed in four biological replicates. 224 

 225 

RNA-sequencing and analysis 226 

ON cultures of wildtype USA300 was diluted in BHI media till OD600 = 0.02 and grown at 37 °C 227 

with agitation till OD600 = 0.2. Cells were exposed to either 1 µg/mL CBD, 16 µg/mL BAC, 228 

combination of CBD and BAC or left untreated for 20 minutes at 37 °C with agitation. Cells 229 

were quickly cooled using liquid nitrogen and harvested by centrifugation. RNA purification 230 

was performed as mentioned above. rRNA was removed by use of Ribo-Zero rRNA Removal 231 

Kit for bacteria (Illumina), and was performed according to manufacturer’s recommendation. 232 

Library preparation was performed using the NEBNext RNA Library preparation kit (New 233 
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England BioLabs) followed by quality assessment using a fragment analyzer. Sequencing was 234 

performed using an Illumina HiSeq 1500. Data analysis was performed using Bowtie2 235 

(Langmead and Salzberg, 2012) in the local mode. Sequences were indexed and sorted using 236 

SAMtools and reads were counted in featureCounts (Liao et al., 2014). Counts matrix was 237 

submitted to the R/Bioconductor package DESeq2 for statistical analysis (Love et al., 2014). 238 

Fold-change values were size-estimated using the apeglm package (Zhu et al., 2018). Data 239 

were sorted by log2 fold-change and statistical significance was set at p value < 0.05.   240 

Expression of selected candidate genes identified in the RNA-seq analysis was validated using 241 

RT-qPCR in three biological replicates, as previously described.  242 

 243 

Carotenoid quantification 244 

Carotenoid extraction and quantification was carried out according to (Kossakowska-245 

Zwierucho et al., 2016) and (Sen et al., 2016) with adjustments. Briefly, ON culture of USA300 246 

was diluted in BHI and grown at 37 °C from OD600 = 0.02 to OD600 = 0.2 and treated with either 247 

1 µg/mL CBD, 16 µg/mL BAC, combination of CBD and BAC, EtOH or left untreated for 4 hours 248 

at 37 °C with agitation. Cells were harvested corresponding to OD600 = 2.0 in 5 mL and washed 249 

twice in sterile ddH2O. Pellet was resuspended in 1.5 mL 99% methanol and incubated at 55 250 

°C with agitation cycles of 1 minute agitation followed by 10 seconds of no agitation for 10 251 

minutes. 100µL sample was used for OD600 measurement for normalization of data due to 252 

potential variance in bacterial amount. Samples were centrifuged at 10,000xG for 15 minutes 253 

and 1 mL of the supernatant was measured spectrophotometrically at OD465. Experiment was 254 

performed in three biological replicates.  255 

  256 
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Results 257 

Creation and characterization of CBD resistant USA300  258 

To understand how CBD acts as an adjuvant for BAC we examined the antimicrobial activity of 259 

CBD by creating CBD resistant strains through exposure off S. aureus USA300 to daily 260 

increasing concentration of CBD in liquid MH media for 14 days. MIC for CBD was 261 

subsequently assessed for the individual isolates collected at day 4, 6, 7, 8, 10, 11, 12 and 14 262 

(called CBD4, CBD6, CBD7, CBD8, CBD10, CBD11, CBD12 and CBD14) and showed decreased 263 

susceptibility towards CBD ranging from 4 µg/mL for the wildtype strain and CBD4 to 128 264 

µg/mL or more for CBD14 (Table 1).  265 

To study the putative mutations possibly causing adaptation to CBD, the genome of the CBD 266 

resistant strains was sequenced. From the mutational analysis, we found multiple genes to be 267 

mutated (Table 2) all resulting in a missense mutation. CBD8-14 contained a A453C mutation 268 

in walR, encoding a response regulator of the two-component system WalRK (Dubrac et al., 269 

2007). A T421A mutation was observed in atpD of CBD7, encoding a beta-subunit of the ATP 270 

synthase (Bosch et al., 2020). CBD14 contained a C710A mutation in tarO, encoding an 271 

enzyme of the wall teichoic acid biosynthesis (Suzuki et al., 2012). CBD8-14 contained a 272 

T1750A mutation farE and CBD4-12 contained a G280T mutation in farR, encoding a fatty acid 273 

efflux pump (FarE) and its regulator (FarR) (Alnaseri et al., 2015), respectively. Furthermore, 274 

a mutation (G80/86A) was observed in the intergenic region between farE and farR. 275 

Phenotypical analysis of observed genes mutated in CBD resistant strains 276 

In order to characterize the influence of each individual mutation on the susceptibility 277 

towards CBD, we created individual strains in wildtype USA300 containing the point 278 

mutations as well as creating gene deletion mutants of affected genes, with exception of the 279 

walR as it is essential for growth in vitro (Dubrac et al., 2007; Zheng et al., 2015). MIC for CBD 280 

was determined on created mutants (Table 3). Interestingly, results showed unaltered MIC of 281 

the different mutants for CBD compared to the wildtype strain, indicating that multiple 282 

mutations might be required simultaneously in order to gain resistance towards CBD.  283 

Next, we performed growth experiments using the mutants exposing with both CBD, BAC and 284 

the combination. Growth experiments showed that at a combination of 2 µg/mL CBD and 32 285 



11 
 

µg/mL BAC the wildtype strain was unable to initiate growth (Figure 1A), while some of the 286 

generated mutants were able to grow. One of these, USA300farRG280T (Figure 1F), started 287 

growing after approximately 15 hours having an OD600 close to that of the untreated cells after 288 

24 hours. An initiation of growth was also observed for USA300walRA543 (Figure 1B) and 289 

USA300farEA1750T (Figure 1E) when exposed to the combination of 2 µg/mL CBD and 32 290 

µg/mL BAC, though not as pronounced as the one observed in USA300farRG280T. The 291 

remaining mutants did not initiate growth during the 24 hours when exposed to the 292 

combination treatment. 293 

As both USA300farRG280T and USA300farEA1750T showed decreased susceptibility towards the 294 

combination of CBD and BAC compared to the wildtype and as we did not observe any 295 

changes in regard to the susceptibility towards CBD alone, we created a double mutant 296 

containing both farRG280T and farEA1750T mutations (USA300farET1750AfarRG280T) and also one 297 

containing both farRG280T and farG80/86A (USA300farRG280TfarG80/86A). Interestingly, MIC for CBD 298 

increased by two-fold in USA300farET1750AfarRG280T at 8 µg/mL while 299 

USA300farRG280TfarG80/86A still showed an MIC at 4 µg/mL (Table 3). Furthermore, comparing 300 

the growth of these mutants with that of the USA300farRG280T strain upon treatment with the 301 

combination, it did not seem to be significantly different (Figure 1L and 1M). Therefore, our 302 

results might suggest a possible role of FarE and FarR in CBD susceptibility.  303 

To investigate this further and therefore created an farE inducible plasmid. We amplified the 304 

farE gene and placed it downstream of an anhydrotetracycline inducible promoter creating 305 

pRAB12-farE. Induced expression was verified by RT-qPCR (Supplementary B1), showing an 306 

approximately 14-fold increased expression for pRAB12-farE upon addition of the inducer 307 

AHT, compared to the empty plasmid (pRAB12-MCS). Surprisingly, no differences were 308 

observed for USA300/pRAB12-farE regarding CBD susceptibility (Supplementary B2) or 309 

susceptibility towards the combination of CBD and BAC (Figure 1N) compared to the strain 310 

carrying the empty plasmid USA300/pRAB12-MCS (Figure 1O) questioning the role of farE 311 

and farR regarding CBD susceptibility. Another explanation could be that the level of induced 312 

expression is not sufficient to affect CBD susceptibility.  313 

Transcriptional response to CBD, BAC, and the combination 314 

Since creation of CBD resistant strain did not provide us with a clear explanation regarding 315 

the mechanism of action of CBD and how it potentiates the effect of BAC, we examined the 316 
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transcriptional changes upon treatment with CBD, BAC and the combination. Cells were 317 

grown to early exponential state and treated for 20 minutes to observe the initial response to 318 

the compounds which showed remarkable changes in the global gene expression (Figure 2). 319 

Lists of genes with statistically significant expressional changes and with ≥1 Log2 fold change 320 

(Log2FC) are listed in (Supplementary C). Interestingly, expression of farE (Figure 2A) was 321 

observed to be the third most upregulated gene upon CBD treatment further suggesting its 322 

potential role in CBD susceptibility and thus the importance of the mutations mentioned 323 

above in relation to the effect of CBD. Other noticeable genes are hrtA and hrtB (Figure 2A) 324 

encoding a heme transporter (Stauff et al., 2008), being the second and the first most 325 

upregulated gene upon CBD treatment, respectively. Upon BAC treatment vraD and vraE, both 326 

encoding proteins of the VraDE bacitracin transporter (Hiron et al., 2011), was observed to be 327 

the two most upregulated genes (Figure 2B).  328 

To further analyse and get a deeper understanding of the RNA-seq data, we performed GO 329 

Term Enrichment Analysis using DAVID (Huang da et al., 2009; Huang et al., 2009; Mi et al., 330 

2020) (Supplementary D). Interestingly, pathway enrichment analysis upon combination 331 

treatment showed enrichment of genes participating in terpenoid backbone biosynthesis, also 332 

known as the mevalonate pathway, to be enriched (Supplementary D4). These genes include 333 

mvaD, mvaK1 and mvaK2 (Figure 2C).  334 

Carotenoid quantification of S. aureus upon treatment 335 

Since the mevalonate pathway showed to be enriched during combination treatment, we 336 

thought to investigate this further. As suggested by Balibar and colleagues (Balibar et al., 337 

2009), when the amount of IPP is limited the downstream application is redirected towards 338 

essential pathways such as production of UPP for peptidoglycan biosynthesis. This means that 339 

non-essential pathways such as production of the carotenoid staphyloxanthin will be 340 

decreased. We therefore thought to study the effect of treatment with CBD, BAC, and the 341 

combination on the production of the carotenoid staphyloxanthin. Interestingly, the level of 342 

carotenoid production was not only reduced by combination treatment (3-fold reduction) 343 

(Figure 3). CBD treatment also caused a lower level of carotenoids (2-fold reduction), 344 

suggesting that CBD somehow influences the use of IPP.  345 

Screening of the Nebraska Transposon Mutant Library for CBD susceptible mutants 346 

A third approach we investigated was to search the Nebraska Transposon Mutant Library 347 
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(NTML) for CBD susceptible transposon mutants. The NTML created by the Nebraska Center 348 

for Staphylococcal Research consist of 1952 single gene disruption mutants in the CA-MRSA 349 

strain USA300 JE2 (Fey et al., 2013b). The NTML was spotted on MH plates containing 1 350 

µg/mL CBD and incubated ON at 37 °C. CBD susceptible strains (Table 4) were identified by 351 

lack of growth. To verify increased susceptibility of identified transposon mutants MIC was 352 

performed. Surprisingly, MIC showed that only a few of the identified strains that did not 353 

grow on CBD containing plates had an MIC below that of the WT. These included strains with 354 

disruption of the genes SAUSA300_0847, menH, fur and hemB. Some strains did not show a 355 

consistent MIC value, since it ranged from 2 to 4 µg/mL compared to the wildtype MIC at 4 356 

µg/mL. However, only menH was chosen for further studies due to its vital role in the 357 

menaquinone biosynthesis (Vitamin K2) (Dawson et al., 2011), a metabolic pathway which 358 

also requires IPP. 359 

Menaquinone decreases susceptibility towards cannabidiol 360 

To study the influence of menaquinone production upon susceptibility towards CBD, we 361 

created an in-frame deletion mutant of menH, including other genes contributing to 362 

menaquinone biosynthesis (hepT, menA, and ispA). MIC for CBD was determined on all four 363 

mutants and showed a two-fold decreased MIC value at 2 µg/mL for all of them (Table 5), 364 

compared to the WT. Since fitness of USA300ΔhepT and USA300ΔmenA was highly reduced, 365 

the experiments using these strains were performed in the nutrient rich medium BHI. 366 

Wildtype USA300 was grown in both MH and BHI media. We thought to test susceptibility 367 

towards BAC as well and results showed a two-fold increased MIC for both USA300ΔhepT and 368 

USA300ΔispA at 256 and 128 µg/mL, respectively, compared to the wildtype USA300 having 369 

an MIC for BAC at 64 µg/mL in MH medium and 128 µg/mL in BHI medium.  370 

Since deletion of the genes participating in the menaquinone pathway resulted in increased 371 

susceptibility towards CBD, we investigated the effect of exogenous menaquinone. 372 

Interestingly, by addition of 50 µM menaquinone-4 (MK-4) wildtype USA300 became less 373 

susceptible towards CBD (Table 5) indicated by a four-fold increased MIC value at 16 µg/mL, 374 

a similar effect also observed for the other deletion mutants (Table 5), suggesting that 375 

presence of menaquinone can somehow prevent the damaging effects of CBD.   376 

Furthermore, we performed a growth experiment using CBD at concentrations of 1, 4 and 8 377 

µg/mL with and without addition of 50 µM MK-4 (Figure 4A). Importantly, cells that received 378 
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4 and 8 µg/mL CBD showed initial and similar growth to that of the untreated cells when 379 

exogenous MK-4 was added as well, whereas cells that only received 4 and 8 µg/mL CBD, and 380 

not MK-4, showed no or very weak growth. We also performed the experiment with the 381 

combination of CBD and BAC which interestingly showed that MK-4 was also able to prevent 382 

the CBD-mediated potentiation of BAC (Figure 4B). Next, we tested if addition of higher 383 

concentration of MK-4 was able to decrease the effectiveness of CBD even further. By addition 384 

of 500 µM MK-4 (Figure 4C), USA300 was able to grow in concentrations as high as 64 µg/mL 385 

CBD. In general, growth in presence of CBD showed to be dependent on MK-4 concentration. 386 

Furthermore, we investigated whether this altered susceptibility caused by exogenous MK-4 387 

was specific for CBD only. Interestingly, altered susceptibility was not observed upon 388 

treatment with other antibiotics such as bacitracin, vancomycin, chloramphenicol, 389 

ciprofloxacin or daptomycin (Table 6), suggesting that this effect is specific for CBD. Finally, 390 

we studied how USA300 responded to CBD in presence of 1,4-dihydroxy-2-naphtoic acid 391 

(DHNA), an intermediate molecule of the menaquinone pathway used by MenA (Choi et al., 392 

2017). DHNA has been observed to be an allosteric inhibitor of MenD in Mycobacterium 393 

tuberculosis (Bashiri et al., 2020) causing decreased menaquinone production. If this is also 394 

applicable for S. aureus, one could expect an opposite effect in regard to MK-4 addition. 395 

Importantly, this is exactly what we observe (Figure 4D). By addition of 50 µM DHNA, USA300 396 

became more susceptible towards CBD indicated by almost no growth at 0.5 µg/mL CBD 397 

compared to the cells that did not receive DHNA, suggesting that DHNA could be an allosteric 398 

inhibitor of Staphylococcal MenD as well. These data supports that the effects of CBD on the 399 

membrane of S. aureus can be counteracted by presence of menaquinone.  400 

  401 



15 
 

Discussion 402 

In previous work, we discovered the use of the cannabinoid CBD as a novel antibiotic adjuvant 403 

able to potentiate the effect of the antibiotic BAC against Gram-positive bacteria such as 404 

Staphylococcus aureus, Listeria monocytogenes and Enterococcus faecalis (Wassmann et al., 405 

2020). However, the mechanism underlying the CBD mediated potentiation of BAC remains 406 

unknown. We therefore investigated this.  407 

Selection of CBD resistant strains and subsequent whole genome sequencing identified 408 

multiple genes mutated. These included walR, atpD, tarO, farE and farR as well as a mutation 409 

in the intergenic region between farE and farR. 410 

Mutations in the farER system was observed in all CBD resistant strains. farE (fatty acid 411 

resistance effector) encodes a resistance-nodulation-division efflux pump shown to promote 412 

resistance towards linoleic and arachidonic acids in S. aureus (Alnaseri et al., 2015). farE 413 

expression is regulated by FarR (fatty acid resistance regulator), a member of the TetR family 414 

of transcriptional regulators (Alnaseri et al., 2019). Recreation of the mutations observed in 415 

the farER system (farET1750A and farRG280T) did not show altered CBD susceptibility, however, 416 

resulted in a decreased susceptibility towards the combination of CBD and BAC. Especially for 417 

USA300farRG280T, susceptibility towards the combination of CBD and BAC seemed significantly 418 

decreased when compared to the wildtype strain. However, susceptibility did not change for 419 

the strain containing the farG80/86A mutation or for the gene deletion mutants of both farE and 420 

farR compared to the wildtype strain. We furthermore created strains containing two 421 

mutations, of which USA300farET1750AfarRG280T was observed to have a two-fold increased 422 

CBD MIC value at 8 µg/mL whereas USA300farRG280TfarG80/86A did not yield an MIC value 423 

different from that of the wildtype. These results indicate a potential role for FarE and FarR in 424 

CBD susceptibility and CBD mediated potentiation of BAC. Mutations in farR resulting in 425 

decreased susceptibility towards certain antimicrobials has been observed before. Nguyen 426 

and colleagues (Nguyen et al., 2019) showed that a point mutation in farR causing an amino 427 

acid substitution from Cys to Arg at position 116 resulted in decreased susceptibility towards 428 

rhodomyrtone, an acylphloroglucinol antimicrobial isolated from the plant Rhodomyrtus 429 

tomentosa. They furthermore observed an increased release of lipids and fatty acids from the 430 

strain containing the farR mutations, suggesting that release of these might result in binding 431 
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and inactivation of rhodomyrtone (Nguyen et al., 2019), a mechanism of antimicrobial 432 

resistance also observed for daptomycin (Pader et al., 2016). In another case, Chen and 433 

colleagues discovered a point mutation in S. aureus SH1000 resulting in the exact same amino 434 

acid substitution, FarRD94Y, as discovered in our CBD resistant strains, causing decreased 435 

susceptibility towards D-sphingosine, an unsaturated long chain amino alcohol found on the 436 

human skin (Chen et al., 2020). These observations further emphasize the potential role of 437 

FarE and FarR regarding CBD susceptibility. Unfortunately, overexpression of farE did not 438 

result in altered susceptibility towards CBD or the combination of CBD and BAC, however, this 439 

could be due to the degree of induced expression observed was not sufficient for noticing an 440 

altered CBD susceptibility. Nevertheless, recreating the farRG280T mutation in a wildtype strain 441 

did in fact show a decreased susceptibility towards the combination of CBD and BAC 442 

indicating that the FarE/FarR system might have a potential role, among others, in the 443 

mechanism of resistance towards CBD. Furthermore, the RNA-seq data did show farE to be 444 

the third most upregulated gene upon CBD treatment further highlighting its potential role 445 

regarding CBD susceptibility, perhaps through release of fatty acids and/or lipids binding and 446 

inactivating CBD. As suggested by Nguyen and colleagues, FarR might be regulating 447 

expression of multiple genes both directly and indirectly (Nguyen et al., 2019), indicating that 448 

the farR mutation observed causing decreased susceptibility towards the combination of CBD 449 

and BAC could be caused by altered expression of additional FarR regulated genes and not 450 

farE expression alone.  451 

USA300walRA543C also showed decreased susceptibility towards the combination of CBD and 452 

BAC. walR encodes a transcriptional regulator that, together with WalK form the essential two 453 

component system WalRK (Dubrac et al., 2007; Ji et al., 2016). WalRK has shown to be 454 

important for regulation of various cellular processes such as autolysis (Dubrac et al., 2007), 455 

production of biofilm, cell wall metabolism and regulation of virulence genes through SaeSR 456 

activation (Delauné et al., 2012). These important processes in S. aureus might be slightly 457 

dysregulated in USA300walRA543C, however, since only minor changes had occurred in the 458 

mutants in regard to CBD and BAC susceptibility, the consequence of the mutation might be 459 

limited. Mutations in walRK has been associated with reduced susceptibility towards other 460 

antimicrobials such as daptomycin (Friedman et al., 2006; Yin et al., 2019) and vancomycin 461 

(Howden et al., 2011; Hu et al., 2016), both targeting the cell envelope, a potential target for 462 



17 
 

CBD as well (Blaskovich et al., 2021; Wassmann et al., 2020), suggesting a potential role for 463 

the two component system in regards to CBD susceptibility. The walR mutation was indeed 464 

observed in multiple CBD resistant strains including the highly CBD resistant strain CBD14. 465 

Beside this, CBD14 is the only strain also containing a mutation in tarO encoding an enzyme 466 

responsible for the first step in the biosynthesis of wall teichoic acid (WTA) in S. aureus 467 

(Suzuki et al., 2012). WTAs are long glycopolymer found in the cell wall of Gram-positive 468 

bacteria (van Dalen et al., 2020). WTA has shown to be important for maintaining the rigidity 469 

and charge of the cell envelope and regulate permeability (Suzuki et al., 2011) as well as 470 

protecting the cell against environmental stress such as host skin fatty acids (Kohler et al., 471 

2009), high temperature (Vergara-Irigaray et al., 2008) and antimicrobials such as 472 

vancomycin (Peschel et al., 2000) and human antimicrobial peptides (Collins et al., 2002) due 473 

to alanylation of the WTA. This emphasizes its potential contribution to the high MIC value for 474 

CBD observed in CBD14. In addition to this, as mentioned for WalRK, WTA has also been 475 

observed to be important for regulation of autolysis (Schlag et al., 2010). Dysregulated 476 

autolysis has been associated with altered susceptibility towards various antibiotics such as 477 

vancomycin (Boyle-Vavra et al., 2003; Meehl et al., 2007) and daptomycin (Patel et al., 2011), 478 

indicating that the mutation observed in both walR and tarO together might contribute to, at 479 

least in some degree, the highly CBD resistant phenotype of CBD14. 480 

Secondly, we screened the NTML for genes relevant to CBD susceptibility. The NTML enables 481 

a high-throughput screening of almost all non-essential genes in S. aureus and has been used 482 

to identify genes important for susceptibility towards various anti-staphylococcal 483 

antimicrobials (Vestergaard et al., 2016), polymyxins (Vestergaard et al., 2017), salt 484 

resistance (Schuster et al., 2020) and genes important for virulence during silkworm infection 485 

