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ARTICLE INFO ABSTRACT

Keywords: Emergence of antibiotic resistant bacteria is evolving at an alarming pace; therefore, we must start turning to
Ant?biOtiC alternative approaches. One of these, could be the use of antibiotic adjuvants that enhances the effect of anti-
Resma‘fc‘? biotics towards resistant bacteria. A novel antibiotic adjuvant is cannabidiol (CBD), which we have previously
g:z;:::cli:d shown can enhance the effect of bacitracin (BAC). BAC targets cell wall synthesis by inhibiting dephosphory-
Menagquinone lation of the lipid carrier undecaprenyl pyrophosphate prior to recycling across the membrane. However, the

mechanism underlying this CBD mediated potentiation of BAC has remained unknown. To explore this, we
examined resistance to CBD in Staphylococcus aureus through daily exposures to CBD. By subsequent whole
genome sequencing, we observed multiple genes to be mutated, including the farE/farR system encoding a fatty
acid efflux pump (FarE) and its regulator (FarR). Importantly, recreation of mutations in these genes showed
decreased susceptibility towards the combination of CBD and BAC. Furthermore, we searched the Nebraska
Transposon Mutant Library for CBD susceptible strains and identified menH encoding a protein participating in
menaquinone biosynthesis. Strains containing deletions in this and other menaquinone related genes showed
increased susceptibility towards CBD, while addition of exogenous menaquinone reversed the effect and reduced
susceptible towards CBD. These results suggest that CBD potentiates BAC by redirecting the isoprenoid precursor
isopentenyl pyrophosphate towards production of menaquinone rather than the lipid carrier undecaprenyl py-
rophosphate, which dephosphorylation is inhibited by BAC. This in turn might decrease the level of undecap-
renyl pyrophosphate thus enhancing the effect of BAC. Our study illustrates how antibiotic adjuvants may apply
to enhance efficacy of antimicrobial compounds.

1. Introduction

The excessive use of antibiotics has led to rapid emergence of anti-
microbial resistance as a global issue. The antibiotic resistance devel-
opment exhibits a correlation with the amount of antibiotics used, and
the multidrug-resistant pathogens are developing and spreading at an
alarming pace (Aslam et al., 2018). Infections with multidrug-resistant
pathogens are more difficult to treat, and both the length and the cost
of the hospitalization, as well as the fatality rate and morbidity, in-
creases (Bin Zaman et al., 2017; Medina and Pieper, 2016). One of the
pathogens known to cause complex nosocomial infections is the

Gram-positive bacterium Staphylococcus aureus. S. aureus is often resis-
tant towards a variety of antimicrobials such as a broad range of p-lac-
tams including methicillin (Methicillin-Resistant S. aureus, MRSA)
(Gurung et al., 2020). In worst cases, MRSA also possesses resistance
towards last-resort antibiotics such as vancomycin and daptomycin
(Lowy, 2003; Sievert et al., 2008). With the restricted repertoire of an-
tibiotics against MRSA and other multidrug-resistant pathogens, it is
important to find alternative treatment strategies such as use of anti-
biotic adjuvants. Antibiotic adjuvants, also known as resistance breakers
(Laws et al., 2019) and helper compounds (Martins et al., 2008), in-
crease the effect of an antibiotic towards a bacterium that otherwise

* Corresponding author at: Department of Biochemistry and Molecular Biology, University of Southern Denmark, Campusvej 55, DK-5230 Odense M, Denmark.

E-mail address: jkklitgaard@health.sdu.dk (J.K. Klitgaard).

https://doi.org/10.1016/j.micres.2022.126974

Received 29 September 2021; Received in revised form 14 January 2022; Accepted 17 January 2022

Available online 19 January 2022

0944-5013/© 2022 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).



C.S. Wassmann et al.

might be resistant towards that specific antibiotic (Douafer et al., 2019).
A classic example of an antibiotic adjuvant used in the clinic is the
beta-lactamase inhibitor clavulanic acid that enhances the effect of
amoxicillin by preventing degradation by beta-lactamases (Douafer
et al., 2019). However, to date very few antibiotic adjuvants are used in
the clinic (Douafer et al., 2019).