(Paudel et al., 2020). Importantly, we found menH, encoding an enzyme of the menaquinone 486 

pathway (vitamin K2) (Dawson et al., 2011), to be interesting since the strain with a disrupted 487 

menH showed increased susceptibility towards CBD. Further investigations showed that 488 

strains with deletion of other genes participating in menaquinone biosynthesis (menA, hepT 489 

and ispA), also showed increased susceptibility towards CBD, whereas some of the strains also 490 

showed decreased susceptibility towards BAC. Interestingly, growing S. aureus in presence of 491 

50 µM MK-4 allowed for growth in above MIC concentration of CBD (MIC at 16 µg/mL), a 492 

tendency that seems to be concentration dependent since growth in even higher 493 
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concentrations of MK-4, at 500 µM resulted in growth of S. aureus at 64 µg/mL CBD. This 494 

effect showed to be specific for CBD only, since combining MK-4 with other antimicrobials did 495 

not result in altered susceptibility towards these.  496 

Menaquinone is an essential part of the electron transport chains during respiration as it 497 

helps transporting electrons between electron acceptors along the bacterial membrane 498 

(Kurosu and Begari, 2010; Truglio et al., 2003). This facilitates proton movement across the 499 

membrane thus creating the transmembrane proton gradient (ΔpH) that together with the 500 

membrane potential (Δψ) generate the proton motive force (PMF) that drives ATP synthesis 501 

(Farha et al., 2013; Kurosu and Begari, 2010). Disruption of the Δψ will lead to an increase in 502 

ΔpH and vice versa enabling maintenance of the PMF (Bakker and Mangerich, 1981; Farha et 503 

al., 2013). This means that S. aureus might attempt to compensate the membrane potential 504 

disruptive effects of CBD, which we have shown (Wassmann et al., 2020), and has been shown 505 

elsewhere (Blaskovich et al., 2021), by increasing the transmembrane proton gradient, ΔpH, 506 

through increased levels of menaquinone. Supporting this hypothesis, we furthermore 507 

observed an opposite effect when combining CBD with DHNA, an intermediate of the 508 

menaquinone pathway. DHNA has been discovered in Mycobacterium tuberculosis to be a 509 

negative allosteric regulator of MenD, the first committed step in menaquinone biosynthesis 510 

(Bashiri et al., 2020). If this is also applied for S. aureus it could further emphasize that 511 

presence of menaquinone disrupts the effect of CBD, since presence of a menaquinone 512 

biosynthesis inhibitor, in this case DHNA, makes S. aureus more susceptible towards CBD. 513 

The fact that presence of CBD might lead to increased menaquinone production could also 514 

explain the decreased carotenoid production observed when exposed to CBD. IPP FPP are key 515 

metabolite in production of staphyloxanthin, UPP, and menaquinone, hence, presence of CBD 516 

might therefore redirect the use of IPP and FPP for production of menaquinone rather than 517 

staphyloxanthin and UPP. This could also explain how CBD enhances the effect of BAC. 518 

Presence of CBD might cause the cells to increase the level of menaquinone through 519 

redirecting the use of IPP and FPP. The level of IPP and FPP for production of UPP is thus 520 

decreased which eventually could lead to an increased effect of BAC. It is evident from the 521 

RNA-seq data that S. aureus might attempt to compensate the increased IPP and FPP demand 522 

caused by the combination of CBD and BAC by upregulating the mevalonate pathway 523 

(terpenoid backbone pathway) when exposed to the combination. However, since synergy is 524 
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observed for CBD and BAC, the putative increased IPP and FPP production might not be 525 

sufficient.   526 

To further support the idea that menaquinone counteracts the effect of CBD by increasing the 527 

transmembrane proton gradient, we discovered three additional transposon mutants in the 528 

NTML screen showing increased CBD susceptibility. One of these, SAUSA300_0847, encodes a 529 

protein that has sequence similarity with MenI, the enzyme in the menaquinone pathway that 530 

creates DHNA in other bacteria, such as E. coli. In addition, we observed that the two most 531 

upregulated genes upon CBD treatment encode the HrtAB transporter that transports heme 532 

(Stauff et al., 2008), a cofactor also used during respiration by terminal oxidases for reduction 533 

of O2 to H2O (Hammer et al., 2013).  Two strains with disruption in one of these oxidases, qoxB 534 

and qoxC, encoded on the qoxABCD operon (Hammer et al., 2013), was also identified in our 535 

NTML screen to be more sensitive towards CBD. The fact that the strain containing disruption 536 

of hemB, required for heme biosynthesis, was also observed to be CBD sensitive might rather 537 

be due to the small colony forming unit phenotype of this strain (Mike et al., 2013). An NTML 538 

screen was also performed by Farha and colleagues (Farha et al., 2020) using cannabigerol, 539 

another cannabinoid from Cannabis sativa. Transposon strains with disruption of genes 540 

participating in menaquinone biosynthesis were not identified in their screen. However, aroC 541 

(SAUSA300_1357), encoding the final enzyme of the chorismate biosynthesis, a precursor for 542 

menaquinone biosynthesis (Zhang et al., 2017), was found to be sensitive towards 543 

cannabigerol when disrupted, emphasizing the potential role of menaquinone biosynthesis in 544 

sensitivity towards CBD and perhaps also other cannabinoids.  545 

Based on the result obtained from the NTML screen and further analysis we propose a model 546 

of which CBD enhances the effect of bacitracin (Figure 5). As previously published (Wassmann 547 

et al., 2020), we observed that CBD was able to disrupt membrane potential through a yet still 548 

unknown mechanism. We speculate that, in order to maintain the PMF and thus ATP 549 

production, S. aureus increases the production of menaquinone that in turn will increase the 550 

transmembrane proton gradient. Therefore, S. aureus shifts the use of IPP and FPP towards 551 

menaquinone and thus decreases the production of UPP and staphyloxanthin. As the UPP 552 

production is decreased the effect of BAC is therefore increased, leading to inhibition of 553 

peptidoglycan biosynthesis and eventually bacterial lysis due to the inability to synthesize 554 

peptidoglycan.  555 
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Conclusion 556 

In the present study, we searched for genes relevant for CBD susceptibility in S. aureus to get a 557 

better knowledge on how CBD acts on the cell but also how CBD potentiates the effect of BAC. 558 

We identified the farE/farR system to be of great interest since multiple mutations were 559 

observed in this area. Furthermore, by screening the Nebraska Transposon Mutant Library for 560 

CBD susceptible strains we found that the menaquinone pathway to be of great interest. 561 

Strains containing deletions of genes encoding enzymes of the menaquinone pathway became 562 

more susceptible towards CBD while addition of exogenous menaquinone caused S. aureus to 563 

become less susceptible towards CBD highlighting the importance of menaquinone in relation 564 

to the function of CBD and potentially also to the CBD mediated potentiation of BAC.  565 

 566 

Acknowledgements  567 

We thank Ronni Nielsen for help in performing the RNA sequencing. We thank Thøger Jensen 568 

Krogh for help in the RNA-seq analysis. We thank Martin Saxtorph Bojer for help with creating 569 

the pRAB12 overexpression plasmid. We thank Michael Kemp for performing the Whole-570 

Genome Sequencing.  571 

 572 

 573 

 574 

  575 



21 
 

Conflict of Interest  576 

CSW and JKK are listed as inventors on patent applications relating to WO2018234301A1 577 

involving the use of bacitracin and/or daptomycin combined with cannabidiol for treatment 578 

of bacterial infections held by University of Southern Denmark.  579 

 580 

Funding 581 

This work was funded through a collaboration agreement with Canna Therapeutic ApS. 582 

  583 

https://patents.google.com/patent/WO2018234301A1/en


22 
 

References 584 

Alnaseri, H., Arsic, B., Schneider, J.E., Kaiser, J.C., Scinocca, Z.C., Heinrichs, D.E., McGavin, M.J., 2015. Inducible 585 
Expression of a Resistance-Nodulation-Division-Type Efflux Pump in Staphylococcus aureus Provides 586 
Resistance to Linoleic and Arachidonic Acids. Journal of bacteriology 197, 1893-1905. 587 

Alnaseri, H., Kuiack, R.C., Ferguson, K.A., Schneider, J.E.T., Heinrichs, D.E., McGavin, M.J., 2019. DNA Binding and 588 
Sensor Specificity of FarR, a Novel TetR Family Regulator Required for Induction of the Fatty Acid Efflux 589 
Pump FarE in Staphylococcus aureus. Journal of bacteriology 201. 590 

Aslam, B., Wang, W., Arshad, M.I., Khurshid, M., Muzammil, S., Rasool, M.H., Nisar, M.A., Alvi, R.F., Aslam, M.A., 591 
Qamar, M.U., Salamat, M.K.F., Baloch, Z., 2018. Antibiotic resistance: a rundown of a global crisis. Infect 592 
Drug Resist 11, 1645-1658. 593 

Bakker, E.P., Mangerich, W.E., 1981. Interconversion of components of the bacterial proton motive force by 594 
electrogenic potassium transport. Journal of bacteriology 147, 820-826. 595 

Balibar, C.J., Shen, X., Tao, J., 2009. The mevalonate pathway of Staphylococcus aureus. Journal of bacteriology 596 
191, 851-861. 597 

Bashiri, G., Nigon, L.V., Jirgis, E.N.M., Ho, N.A.T., Stanborough, T., Dawes, S.S., Baker, E.N., Bulloch, E.M.M., 598 
Johnston, J.M., 2020. Allosteric regulation of menaquinone (vitamin K(2)) biosynthesis in the human 599 
pathogen Mycobacterium tuberculosis. J Biol Chem 295, 3759-3770. 600 

Bin Zaman, S., Hussain, M.A., Nye, R., Mehta, V., Mamun, K.T., Hossain, N., 2017. A Review on Antibiotic 601 
Resistance: Alarm Bells are Ringing. Cureus 9. 602 

Blaskovich, M.A.T., Kavanagh, A.M., Elliott, A.G., Zhang, B., Ramu, S., Amado, M., Lowe, G.J., Hinton, A.O., Pham, 603 
D.M.T., Zuegg, J., Beare, N., Quach, D., Sharp, M.D., Pogliano, J., Rogers, A.P., Lyras, D., Tan, L., West, 604 
N.P., Crawford, D.W., Peterson, M.L., Callahan, M., Thurn, M., 2021. The antimicrobial potential of 605 
cannabidiol. Communications Biology 4, 7. 606 

Bosch, M.E., Bertrand, B.P., Heim, C.E., Alqarzaee, A.A., Chaudhari, S.S., Aldrich, A.L., Fey, P.D., Thomas, V.C., 607 
Kielian, T., Torres, V.J., 2020. Staphylococcus aureus ATP Synthase Promotes Biofilm Persistence by 608 
Influencing Innate Immunity. mBio 11, e01581-01520. 609 

Boyle-Vavra, S., Challapalli, M., Daum, R.S., 2003. Resistance to autolysis in vancomycin-selected Staphylococcus 610 
aureus isolates precedes vancomycin-intermediate resistance. Antimicrob Agents Chemother 47, 2036-611 
2039. 612 

Chen, Y., Moran, J.C., Campbell-Lee, S., Horsburgh, M.J., 2020. Transcriptomic responses and survival 613 
mechanisms of staphylococci to the antimicrobial skin lipid sphingosine. bioRxiv, 614 
2020.2009.2015.297481. 615 

Choi, S.-r., Frandsen, J., Narayanasamy, P., 2017. Novel long-chain compounds with both immunomodulatory 616 
and MenA inhibitory activities against Staphylococcus aureus and its biofilm. Scientific Reports 7, 40077. 617 

Collins, L.V., Kristian, S.A., Weidenmaier, C., Faigle, M., van Kessel, K.P.M., van Strijp, J.A.G., Götz, F., Neumeister, 618 
B., Peschel, A., 2002. Staphylococcus aureus Strains Lacking d-Alanine Modifications of Teichoic Acids 619 
Are Highly Susceptible to Human Neutrophil Killing and Are Virulence Attenuated in Mice. The Journal of 620 
Infectious Diseases 186, 214-219. 621 

Dawson, A., Fyfe, P.K., Gillet, F., Hunter, W.N., 2011. Exploiting the high-resolution crystal structure of 622 
Staphylococcus aureus MenH to gain insight into enzyme activity. BMC Struct Biol 11, 19. 623 

Deatherage, D.E., Barrick, J.E., 2014. Identification of mutations in laboratory-evolved microbes from next-624 
generation sequencing data using breseq. Methods Mol Biol 1151, 165-188. 625 

Delauné, A., Dubrac, S., Blanchet, C., Poupel, O., Mäder, U., Hiron, A., Leduc, A., Fitting, C., Nicolas, P., Cavaillon, 626 
J.M., Adib-Conquy, M., Msadek, T., 2012. The WalKR system controls major staphylococcal virulence 627 
genes and is involved in triggering the host inflammatory response. Infection and immunity 80, 3438-628 
3453. 629 

Diep, B.A., Gill, S.R., Chang, R.F., Phan, T.H., Chen, J.H., Davidson, M.G., Lin, F., Lin, J., Carleton, H.A., Mongodin, 630 
E.F., Sensabaugh, G.F., Perdreau-Remington, F., 2006. Complete genome sequence of USA300, an 631 
epidemic clone of community-acquired meticillin-resistant Staphylococcus aureus. The Lancet 367, 731-632 
739. 633 



23 
 

Douafer, H., Andrieu, V., Phanstiel, O., Brunel, J.M., 2019. Antibiotic Adjuvants: Make Antibiotics Great Again! 634 
Journal of Medicinal Chemistry 62, 8665-8681. 635 

Dubrac, S., Boneca, I.G., Poupel, O., Msadek, T., 2007. New Insights into the WalK/WalR (YycG/YycF) Essential 636 
Signal Transduction Pathway Reveal a Major Role in Controlling Cell Wall Metabolism and Biofilm 637 
Formation in Staphylococcus aureus. Journal of bacteriology 189, 8257-8269. 638 

Farha, M.A., El-Halfawy, O.M., Gale, R.T., MacNair, C.R., Carfrae, L.A., Zhang, X., Jentsch, N.G., Magolan, J., 639 
Brown, E.D., 2020. Uncovering the Hidden Antibiotic Potential of Cannabis. ACS Infectious Diseases 6, 640 
338-346. 641 

Farha, M.A., Verschoor, C.P., Bowdish, D., Brown, E.D., 2013. Collapsing the proton motive force to identify 642 
synergistic combinations against Staphylococcus aureus. Chem Biol 20, 1168-1178. 643 

Fey, P.D., Endres, J.L., Yajjala, V.K., Widhelm, T.J., Boissy, R.J., Bose, J.L., Bayles, K.W., 2013a. A Genetic Resource 644 
for Rapid and Comprehensive Phenotype Screening of Nonessential Staphylococcus aureus Genes. mBio 645 
4, e00537-00512. 646 

Fey, P.D., Endres, J.L., Yajjala, V.K., Widhelm, T.J., Boissy, R.J., Bose, J.L., Bayles, K.W., 2013b. A genetic resource 647 
for rapid and comprehensive phenotype screening of nonessential Staphylococcus aureus genes. mBio 648 
4, e00537-00512. 649 

Friedman, L., Alder, J.D., Silverman, J.A., 2006. Genetic changes that correlate with reduced susceptibility to 650 
daptomycin in Staphylococcus aureus. Antimicrob Agents Chemother 50, 2137-2145. 651 

Gurung, R.R., Maharjan, P., Chhetri, G.G., 2020. Antibiotic resistance pattern of Staphylococcus aureus with 652 
reference to MRSA isolates from pediatric patients. Future Sci OA 6, Fso464. 653 

Hammer, N.D., Reniere, M.L., Cassat, J.E., Zhang, Y., Hirsch, A.O., Indriati Hood, M., Skaar, E.P., 2013. Two heme-654 
dependent terminal oxidases power Staphylococcus aureus organ-specific colonization of the vertebrate 655 
host. mBio 4. 656 

Helle, L., Kull, M., Mayer, S., Marincola, G., Zelder, M.-E., Goerke, C., Wolz, C., Bertram, R., 2011. Vectors for 657 
improved Tet repressor-dependent gradual gene induction or silencing in Staphylococcus aureus. 658 
Microbiology 157, 3314-3323. 659 

Hiron, A., Falord, M., Valle, J., Débarbouillé, M., Msadek, T., 2011. Bacitracin and nisin resistance in 660 
Staphylococcus aureus: a novel pathway involving the BraS/BraR two-component system 661 
(SA2417/SA2418) and both the BraD/BraE and VraD/VraE ABC transporters. Molecular microbiology 81, 662 
602-622. 663 

Howden, B.P., McEvoy, C.R.E., Allen, D.L., Chua, K., Gao, W., Harrison, P.F., Bell, J., Coombs, G., Bennett-Wood, 664 
V., Porter, J.L., Robins-Browne, R., Davies, J.K., Seemann, T., Stinear, T.P., 2011. Evolution of Multidrug 665 
Resistance during Staphylococcus aureus Infection Involves Mutation of the Essential Two Component 666 
Regulator WalKR. PLoS pathogens 7, e1002359. 667 

Hu, Q., Peng, H., Rao, X., 2016. Molecular Events for Promotion of Vancomycin Resistance in Vancomycin 668 
Intermediate Staphylococcus aureus. Frontiers in microbiology 7, 1601. 669 

Huang da, W., Sherman, B.T., Lempicki, R.A., 2009. Bioinformatics enrichment tools: paths toward the 670 
comprehensive functional analysis of large gene lists. Nucleic Acids Res 37, 1-13. 671 

Huang, D.W., Sherman, B.T., Lempicki, R.A., 2009. Systematic and integrative analysis of large gene lists using 672 
DAVID bioinformatics resources. Nature Protocols 4, 44-57. 673 

Ji, Q., Chen, P.J., Qin, G., Deng, X., Hao, Z., Wawrzak, Z., Yeo, W.-S., Quang, J.W., Cho, H., Luo, G.-Z., Weng, X., 674 
You, Q., Luan, C.-H., Yang, X., Bae, T., Yu, K., Jiang, H., He, C., 2016. Structure and mechanism of the 675 
essential two-component signal-transduction system WalKR in Staphylococcus aureus. Nature 676 
Communications 7, 11000. 677 

Kohler, T., Weidenmaier, C., Peschel, A., 2009. Wall Teichoic Acid Protects Staphylococcus aureus against 678 
Antimicrobial Fatty Acids from Human Skin. Journal of bacteriology 191, 4482-4484. 679 

Kossakowska-Zwierucho, M., Kaźmierkiewicz, R., Bielawski, K.P., Nakonieczna, J., 2016. Factors Determining 680 
Staphylococcus aureus Susceptibility to Photoantimicrobial Chemotherapy: RsbU Activity, 681 
Staphyloxanthin Level, and Membrane Fluidity. Frontiers in microbiology 7, 1141. 682 

Kurosu, M., Begari, E., 2010. Vitamin K2 in electron transport system: are enzymes involved in vitamin K2 683 
biosynthesis promising drug targets? Molecules 15, 1531-1553. 684 

Langmead, B., Salzberg, S.L., 2012. Fast gapped-read alignment with Bowtie 2. Nature Methods 9, 357-359. 685 



24 
 

Laws, M., Shaaban, A., Rahman, K.M., 2019. Antibiotic resistance breakers: current approaches and future 686 
directions. FEMS Microbiology Reviews 43, 490-516. 687 

Liao, Y., Smyth, G.K., Shi, W., 2014. featureCounts: an efficient general purpose program for assigning sequence 688 
reads to genomic features. Bioinformatics 30, 923-930. 689 

Ling, L.L., Schneider, T., Peoples, A.J., Spoering, A.L., Engels, I., Conlon, B.P., Mueller, A., Schäberle, T.F., Hughes, 690 
D.E., Epstein, S., Jones, M., Lazarides, L., Steadman, V.A., Cohen, D.R., Felix, C.R., Fetterman, K.A., 691 
Millett, W.P., Nitti, A.G., Zullo, A.M., Chen, C., Lewis, K., 2015. A new antibiotic kills pathogens without 692 
detectable resistance. Nature 517, 455-459. 693 

Love, M.I., Huber, W., Anders, S., 2014. Moderated estimation of fold change and dispersion for RNA-seq data 694 
with DESeq2. Genome Biology 15, 550. 695 

Lowy, F.D., 2003. Antimicrobial resistance: the example of Staphylococcus aureus. Journal of Clinical 696 
Investigation 111, 1265-1273. 697 

Martins, M., Dastidar, S.G., Fanning, S., Kristiansen, J.E., Molnar, J., Pagès, J.-M., Schelz, Z., Spengler, G., Viveiros, 698 
M., Amaral, L., 2008. Potential role of non-antibiotics (helper compounds) in the treatment of 699 
multidrug-resistant Gram-negative infections: mechanisms for their direct and indirect activities. 700 
International Journal of Antimicrobial Agents 31, 198-208. 701 

Medina, E., Pieper, D.H., 2016. Tackling Threats and Future Problems of Multidrug-Resistant Bacteria. Curr Top 702 
Microbiol 398, 3-33. 703 

Meehl, M., Herbert, S., Götz, F., Cheung, A., 2007. Interaction of the GraRS two-component system with the 704 
VraFG ABC transporter to support vancomycin-intermediate resistance in Staphylococcus aureus. 705 
Antimicrob Agents Chemother 51, 2679-2689. 706 

Mi, H., Ebert, D., Muruganujan, A., Mills, C., Albou, L.-P., Mushayamaha, T., Thomas, P.D., 2020. PANTHER 707 
version 16: a revised family classification, tree-based classification tool, enhancer regions and extensive 708 
API. Nucleic Acids Research 49, D394-D403. 709 

Mike, L.A., Dutter, B.F., Stauff, D.L., Moore, J.L., Vitko, N.P., Aranmolate, O., Kehl-Fie, T.E., Sullivan, S., Reid, P.R., 710 
DuBois, J.L., Richardson, A.R., Caprioli, R.M., Sulikowski, G.A., Skaar, E.P., 2013. Activation of heme 711 
biosynthesis by a small molecule that is toxic to fermenting Staphylococcus aureus. Proceedings of the 712 
National Academy of Sciences 110, 8206-8211. 713 

Monk, I.R., Shah, I.M., Xu, M., Tan, M.W., Foster, T.J., 2012. Transforming the untransformable: application of 714 
direct transformation to manipulate genetically Staphylococcus aureus and Staphylococcus epidermidis. 715 
mBio 3. 716 

Nguyen, M.-T., Saising, J., Tribelli, P.M., Nega, M., Diene, S.M., François, P., Schrenzel, J., Spröer, C., Bunk, B., 717 
Ebner, P., Hertlein, T., Kumari, N., Härtner, T., Wistuba, D., Voravuthikunchai, S.P., Mäder, U., Ohlsen, K., 718 
Götz, F., 2019. Inactivation of farR Causes High Rhodomyrtone Resistance and Increased Pathogenicity 719 
in Staphylococcus aureus. Frontiers in microbiology 10. 720 

Pader, V., Hakim, S., Painter, K.L., Wigneshweraraj, S., Clarke, T.B., Edwards, A.M., 2016. Staphylococcus aureus 721 
inactivates daptomycin by releasing membrane phospholipids. Nature microbiology 2, 16194. 722 

Patel, D., Husain, M., Vidaillac, C., Steed, M.E., Rybak, M.J., Seo, S.M., Kaatz, G.W., 2011. Mechanisms of in-vitro-723 
selected daptomycin-non-susceptibility in Staphylococcus aureus. International Journal of Antimicrobial 724 
Agents 38, 442-446. 725 

Paudel, A., Hamamoto, H., Panthee, S., Matsumoto, Y., Sekimizu, K., 2020. Large-Scale Screening and 726 
Identification of Novel Pathogenic Staphylococcus aureus Genes Using a Silkworm Infection Model. The 727 
Journal of Infectious Diseases 221, 1795-1804. 728 

Peschel, A., Vuong, C., Otto, M., Götz, F., 2000. The Alanine Residues of Staphylococcus aureus Teichoic Acids 729 
Alter the Susceptibility to Vancomycin and the Activity of Autolytic Enzymes. Antimicrobial Agents and 730 
Chemotherapy 44, 2845-2847. 731 

Schlag, M., Biswas, R., Krismer, B., Kohler, T., Zoll, S., Yu, W., Schwarz, H., Peschel, A., Götz, F., 2010. Role of 732 
staphylococcal wall teichoic acid in targeting the major autolysin Atl. Molecular microbiology 75, 864-733 
873. 734 

Schuster, C.F., Wiedemann, D.M., Kirsebom, F.C.M., Santiago, M., Walker, S., Gründling, A., 2020. High-735 
throughput transposon sequencing highlights the cell wall as an important barrier for osmotic stress in 736 



25 
 

methicillin resistant Staphylococcus aureus and underlines a tailored response to different osmotic 737 
stressors. Molecular microbiology 113, 699-717. 738 

Sen, S., Sirobhushanam, S., Johnson, S.R., Song, Y., Tefft, R., Gatto, C., Wilkinson, B.J., 2016. Growth-Environment 739 
Dependent Modulation of Staphylococcus aureus Branched-Chain to Straight-Chain Fatty Acid Ratio and 740 
Incorporation of Unsaturated Fatty Acids. PLoS One 11, e0165300. 741 

Shaaly, A., Kalamorz, F., Gebhard, S., Cook, G.M., 2013. Undecaprenyl pyrophosphate phosphatase confers low-742 
level resistance to bacitracin in Enterococcus faecalis. Journal of Antimicrobial Chemotherapy 68, 1583-743 
1593. 744 

Sievert, D.M., Rudrik, J.T., Patel, J.B., McDonald, L.C., Wilkins, M.J., Hageman, J.C., 2008. Vancomycin-resistant 745 
Staphylococcus aureus in the United States, 2002-2006. Clinical infectious diseases : an official 746 
publication of the Infectious Diseases Society of America 46, 668-674. 747 

Stauff, D.L., Bagaley, D., Torres, V.J., Joyce, R., Anderson, K.L., Kuechenmeister, L., Dunman, P.M., Skaar, E.P., 748 
2008. Staphylococcus aureus HrtA is an ATPase required for protection against heme toxicity and 749 
prevention of a transcriptional heme stress response. Journal of bacteriology 190, 3588-3596. 750 

Suzuki, T., Campbell, J., Kim, Y., Swoboda, J.G., Mylonakis, E., Walker, S., Gilmore, M.S., 2012. Wall teichoic acid 751 
protects Staphylococcus aureus from inhibition by Congo red and other dyes. J Antimicrob Chemother 752 
67, 2143-2151. 753 

Suzuki, T., Swoboda, J.G., Campbell, J., Walker, S., Gilmore, M.S., 2011. In vitro antimicrobial activity of wall 754 
teichoic acid biosynthesis inhibitors against Staphylococcus aureus isolates. Antimicrob Agents 755 
Chemother 55, 767-774. 756 

Truglio, J.J., Theis, K., Feng, Y., Gajda, R., Machutta, C., Tonge, P.J., Kisker, C., 2003. Crystal Structure of 757 
Mycobacterium tuberculosis MenB, a Key Enzyme in Vitamin K2 Biosynthesis*. Journal of Biological 758 
Chemistry 278, 42352-42360. 759 

van Dalen, R., Peschel, A., van Sorge, N.M., 2020. Wall Teichoic Acid in Staphylococcus aureus Host Interaction. 760 
Trends Microbiol 28, 985-998. 761 

Vergara-Irigaray, M., Maira-Litrán, T., Merino, N., Pier, G.B., Penadés, J.R., Lasa, I., 2008. Wall teichoic acids are 762 
dispensable for anchoring the PNAG exopolysaccharide to the Staphylococcus aureus cell surface. 763 
Microbiology (Reading) 154, 865-877. 764 

Vestergaard, M., Leng, B., Haaber, J., Bojer, M.S., Vegge, C.S., Ingmer, H., 2016. Genome-Wide Identification of 765 
Antimicrobial Intrinsic Resistance Determinants in Staphylococcus aureus. Frontiers in microbiology 7, 766 
2018. 767 

Vestergaard, M., Nøhr-Meldgaard, K., Bojer, M.S., Nielsen, C.K., Meyer, R.L., Slavetinsky, C., Peschel, A., Ingmer, 768 
H., Baquero, F., Pier, G.B., 2017. Inhibition of the ATP Synthase Eliminates the Intrinsic Resistance of 769 
Staphylococcus aureus towards Polymyxins. mBio 8, e01114-01117. 770 

Wassmann, C.S., Højrup, P., Klitgaard, J.K., 2020. Cannabidiol is an effective helper compound in combination 771 
with bacitracin to kill Gram-positive bacteria. Sci Rep 10, 4112. 772 

Wiegand, I., Hilpert, K., Hancock, R.E., 2008. Agar and broth dilution methods to determine the minimal 773 
inhibitory concentration (MIC) of antimicrobial substances. Nature protocols 3, 163-175. 774 

Yin, Y., Chen, H., Li, S., Gao, H., Sun, S., Li, H., Wang, R., Jin, L., Liu, Y., Wang, H., 2019. Daptomycin resistance in 775 
methicillin-resistant Staphylococcus aureus is conferred by IS256 insertion in the promoter of mprF 776 
along with mutations in mprF and walK. Int J Antimicrob Agents 54, 673-680. 777 

Zhang, P., Wright, J.A., Osman, A.A., Nair, S.P., 2017. An aroD Ochre Mutation Results in a Staphylococcus aureus 778 
Small Colony Variant That Can Undergo Phenotypic Switching via Two Alternative Mechanisms. 779 
Frontiers in microbiology 8. 780 

Zheng, L., Yan, M., Fan, F., Ji, Y., 2015. The Essential WalK Histidine Kinase and WalR Regulator Differentially 781 
Mediate Autolysis of Staphylococcus aureus RN4220. Journal of nature and science 1. 782 

Zhu, A., Ibrahim, J.G., Love, M.I., 2018. Heavy-tailed prior distributions for sequence count data: removing the 783 
noise and preserving large differences. Bioinformatics 35, 2084-2092. 784 

 785 



Figures and tables



Table 1: MIC for CBD of CBD resistant
strains created by serial passage 
experiment.

CBD Resistant
Strain

MIC CBD (µg/mL)

WT USA300 4

CBD4 4

CBD6 8

CBD7 8

CBD8 16

CBD10 16

CBD11 16

CBD12 32

CBD14 ≥128

Table 1



Gene/area 
affected

Locus Tag Mutation Amino Acid Change Protein Function a CBD Resistant Strain

walR SAUSA300_0020 A453C K151N (AAA→AAC) Sensor Histidine Kinase CBD8, CBD10, CBD11, 
CBD12 and CBD14

atpD SAUSA300_2058 T421A L141I (TTA→ATA) ATP Synthase Subunit Beta CBD7

tarO SAUSA300_0731 C710A P237Q (CCA→CAA) Glycosyl transferase group 
4 family protein

CBD14

farE SAUSA300_2489 T1750A I584F (ATT→TTT) Antibiotic transport-
associated protein-like

CBD8, CBD10, CBD11, 
CBD12 and CBD14

farR SAUSA300_2490 G280T D94Y (GAT→TAT) Regulator protein, TetR
family

CBD4, CBD6, CBD7, 
CBD8, CBD10, CBD11 

and CBD12

farE/farR G80/86A CBD12
a Protein function retrieved from https://www.uniprot.org/.

Table 2: Mutations observed by whole-genome sequencing of the CBD resistant strains.

Table 2

https://www.uniprot.org/


Strains MIC CBD 
(µg/mL)

WT USA300 4

USA300walRA453C 4

USA300atpDT421A 4

USA300tarOC710A 4

USA300farET1750A 4

USA300farRG280T 4

USA300farG80/86A 4

USA300ΔatpD 4

USA300ΔtarO 4

USA300ΔfarE 4

USA300ΔfarR 4

USA300farET1750AfarRG280T 8

USA300farRG280TfarG80/86A 4

Table 3: MIC for CBD of created mutants.

Table 3



Figure 1

Figure 1: Growth experiments of WT USA300 
(A), created mutants (B-M) and USA300 with 
inducible plasmid pRAB12-farE (N) and 
empty plasmid pRAB12-MCS (O) treated 
with either CBD (◼), BAC (▲), combination 
(◆) or left untreated (●).



Figure 2

Figure 2: Volcano plots of the transcriptional expression of USA300 upon treatment 
with CBD (A), BAC (B) and the combination (C) compared to untreated cells.



Figure 3

Figure 3: Carotenoid quantification of USA300 upon treatment with 
CBD, BAC or the combination relative to untreated. Statistics were 
performed using one-way ANOVA with Bonferroni correction.



Gene Name Locus Tag Protein Function MIC

SAUSA300_0199 Conserved hypothetical protein 4

SAUSA300_0377 Putative lipoprotein 4

cydD SAUSA300_0670 ABC transporter ATP-binding protein 2-4

cydC SAUSA300_0671 ABC transporter ATP-binding protein 2-4

SAUSA300_0847 Thioesterase 2

menH SAUSA300_0947 Hydrolase, alpha/beta hydrolase fold family 2

qoxC SAUSA300_0961 Quinol oxidase, subunit III 2-4

qoxB SAUSA300_0962 Quinol oxidase, subunit I 2-4

purK SAUSA300_0967 Phosphoribosylaminoimidazole carboxylase, ATPase subunit 4

purF SAUSA300_0972 Amidophosphoribosyltransferase 4

ctaM SAUSA300_1017 Hypothetical protein 2-4

SAUSA300_1182 Pyruvate ferredoxin oxidoreductase, alpha subunit 4

SAUSA300_1183 2-oxoglutarate ferredoxin oxidoreductase subunit beta 4

bshA SAUSA300_1349 Glycosyl transferase, group 1 family protein 4

fur SAUSA300_1514 Ferric uptake regulation protein 2

mtnN SAUSA300_1558 5'-methylthioadenosine/S-adenosylhomocysteine nucleosidase 2-4

cymR SAUSA300_1583 Hypothetical protein 2-4

hemB SAUSA300_1615 Delta-aminolevulinic acid dehydratase 2

Table 4: CBD susceptible strains observed in the screening of the Nebraska Transposon Mutant Library as well as 
MIC for CBD of these.

Table 4



Strain MIC CBD 
(µg/mL)

MIC CBD + 
50µM MK-4

MIC BAC 
(µg/mL)

WT USA300 4 16 64

WT USA300 (BHI) 4 16 128

USA300ΔmenH 2 8 64

USA300ΔhepT 2 16 256

USA300ΔmenA 2 16 128

USA300ΔispA 2 8 128

Table 5: MIC for CBD with and without addition of MK-4 and MIC for 
BAC of mutants. 

Table 5



Figure 4

Figure 4: Growth experiments with and without addition of MK-4 for CBD (A) and combination of CBD and BAC (B). Susceptibility test of 
CBD with increasing concentrations of MK-4 (C) and DHNA (D), against USA300. Untreated + MK-4 (●), CBD + MK-4 (◼), BAC + MK-4 (▲), 
Combination + MK-4 (◆), Untreated (○), CBD (◻), BAC (△) and Combination (◇).



Compound MIC (µg/mL) 
÷ MK-4

MIC (µg/mL)
+ MK-4

Cannabidiol 4 16

Bacitracin 64 64

Vancomycin 0.5 0.5

Chloramphenicol 16 16

Ciprofloxacin 8 8

Daptomycin 16 16

Table 6: MIC determination of USA300 for multiple antimicrobials
with and without addition of 50 µM MK-4. 

Table 6



Figure 5

Figure 5: A proposed model for the CBD mediated potentiation of BAC. 
Presence of CBD causes membrane potential disruption in S. aureus which damaging effect might be prevented by increasing the levels of menaquinone. In presence of BAC as well, 
the dephosphorylation of UPP is inhibited increasing the demand for de novo synthesis of UPP. Since presence of CBD might cause increased demand for menaquinone and therefore 
direct the focus of the use of IPP and FPP towards this, the level of UPP produced is low leading to potentiation of BAC. 
UppP: Undecaprenyl pyrophosphate phosphatase, PBP: Penicillin binding protein, UPP: Undecaprenyl pyrophosphate, UppS: Undecaprenyl pyrophosphate synthase, FPP: Farnesyl 
pyrophosphate, IPP: Isopentenyl pyrophosphate, PPP: Polyprenyl pyrophosphate and DHNA: 1,4-dihydroxy-2-naphtoic acid. Dashed line indicates a possible DHNA mediated 
inhibition of MenD.
Created using Biorender.
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Supplementary A 
 

Supplementary A: Primers used in this study. 

Primer Sequence (5’-3’) 

walR_Mut_A GGGGGGTCGACTGAAGAAGAACCAGACATCG 
walR_Mut_B CAATATCTTCGCCACGGTTTTTAATAGAATATG 
walR_Mut_C CATATTCTATTAAAAACCGTGGCGAAGATATTG 
walR_Mut_D GGGGGGAGCTCCTCCAATTTCTTGACGGTTG 
atpD_Mut_A GGGGGGTCGACAACACGTATGACTGCGATG 
atpD_Mut_B TATAAGGTGCTAGTATATCTACTACTTTAA 
atpD_Mut_C TTAAAGTAGTAGATATACTAGCACCTTATA 
atpD_Mut_D GGGGGGAGCTCCGTTCTAAGTTTGTAGTTGCATC 
atpD_KO_A GGGGGGTCGACGCGAAACATCAAGATAGTAGC 
atpD_KO_B GAACATCAATTACAGGACCC 
atpD_KO_C ATGGGTCCTGTAATTGATGTTCTCCGTTTAGTTGGTAGCATG 
atpD_KO_D GGGGGGAGCTCGGTTCTTTATCAATTCCTTCCC 
atpD_KO_outF ATCCAATGCTAAGACCTCG 
farE_Mut_A GGGGGGTCGACGGCCAAATACCGATGTTG 
farE_Mut_B AGATACCTATAGTAAAAACCGGTAAAAATG 
farE_Mut_C CATTTTTACCGGTTTTTACTATAGGTATCT 
farE_Mut_D GGGGGGAGCTCCTTGGTACAATGCCATCG 
farE_KO_A GGGGTCGACTCACTCATCGTTTGGAATGG 
farE_KO_B  ATGTTTTGCGATGAATGTCC 
farE_KO_C  GGACATTCATCGCAAAACATACGATGGCATTGTACCAAGAAG 
farE_KO_D  GGGGAGCTCATGATAGCGTCATCTGTTAACCC 
farE_KO_OutF  TATCTGGGATGTCGCTGTCA 
farE_KO_OutR  ATTCGTCCGGCTCCTATTCT 

farR_Mut_A GGGGGGTCGACCATTGTCAAATTTCGGTGC 
farR_Mut_B GATTTCTCTCAAATACTCTTTATTATTAAT 
farR_Mut_C ATTAATAATAAAGAGTATTTGAGAGAAATC 
farR_Mut_D GGGGGGAGCTCTCAATAATAATGGGAATTGTATTAGC 
farR_KO_A GGGGTCGACGATGTTTGACTAACGTCATATG 
farR_KO_B AATCGTTTGGAATAATTGCTGTTC 



farR_KO_C GAACAGCAATTATTCCAAACGATTTGGCCTGGCGAAGATATTG 
farR_KO_D GGGGGAGCTCGGTACGGACGCTAAAACAGG 
farR_KO_outF GTTCAGAATTACCGCCTACTTCTG 
farR_KO_outR ATGAAGCAATTGAGGTTGCAA 
tarO_Mut_A GGGGGGTCGACTGGGTGGTACAGTGATTCTC 
tarO_Mut_B CTAAGATAACAATTTGGAAGAACAATGCAA 
tarO_Mut_C TTGCATTGTTCTTCCAAATTGTTATCTTAG 
tarO_Mut_D GGGGGGAGCTCAGTTACCTTTCGATATACCAACTG 
tarO_KO_A GGGGGGTCGACCAATCAACGTAACACCGTACA 
tarO_KO_B2 AATTGGTGTTATCGTCAAACTG 
tarO_KO_C2 CAGTTTGACGATAACACCAATTGGATTAATAGATAACAACTACCGACC 
tarO_KO_D GGGGGGAGCTCATGATGGTGAACCGACAG 
tarO_KO_outF GGTCCAATAGCACTTGTTACTG 
tarO_KO_outR GCCACTCATAATTGTTCTGC 
far_interg_Mut_A GGGGGGTCGACTGTTTGTACATTATGATTGTCACG 
far_interg_Mut_B ATACTATAATCGAATAATAATCTACACTGT 
far_interg_Mut_C ACAGTGTAGATTATTATTCGATTATAGTAT 
far_interg_Mut_D GGGGGGAGCTCTTATCCAATGTATAAAACCTTCAATC 
walR_SDM_Check_F TGGCTAGAAAAGTTGTTGTAGTT 
walR_SDM_Check_R TGGACAGAACTATCATTCGC 
atpD_SDM_Check_F GGCATGGTCATTTGTCTTC 
atpD_SDM_Check_R CATCAGATAATTCGTCCATACC 
tagO_SDM_Check_F ATGGTTACATTATTACTAGTTGCAG 
tagO_SDM_Check_R AGTGACTATGAAGCGTTTATTAAC 
farE_SDM_Check_F AGTTAGTCATATGCGACTTGG 
farE_SDM_Check_R AACTGTTCTATATTCGTTGCTTG 
farR_SDM_Check_F AGTCGTCTTAAAGACAACACG 
farR_SDM_Check_R AATGCTTCATAATGAACAAGG 
farI_SDM_Check_F CCGAATGTGATTAACAGTACAAC 
farI_SDM_Check_R AATGTTGGTAACGCTCATG 
menH_KO_A GGGGGGTCGACAGAGTGCATTCGTTGGTG 
menH_KO_B GGTCTCAACGTTTGCTTC 
menH_KO_C GAAGCAAACGTTGAGACCATATTAGGATTTTTAAAGGAGGAGC 
menH_KO_D GGGGGGAGCTCGCTAAATATCCTGAACCATAACC 



menH_KO_OutF GGTTAGAAAAATGGCAATGC 
menH_KO_OutR ACCACTGTATTTACTAGACCCATATC 
hepT_KO_A GGGGGGTCGACGTGAAGTTACTGGTATTGACTTTAGTG 
hepT _KO_B CTTTTCAAGTCGTTGTTCCAC 
hepT _KO_C GTGGAACAACGACTTGAAAAGCCGAAATCACTACTTTTAAGTTTG 
hepT _KO_D GGGGGGAGCTCCATTAAACCATAGATTAATTTCACG 
hepT _KO_OutF GTATGGAGAAAACGCGTC 
hepT _KO_OutR AACCACATAACAAAACCCTTTC 
menA_KO_A GGGGGGTCGACTGATTTAGTCCAAACTCTCGC 
menA_KO_B CCAATATTTCTTAACTGTAGAATATTGC 

menA_KO_C GCAATATTCTACAGTTAAGAAATATTGGTATGCATTAGGTATTTATA
TTAGTGC 

menA_KO_D GGGGGGAGCTCTACCTAAAGACATGGTATTAGATGC 
menA_KO_OutF GTAAAACTTTCCCTTTTAACTGTATAAG 
menA_KO_OutR ATGACATAGTGATACGTCAAGC 
ispA_KO_A GGGGGGTCGACGCATTACTAAGTAGTGTTAATCAAGAAC 
ispA _KO_B TTCATCTATTAATTTATTCATCGGTAG 

ispA _KO_C CTACCGATGAATAAATTAATAGATGAAGAACAATTCAATACAAAACA
CTTATTAG 

ispA _KO_D GGGGGGAGCTCATTCATCTTGTGTCTCTATCTGTTC 
ispA _KO_OutF AGACTGAAACAACAAATTCAGG 
ispA _KO_OutR CTGAAGGTATAGGTACTTTAATAAGTTG 
IM151 TACATGTCAAGAATAAACTGCCAAAGC 
IM152 AATACCTGTGACGGAAGATCACTTCG 
purD_qPCR_F TATAGGTCCAGAACAGCCGC 
purD_qPCR_R GAGCCTTCGATTTGAGCTGC 
mvaD_qPCR_F TAGGATCAACACCGCCGTTC 
mvaD_qPCR_R TCACATTAGGTCCCGCATCC 
esaA_qPCR_F AGCTGCAGGTTTAAATGAGGATG 
esaA_qPCR_R TTGTGTCTTGCGCAACTTGG 
SAUSA300_2453_qPCR_F TAGTTGGTCTCGTTGGAGCG 
SAUSA300_2453_qPCR_R CAATCAATGCGCCGATATTGC 
farE_qPCR_F TGCACCGAAATTTGACAATG 
farE_qPCR_R TTCGGTTGCACAATACCATC 
cwrA_qPCR_F ACGAAATGACAAACGACACGAG 



cwrA_qPCR_R GAAATCAGATGGGTTAAATTCTTTCG 
sgtB_qPCR_F GCAGCAAACCATTACTTTGGAAC 
sgtB_qPCR_R CTTACACGTTGCGTAAAATTCTCTGAC 
fakA_qPCR_F TCACGTGCATACCGAATACCC 
fakA_qPCR_R CGAATCACTTCACGGTGCTG 
isdB_qPCR_F GGACAATACCATGTCAGAATCG 
isdB_qPCR_R ATGGTGTTGGTTTGCTAGGC 
bacA_qPCR_F AACAGAATTTGCACCTGTTTCCTC 
bacA_qPCR_R CCCATGCTGCTGCAAAGAC 
pyrP_qPCR_F AAACCACAACCAGCGCAATG 
pyrP_qPCR_R TCCCGAAGCTAGTAACGCTG 
gyrB_qPCR_F GAAGCATTAGCTGGTTATGCAA 
gyrB_qPCR_R CCACGTCCGTTATCCGTTAC 
Fwd_pRAB12_MCS_Overh
ang  GATCTACGCGTGCTAGCGCGGCCGCCCCGGGGAGCTCG 
Rev_pRAB12_MCS_Overh
ang  AATTCGAGCTCCCCGGGGCGGCCGCGCTAGCACGCGTA 
Up_farE_BgIII GATACAAGATCTTGGCAAAATTTTTATATAAGATG 
Dw_farE_NotI  GATACAGCGGCCGCTTATGATTTATTTCGTAGATTTTTT 

pRAB12_Seq_F TTGGATCCCCTCGAGTTCATG 
pRAB12_Seq_R GCAAGGCGATTAAGTTGGGTAAC 
 



Strain MIC CBD 
(µg/mL)