Cannabidiol (CBD), the main non-psychoactive ingredient of the
Cannabis sativa plant, has antimicrobial affects against a variety of
bacteria (Appendino et al., 2008; Van Klingeren and Ten Ham, 1976)
and a documented bactericidal activity against MRSA (Blaskovich et al.,
2021). We have previously shown that CBD, acts as an antibiotic adju-
vant in combination with the antibiotic bacitracin (BAC) (Wassmann
et al., 2020). BAC interferes with cell wall synthesis by binding to the
important lipid carrier undecaprenyl pyrophosphate (UPP). This inter-
action prevents the undecaprenyl pyrophosphate phosphatase (UppP)
mediated dephosphorylation of the lipid carrier thus preventing recy-
cling and further polymerization of the peptidoglycan and forcing de
novo synthesis of UPP by the undecaprenyl pyrophosphate synthase
(UppS) (Hiron et al., 2011; Shaaly et al., 2013). De novo synthesis of UPP
requires production of the isoprenoid precursor isopentenyl pyrophos-
phate (IPP) by the mevalonate pathway, which is then converted to
farnesyl pyrophosphate (FPP) an isoprenoid also used for synthesis of
the carotenoid staphyloxanthin and the vital electron transporter
menaquinone (Balibar et al., 2009).

In our previous study, we showed that CBD lowered the minimum
inhibitory concentration (MIC) of BAC by up to at least 64-fold and
showed to have great antimicrobial effects on its own against several
Gram-positive bacteria. In addition, we found that the combination of
CBD and BAC resulted in morphological changes indicated by several
septa formation and membrane irregularities in MRSA resulting in se-
vere cell division defects. Furthermore, we observed that CBD itself was
able to disrupt the membrane potential of S. aureus (Wassmann et al.,
2020).

In the present study, we seek to understand the underlying mecha-
nism of CBD and the CBD mediated potentiation of BAC through various
approaches. These include generation of CBD resistant strains, tran-
scriptomic analysis by RNA sequencing upon treatment with CBD, BAC,
and the combination and by screening the Nebraska Transposon Mutant
Library (NTML) for CBD susceptible strains.

2. Methods and materials
2.1. Bacteria and growth conditions

Staphylococcus aureus USA300 FPR3757 (Diep et al, 2006)
(addressed as USA300), was the main bacterium used throughout this
study. USA300 was grown in Mueller Hinton (MH) (Merck) or Brain
Heart Infusion (BHI) (OXOID) media on plate or in liquid cultures.

2.2. Mutant frequency determination

Log-phase bacteria at a concentration of 10°-10'° CFU/mL were
plated onto MH agar plates containing CBD at a concentration of 4 x
MIC, and the plates were incubated at 37 °C for 48 h. In addition, 10-fold
dilutions of each culture were plated on drug-free media to provide
accurate colony counts. Mutant frequency was calculated by dividing
the number of colonies growing on antibiotic plates by the total number
of CFU plated. The experiment was performed in biological triplicates,
and mutant frequency represent an average value. To verify the stability
of each resistant bacteria, they were transferred several times in drug-
free medium and medium containing CBD at 4 x MIC and were again
tested for resistance.

2.3. Selection of CBD resistant strains by in vitro serial passaging

CBD resistant USA300 was generated by serial passaging growing
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USA300 in daily increasing concentration of CBD (Merck) and was
performed as described by Ling and colleagues (Ling et al., 2015). An
overnight (ON) culture of USA300 was diluted 1:100 in MH media in
five separate tubes supplemented with increasing concentrations of CBD
(0.2, 0.4, 0.6, 0.8, and 1.0 ug/mL CBD). The cultures were incubated at
37 °C with agitation and passaged at 24 h intervals in the presence of
CBD at subinhibitory concentration. In practice, ODggp Was measured
and the culture with the second highest concentration of CBD allowing
ODgpo >2 was chosen for further passaging, diluting the culture 1:100 in
MH media containing higher concentrations of CBD. The experiment
was performed for a total of 14 days with creation of freeze stocks each
day. Cultures collected were streaked on MH plates and a single colony
was selected for storage to ensure homogenous culture.