MIC BAC 
(µg/mL)

USA300/pRAB12-farE 4 64
USA300/pRAB12-MCS 4 64

B1
B2

Supplementary B: RT-qPCR of inducible expression of farE (B1) and MIC determination for CBD and BAC for USA300 containing the farE
inducible plasmid and the empty plasmid (B2). Statistics were performed using one-way ANOVA with Bonferroni correction

Supplementary B



Supplementary C 
CBD Treatment     

Locus Tag Old Locus Tag Gene Name Protein Function P-Adjusted Log2FC 

SAUSA300_RS12750 SAUSA300_2307 htrB hemin ABC transporter permease 1.77E-110 3.93 
SAUSA300_RS12745 SAUSA300_2306 hrtA hemin ABC transporter ATP-binding protein 3.94E-124 3.42 
SAUSA300_RS13825 SAUSA300_2489 farE membrane protein 3.59E-84 2.73 
SAUSA300_RS13850 SAUSA300_2493 cwrA hypothetical protein 5.83E-35 2.70 
SAUSA300_RS03005 

 
vraX protein VraX 1.07E-69 2.65 

SAUSA300_RS04805 SAUSA300_0891 opp-3A peptide ABC transporter substrate-binding protein 7.70E-27 2.31 
SAUSA300_RS04800 SAUSA300_0890 opp-3F peptide ABC transporter ATP-binding protein 3.30E-18 2.27 
SAUSA300_RS04790 SAUSA300_0888 opp-3C ABC transporter permease 4.51E-18 2.21 
SAUSA300_RS05215 SAUSA300_0970 purQ phosphoribosylformylglycinamidine synthase subunit PurQ 4.59E-19 2.19 
SAUSA300_RS08520 SAUSA300_1562 pxpA hypothetical protein 1.40E-33 2.18 
SAUSA300_RS05220 SAUSA300_0971 purL phosphoribosylformylglycinamidine synthase subunit PurL 4.94E-40 2.15 
SAUSA300_RS02380 SAUSA300_0445 gltB glutamate synthase large subunit 2.01E-50 2.14 
SAUSA300_RS08530 SAUSA300_1564 accB acetyl-CoA carboxylase biotin carboxyl carrier protein subunit 3.04E-15 2.06 
SAUSA300_RS11050 SAUSA300_2009 ilvC ketol-acid reductoisomerase 1.92E-15 2.03 
SAUSA300_RS04795 SAUSA300_0889 opp-3D ABC transporter ATP-binding protein 9.16E-21 2.03 
SAUSA300_RS05230 SAUSA300_0973 purF phosphoribosylformylglycinamidine cyclo-ligase 6.17E-36 1.99 
SAUSA300_RS06995 SAUSA300_1287 asd aspartate-semialdehyde dehydrogenase 1.12E-14 1.96 
SAUSA300_RS05225 SAUSA300_0972 purL amidophosphoribosyltransferase 3.52E-45 1.96 
SAUSA300_RS05235 SAUSA300_0974 purM phosphoribosylglycinamide formyltransferase 1.10E-27 1.87 
SAUSA300_RS04990 SAUSA300_0929 

 
hypothetical protein 8.99E-32 1.79 

SAUSA300_RS05240 SAUSA300_0975 purH bifunctional phosphoribosylaminoimidazolecarboxamide 
formyltransferase/inosine monophosphate cyclohydrolase 

 
1.26E-40 1.76 

SAUSA300_RS08525 SAUSA300_1563 accC acetyl-CoA carboxylase biotin carboxylase subunit 1.26E-26 1.75 
SAUSA300_RS08535 SAUSA300_1565 

 
allophanate hydrolase 1.52E-21 1.74 

SAUSA300_RS08515 SAUSA300_1561 
 

divalent metal cation transporter 1.35E-35 1.69 
SAUSA300_RS07000 SAUSA300_1288 dapA 4-hydroxy-tetrahydrodipicolinate synthase 4.56E-13 1.69 



SAUSA300_RS05210 SAUSA300_0969 purS phosphoribosylformylglycinamidine synthase 1.46E-07 1.69 
SAUSA300_RS11055 SAUSA300_2010 leuA 2-isopropylmalate synthase 2.30E-13 1.62 
SAUSA300_RS02195 SAUSA300_0409 spn hypothetical protein 2.05E-19 1.58 
SAUSA300_RS12830 SAUSA300_2321 

 
phage infection protein 8.39E-45 1.56 

SAUSA300_RS05200 SAUSA300_0967 purK 5-(carboxyamino)imidazole ribonucleotide synthase 6.18E-12 1.55 
SAUSA300_RS14515 SAUSA300_2611 hisD histidinol dehydrogenase 8.22E-09 1.52 
SAUSA300_RS07005 SAUSA300_1289 dapB 4-hydroxy-tetrahydrodipicolinate reductase 1.64E-12 1.50 
SAUSA300_RS13040 SAUSA300_2361 

 
hypothetical protein 3.72E-15 1.49 

AUSA300_RS14495 SAUSA300_2607 hisA 1-(5-phosphoribosyl)-5-((5-
phosphoribosylamino)methylideneamino)imidazole-4-carboxamide 
isomerase 

 
 
1.83E-06 1.48 

SAUSA300_RS10930 SAUSA300_1988 hld delta-hemolysin 7.61E-09 1.48 
SAUSA300_RS04785 SAUSA300_0887 opp-3B ABC transporter permease 2.36E-11 1.47 
SAUSA300_RS06645 SAUSA300_1226 hom homoserine dehydrogenase 2.10E-21 1.45 
SAUSA300_RS09355 SAUSA300_1712 ribH 6,7-dimethyl-8-ribityllumazine synthase 9.05E-21 1.45 
SAUSA300_RS06990 SAUSA300_1286 lysC aspartate kinase 1.90E-07 1.44 
SAUSA300_RS14510 SAUSA300_2610 hisC histidinol-phosphate aminotransferase 4.56E-06 1.40 
SAUSA300_RS12980 SAUSA300_2351 adcA zinc ABC transporter substrate-binding protein 0.000173027 1.39 
SAUSA300_RS03960 SAUSA300_0736 raiA ribosomal subunit interface protein 3.90E-22 1.38 
SAUSA300_RS13660 SAUSA300_2463 ddh lactate dehydrogenase 4.91E-40 1.38 
SAUSA300_RS09370 SAUSA300_1715 ribD riboflavin biosynthesis protein RibD 8.09E-24 1.37 
SAUSA300_RS14500 SAUSA300_2608 hisH imidazole glycerol phosphate synthase subunit HisH 0.000481598 1.37 
SAUSA300_RS11060 SAUSA300_2011 leuB 3-isopropylmalate dehydrogenase 4.18E-10 1.36 
SAUSA300_RS09040 SAUSA300_1656 uspA1 universal stress protein UspA 9.26E-49 1.35 
SAUSA300_RS09360 SAUSA300_1713 ribA riboflavin biosynthesis protein RibBA 5.65E-25 1.35 
SAUSA300_RS09365 SAUSA300_1714 ribB riboflavin synthase 5.77E-15 1.34 
SAUSA300_RS05245 SAUSA300_0976 purD phosphoribosylamine--glycine ligase 8.59E-37 1.33 
SAUSA300_RS05205 SAUSA300_0968 purC phosphoribosylaminoimidazolesuccinocarboxamide synthase 2.05E-09 1.32 
SAUSA300_RS05195 SAUSA300_0966 purE 5-(carboxyamino)imidazole ribonucleotide mutase 5.05E-07 1.29 
SAUSA300_RS07010 SAUSA300_1290 dapD 2,3,4,5-tetrahydropyridine-2,6-dicarboxylate N-acetyltransferase 2.38E-10 1.29 
SAUSA300_RS04730 SAUSA300_0877 clpB chaperone protein ClpB 4.70E-18 1.26 



SAUSA300_RS11065 SAUSA300_2012 leuC 3-isopropylmalate dehydratase large subunit 7.68E-11 1.25 
SAUSA300_RS01250 SAUSA300_0235 ldh1 L-lactate dehydrogenase 9.73E-15 1.25 
SAUSA300_RS09110 SAUSA300_1669 

 
alanine--glyoxylate aminotransferase family protein 3.12E-13 1.24 

SAUSA300_RS08540 SAUSA300_1566 pxpB allophanate hydrolase 7.88E-13 1.23 
SAUSA300_RS06650 SAUSA300_1227 thrC threonine synthase 3.68E-16 1.23 
SAUSA300_RS13350 SAUSA300_2411 cntA nickel ABC transporter, nickel/metallophore periplasmic binding 

protein 
 
2.80E-13 1.20 

SAUSA300_RS13870 SAUSA300_2497 
 

N-succinyldiaminopimelate aminotransferase 3.41E-18 1.19 
SAUSA300_RS13355 SAUSA300_2412 cntM hypothetical protein 2.77E-07 1.19 
SAUSA300_RS14520 SAUSA300_2612 hisG ATP phosphoribosyltransferase 0.015463885 1.16 
SAUSA300_RS14355 SAUSA300_2581 sasF hypothetical protein 0.001583657 1.16 
SAUSA300_RS14490 SAUSA300_2606 hisF imidazole glycerol phosphate synthase cyclase subunit 1.90E-05 1.16 
SAUSA300_RS09115 SAUSA300_1670 serA D-3-phosphoglycerate dehydrogenase 7.60E-17 1.15 
SAUSA300_RS14525 SAUSA300_2613 hisZ ATP phosphoribosyltransferase regulatory subunit 0.002445501 1.14 
SAUSA300_RS06655 SAUSA300_1228 thrB homoserine kinase 9.13E-17 1.12 
SAUSA300_RS04310 SAUSA300_0798 metQ1 methionine ABC transporter substrate-binding protein 8.11E-10 1.12 
SAUSA300_RS13805 SAUSA300_2486 clpL ATP-dependent Clp protease ATP-binding subunit 4.39E-22 1.09 
SAUSA300_RS11035 SAUSA300_2006 ilvD dihydroxy-acid dehydratase 8.21E-09 1.07 
SAUSA300_RS04305 SAUSA300_0797 metP1 ABC transporter permease 4.68E-11 1.06 
SAUSA300_RS06445 SAUSA300_1193 glpD aerobic glycerol-3-phosphate dehydrogenase 3.14E-29 1.05 
SAUSA300_RS13360 SAUSA300_2413 cntL hypothetical protein 0.000129774 1.04 
SAUSA300_RS03825 SAUSA300_0712 dtpT MFS transporter 5.82E-40 1.04 
SAUSA300_RS10610 

  
hypothetical protein 0.013654628 1.03 

SAUSA300_RS11045 SAUSA300_2008 ilvH acetolactate synthase 0.016804851 1.01 
SAUSA300_RS02320 SAUSA300_0433 mccA cysteine synthase 1.72E-20 -1.00 
SAUSA300_RS10255 

  
hypothetical protein 0.001057908 -1.01 

SAUSA300_RS01130 SAUSA300_0215 
 

membrane protein 0.00275287 -1.01 
SAUSA300_RS05535 SAUSA300_1028 isdB iron-regulated surface determinant protein B 2.10E-09 -1.01 
SAUSA300_RS04525 SAUSA300_0837 dltC D-alanine--poly(phosphoribitol) ligase subunit 2 3.26E-18 -1.02 
SAUSA300_RS00935 SAUSA300_0178 

 
hypothetical protein 1.42E-15 -1.05 

SAUSA300_RS02875 SAUSA300_0538 
 

UDP-glucose 4-epimerase 5.86E-18 -1.06 



SAUSA300_RS04510 
  

teichoic acid D-Ala incorporation-associated protein DltX 7.60E-17 -1.08 
SAUSA300_RS00910 SAUSA300_0173 

 
hypothetical protein 2.15E-19 -1.18 

SAUSA300_RS13530 SAUSA300_2441 fnbA fibronectin-binding protein A 1.61E-17 -1.18 
SAUSA300_RS02315 SAUSA300_0432 

 
sodium-dependent transporter 2.36E-33 -1.20 

SAUSA300_RS04505 
  

hypothetical protein 2.73E-21 -1.24 
SAUSA300_RS00920 SAUSA300_0175 ssuA hypothetical protein 3.10E-17 -1.27 
SAUSA300_RS00930 SAUSA300_0177 

 
acyl-CoA dehydrogenase 3.30E-18 -1.30 

SAUSA300_RS00925 SAUSA300_0176 ssuC ABC transporter permease 1.62E-21 -1.33 
SAUSA300_RS05915 SAUSA300_1091 pyrR bifunctional pyrimidine operon transcriptional regulator/uracil 

phosphoribosyltransferase 
 
3.57E-33 -1.34 

SAUSA300_RS13525 SAUSA300_2440 fnbB fibronectin-binding protein A 3.95E-19 -1.35 
SAUSA300_RS00915 SAUSA300_0174 ssuB sulfonate ABC transporter ATP-binding protein 9.52E-27 -1.36 
SAUSA300_RS01180 SAUSA300_0224 coa coagulase 1.66E-11 -1.40 
SAUSA300_RS11700 

  
hypothetical protein 4.58E-15 -1.51 

SAUSA300_RS05950 SAUSA300_1098 pyrE orotate phosphoribosyltransferase 1.74E-75 -2.36 
SAUSA300_RS05945 SAUSA300_1097 pyrF orotidine-5'-phosphate decarboxylase 1.49E-77 -2.36 
SAUSA300_RS05940 SAUSA300_1096 carB carbamoyl-phosphate synthase large chain 1.05E-83 -2.53 
SAUSA300_RS05935 SAUSA300_1095 carA carbamoyl-phosphate synthase small chain 3.72E-73 -2.59 
SAUSA300_RS05930 SAUSA300_1094 pyrC dihydroorotase 1.52E-64 -2.72 
SAUSA300_RS05925 SAUSA300_1093 pyrB aspartate carbamoyltransferase 8.74E-100 -3.01 
SAUSA300_RS05920 SAUSA300_1092 pyrP uracil permease 3.33E-111 -3.08 
      

 



Bacitracin Treatment 
Locus Tag Old Locus Tag Gene Name Protein Function P-Adjusted Log2FC 
SAUSA300_RS14630 SAUSA300_2634 vraE  ABC transporter permease 0 9.29 
SAUSA300_RS14625 SAUSA300_2633 vraD  ABC transporter ATP-binding protein 0 8.69 
SAUSA300_RS14635 SAUSA300_2635 vraH  membrane protein 1.27E-269 8.08 
SAUSA300_RS03005 

  
protein VraX 0 7.54 

SAUSA300_RS14640 SAUSA300_2636 
 

IS30 family transposase 0 6.33 
SAUSA300_RS01975 SAUSA300_0371 

 
hypothetical protein 4.31E-144 6.18 

SAUSA300_RS15670 
  

IS30 family transposase 0 6.04 
SAUSA300_RS14650 SAUSA300_2638 vraH  membrane protein 6.93E-304 5.96 
SAUSA300_RS13850 SAUSA300_2493 cwrA  hypothetical protein 0 5.88 
SAUSA300_RS15855 

   
5.79E-195 5.45 

SAUSA300_RS14645 SAUSA300_2637 
 

hypothetical protein 0 4.91 
SAUSA300_RS00265 SAUSA300_0050 

 
hypothetical protein 2.59E-202 4.06 

SAUSA300_RS02675 SAUSA300_0499 rrsB 16S ribosomal RNA 8.49E-07 3.06 
SAUSA300_RS00260 SAUSA300_0049 

 
hypothetical protein 2.91E-71 2.86 

SAUSA300_RS08750 SAUSA300_1606 
 

DUF4930 domain-containing protein 9.95E-134 2.74 
SAUSA300_RS14230 SAUSA300_2557 

 
ABC transporter ATP-binding protein 2.14E-94 2.58 

SAUSA300_RS03000 
  

hypothetical protein 8.67E-66 2.58 
SAUSA300_RS14225 SAUSA300_2556 

 
ABC transporter permease 3.54E-183 2.49 

SAUSA300_RS08745 
  

hypothetical protein 4.15E-48 2.45 
SAUSA300_RS10040 SAUSA300_1838 rrl3 23S ribosomal RNA 0.005662159 2.41 
SAUSA300_RS11095 SAUSA300_2017 

 
16S ribosomal RNA 0.005689859 2.38 

SAUSA300_RS09800 SAUSA300_1790 prsA foldase 7.99E-11 2.31 
SAUSA300_RS10055 SAUSA300_1841 rrsD 16S ribosomal RNA 0.009510337 2.15 
SAUSA300_RS11690 SAUSA300_2123 rrsE 23S ribosomal RNA NA 2.07 
SAUSA300_RS00255 SAUSA300_0048 

 
hypothetical protein 2.90E-16 2.00 

SAUSA300_RS09140 SAUSA300_1674 htrA1 serine protease 1.68E-92 1.90 
SAUSA300_RS01980 SAUSA300_0372 

 
peptidase 1.33E-08 1.88 

SAUSA300_RS10185 SAUSA300_1865 vraR  DNA-binding response regulator 2.76E-93 1.81 



SAUSA300_RS12545 SAUSA300_2269 
 

hypothetical protein 3.72E-64 1.72 
SAUSA300_RS05185 SAUSA300_0964 

 
hypothetical protein 4.62E-97 1.66 

SAUSA300_RS10190 SAUSA300_1866 
 

two-component sensor histidine kinase 6.09E-72 1.65 
SAUSA300_RS05155 SAUSA300_0959 fmtA  protein FmtA 1.62E-36 1.63 
SAUSA300_RS02995 SAUSA300_0561 vraC protein VraC 2.91E-15 1.59 
SAUSA300_RS02680 SAUSA300_0500 trnaI tRNA-Ile 0.015072236 1.58 
SAUSA300_RS10135 SAUSA300_1855 sgtB  monofunctional glycosyltransferase 1.33E-51 1.53 
SAUSA300_RS10195 SAUSA300_1867 vraS transporter 3.61E-47 1.49 
SAUSA300_RS03335 SAUSA300_0622 

 
membrane protein 1.75E-32 1.41 

SAUSA300_RS02685 SAUSA300_0501 rrlB 23S ribosomal RNA 0.026256336 1.40 
SAUSA300_RS13565 SAUSA300_2446 relP GTP pyrophosphokinase 3.35E-22 1.39 
SAUSA300_RS13155 SAUSA300_2378 

 
membrane protein 4.39E-37 1.35 

SAUSA300_RS10200 SAUSA300_1868 vraT hypothetical protein 1.28E-28 1.34 
SAUSA300_RS14610 SAUSA300_2630 nixA nickel transporter NixA 6.56E-35 1.31 
SAUSA300_RS06830 SAUSA300_1257 msrR regulatory protein MsrR 1.47E-43 1.25 
SAUSA300_RS14615 SAUSA300_2631 

 
arylamine N-acetyltransferase 1.85E-20 1.18 

SAUSA300_RS07050 SAUSA300_1297 acyP acylphosphatase 6.63E-09 1.16 
SAUSA300_RS13560 SAUSA300_2445 

 
MerR family transcriptional regulator 1.55E-26 1.13 

SAUSA300_RS07055 SAUSA300_1298 xpaC 5-bromo-4-chloroindolyl phosphate hydrolysis 
protein 

1.43E-11 1.12 

SAUSA300_RS07060 SAUSA300_1299 
 

tellurite resistance protein TelA 5.66E-14 1.12 
SAUSA300_RS12480 SAUSA300_2259 rrlF transcriptional regulator 3.89E-28 1.08 
SAUSA300_RS01885 SAUSA300_0355 

 
acetyl-CoA acyltransferase 4.22E-30 1.06 

SAUSA300_RS13150 SAUSA300_2377 
 

glycerate kinase 1.16E-25 1.02 
SAUSA300_RS01090 SAUSA300_0207 

 
peptidase M23 1.63E-07 1.02 

SAUSA300_RS04675 SAUSA300_0866 
 

TVP38/TMEM64 family protein 1.05E-27 1.01 
SAUSA300_RS14665 SAUSA300_2641 

 
hypothetical protein 0.006704741 -1.00 

SAUSA300_RS10920 SAUSA300 1986 vraU nitroreductase 9.17E-09 -1.02 
SAUSA300_RS09325 

  
MarR family transcriptional regulator 1.16E-23 -1.02 

SAUSA300_RS01705 SAUSA300_0320 lip2/gehB lipase 4.54E-24 -1.03 
SAUSA300_RS05160 SAUSA300_0960 qoxD  quinol oxidase subunit 4 8.43E-15 -1.06 



SAUSA300_RS04145 SAUSA300_0769 
 

DUF5067 domain-containing protein 0.002073163 -1.07 
SAUSA300_RS02920 SAUSA300_0547 sdrD  serine-aspartate repeat-containing protein D 1.83E-08 -1.07 
SAUSA300_RS14660 SAUSA300_2640 

 
transcriptional regulator 3.62E-05 -1.09 

SAUSA300_RS01560 SAUSA300_0292 
 

hypothetical protein 3.38E-05 -1.11 
SAUSA300_RS01495 SAUSA300_0279 esaA  type VII secretion protein EsaA 7.20E-12 -1.11 
SAUSA300_RS00600 SAUSA300_0116 sirB  iron ABC transporter permease 3.63E-16 -1.15 
SAUSA300_RS01485 SAUSA300_0277 

 
CHAP domain-containing protein 5.75E-19 -1.23 

SAUSA300_RS01500 SAUSA300_0280 essA  protein EssA 2.22E-09 -1.24 
SAUSA300_RS01465 SAUSA300_0273 

 
ABC transporter permease 3.00E-15 -1.24 

SAUSA300_RS01085 SAUSA300_0206 azoR FMN-dependent NADH-azoreductase 7.85E-13 -1.29 
SAUSA300_RS01480 SAUSA300_0276 

 
DUF5080 domain-containing protein 1.02E-13 -1.35 

SAUSA300_RS01460 SAUSA300_0272 
 

ABC transporter permease 3.44E-23 -1.36 
SAUSA300_RS01455 SAUSA300_0271 

 
ABC transporter ATP-binding protein 2.65E-25 -1.37 

SAUSA300_RS06755 SAUSA300_1244 mscL  large-conductance mechanosensitive channel 7.05E-62 -1.37 
SAUSA300_RS04185 SAUSA300_0776 nuc thermonuclease 1.36E-21 -1.44 
SAUSA300_RS00605 SAUSA300_0117 sirA  iron ABC transporter substrate-binding protein 8.26E-37 -1.49 
SAUSA300_RS01475 SAUSA300_0275 

 
DUF5079 domain-containing protein 2.10E-13 -1.55 

SAUSA300_RS14655 SAUSA300_2639 cspB cold-shock protein 6.48E-46 -1.62 
SAUSA300_RS01470 SAUSA300_0274 

 
hypothetical protein 4.56E-06 -1.72 

SAUSA300_RS01990 SAUSA300_0374 
 

GlsB/YeaQ/YmgE family stress response membrane 
protein 

6.49E-44 -1.75 

SAUSA300_RS13605 SAUSA300_2453 
 

lantibiotic ABC transporter ATP-binding protein 2.82E-26 -1.76 
SAUSA300_RS15870 

   
NA -1.84 

SAUSA300_RS13610 SAUSA300_2454 
 

ABC transporter permease 1.02E-39 -2.15 
      

 



Combination Treatment 
Locus Tag Old Locus Tag Gene Name Protein Function P-adjusted Log2FC 

SAUSA300_RS03005 
  

protein VraX 0 9.55 

SAUSA300_RS13850 SAUSA300_2493 cwrA  hypothetical protein 0 8.75 

SAUSA300_RS14630 SAUSA300_2634 vraE  ABC transporter permease 0 8.39 

SAUSA300_RS14625 SAUSA300_2633 vraD  ABC transporter ATP-binding protein 0 7.68 

SAUSA300_RS14635 SAUSA300_2635 vraH  membrane protein 2.36E-194 7.38 

SAUSA300_RS15375 
  

hypothetical protein 1.60E-109 5.49 

SAUSA300_RS14640 SAUSA300_2636 
 

IS30 family transposase 0 5.48 

SAUSA300_RS03000 
  

hypothetical protein 3.49E-258 5.24 

SAUSA300_RS15670 
  

IS30 family transposase 3.78E-282 5.08 

SAUSA300_RS14650 SAUSA300_2638 vraH  membrane protein 5.14E-190 5.05 

SAUSA300_RS08750 SAUSA300_1606 
 

DUF4930 domain-containing protein 0 4.87 

SAUSA300_RS09800 SAUSA300_1790 prsA foldase 9.73E-49 4.64 

SAUSA300_RS15855 
   

4.15E-120 4.56 

SAUSA300_RS01975 SAUSA300_0371 
 

hypothetical protein 2.57E-44 4.46 

SAUSA300_RS08745 
  

hypothetical protein 1.52E-239 4.45 

SAUSA300_RS00265 SAUSA300_0050 
 

hypothetical protein 9.42E-181 4.30 

SAUSA300_RS10190 SAUSA300_1866 vraS two-component sensor histidine kinase 0 4.30 

SAUSA300_RS10185 SAUSA300_1865 vraR  DNA-binding response regulator 0 4.27 

SAUSA300_RS14645 SAUSA300_2637 
 

hypothetical protein 4.17E-302 4.21 

SAUSA300_RS10270 SAUSA300_1877 
 

hypothetical protein 0 4.21 

SAUSA300_RS10195 SAUSA300_1867 vraT transporter 0 4.17 

SAUSA300_RS10135 SAUSA300_1855 sgtB  monofunctional glycosyltransferase 0 4.07 

SAUSA300_RS10200 SAUSA300_1868 vraU hypothetical protein 0 4.02 

SAUSA300_RS03335 SAUSA300_0622 
 

membrane protein 0 4.00 

SAUSA300_RS09140 SAUSA300_1674 htrA1 serine protease 0 3.94 

SAUSA300_RS12545 SAUSA300_2269 
 

hypothetical protein 0 3.92 

SAUSA300_RS08760 SAUSA300_1608 radC  hypothetical protein 9.93E-99 3.92 

SAUSA300_RS02995 SAUSA300_0561 vraC protein VraC 1.09E-154 3.87 



SAUSA300_RS13155 SAUSA300_2378 
 

membrane protein 1.36E-224 3.73 

SAUSA300_RS13565 SAUSA300_2446 relP GTP pyrophosphokinase 3.21E-304 3.69 

SAUSA300_RS01090 SAUSA300_0207 
 

peptidase M23 4.48E-166 3.53 

SAUSA300_RS13560 SAUSA300_2445 
 

MerR family transcriptional regulator 0 3.46 

SAUSA300_RS12480 SAUSA300_2259 
 

transcriptional regulator 7.05E-281 3.44 

SAUSA300_RS10275 SAUSA300_1878 rlmD  RNA methyltransferase 5.07E-274 3.44 

SAUSA300_RS05185 SAUSA300_0964 
 

hypothetical protein 5.43E-220 3.37 

SAUSA300_RS05155 SAUSA300_0959 fmtA  protein FmtA 7.11E-153 3.21 

SAUSA300_RS13150 SAUSA300_2377 
 

glycerate kinase 4.60E-248 3.19 

SAUSA300_RS12720 SAUSA300_2302 tcaA zinc ribbon domain-containing protein 1.07E-100 2.99 

SAUSA300_RS06645 SAUSA300_1226 hom homoserine dehydrogenase 5.41E-128 2.86 

SAUSA300_RS13040 SAUSA300_2361 
 

hypothetical protein 1.93E-13 2.80 

SAUSA300_RS10265 SAUSA300_1876 dinB  DNA polymerase IV 2.50E-143 2.73 

SAUSA300_RS06995 SAUSA300_1287 asd aspartate-semialdehyde dehydrogenase 5.14E-33 2.68 

SAUSA300_RS04990 SAUSA300_0929 
 

hypothetical protein 7.60E-85 2.67 

SAUSA300_RS06830 SAUSA300_1257 msrR regulatory protein MsrR 5.22E-182 2.67 

SAUSA300_RS07175 SAUSA300_1317 msrA  peptide-methionine (S)-S-oxide reductase 1.21E-163 2.65 

SAUSA300_RS11050 SAUSA300_2009 ilvC  ketol-acid reductoisomerase 1.32E-27 2.59 

SAUSA300_RS11440 SAUSA300_2078 murA2 UDP-N-acetylglucosamine 1-
carboxyvinyltransferase 

9.77E-220 
2.59 

SAUSA300_RS07170 SAUSA300_1316 msrB  peptide-methionine (R)-S-oxide reductase 1.83E-166 2.55 

SAUSA300_RS00260 SAUSA300_0049 
 

hypothetical protein 5.66E-59 2.53 

SAUSA300_RS07160 SAUSA300_1314 
 

hypothetical protein 4.63E-87 2.48 

SAUSA300_RS00995 SAUSA300_0190 
 

indolepyruvate decarboxylase 8.98E-102 2.46 

SAUSA300_RS07165 SAUSA300_1315 crr glucose-specific phosphotransferase enzyme 
IIA component 

3.26E-93 
2.43 

SAUSA300_RS06650 SAUSA300_1227 thrC threonine synthase 1.51E-56 2.42 

SAUSA300_RS12750 SAUSA300_2307 htrB hemin ABC transporter permease 6.28E-45 2.42 

SAUSA300_RS07000 SAUSA300_1288 dapA 4-hydroxy-tetrahydrodipicolinate synthase 6.76E-26 2.41 

SAUSA300_RS09040 SAUSA300_1656 uspA1 universal stress protein UspA 2.62E-87 2.39 

SAUSA300_RS04675 SAUSA300_0866 
 

TVP38/TMEM64 family protein 3.78E-152 2.37 



SAUSA300_RS03960 SAUSA300_0736 raiA  ribosomal subunit interface protein 6.07E-80 2.34 

SAUSA300_RS06655 SAUSA300_1228 thrB homoserine kinase 2.39E-59 2.27 

SAUSA300_RS09110 SAUSA300_1669 
 

alanine--glyoxylate aminotransferase family 
protein 

1.54E-43 
2.24 

SAUSA300_RS13360 SAUSA300_2413 cntL  hypothetical protein 1.51E-19 2.22 

SAUSA300_RS07005 SAUSA300_1289 dapB 4-hydroxy-tetrahydrodipicolinate reductase 9.78E-27 2.21 

SAUSA300_RS14520 SAUSA300_2612 hisG ATP phosphoribosyltransferase 1.26E-06 2.20 

SAUSA300_RS13355 SAUSA300_2412 cntM  hypothetical protein 2.10E-22 2.18 

SAUSA300_RS00990 SAUSA300_0189 
 

isochorismatase 3.61E-47 2.18 

SAUSA300_RS11060 SAUSA300_2011 leuB  3-isopropylmalate dehydrogenase 1.00E-28 2.17 

SAUSA300_RS11055 SAUSA300_2010 leuA 2-isopropylmalate synthase 1.79E-22 2.15 

SAUSA300_RS14525 SAUSA300_2613 hisZ ATP phosphoribosyltransferase regulatory 
subunit 

5.32E-10 
2.12 

SAUSA300_RS06380 SAUSA300_1180 
 

hypothetical protein 3.38E-11 2.09 

SAUSA300_RS06990 SAUSA300_1286 lysC aspartate kinase 2.56E-17 2.09 

SAUSA300_RS07050 SAUSA300_1297 acyP acylphosphatase 5.20E-35 2.08 

SAUSA300_RS07450 
  

hypothetical protein 8.20E-11 2.08 

SAUSA300_RS09355 SAUSA300_1712 ribH 6,7-dimethyl-8-ribityllumazine synthase 2.43E-35 2.05 

SAUSA300_RS09365 SAUSA300_1714 ribB riboflavin synthase 1.70E-43 2.04 

SAUSA300_RS09115 SAUSA300_1670 serA D-3-phosphoglycerate dehydrogenase 7.84E-51 2.04 

SAUSA300_RS03250 SAUSA300_0605 sarA  transcriptional regulator 9.84E-56 2.03 

SAUSA300_RS12745 SAUSA300_2306 hrtA hemin ABC transporter ATP-binding protein 2.16E-34 2.03 

SAUSA300_RS07445 SAUSA300_1365 rpsA  30S ribosomal protein S1 8.53E-84 2.02 

SAUSA300_RS10130 SAUSA300_1854 recX  regulatory protein RecX 4.38E-17 2.02 

SAUSA300_RS01895 SAUSA300_0357 metE  5-methyltetrahydropteroyltriglutamate-- 
homocysteine methyltransferase 

4.59E-47 
2.00 

SAUSA300_RS09360 SAUSA300_1713 ribB/ribA riboflavin biosynthesis protein RibBA 3.46E-62 1.96 

SAUSA300_RS04790 SAUSA300_0888 opp-3C ABC transporter permease 3.55E-16 1.94 

SAUSA300_RS02990 SAUSA300_0560 vraB acetyl-CoA acetyltransferase 9.32E-62 1.94 

SAUSA300_RS07055 SAUSA300_1298 xpaC 5-bromo-4-chloroindolyl phosphate 
hydrolysis protein 

4.93E-40 
1.93 



SAUSA300_RS04805 SAUSA300_0891 opp-3A peptide ABC transporter substrate-binding 
protein 

2.88E-29 
1.90 

SAUSA300_RS08955 SAUSA300_1641 citZ citrate synthase 2.59E-63 1.89 

SAUSA300_RS11435 SAUSA300_2077 
 

transcriptional regulator 7.30E-103 1.89 

SAUSA300_RS14505 SAUSA300_2609 hisB  imidazoleglycerol-phosphate dehydratase 3.58E-07 1.89 

SAUSA300_RS06640 SAUSA300_1225 thrD aspartate kinase 5.12E-23 1.88 

SAUSA300_RS04800 SAUSA300_0890 opp-3F peptide ABC transporter ATP-binding protein 6.24E-15 1.88 

SAUSA300_RS14565 SAUSA300_2621 drp35 lactonase 6.09E-46 1.87 

SAUSA300_RS11045 SAUSA300_2008 ilvH acetolactate synthase 3.40E-05 1.86 

SAUSA300_RS13825 SAUSA300_2489 farE  membrane protein 3.58E-72 1.86 

SAUSA300_RS14615 SAUSA300_2631 
 

arylamine N-acetyltransferase 1.02E-56 1.85 

SAUSA300_RS08950 SAUSA300_1640 icd  isocitrate dehydrogenase (NADP(+)) 1.49E-78 1.85 

SAUSA300_RS09370 SAUSA300_1715 ribD  riboflavin biosynthesis protein RibD 3.18E-38 1.84 

SAUSA300_RS01450 SAUSA300_0270 lytM  glycyl-glycine endopeptidase LytM 3.04E-91 1.82 

SAUSA300_RS07060 SAUSA300_1299 
 

tellurite resistance protein TelA 2.62E-38 1.80 

SAUSA300_RS07010 SAUSA300_1290 dapD  2,3,4,5-tetrahydropyridine-2,6-dicarboxylate 
N-acetyltransferase 

1.52E-17 
1.79 

SAUSA300_RS14515 SAUSA300_2611 hisD histidinol dehydrogenase 1.39E-09 1.77 

SAUSA300_RS14510 SAUSA300_2610 
 

histidinol-phosphate aminotransferase 1.45E-09 1.77 

SAUSA300_RS11900 SAUSA300_2159 
 

aldo/keto reductase 1.41E-31 1.76 

SAUSA300_RS09125 SAUSA300_1671 
 

HAD family hydrolase 4.33E-52 1.75 

SAUSA300_RS00280 SAUSA300_0055 adhC alcohol dehydrogenase 6.45E-19 1.75 

SAUSA300_RS12550 SAUSA300_2270 glvC PTS alpha-glucoside transporter subunit IIBC 4.35E-65 1.73 

SAUSA300_RS04795 SAUSA300_0889 opp-3D ABC transporter ATP-binding protein 6.03E-16 1.73 

SAUSA300_RS14500 SAUSA300_2608 hisH  imidazole glycerol phosphate synthase 
subunit HisH 

1.38E-05 
1.72 

SAUSA300_RS04730 SAUSA300_0877 clpB  chaperone protein ClpB 2.79E-48 1.72 

SAUSA300_RS11065 SAUSA300_2012 leuC  3-isopropylmalate dehydratase large subunit 1.24E-17 1.71 

SAUSA300_RS04680 SAUSA300_0867 lepB  inactive signal peptidase IA 2.56E-91 1.71 

SAUSA300_RS11905 SAUSA300_2160 
 

MerR family transcriptional regulator 3.10E-08 1.70 

SAUSA300_RS02725 SAUSA300_0509 mcsB protein arginine kinase 5.96E-61 1.70 

SAUSA300_RS04685 SAUSA300_0868 lepB  signal peptidase IB 1.10E-85 1.70 



SAUSA300_RS14495 SAUSA300_2607 hisA 1-(5-phosphoribosyl)-5-((5- 
phosphoribosylamino)methylideneamino)imi
dazole-4- carboxamide isomerase 

4.14E-08 
1.70 

SAUSA300_RS07150 SAUSA300_1313 ctpA serine protease 4.92E-40 1.69 

SAUSA300_RS00255 SAUSA300_0048 
 

hypothetical protein 6.09E-15 1.68 

SAUSA300_RS14570 SAUSA300_2622 
 

sulfurtransferase 9.16E-76 1.68 

SAUSA300_RS13870 SAUSA300_2497 
 

N-succinyldiaminopimelate aminotransferase 8.68E-36 1.67 

SAUSA300_RS08530 SAUSA300_1564 
 

acetyl-CoA carboxylase biotin carboxyl 
carrier protein subunit 

1.46E-08 
1.67 

SAUSA300_RS02720 SAUSA300_0508 mcsA excinuclease ABC subunit B 7.90E-51 1.66 

SAUSA300_RS13365 SAUSA300_2414 cntK  diaminopimelate epimerase 1.03E-14 1.65 

SAUSA300_RS07315 SAUSA300_1341 
 

penicillin-binding protein 2 2.47E-74 1.65 

SAUSA300_RS05150 SAUSA300_0958 
 

hypothetical protein 6.67E-82 1.63 

SAUSA300_RS09105 SAUSA300_1668 
 

peroxiredoxin 3.39E-42 1.62 

SAUSA300_RS02730 SAUSA300_0510 clpC ATP-dependent Clp protease ATP-binding 
subunit ClpC 

1.34E-42 
1.61 

SAUSA300_RS07310 SAUSA300_1340 recU  Holliday junction resolvase RecU 3.01E-63 1.61 

SAUSA300_RS05305 SAUSA300_0986 cydA cytochrome ubiquinol oxidase subunit I 9.79E-68 1.61 

SAUSA300_RS13660 SAUSA300_2463 ddh lactate dehydrogenase 2.08E-37 1.60 

SAUSA300_RS06765 SAUSA300_1246 acnA  aconitate hydratase 5.06E-71 1.59 

SAUSA300_RS11035 SAUSA300_2006 ilvD  dihydroxy-acid dehydratase 1.97E-19 1.59 

SAUSA300_RS08520 SAUSA300_1562 pxpA  hypothetical protein 4.57E-14 1.58 

SAUSA300_RS05120 SAUSA300_0953 
 

acyltransferase 8.75E-58 1.57 

SAUSA300_RS05310 SAUSA300_0987 cydB cytochrome D ubiquinol oxidase subunit II 1.89E-57 1.57 

SAUSA300_RS12160 SAUSA300_2206 
 

hypothetical protein 1.96E-73 1.57 

SAUSA300_RS03775 SAUSA300_0703 ltaS  lipoteichoic acid synthase 1.44E-91 1.57 

SAUSA300_RS01265 SAUSA300_0237 - nucleoside hydrolase 5.25E-41 1.53 

SAUSA300_RS14230 SAUSA300_2557 
 

ABC transporter ATP-binding protein 2.91E-25 1.53 

SAUSA300_RS10450 SAUSA300_1909 
 

thioredoxin family protein 1.73E-61 1.53 

SAUSA300_RS13845 SAUSA300_2492 
 

maltose O-acetyltransferase 1.95E-27 1.51 

SAUSA300_RS11070 SAUSA300_2013 leuD  3-isopropylmalate dehydratase small subunit 1.76E-10 1.51 

SAUSA300_RS05145 SAUSA300_0957 
 

hypothetical protein 2.77E-69 1.51 



SAUSA300_RS11040 SAUSA300_2007 ilvB  acetolactate synthase, large subunit, 
biosynthetic type 

4.89E-18 
1.50 

SAUSA300_RS09100 SAUSA300_1667 
 

glycerophosphoryl diester phosphodiesterase 2.38E-22 1.49 

SAUSA300_RS03060 SAUSA300_0572 mvk  mevalonate kinase 1.84E-56 1.49 

SAUSA300_RS13865 SAUSA300_2496 
 

lactate dehydrogenase 1.47E-30 1.49 

SAUSA300_RS14225 SAUSA300_2556 
 

ABC transporter permease 1.38E-51 1.49 

SAUSA300_RS09780 SAUSA300_1786 ecsA ABC transporter ATP-binding protein 4.49E-59 1.48 

SAUSA300_RS09030 
  

hypothetical protein 1.37E-13 1.47 

SAUSA300_RS01900 SAUSA300_0358 metF bifunctional homocysteine S-
methyltransferase/methylenetetrahydrofolat
e reductase 

1.37E-21 
1.47 

SAUSA300_RS10905 SAUSA300_1983 groES  co-chaperone GroES 3.51E-47 1.46 

SAUSA300_RS08525 SAUSA300_1563 
 

acetyl-CoA carboxylase biotin carboxylase 
subunit 

2.61E-16 
1.46 

SAUSA300_RS08515 SAUSA300_1561 
 

divalent metal cation transporter 3.31E-24 1.45 

SAUSA300_RS06940 SAUSA300_1278 pepF  oligoendopeptidase F 9.02E-65 1.45 

SAUSA300_RS04060 SAUSA300_0752 clpP  ATP-dependent Clp protease proteolytic 
subunit 

1.26E-43 
1.45 

SAUSA300_RS05345 SAUSA300_0992 
 

cell-wall-binding lipoprotein 0.00032845
8 

1.44 

SAUSA300_RS08535 SAUSA300_1565 
 

allophanate hydrolase 3.83E-14 1.44 

SAUSA300_RS07300 SAUSA300_1339 
 

hypothetical protein 1.73E-50 1.44 

SAUSA300_RS09350 SAUSA300_1711 putA proline dehydrogenase 4.20E-24 1.43 

SAUSA300_RS00670 SAUSA300_0129 butA diacetyl reductase ((S)-acetoin forming) 4.57E-26 1.42 

SAUSA300_RS04860 SAUSA300_0903 yjbH  hypothetical protein 4.27E-45 1.41 

SAUSA300_RS04865 SAUSA300_0904 
 

hypothetical protein 1.03E-29 1.39 

SAUSA300_RS02715 SAUSA300_0507 ctsR transcriptional regulator CtsR 6.24E-26 1.39 

SAUSA300_RS06445 SAUSA300_1193 glpD aerobic glycerol-3-phosphate dehydrogenase 1.68E-54 1.39 

SAUSA300_RS09425 SAUSA300_1725 tal transaldolase 1.84E-52 1.39 

SAUSA300_RS10410 SAUSA300_1901 aldH aldehyde dehydrogenase 9.64E-51 1.39 

SAUSA300_RS08765 SAUSA300_1609 comC prepilin peptidase 2.05E-08 1.39 

SAUSA300_RS01325 SAUSA300_0248 tarF CDP-glycerol--glycerophosphate 
glycerophosphotransferase 

2.84E-51 
1.38 



SAUSA300_RS05275 SAUSA300_0980 
 

hypothetical protein 3.33E-43 1.38 

SAUSA300_RS04995 SAUSA300_0930 lplA1 lipoate--protein ligase A 8.61E-49 1.37 

SAUSA300_RS14610 SAUSA300_2630 nixA nickel transporter NixA 1.73E-39 1.37 

SAUSA300_RS09025 SAUSA300_1654 pepQ dipeptidase 7.86E-41 1.37 

SAUSA300_RS13410 SAUSA300_2422 
 

oxidoreductase 3.31E-20 1.37 

SAUSA300_RS06690 SAUSA300_1234 rpsN  30S ribosomal protein S14 1.78E-18 1.35 

SAUSA300_RS09775 SAUSA300_1785 - multidrug ABC transporter ATP-binding 
protein 

4.82E-58 
1.35 

SAUSA300_RS04785 SAUSA300_0887 opp-3B ABC transporter permease 6.62E-10 1.35 

SAUSA300_RS10065 SAUSA300_1843 
 

2-hydroxyacid dehydrogenase 9.12E-35 1.33 

SAUSA300_RS07025 SAUSA300_1293 lysA  diaminopimelate decarboxylase 1.88E-29 1.33 

SAUSA300_RS02370 SAUSA300_0443 
 

hypothetical protein 2.25E-41 1.32 

SAUSA300_RS03065 SAUSA300_0573 mvaD  diphosphomevalonate decarboxylase 5.40E-48 1.31 

SAUSA300_RS14555 SAUSA300_2619 
 

DNA-directed RNA polymerase subunit delta 4.56E-06 1.30 

SAUSA300_RS02380 SAUSA300_0445 gltB  glutamate synthase large subunit 6.19E-20 1.29 

SAUSA300_RS03425 SAUSA300_0639 
 

hypothetical protein 1.89E-49 1.29 

SAUSA300_RS14350 SAUSA300_2580 
 

cysteine hydrolase 5.40E-34 1.29 

SAUSA300_RS04450 SAUSA300_0825 
 

nitronate monooxygenase 3.21E-38 1.29 

SAUSA300_RS09240 SAUSA300_1691 
 

glutamyl aminopeptidase 3.92E-41 1.28 

SAUSA300_RS02365 SAUSA300_0442 
 

hypothetical protein 9.42E-40 1.28 

SAUSA300_RS10405 
  

hypothetical protein 4.96E-13 1.28 

SAUSA300_RS11465 SAUSA300_2083 
 

N-acetyltransferase 1.70E-42 1.28 

SAUSA300_RS01630 SAUSA300_0306 brnQ  branched-chain amino acid transporter II 
carrier protein 

1.16E-37 
1.28 

SAUSA300_RS09120 
  

hypothetical protein 0.01372540
3 

1.27 

SAUSA300_RS13855 SAUSA300_2494 copA copper-exporting P-type ATPase A 1.53E-33 1.26 

SAUSA300_RS01885 SAUSA300_0355 
 

acetyl-CoA acyltransferase 8.36E-48 1.25 

SAUSA300_RS12355 SAUSA300_2238 ureA urease subunit gamma 2.89E-09 1.25 

SAUSA300_RS12500 SAUSA300_2262 sdpB  CPBP family intramembrane metalloprotease 3.54E-49 1.24 

SAUSA300_RS04445 SAUSA300_0824 
 

HlyC/CorC family transporter 7.64E-35 1.24 

SAUSA300_RS13735 SAUSA300_2475 
 

acyl-CoA thioester hydrolase 7.79E-18 1.24 



SAUSA300_RS07485 SAUSA300_1370 ebpS  elastin-binding protein EbpS 3.86E-05 1.24 

SAUSA300_RS04845 SAUSA300_0899 mecA/trfA adaptor protein MecA 1.26E-44 1.24 

SAUSA300_RS14245 SAUSA300_2560 
 

hypothetical protein 2.45E-10 1.23 

SAUSA300_RS11075 SAUSA300_2014 ilvA  L-threonine dehydratase biosynthetic IlvA 1.13E-13 1.23 

SAUSA300_RS00155 SAUSA300_0030 ugpQ glycerophosphoryl diester phosphodiesterase 1.01E-22 1.22 

SAUSA300_RS03695 SAUSA300_0688 
 

aldo/keto reductase 2.00E-30 1.22 

SAUSA300_RS14355 SAUSA300_2581 sasF  hypothetical protein 9.42E-25 1.22 

SAUSA300_RS07020 SAUSA300_1292 alr2 alanine racemase 2 1.17E-11 1.21 

SAUSA300_RS03070 SAUSA300_0574 mvaK2 phosphomevalonate kinase 3.07E-39 1.21 

SAUSA300_RS10070 SAUSA300_1844 bcp  peroxiredoxin 5.26E-18 1.21 

SAUSA300_RS07015 SAUSA300_1291 dapI hydrolase 7.64E-13 1.21 

SAUSA300_RS02880 SAUSA300_0539 ilvE branched chain amino acid aminotransferase 2.34E-41 1.20 

SAUSA300_RS12490 SAUSA300_2261 
 

YafY family transcriptional regulator 2.28E-22 1.19 

SAUSA300_RS13585 SAUSA300_2450 
 

DedA family protein 2.16E-34 1.19 

SAUSA300_RS03450 SAUSA300_0643 
 

N-acetyltransferase 5.01E-35 1.18 

SAUSA300_RS00945 SAUSA300_0180 
 

MFS transporter 9.15E-17 1.18 

SAUSA300_RS14550 SAUSA300_2618 
 

DUF3816 family protein 3.68E-05 1.18 

SAUSA300_RS07295 SAUSA300_1338 
 

hypothetical protein 5.78E-38 1.17 

SAUSA300_RS14490 SAUSA300_2606 hisF  imidazole glycerol phosphate synthase 
cyclase subunit 

3.47E-05 
1.16 

SAUSA300_RS11835 SAUSA300_2148 
 

alpha/beta hydrolase 6.13E-21 1.15 

SAUSA300_RS01980 SAUSA300_0372 
 

peptidase 0.00042597
6 

1.15 

SAUSA300_RS10900 SAUSA300_1982 groL  molecular chaperone GroEL 2.24E-23 1.15 

SAUSA300_RS05660 SAUSA300_1051 
 

metal-dependent phosphodiesterase 3.88E-31 1.14 

SAUSA300_RS13105 SAUSA300_2372 bioA  adenosylmethionine--8-amino-7-
oxononanoate aminotransferase BioA 

1.84E-05 
1.14 

SAUSA300_RS04460 SAUSA300_0826 
 

DUF72 domain-containing protein 1.55E-27 1.13 

SAUSA300_RS05655 SAUSA300_1050 
 

non-canonical purine NTP pyrophosphatase 9.46E-35 1.13 

SAUSA300_RS04760 SAUSA300_0883 
 

MAP domain-containing protein 2.17E-15 1.13 

SAUSA300_RS14195 SAUSA300_2554 cysJ assimilatory sulfite reductase (NADPH) 
flavoprotein subunit 

4.54E-32 
1.13 



SAUSA300_RS14460 
 

icaD  poly-beta-1,6-N-acetyl-D-glucosamine 
synthesis protein IcaD 

0.00963063
5 

1.12 

SAUSA300_RS05805 SAUSA300_1070 
 

hypothetical protein 3.25E-30 1.12 

SAUSA300_RS10260 SAUSA300_1875 
 

DNA polymerase III subunit epsilon 2.50E-30 1.12 

SAUSA300_RS04205 SAUSA300_0780 
 

hypothetical protein 2.90E-17 1.11 

SAUSA300_RS12360 SAUSA300_2239 ureB urease subunit beta 1.18E-08 1.11 

SAUSA300_RS14200 
  

hypothetical protein 0.00157786 1.11 

SAUSA300_RS09400 SAUSA300_1721 
 

hypothetical protein 2.61E-16 1.10 

SAUSA300_RS13840 SAUSA300_2491 pruA  L-glutamate gamma-semialdehyde 
dehydrogenase 

1.09E-19 
1.10 

SAUSA300_RS13575 SAUSA300_2448 
 

FUSC family protein 2.14E-21 1.10 

SAUSA300_RS10105 SAUSA300_1850 
 

metal-dependent hydrolase 5.72E-26 1.10 

SAUSA300_RS06680 SAUSA300_1232 katA catalase 1.88E-27 1.09 

SAUSA300_RS07920 
  

hypothetical protein 1.06E-10 1.09 

SAUSA300_RS04855 SAUSA300_0902 pepF  oligoendopeptidase F 2.31E-39 1.09 

SAUSA300_RS11830 SAUSA300_2147 
 

NADP-dependent oxidoreductase 4.94E-29 1.09 

SAUSA300_RS05490 SAUSA300_1020 
 

glycerophosphodiester phosphodiesterase 9.46E-29 1.09 

SAUSA300_RS04635 SAUSA300_0859 
 

NADH-dependent flavin oxidoreductase 4.65E-25 1.09 

SAUSA300_RS12320 SAUSA300_2231 fdhD sulfurtransferase FdhD 8.83E-25 1.08 

SAUSA300_RS03595 SAUSA300_0670 
 

cysteine ABC transporter ATP-binding 
protein 

1.69E-25 
1.08 

SAUSA300_RS14190 SAUSA300_2553 
 

precorrin-2 dehydrogenase 5.57E-25 1.08 

SAUSA300_RS13730 SAUSA300_2474 
 

thiol reductase thioredoxin 6.92E-16 1.07 

SAUSA300_RS12980 SAUSA300_2351 adcA  zinc ABC transporter substrate-binding 
protein 

0.00012781
1 

1.07 

SAUSA300_RS11715 SAUSA300_2127 sepA  multidrug resistance efflux pump SepA 2.92E-25 1.07 

SAUSA300_RS13570 SAUSA300_2447 
 

hypothetical protein 6.15E-16 1.07 

SAUSA300_RS04670 SAUSA300_0865 pgi glucose-6-phosphate isomerase 6.07E-27 1.07 

SAUSA300_RS02230 SAUSA300_0416 lpl7  tandem-type lipoprotein 0.04948882
4 

1.06 

SAUSA300_RS03900 SAUSA300_0724 
 

hypothetical protein 4.65E-10 1.06 

SAUSA300_RS04700 SAUSA300_0871 
 

hypothetical protein 5.12E-32 1.06 



SAUSA300_RS06630 SAUSA300_1223 
 

hypothetical protein 3.59E-26 1.06 

SAUSA300_RS12370 SAUSA300_2241 ureE  urease accessory protein UreE 7.31E-11 1.06 

SAUSA300_RS12715 
  

hypothetical protein 0.00367422
5 

1.06 

SAUSA300_RS01905 SAUSA300_0359 metC cystathionine beta-lyase 2.03E-08 1.06 

SAUSA300_RS05995 
  

hypothetical protein 1.55E-17 1.05 

SAUSA300_RS03685 SAUSA300_0686 nagA  N-acetylglucosamine-6-phosphate 
deacetylase 

5.21E-26 
1.05 

SAUSA300_RS13725 SAUSA300_2473 
 

alpha/beta hydrolase 1.54E-25 1.05 

SAUSA300_RS08540 SAUSA300_1566 pxpB  allophanate hydrolase 1.19E-07 1.05 

SAUSA300_RS03600 SAUSA300_0671 
 

cysteine ABC transporter ATP-binding 
protein 

2.44E-20 
1.05 

SAUSA300_RS03700 SAUSA300_0689 csbB  glycosyltransferase 2.62E-29 1.05 

SAUSA300_RS08795 
  

hypothetical protein 2.27E-07 1.05 

SAUSA300_RS13405 SAUSA300_2421 
 

hypothetical protein 1.19E-09 1.04 

SAUSA300_RS05650 SAUSA300_1049 racE/murI glutamate racemase 1.07E-24 1.04 

SAUSA300_RS00200 SAUSA300_0037 ccrB recombinase RecB 1.13E-22 1.03 

SAUSA300_RS08355 SAUSA300_1532 
 

hypothetical protein 1.72E-28 1.03 

SAUSA300_RS04470 SAUSA300_0828 
 

bifunctional metallophosphatase/5'-
nucleotidase 

3.39E-24 
1.03 

SAUSA300_RS09235 SAUSA300_1690 
 

thiol reductase thioredoxin 1.31E-16 1.03 

SAUSA300_RS07925 SAUSA300_1451 
 

SDR family oxidoreductase 1.71E-15 1.01 

SAUSA300_RS02270 SAUSA300_0424 
 

GTP-binding protein 9.71E-09 1.01 

SAUSA300_RS15665 SAUSA300_2604 
 

hypothetical protein 0.00602580
1 

1.01 

SAUSA300_RS05180 
  

hypothetical protein 0.01390324
6 

1.01 

SAUSA300_RS11430 SAUSA300_2076 
 

aldehyde dehydrogenase family protein 1.97E-35 1.01 

SAUSA300_RS04465 SAUSA300_0827 
 

anion permease 3.71E-21 1.01 

SAUSA300_RS13350 SAUSA300_2411 cntA  nickel ABC transporter, nickel/metallophore 
periplasmic binding protein 

5.96E-13 
1.01 

SAUSA300_RS11920 SAUSA300_2162 
 

peptidase M23 7.32E-16 1.00 



SAUSA300_RS14465 SAUSA300_2601 icaB  poly-beta-1,6-N-acetyl-D-glucosamine N-
deacetylase 

5.62E-06 
1.00 

SAUSA300_RS06575 SAUSA300_1212 
 

hypothetical protein 0.00079685
5 

-1.00 

SAUSA300_RS01360 SAUSA300_0255 lytR DNA-binding response regulator 1.53E-14 -1.00 

SAUSA300_RS01940 SAUSA300_0366 rpsF 30S ribosomal protein S6 2.13E-30 -1.00 

SAUSA300_RS03850 SAUSA300_0717 nrdF  ribonucleotide-diphosphate reductase 
subunit beta 

7.61E-30 
-1.01 

SAUSA300_RS04280 SAUSA300_0793 
 

hypothetical protein 1.81E-13 -1.01 

SAUSA300_RS12115 SAUSA300_2197 rplP  50S ribosomal protein L16 5.82E-28 -1.01 

SAUSA300_RS01950 SAUSA300_0368 rpsR  30S ribosomal protein S18 1.12E-30 -1.01 

SAUSA300_RS09920 SAUSA300_1814 trnaC tRNA-Cys 9.93E-16 -1.01 

SAUSA300_RS07130 SAUSA300_1309 tnpA  IS200/IS605 family transposase 0.05552745
7 

-1.01 

SAUSA300_RS09170 SAUSA300_1679 acsA  acetate--CoA ligase 4.91E-08 -1.02 

SAUSA300_RS01615 SAUSA300_0303 
 

cystatin-like fold lipoprotein 0.00039999
6 

-1.02 

SAUSA300_RS00090 SAUSA300_0017 purA adenylosuccinate synthetase 6.81E-24 -1.02 

SAUSA300_RS09950 SAUSA300_1820 trnaL tRNA-Phe 6.00E-13 -1.02 

SAUSA300_RS03095 SAUSA300_0579 
 

transposase 6.41E-10 -1.02 

SAUSA300_RS15810 
   

2.52E-11 -1.02 

SAUSA300_RS09895 SAUSA300_1808 
 

ABC transporter permease 8.00E-08 -1.02 

SAUSA300_RS00330 SAUSA300_0065 arcA  arginine deiminase 1.46E-28 -1.03 

SAUSA300_RS11540 SAUSA300_2095 
 

hypothetical protein 2.75E-17 -1.03 

SAUSA300_RS05640 SAUSA300_1047 sdhA  succinate dehydrogenase flavoprotein 
subunit 

2.59E-20 
-1.03 

SAUSA300_RS01590 SAUSA300_0298 
 

TIGR01741 family protein 0.00228145
9 

-1.03 

SAUSA300_RS12475 SAUSA300_2258 fdhF  formate dehydrogenase subunit alpha 7.35E-30 -1.04 

SAUSA300_RS02020 SAUSA300_0379 ahpF  alkyl hydroperoxide reductase subunit F 3.03E-33 -1.04 

SAUSA300_RS12470 SAUSA300_2257 
 

hypothetical protein 1.58E-22 -1.04 

SAUSA300_RS12615 SAUSA300_2283 rpiA ribose-5-phosphate isomerase 1.36E-20 -1.04 

SAUSA300_RS10010 SAUSA300_1832 trnaG tRNA-Gly 1.99E-13 -1.04 



SAUSA300_RS05130 
  

hypothetical protein 0.02857772
4 

-1.04 

SAUSA300_RS10510 
  

hypothetical protein 1.21E-16 -1.05 

SAUSA300_RS04135 SAUSA300_0767 
 

hypothetical protein 7.79E-05 -1.05 

SAUSA300_RS09940 SAUSA300_1818 trnaY tRNA-Tyr 2.02E-16 -1.05 

SAUSA300_RS00890 SAUSA300_0169 
 

DUF454 domain-containing protein 3.30E-06 -1.05 

SAUSA300_RS09955 SAUSA300_1821 trnaD tRNA-Asp 5.08E-12 -1.05 

SAUSA300_RS12630 SAUSA300_2285 galM galactose mutarotase 1.30E-23 -1.06 

SAUSA300_RS01810 SAUSA300_0341 
 

membrane protein 1.87E-20 -1.06 

SAUSA300_RS02175 SAUSA300_0405 hsdM1 type I restriction-modification system 
subunit M 

3.74E-09 
-1.06 

SAUSA300_RS08250 SAUSA300_1511 rpmG  50S ribosomal protein L33 5.71E-21 -1.06 

SAUSA300_RS02805 SAUSA300_0524 rplJ 50S ribosomal protein L10 5.25E-38 -1.06 

SAUSA300_RS06120 SAUSA300_1131 rpsP  30S ribosomal protein S16 1.13E-23 -1.06 

SAUSA300_RS01520 SAUSA300_0284 esaC  protein EsaC 9.50E-05 -1.07 

SAUSA300_RS11990 SAUSA300_2172 rplM  50S ribosomal protein L13 2.71E-32 -1.07 

SAUSA300_RS08875 SAUSA300_1627 infC  translation initiation factor IF-3 5.36E-29 -1.07 

SAUSA300_RS10145 SAUSA300_1857 
 

hypothetical protein 1.89E-13 -1.07 

SAUSA300_RS09725 SAUSA300_1777 trnaF tRNA-Phe 7.98E-14 -1.07 

SAUSA300_RS05780 
  

hypothetical protein 1.08E-07 -1.08 

SAUSA300_RS11985 SAUSA300_2171 rpsI  30S ribosomal protein S9 3.30E-41 -1.08 

SAUSA300_RS14700 SAUSA300_2648 rpmH  50S ribosomal protein L34 2.34E-30 -1.08 

SAUSA300_RS09930 SAUSA300_1816 trnaH tRNA-His 2.77E-16 -1.08 

SAUSA300_RS12880 SAUSA300_2331 sarZ transcriptional regulator 6.24E-26 -1.08 

SAUSA300_RS09990 SAUSA300_1828 trnaA tRNA-Ala 4.24E-15 -1.08 

SAUSA300_RS09885 SAUSA300_1806 queG  epoxyqueuosine reductase 4.39E-22 -1.08 

SAUSA300_RS02025 SAUSA300_0380 ahpC  alkyl hydroperoxide reductase subunit C 3.35E-35 -1.08 

SAUSA300_RS08670 SAUSA300_1591 apt adenine phosphoribosyltransferase 2.52E-31 -1.08 

SAUSA300_RS05425 SAUSA300_1008 
 

hypothetical protein 1.67E-13 -1.08 

SAUSA300_RS01945 SAUSA300_0367 ssb  single-stranded DNA-binding protein 5.30E-37 -1.08 

SAUSA300_RS14320 SAUSA300_2574 
 

hypothetical protein 5.28E-07 -1.09 



SAUSA300_RS04395 SAUSA300_0815 ear hypothetical protein 2.59E-15 -1.09 

SAUSA300_RS02810 SAUSA300_0525 rplL  50S ribosomal protein L7/L12 2.49E-27 -1.09 

SAUSA300_RS09720 SAUSA300_1776 trnaH tRNA-His 1.03E-16 -1.10 

SAUSA300_RS05715 SAUSA300_1057 
 

hypothetical protein 4.42E-19 -1.10 

SAUSA300_RS08425 SAUSA300_1545 rpsT 30S ribosomal protein S20 1.36E-30 -1.10 

SAUSA300_RS09880 SAUSA300_1805 trmL/cspR tRNA (uridine(34)/cytosine(34)/5- 
carboxymethylaminomethyluridine(34)-2'-
O)- methyltransferase TrmL 

2.88E-16 
-1.10 

SAUSA300_RS09915 SAUSA300_1813 trnaG tRNA-Gly 2.17E-21 -1.10 

SAUSA300_RS00275 SAUSA300_0053 speG spermidine N1-acetyltransferase 1.40E-23 -1.11 

SAUSA300_RS12660 SAUSA300_2291 gltS  sodium/glutamate symporter 1.64E-22 -1.11 

SAUSA300_RS09090 SAUSA300_1666 rpsD  30S ribosomal protein S4 4.17E-35 -1.11 

SAUSA300_RS14660 SAUSA300_2640 
 

transcriptional regulator 1.04E-06 -1.11 

SAUSA300_RS10020 SAUSA300_1834 trnaK tRNA-Lys 2.66E-09 -1.12 

SAUSA300_RS05470 SAUSA300_1017 ctaM membrane protein 8.35E-31 -1.12 

SAUSA300_RS01990 SAUSA300_0374 
 

GlsB/YeaQ/YmgE family stress response 
membrane protein 

2.95E-14 
-1.13 

SAUSA300_RS10340 SAUSA300_1890 scpA  staphopain A 2.92E-09 -1.13 

SAUSA300_RS06625 SAUSA300_1222 nuc2 thermonuclease 5.33E-09 -1.13 

SAUSA300_RS01220 SAUSA300_0230 prsS PrsW family intramembrane metalloprotease 4.62E-20 -1.13 

SAUSA300_RS00940 SAUSA300_0179 fdh formate dehydrogenase 6.09E-08 -1.13 

SAUSA300_RS06515 SAUSA300_1205 
 

hypothetical protein 0.06232711
4 

-1.13 

SAUSA300_RS09715 SAUSA300_1775 trnaG tRNA-Gly 2.71E-10 -1.13 

SAUSA300_RS09900 SAUSA300_1809 
 

PTS transporter subunit IIC 8.55E-31 -1.14 

SAUSA300_RS03945 SAUSA300_0733 fakB1  hypothetical protein 2.57E-33 -1.14 

SAUSA300_RS00660 SAUSA300_0127 
 

hypothetical protein 3.58E-07 -1.15 

SAUSA300_RS04910 SAUSA300_0913 cozEa AI-2E family transporter 3.35E-36 -1.15 

SAUSA300_RS09735 SAUSA300_1779 trnaM tRNA-Met 2.03E-17 -1.15 

SAUSA300_RS11545 SAUSA300_2096 manA mannose-6-phosphate isomerase 4.22E-31 -1.15 

SAUSA300_RS12455 SAUSA300_2255 
 

hypothetical protein 2.68E-35 -1.15 

SAUSA300_RS00515 SAUSA300_0099 plc 1-phosphatidylinositol phosphodiesterase 3.50E-06 -1.16 



SAUSA300_RS11675 SAUSA300_2120 trnaE tRNA-Glu 0.03908219
4 

-1.16 

SAUSA300_RS11420 SAUSA300_2074 rpmE2 50S ribosomal protein L31 type B 1.08E-18 -1.16 

SAUSA300_RS05725 
  

hypothetical protein 0.00025553
6 

-1.17 

SAUSA300_RS01560 SAUSA300_0292 
 

hypothetical protein 5.53E-08 -1.17 

SAUSA300_RS03715 SAUSA300_0692 saeQ hypothetical protein 2.90E-25 -1.17 

SAUSA300_RS14595 SAUSA300_2627 
 

anion permease 4.82E-31 -1.18 

SAUSA300_RS09700 SAUSA300_1772 trnaS tRNA-Ser 4.51E-22 -1.18 

SAUSA300_RS01355 SAUSA300_0254 lytS sensor histidine kinase 4.83E-25 -1.18 

SAUSA300_RS06555 
  

hypothetical protein 0.00183494
3 

-1.18 

SAUSA300_RS10180 SAUSA300_1864 
 

YihY/virulence factor BrkB family protein 5.47E-38 -1.19 

SAUSA300_RS09945 SAUSA300_1819 trnaT tRNA-Thr 2.92E-06 -1.19 

SAUSA300_RS15565 
  

hypothetical protein 1.18E-05 -1.20 

SAUSA300_RS06730 SAUSA300_1240 
 

hypothetical protein 6.69E-23 -1.21 

SAUSA300_RS09710 SAUSA300_1774 trnaN tRNA-Asn 4.54E-11 -1.21 

SAUSA300_RS05465 SAUSA300_1016 ctaB protoheme IX farnesyltransferase 1.55E-44 -1.21 

SAUSA300_RS12165 SAUSA300_2207 pbuG NCS2 family permease 6.94E-47 -1.22 

SAUSA300_RS11670 SAUSA300_2119 trnaV tRNA-Val 3.70E-15 -1.22 

SAUSA300_RS09925 SAUSA300_1815 trnaQ tRNA-Gln 2.70E-13 -1.23 

SAUSA300_RS11405 SAUSA300_2071 prmC  protein-(glutamine-N5) methyltransferase, 
release factor-specific 

7.74E-46 
-1.23 

SAUSA300_RS09705 SAUSA300_1773 trnaE tRNA-Glu 6.10E-09 -1.23 

SAUSA300_RS10520 
  

hypothetical protein 1.97E-17 -1.24 

SAUSA300_RS06570 SAUSA300_1211 
 

hypothetical protein 0.00222230
2 

-1.24 

SAUSA300_RS09730 SAUSA300_1778 trnaD tRNA-Asp 1.28E-15 -1.24 

SAUSA300_RS15870 
   

0.00313281
8 

-1.25 

SAUSA300_RS09690 SAUSA300_1770 
 

hypothetical protein 0.00012781
1 

-1.25 



SAUSA300_RS06565 SAUSA300_1210 
 

hypothetical protein 0.00012850
4 

-1.25 

SAUSA300_RS03735 SAUSA300_0696 queD  6-carboxytetrahydropterin synthase QueD 4.13E-21 -1.25 

SAUSA300_RS14665 SAUSA300_2641 
 

hypothetical protein 0.00024679
5 

-1.25 

SAUSA300_RS01505 SAUSA300_0281 esaB  type VII secretion protein EsaB 0.00749947
6 

-1.26 

SAUSA300_RS12845 SAUSA300_2324 scrA PTS sucrose transporter subunit IIBC 7.28E-24 -1.26 

SAUSA300_RS05730 
  

hypothetical protein 3.96E-09 -1.27 

SAUSA300_RS09060 SAUSA300_1660 
 

membrane protein 1.62E-28 -1.27 

SAUSA300_RS12635 SAUSA300_2286 
 

membrane protein 1.08E-14 -1.27 

SAUSA300_RS03730 SAUSA300_0695 queE  7-carboxy-7-deazaguanine synthase QueE 2.04E-32 -1.28 

SAUSA300_RS01035 SAUSA300_0196 hsdR type-1 restriction enzyme R protein 7.56E-34 -1.28 

SAUSA300_RS13020 SAUSA300_2358 tcyB amino acid ABC transporter permease 3.07E-48 -1.29 

SAUSA300_RS15945 
   

0.00488736 -1.29 

SAUSA300_RS13015 SAUSA300_2357 tcyC amino acid ABC transporter ATP-binding 
protein 

5.42E-52 
-1.29 

SAUSA300_RS11150 
 

mazE  antitoxin MazE 1.63E-30 -1.29 

SAUSA300_RS12640 SAUSA300_2287 
 

sodium ABC transporter permease 8.38E-31 -1.30 

SAUSA300_RS05770 
  

hypothetical protein 3.46E-25 -1.30 

SAUSA300_RS05720 SAUSA300_1058 hyl/hla alpha-hemolysin 2.44E-07 -1.31 

SAUSA300_RS11410 SAUSA300_2072 prfA  peptide chain release factor 1 4.26E-55 -1.31 

SAUSA300_RS05535 SAUSA300_1028 isdB  iron-regulated surface determinant protein B 1.03E-11 -1.31 

SAUSA300_RS09065 SAUSA300_1661 thiI  tRNA 4-thiouridine(8) synthase ThiI 5.67E-41 -1.32 

SAUSA300_RS01530 SAUSA300_0286 esaE DUF5081 domain-containing protein 1.07E-06 -1.32 

SAUSA300_RS06480 SAUSA300_1200 glnR MerR family transcriptional regulator 5.22E-55 -1.32 

SAUSA300_RS04190 SAUSA300_0777 cspC cold-shock protein 3.16E-47 -1.33 

SAUSA300_RS11415 SAUSA300_2073 tdk thymidine kinase 1.06E-43 -1.34 

SAUSA300_RS01525 SAUSA300_0285 esxB  virulence factor EsxB 4.07E-05 -1.34 

SAUSA300_RS06985 SAUSA300_1285 
 

ABC transporter ATP-binding protein 2.46E-51 -1.36 

SAUSA300_RS05705 
  

hypothetical protein 9.42E-25 -1.36 

SAUSA300_RS14270 SAUSA300_2565 clfB  clumping factor B 2.16E-33 -1.36 



SAUSA300_RS03720 SAUSA300_0693 saeP hypothetical protein 3.95E-14 -1.37 

SAUSA300_RS09070 SAUSA300_1662 nifZ cysteine desulfurase 1.47E-30 -1.38 

SAUSA300_RS00050 SAUSA300_0009 serS  serine--tRNA ligase 1.92E-47 -1.38 

SAUSA300_RS12425 SAUSA300_2250 nhaC  Na+/H+ antiporter NhaC 1.81E-46 -1.38 

SAUSA300_RS13515 SAUSA300_2438 sarU  transcriptional regulator 7.20E-06 -1.38 

SAUSA300_RS09860 SAUSA300_1802 
 

hypothetical protein 1.41E-29 -1.38 

SAUSA300_RS12650 SAUSA300_2289 
 

DUF805 domain-containing protein 5.96E-26 -1.39 

SAUSA300_RS15420 
  

hypothetical protein 7.10E-10 -1.39 

SAUSA300_RS01480 SAUSA300_0276 
 

DUF5080 domain-containing protein 4.07E-18 -1.39 

SAUSA300_RS14670 SAUSA300_2642 
 

hypothetical protein 0.00192581
3 

-1.41 

SAUSA300_RS12340 SAUSA300_2235 fhuD2 ferrichrome ABC transporter substrate-
binding protein 

1.69E-06 
-1.42 

SAUSA300_RS06130 SAUSA300_1133 trmD  tRNA (guanosine(37)-N1)-methyltransferase 
TrmD 

1.16E-46 
-1.42 

SAUSA300_RS03740 SAUSA300_0697 queC  7-cyano-7-deazaguanine synthase QueC 1.32E-32 -1.42 

SAUSA300_RS05375 SAUSA300_0998 
 

XRE family transcriptional regulator 1.87E-20 -1.43 

SAUSA300_RS13520 SAUSA300_2439 galU  UTP--glucose-1-phosphate 
uridylyltransferase 

9.53E-32 
-1.43 

SAUSA300_RS10150 SAUSA300_1858 yfkAB  radical SAM/CxCxxxxC motif protein YfkAB 4.93E-38 -1.43 

SAUSA300_RS12430 SAUSA300_2251 
 

octopine dehydrogenase 3.67E-49 -1.43 

SAUSA300_RS03875 SAUSA300_0720 sstC iron ABC transporter ATP-binding protein 2.09E-15 -1.43 

SAUSA300_RS06620 SAUSA300_1221 
 

hypothetical protein 2.87E-22 -1.44 

SAUSA300_RS13690 
  

hypothetical protein 2.79E-17 -1.44 

SAUSA300_RS12460 SAUSA300_2256 
 

N-acetylmuramoyl-L-alanine amidase 1.61E-54 -1.45 

SAUSA300_RS06490 
  

hypothetical protein 2.65E-09 -1.48 

SAUSA300_RS01370 SAUSA300_0257 lrgB  antiholin-like protein LrgB 5.40E-30 -1.48 

SAUSA300_RS06125 SAUSA300_1132 rimM  ribosome maturation factor RimM 4.01E-47 -1.49 

SAUSA300_RS12435 SAUSA300_2252 
 

membrane protein 1.25E-25 -1.49 

SAUSA300_RS05125 SAUSA300_0954 
 

MarR family transcriptional regulator 5.38E-16 -1.49 

SAUSA300_RS11760 SAUSA300_2136 htsA ABC transporter substrate-binding protein 1.84E-23 -1.50 



SAUSA300_RS13025 SAUSA300_2359 tcyA amino acid ABC transporter substrate-
binding protein 

2.25E-69 
-1.51 

SAUSA300_RS11105 SAUSA300_2019 trnaL tRNA-Leu 4.21E-27 -1.51 

SAUSA300_RS05395 SAUSA300_1002 potD spermidine/putrescine ABC transporter 
substrate-binding protein 

1.60E-38 
-1.51 

SAUSA300_RS03215 SAUSA300_0598 
 

ABC transporter substrate-binding protein 1.78E-47 -1.52 

SAUSA300_RS05680 SAUSA300_1053 flr FPRL1 inhibitory protein 2.22E-17 -1.52 

SAUSA300_RS05380 SAUSA300_0999 potA spermidine/putrescine import ATP-binding 
protein PotA 

8.85E-36 
-1.53 

SAUSA300_RS01620 SAUSA300_0304 
 

membrane protein 1.09E-37 -1.54 

SAUSA300_RS00460 SAUSA300_0089 
 

tRNA-dihydrouridine synthase 3.48E-42 -1.54 

SAUSA300_RS13275 SAUSA300_2397 
 

MFS transporter 2.39E-59 -1.54 

SAUSA300_RS07270 SAUSA300_1334 
 

PepSY domain-containing protein 1.30E-63 -1.56 

SAUSA300_RS02705 SAUSA300_0505 pdxT  pyridoxal 5'-phosphate synthase glutaminase 
subunit PdxT 

1.53E-48 
-1.56 

SAUSA300_RS10525 SAUSA300_1919 scn  hypothetical protein 8.36E-49 -1.57 

SAUSA300_RS15935 
   

1.04E-05 -1.58 

SAUSA300_RS09325 
  

MarR family transcriptional regulator 1.17E-31 -1.58 

SAUSA300_RS02345 SAUSA300_0438 sle1 N-acetylmuramoyl-L-alanine amidase 3.80E-60 -1.59 

SAUSA300_RS05675 
  

hypothetical protein 0.00107172
3 

-1.60 

SAUSA300_RS02315 SAUSA300_0432 
 

sodium-dependent transporter 7.29E-74 -1.60 

SAUSA300_RS05045 SAUSA300_0939 tarM glycosyl transferase family 1 3.31E-20 -1.61 

SAUSA300_RS05690 SAUSA300_1055 efb  fibrinogen-binding protein 1.21E-08 -1.61 

SAUSA300_RS05390 SAUSA300_1001 potC spermidine/putrescine ABC transporter 
permease 

1.62E-40 
-1.62 

SAUSA300_RS12965 SAUSA300_2349 
 

formate/nitrite transporter 1.02E-63 -1.62 

SAUSA300_RS12465 
  

hypothetical protein 3.09E-53 -1.62 

SAUSA300_RS13695 
  

hypothetical protein 0.00012413
3 

-1.63 

SAUSA300_RS02875 SAUSA300_0538 
 

UDP-glucose 4-epimerase 1.96E-36 -1.63 

SAUSA300_RS13580 SAUSA300_2449 
 

MFS transporter 7.36E-55 -1.64 

SAUSA300_RS06485 SAUSA300_1201 glnA  glutamine synthetase 2.04E-100 -1.65 



SAUSA300_RS01535 SAUSA300_0287 esxD hypothetical protein 5.60E-06 -1.66 

SAUSA300_RS09835 SAUSA300_1797 
 

transcriptional regulator 5.20E-72 -1.67 

SAUSA300_RS00455 SAUSA300_0088 
 

hypothetical protein 1.48E-16 -1.68 

SAUSA300_RS00935 SAUSA300_0178 
 

hypothetical protein 6.27E-53 -1.68 

SAUSA300_RS04145 SAUSA300_0769 
 

DUF5067 domain-containing protein 1.42E-07 -1.69 

SAUSA300_RS13740 SAUSA300_2476 glcB PTS glucoside EIICBA component 1.84E-63 -1.70 

SAUSA300_RS14310 SAUSA300_2572 aur  peptidase M4 family protein 1.35E-11 -1.70 

SAUSA300_RS00580 SAUSA300_0112 lctP1 L-lactate permease 4.34E-85 -1.71 

SAUSA300_RS05385 SAUSA300_1000 potB spermidine/putrescine ABC transporter 
permease 

2.24E-49 
-1.71 

SAUSA300_RS05160 SAUSA300_0960 qoxD  quinol oxidase subunit 4 9.20E-38 -1.71 

SAUSA300_RS00130 SAUSA300_0025 adsA  multifunctional 2',3'-cyclic-nucleotide 2'-
phosphodiesterase/5'-nucleotidase/3'-
nucleotidase 

3.31E-27 
-1.71 

SAUSA300_RS02700 SAUSA300_0504 pdxS  pyridoxal 5'-phosphate synthase lyase 
subunit PdxS 

2.32E-64 
-1.72 

SAUSA300_RS02920 SAUSA300_0547 sdrD  serine-aspartate repeat-containing protein D 2.00E-22 -1.73 

SAUSA300_RS01635 SAUSA300_0307 
 

5'-nucleotidase, lipoprotein e(P4) family 3.90E-32 -1.73 

SAUSA300_RS11700 
  

hypothetical protein 2.02E-16 -1.74 

SAUSA300_RS03870 SAUSA300_0719 sstB iron ABC transporter permease 2.04E-26 -1.76 

SAUSA300_RS05165 SAUSA300_0961 qoxC  quinol oxidase subunit 3 2.13E-80 -1.77 

SAUSA300_RS01475 SAUSA300_0275 
 

DUF5079 domain-containing protein 2.74E-20 -1.78 

SAUSA300_RS01510 SAUSA300_0282 essB  protein EssB 1.63E-13 -1.80 

SAUSA300_RS00710 SAUSA300_0136 sasD  hypothetical protein 1.28E-36 -1.81 

SAUSA300_RS01515 SAUSA300_0283 essC  protein EssC 6.43E-42 -1.81 

SAUSA300_RS01875 SAUSA300_0354 
 

hypothetical protein 2.96E-57 -1.81 

SAUSA300_RS01085 SAUSA300_0206 azoR FMN-dependent NADH-azoreductase 2.22E-24 -1.81 

SAUSA300_RS05170 SAUSA300_0962 qoxB  cytochrome ubiquinol oxidase subunit I 1.33E-97 -1.81 

SAUSA300_RS00600 SAUSA300_0116 sirB  iron ABC transporter permease 7.58E-35 -1.82 

SAUSA300_RS13195 SAUSA300_2385 kimA amino acid permease 4.42E-71 -1.85 

SAUSA300_RS12565 SAUSA300_2273 
 

sodium:proton antiporter 2.82E-74 -1.86 

SAUSA300_RS10980 SAUSA300_1997 
 

oxidoreductase 2.11E-30 -1.87 



SAUSA300_RS05040 SAUSA300_0938 
 

hypothetical protein 5.53E-06 -1.87 

SAUSA300_RS01005 SAUSA300_0191 glcA PTS glucose EIICBA component 1.04E-103 -1.88 

SAUSA300_RS05175 SAUSA300_0963 qoxA  quinol oxidase subunit 2 3.08E-107 -1.88 

SAUSA300_RS02035 SAUSA300_0382 tcyP L-cystine transporter 1.10E-71 -1.89 

SAUSA300_RS02710 SAUSA300_0506 nupC pyrimidine nucleoside transporter NupC 4.41E-110 -1.89 

SAUSA300_RS01430 SAUSA300_0266 
 

hypothetical protein 5.16E-27 -1.89 

SAUSA300_RS03590 SAUSA300_0669 uppP undecaprenyl-diphosphatase 4.77E-98 -1.89 

SAUSA300_RS05915 SAUSA300_1091 pyrR  bifunctional pyrimidine operon 
transcriptional regulator/uracil 
phosphoribosyltransferase 

1.08E-97 
-1.90 

SAUSA300_RS13530 SAUSA300_2441 fnbA  fibronectin-binding protein A 2.75E-45 -1.91 

SAUSA300_RS07215 SAUSA300_1324 
 

membrane protein 1.60E-60 -1.91 

SAUSA300_RS00590 SAUSA300_0114 sarS  transcriptional regulator 2.44E-11 -1.92 

SAUSA300_RS01465 SAUSA300_0273 
 

ABC transporter permease 5.11E-44 -1.99 

SAUSA300_RS01790 SAUSA300_0337 glpT  glycerol-3-phosphate transporter 4.26E-59 -2.01 

SAUSA300_RS01460 SAUSA300_0272 
 

ABC transporter permease 5.93E-47 -2.01 

SAUSA300_RS03865 SAUSA300_0718 sstA iron ABC transporter permease 5.82E-28 -2.02 

SAUSA300_RS05685 SAUSA300_1054 
 

hypothetical protein 7.78E-36 -2.03 

SAUSA300_RS12695 SAUSA300_2298 emrB MFS transporter 1.38E-100 -2.04 

SAUSA300_RS13685 SAUSA300_2468 
 

N-acetyltransferase 1.33E-59 -2.06 

SAUSA300_RS05695 SAUSA300_1056 scb  fibrinogen-binding protein 1.02E-11 -2.06 

SAUSA300_RS12645 SAUSA300_2288 
 

sodium ABC transporter ATP-binding protein 5.93E-53 -2.08 

SAUSA300_RS06755 SAUSA300_1244 mscL  large-conductance mechanosensitive channel 1.44E-109 -2.11 

SAUSA300_RS12700 SAUSA300_2299 
 

HlyD family secretion protein 2.30E-84 -2.16 

SAUSA300_RS10985 SAUSA300_1998 
 

YeeE/YedE family protein 2.18E-71 -2.17 

SAUSA300_RS01455 SAUSA300_0271 
 

ABC transporter ATP-binding protein 1.19E-54 -2.18 

SAUSA300_RS01705 SAUSA300_0320 lip2  lipase 3.34E-87 -2.22 

SAUSA300_RS13060 SAUSA300_2364 sbi  immunoglobulin-binding protein sbi 7.95E-16 -2.29 

SAUSA300_RS01180 SAUSA300_0224 coa  coagulase 2.05E-28 -2.29 

SAUSA300_RS01495 SAUSA300_0279 esaA  type VII secretion protein EsaA 5.64E-58 -2.30 

SAUSA300_RS01365 SAUSA300_0256 lrgA  antiholin-like protein LrgA 1.25E-28 -2.30 



SAUSA300_RS02190 SAUSA300_0408 
 

hypothetical protein 2.55E-46 -2.31 

SAUSA300_RS14655 SAUSA300_2639 
 

cold-shock protein 5.45E-69 -2.35 

SAUSA300_RS00605 SAUSA300_0117 sirA  iron ABC transporter substrate-binding 
protein 

3.68E-96 
-2.39 

SAUSA300_RS00040 SAUSA300_0007 nnrD NAD(P)H-hydrate dehydratase 9.31E-78 -2.44 

SAUSA300_RS01500 SAUSA300_0280 essA  protein EssA 9.84E-38 -2.46 

SAUSA300_RS01485 SAUSA300_0277 
 

CHAP domain-containing protein 1.27E-64 -2.51 

SAUSA300_RS13525 SAUSA300_2440 fnbB  fibronectin-binding protein A 2.36E-107 -2.54 

SAUSA300_RS01995 
  

hypothetical protein 2.04E-15 -2.60 

SAUSA300_RS00585 SAUSA300_0113 spa  peptidoglycan-binding protein LysM 7.03E-23 -2.65 

SAUSA300_RS05950 SAUSA300_1098 pyrE orotate phosphoribosyltransferase 1.57E-83 -2.66 

SAUSA300_RS05670 SAUSA300_1052 ecb  fibrinogen-binding protein 4.06E-84 -2.78 

SAUSA300_RS05945 SAUSA300_1097 pyrF  orotidine-5'-phosphate decarboxylase 4.71E-96 -2.79 

SAUSA300_RS04185 SAUSA300_0776 nuc thermonuclease 5.24E-67 -2.95 

SAUSA300_RS01130 SAUSA300_0215 
 

membrane protein 8.12E-121 -2.96 

SAUSA300_RS05940 SAUSA300_1096 carB  carbamoyl-phosphate synthase large chain 1.75E-164 -3.02 

SAUSA300_RS00910 SAUSA300_0173 
 

hypothetical protein 8.90E-144 -3.03 

SAUSA300_RS00920 SAUSA300_0175 ssuA hypothetical protein 1.69E-121 -3.07 

SAUSA300_RS05935 SAUSA300_1095 carA  carbamoyl-phosphate synthase small chain 4.65E-112 -3.09 

SAUSA300_RS02185 SAUSA300_0407 ssl11 hypothetical protein 7.12E-06 -3.11 

SAUSA300_RS00915 SAUSA300_0174 ssuB sulfonate ABC transporter ATP-binding 
protein 

2.20E-132 
-3.12 

SAUSA300_RS00925 SAUSA300_0176 ssuC ABC transporter permease 6.16E-104 -3.23 

SAUSA300_RS00930 SAUSA300_0177 
 

acyl-CoA dehydrogenase 6.32E-154 -3.30 

SAUSA300_RS13610 SAUSA300_2454 
 

ABC transporter permease 4.98E-88 -3.38 

SAUSA300_RS05930 SAUSA300_1094 pyrC dihydroorotase 9.41E-136 -3.45 

SAUSA300_RS05925 SAUSA300_1093 pyrB aspartate carbamoyltransferase 6.42E-121 -3.68 

SAUSA300_RS01470 SAUSA300_0274 
 

hypothetical protein 1.18E-90 -3.72 

SAUSA300_RS05920 SAUSA300_1092 pyrP uracil permease 4.24E-150 -3.83 

SAUSA300_RS13605 SAUSA300_2453 
 

lantibiotic ABC transporter ATP-binding 
protein 

1.47E-80 
-3.87 

 



D1

D3

D5

D4

D2

Supplementary D: GO Term analysis
performed using DAVID on the RNA-
seq data for the cells treated with CBD 
(D1 and D2), BAC (D3) and the 
Combination (D4 and D5).

Supplementary D



Genes used for qPCR validation of RNA-seq data for 
the respective treatments

CBD BAC COM
farE cwrA cwrA
purD sgtB mvaD
fakA fakA fakA
isdB esaA bacA
pyrP SAUSA300_2453 SAUSA300_2453

Supplementary E: Pearson Correlation of selected genes for verification of RNA-seq data. CBD (E1), BAC (E2) 
and Combination (E3) as well as the genes selected for the respective treaments (E4).

E1

E4
E3

E2

Supplementary E



 
 
 
 
 
 

Manuscript III 



1 
 

The Therapeutic Effect of Combined Treatment with 1 

Cannabidiol and Bacitracin in a Mouse Skin Infection Model 2 

 3 

Claes Søndergaard Wassmann 1, Tina Kronborg 1, Steen Plesner Pontoppidan 2, Janne Kudsk 4 

Klitgaard 1,3* 5 

 6 

1 Department of Biochemistry and Molecular Biology, Research unit of Molecular 7 

Microbiology, University of Southern Denmark  8 

2 Canna Therapeutic ApS, Denmark 9 

3 Institute of Clinical Research, Research Unit of Clinical Microbiology, University of Southern 10 

Denmark 11 

 12 

* Corresponding author. Mailing address: Department of Biochemistry and Molecular Biology, 13 

University of Southern Denmark, Campusvej 55, DK-5230 Odense M, Denmark. Phone: +45 6550 2376. 14 

E-mail address: jkklitgaard@health.sdu.dk   15 

 16 

 17 

Keywords: Cannabidiol, Bacitracin, S. aureus, cytotoxicity, mouse skin infection 18 

 19 

 20 

 21 

 22 

 23 

 24 



2 
 

Abstract 25 

In the present study we characterize the use of the novel identified synergistic combination of 26 

cannabidiol and bacitracin for use in future clinical settings for treatment of skin infections 27 

caused by Gram-positive bacteria such as Staphylococcus aureus. Firstly, we determined 28 

whether cannabidiol, bacitracin or the combination was able to cause cytotoxicity in human 29 

eukaryotic cell lines using an LDH release assay. Results showed no induced cytotoxicity in 30 

both human lung epithelial cells (A549) and human hepatocytes (HepG2), whereas 31 

cannabidiol at high a concentration induced a cytotoxic response in human keratinocytes 32 

(HaCat). Furthermore, we performed a mouse skin infection experiment of which mice were 33 

tape stripped and subsequently infected with Staphylococcus aureus and then treated with a 34 

topical ointment containing either cannabidiol, bacitracin or the combination for a total of five 35 

days. Results showed lower number of bacteria recovered from the skin of mice that were 36 

treated with the combination of cannabidiol and bacitracin compared to mice treated with 37 

either cannabidiol or bacitracin alone emphasizing its potential for use in future clinical 38 

settings for treatment of skin infections.  39 

 40 

 41 

 42 
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 48 

 49 

 50 

 51 
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Introduction 52 

Staphylococcus aureus (S. aureus) is a Gram-positive cocci shape opportunistic pathogen 1 53 

capable of causing a variety of diseases ranging from minor skin and soft tissue infections 2 to 54 

major live threatening diseases such as meningitis 3, endocarditis 4 and bacteremia 5. 55 

Normally, infection with this pathogen is treated with antibiotics, however, due to 56 

development of resistance towards multiple antibiotics, such as methicillin (Methicillin 57 

Resistant Staphylococcus aureus, MRSA) 6 and last resort antibiotics such as vancomycin 7 and 58 

daptomycin 8, treatment failure can occur. Furthermore, identification of new useful 59 

compounds to combat these hard-to-treat infections is a downward trend as many of the big 60 

pharmaceutical industries has abandoned this research area 9. Therefore, we must start 61 

turning to alternative approaches such as drug repurposing by using antibiotic adjuvants. 62 

Antibiotic adjuvants are compounds that, by one way or another, enhance the effect of an 63 

antibiotic towards a bacterium that would otherwise be resistant towards that specific 64 

antibiotic 10. A classic example of this is the use of clavulanic acid in combination of 65 

amoxicillin. Clavulanic acid reverses bacterial resistance towards amoxicillin by inhibiting β-66 

lactamases that would otherwise degrade and thus inactivate amoxicillin 11,12.  67 

A novel identified combination of an antibiotic adjuvant and an antibiotic is cannabidiol (CBD) 68 

and bacitracin (BAC) 13. CBD, a cannabinoid found in the plant Cannabis sativa, has shown to 69 

synergize with cell wall targeting antibiotic BAC against well-known antibiotic resistant 70 

pathogenic bacteria such as Methicillin-Resistant Staphylococcus aureus (MRSA), Listeria 71 

monocytogenes and Enterococcus faecalis. CBD showed to enhance the effect of BAC by up to 72 

64-fold 13. However, until now experiments performed on this combination has only been 73 

conducted by in vitro experiment, we therefore performed in vivo experiment using a mouse 74 

skin infection model to verify that this combination of CBD and BAC could be a potential 75 

future treatment option for treatment of bacterial skin infections. Furthermore, to verify low 76 

toxicity of these compounds, both alone and in combination, we performed a cytotoxicity 77 

assay on human eukaryotic cell lines from skin, lung epithelium and liver using an LDH 78 

release assay. 79 
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Materials and Methods 80 

Detection of cytotoxicity by measurement of released lactate dehydrogenase (LDH) 81 

activity 82 

Cytotoxicity was determined using the Cytotoxicity Detection Kit (LDH) (Roche). Cell lines 83 

A549 14, HepG2 15 and HaCat 16, were grown in 96-well plates (Sarstedt) using DMEM High 84 

Glucose (Gibco) supplemented with 10% Fetal Bovine Serum (FBS) (Gibco) and 1 mg/mL 85 

Penicillin-Streptomycin (Gibco) at 37 °C in 5 % CO2 and 21 % O2. Cytotoxicity was performed 86 

4 days after the cells had reached 100% confluency. Media was removed and wells were 87 

washed using phosphate buffered saline (PBS). Concentrations ranging from 16-0.5 µg/mL of 88 

cannabidiol (Merck) and 256-16 µg/mL bacitracin (Merck), diluted in DMEM High Glucose 89 

(not supplemented with FBS) were added to the cells and incubated for 4 hours at 37 °C. A 90 

positive control using 2 % Triton X-100 (Merck) and a negative control (DMEM High Glucose) 91 

were also created. Plates were centrifuged at 250xG for 10 minutes at 37 °C and 100 µL of 92 

each well were transferred to a new 96-well plate. 100 µL reaction mixture was added to each 93 

well and plate was incubated for 15 minutes protected from light. Absorbance was measured 94 

at 490nm.  95 

Preparation of ointments for mouse skin infection experiment 96 

A polyethylene glycol (PEG) ointment was prepared by gently heating a 1:3 ratio (wt/wt) of 97 

PEG-4000 (Merck) and PEG-400 (Merck). 5 % Cannabidiol (Linnea SA, Switzerland) and 98 

bacitracin-zinc salt 2 % (BAC-Zn2+) as well as the combination of cannabidiol and bacitracin-99 

zinc salt was prepared by dissolving the compounds in the preheated PEG ointment.  100 

Treatment of Staphylococcus aureus infected tape stripped BALB/c mice 101 

Mouse skin infection was carried out as mentioned by Kugelberg and colleagues 17. 60 six to 102 

eight weeks old BALB/cJRj mice (Janvier) were anaesthetized by intraperitoneal injection 103 

using a mixture of 100 mg/kg ketamine (Ketaminol Vet, MDS Animal Health) and 10 mg/kg 104 

xylazine (Rompun, Bayer). Hair was removed from the back of the mice using a trimmer and 105 

skin was subsequently stripped 8 times using approximately 2x1 cm Tensoplast Sport (BSN 106 

Medical). 5 µL of approximately 4.2*106 Staphylococcus aureus USA300 FPR3757 was added 107 

to the tape-stripped skin area and the mice were left to recover. 4 hours post infection, groups 108 

of 12 mice were treated with 25-30 mg of either 5 % cannabidiol, 2 % bacitracin-zinc, the 109 

combination of cannabidiol and bacitracin-zinc, Fucidin 2% (Leo Pharma) (Positive control) 110 
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or treated with PEG (Negative control). After 16 hours the mice were treated again and are 111 

then entering a treatment cycle of which they will be treated twice a day, morning and 112 

afternoon, with 8 hours in between for a total of 4 days. 18 hours after last treatment the mice 113 

are euthanized by an initial anesthesia using CO2 and subsequent cervical dislocation. The 114 

infected skin area was excised and homogenized in PBS using a FastPrep-24 (MP Biomedicals) 115 

and 2 lysing matrix M (MP Biomedicals) beads at 6 m/s for 3x20 seconds. Serial dilutions up 116 

to 10-9 of homogenized skin were made and subsequently spotted on Mueller-Hinton agar 117 

plates (Merck) in 4x10 µL spots. Plates were incubated at 37 °C ON. For statistics, a Kruskal-118 

Wallis Rank Sum Test and a post hoc Dunn Test with Benjamini-Hochberg correction was 119 

used. All mice experiments conducted were approved by the Danish Animal Experiments 120 

Inspectorate (license No. 2020-15-0201-00517). 121 

Results 122 

Determination of the cytotoxic effects of CBD and BAC on human cell lines 123 

To determine whether CBD and BAC as well as the combination of these were able to elicit any 124 

cytotoxic effects, we performed a cytotoxic assay by measuring lactate dehydrogenase (LDH) 125 

release. The assay was performed on three different cell lines (Figure 1) which were human 126 

lung epithelial cells (A549), human hepatocytes (HepG2) and human keratinocytes (HaCat). 127 

100 % confluent cells were treated with either CBD, BAC or the combination of CBD and BAC 128 

as well as 2 % triton X-100, used as a positive control for normalization of data. Cells were 129 

treated for 4 hours and LDH activity was subsequently determined. Treatment of A549 and 130 

HepG2 cells were shown to induce minor cytotoxicity indicated by LDH activity approximately 131 

between 5 and 15 % compared to 2 % triton X-100, values similar to that of the untreated 132 

cells (0 µg/mL CBD + 0 µg/mL BAC), indicating low cytotoxicity. However, an LDH activity at 133 

approximately 30-40 % is evident for the HaCat cells treated with 16 µg/mL CBD indicating a 134 

high degree of cytotoxicity. The effect seems to be independent of the presence of BAC since 135 

CBD alone roughly elicits the same degree of cytotoxic effects as when it is combined with 136 

BAC. Experiments were performed using three biological replicates with each two technical 137 

replicates.  138 

 139 
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The combination of CBD and BAC shows better effect than either of the compounds 140 

alone in eradicating an S. aureus skin infection 141 

Next, we investigated if the combination of CBD and BAC was applicable in an in vivo mouse 142 

skin infection model. We did this by first tape stripping the back of 60 mice and subsequently 143 

infecting the tape stripped area with approximately 4.2x106 Staphylococcus aureus USA300 144 

followed by treatments with either 5 % CBD, 2 % BAC-Zn2+, the combination of 5% CBD and 2 145 

% BAC-Zn2+, 2 % fusidic acid or vehicle (PEG ointment). After 5 days of treatments the 146 

infected area was excised from the mice, homogenized, plated on Mueller-Hinton agar plates 147 

and CFU was counted. Importantly, results (figure 2) show significantly lower CFU/mL for the 148 

mice receiving the combination treatment compared to 5 % CBD treatment (p-adjusted = 149 

0.017) and an almost significance compared to 2 % BAC treatment (p-adjusted = 0.057). 150 

Interestingly, comparing the combination treatment with mice receiving 2 % fusidic acid 151 

seems to be insignificant (p-adjusted = 0.083), indicating that the combination treatment is as 152 

good as the fusidic acid treatment.  153 

Discussion  154 

In the present study, we investigated whether the combination of CBD and BAC, which we 155 

have previously shown to elicit great synergy against Gram-positive bacteria in vitro, was 156 

applicable for treatment of infections in vivo.  157 

Firstly, we investigated if CBD and/or BAC could induce cytotoxicity in human cell lines. We 158 

did this by performing an LDH activity assay by measuring activity of LDH that is released 159 

upon cellular and membrane damage in eukaryotic cells 18,19. Before treatment, cells were 160 

placed in media not supplemented with FBS due to the high serum protein binding of serum 161 

proteins such as albumin to CBD 20,21. Results showed none or very little cytotoxic activity for 162 

CBD and BAC in human lung epithelial cells (A549) and human hepatocytes (HepG2), which is 163 

comparable to cells only receiving vehicle (DMEM High glucose). Unfortunately, the human 164 

keratinocytes (HaCat) did elicit a high degree of cytotoxicity at approximately 30-40 % when 165 

treated with 16 µg/mL CBD and to some extent when treated with 8 µg/mL CBD compared to 166 

untreated cells. The fact that CBD induces cytotoxicity in HaCat cells has been observed before 167 

by Martinenghi and colleagues 22, showing a dose dependent cell viability of HaCat cells 168 

treated with CBD at 0.5 to 64 µg/mL. However, no differences were observed for treatments 169 
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with CBD ranging from 16 to 64 µg/mL CBD since the number of viable cells seem to stabilize 170 

around 50 % questioning the severity of the CBD mediated cytotoxicity against HaCat cells. 171 

Nevertheless, others have reported beneficial effects of CBD on HaCat cell such as alleviation 172 

of hydrogen peroxide induced cytotoxicity 23 and increased expression of keratins important 173 

for wound repair 24. Though, CBD induced cytotoxicity has been observed by others in 174 

multiple cell lines 25. However, this needs to be accessed further before approaching human 175 

trials.  176 

Next, we investigated the in vivo potential of the combination of CBD and BAC. Since the 177 

maximum serum level of CBD is very low, due to binding by serum proteins like albumin, as 178 

mentioned above, and due to BAC being used for topical applications 26, we thought to 179 

investigate the effectiveness of these compounds in a skin infection model. Interestingly, 180 

results showed significantly lower number of bacteria compared to CBD treatment and almost 181 

significantly lower when compared to BAC treatment (p-adjusted = 0.057). The vehicle used 182 

for the CBD, BAC and the combination ointments was a PEG mixture of PEG-400 and PEG-183 

4000, as performed by Blaskovich and colleagues 27, who incorporated 5 to 20 % CBD for 184 

treatment of S. aureus infected porcine skin in an ex vivo model. These results indicate that 185 

CBD can maintain its antimicrobial efficacy while dissolved into a PEG solution. If this is also 186 

applicable for BAC remains unknow, however, the fact that we do see a significant lower 187 

number of bacteria in the combination treatment compared to CBD treatment might prove 188 

that BAC, to at least some degree, has maintained its antimicrobial effects as well. Still, if a 189 

higher degree of synergy can be achieved with another vehicle is not inevitable. Nevertheless, 190 

a recent study has been published by Vanti and colleagues 28, after we performed the infection 191 

experiments, aiming to create a CBD emulsion for topical applications actually showing that 192 

they were unable to detect solubility of CBD in a PEG400 solution. However, in this study, 193 

PEG400 was dissolved in PBS thus questioning the comparability. Therefore, further studies 194 

need to be performed before proceeding to human trials. Furthermore, the fact that the 195 

number of viable bacteria in mice treated with the combination of CBD and BAC showed to be 196 

insignificant with the number of viable bacteria in mice treated with fusidic acid , an antibiotic 197 

used for treatment of S. aureus infections with efficacy against MRSA as well 29, highlights the 198 

potential use in future clinical settings.  199 
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Our results shows that the combination of CBD and BAC is not only effective in vitro, but also 200 

in vivo since it was able to eradicate the bacterial infection to a higher degree than either of 201 

the compounds alone. This suggests a potential future for the combination of CBD and BAC as 202 

a treatment option for Gram-positive skin infections such as with S. aureus. However, more 203 

research is still needed for this to be a reality since CBD by itself did in fact show some degree 204 

of cytotoxicity against human keratinocytes. Furthermore, more studies on alternative 205 

vehicles for CBD and BAC needs to be conducted as well since the degree of BAC incorporation 206 

into the PEG formulation is questionable.    207 

Conclusion 208 

In the present study we characterized the novel identified combination of CBD and BAC for 209 

use in future clinical settings for treatment of skin infections with Gram-positive bacteria such 210 

as S. aureus. We showed that CBD and BAC, as well as the combination, was unable to induce 211 

cytotoxicity in two human cell lines, A549 and HepG2. However, CBD did eventually show 212 

some degree of cytotoxicity at around 30-40 % against human keratinocytes (HaCat). In 213 

addition, we showed that the combination of CBD and BAC was able to reduce the number of 214 

bacteria in a mouse skin infection model using BALB/c mice infected with S. aureus. These 215 

results pose a promising future for the use of the combination of CBD and BAC in clinical 216 

settings.  217 

 218 

 219 

 220 

 221 

 222 

 223 

 224 
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Figure 1

Figure 1: Cytotoxicity assay of (A) A549, human lung epithelial cells, (B) HepG2, human hepatocytes and (C) HaCat, 
human keratinocytes. Cells were treated with CBD, BAC, the combination of CBD and BAC or left untreated. 



p = 0.017
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Figure 2

Figure 2: Mouse skin infection experiment. Log10(CFU/mL) of collected MRSA USA300 of skin infected mice
treated with either 5 % CBD, 2 %BAC, the combination of 5 % CBD and 2 % BAC, fusidic acid (positive control)
and PEG (vehicle).
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