2.4. DNA sequencing and mutational analysis

DNA sequencing of the resistant strains as well as the wildtype
USA300 was performed by use of the Illumina MiSeq platform with
paired end 150 bp reads. The wildtype strain was sequenced as well to
rule out putative single-nucleotide polymorphisms previously present in
the genome, thus enabling identification of unique mutations acquired
by the CBD resistant strains. Library preparation was performed by use
of the Nextera XT DNA Kit (Illumina). The Whole Genome Sequencing
(WGS) data were analysed using the Breseq pipeline from Barrick Lab
(Deatherage and Barrick, 2014) aligning the WGS data to the reference
genome of S. aureus USA300 FPR3757 (NC_007793) and subsequently
analysing for mutations using the COMPARE tool. The analysis was
performed using the Ubuntu operation system. Mutations were verified
by PCR using the check F/R primers and followed by sequencing at
EurofinsGenomics. Full list of primers (Merck) used in this study can be
found in Supplementary A.

2.5. CBD susceptibility testing of the Nebraska Transposon Mutant
Library

Susceptibility of the Nebraska Transposon Mutant Library (NTML)
(Fey et al., 2013) was tested against CBD (THC Pharm). The NTML
distributed on twenty 96-well plates was spotted on twenty MH plates
containing 1 pg/mL CBD and 5 pg/mL erythromycin (since the trans-
poson used to create the library contains the resistance cassette ermB)
using a Duetz 96 cryo-replicator. The cryo-replicator was sterilized by
submerging the pins in 96 % ethanol (EtOH) followed by ignition with
fire. The plates were incubated at 37 °C ON and growth was assessed as
growth or no growth.

2.6. Creation of gene deletion and site directed mutagenesis mutants

In-frame deletion of selected genes (atpD, tarO, farE, farR, menH,
hepT, menA and ispA) as well as creation of strains containing site
directed mutagenesis (SDM) mutations (walRa4s3c, atpDr4214, tarOc710a,
farElesoA, fangzs()T and farGgo/gsA) were achieved through SpliCil‘lg by
overlap extension PCR according to Monk and colleagues (Monk et al.,
2012). Specific primers utilized for creation of deletion and SDM mu-
tants are listed in Supplementary A. For creation of gene deletion mu-
tants, fragments of 500 bp up and down-stream of the gene of interest
was amplified using Phusion polymerase (Thermo Fisher Scientific) and
joined by overhang PCR. For creation of SDM mutants, an approximate
500 bp sequence up and down-stream of the site of the desired mutation
was amplified. The reverse primer for the up-stream fragment and the
forward primer for the down-stream fragment were reverse complement
to each other and contained the desired mutation. The inserts and vector
pIMAY were digested with Sall (Thermo Fisher Scientific) and/or Sacl at
37 °C and ligated using T4 DNA Ligase (Roche) at 16 °C. pIMAY con-
taining the insert of interest were transformed into CaCly chemically
competent Escherichia coli IMO8B, purified by GenElute Plasmid Mini-
prep Kit (Merck) and transformed into electrocompetent S. aureus
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USA300 created by 0.5 M sucrose wash. Colonies grown on BHI plates
containing 20 pg/mL chloramphenicol (CHL) were identified as positive
transformants by colony PCR using primers IM151 and IM152 (Monk
et al., 2012). Positive transformants were incubated on BHI agar con-
taining 20 pg/mL CHL at 28 °C. Genomic integration of the plasmid was
achieved by inoculating ON culture in BHI containing 20 pg/mL CHL
followed by incubation at 37 °C. Plasmid integration was verified by
PCR using primers primer D + outF and primer A + outR for the
respective gene. Plasmid excision was carried out by daily dilution of ON
culture in BHI media with incubation at 28 °C for approximately 7 days.
The culture was plated on BHI containing 1 pg/mL anhydrotetracycline
(AHT) for counter selection and incubated at 28 °C for 1-2 days. Col-
onies were subsequently spotted on BHI agar with and without 20
pg/mL CHL followed by incubation ON at 37 °C. Colony PCR was per-
formed for CHL sensitive colonies verifying gene deletion using the the
outF and outR primers. Mutant creation was verified by sequencing at
Eurofins Genomics using the outF + outR primers for gene deletion or
SDM_check F and SDM_check R primers for SDM mutants.

2.7. Minimum inhibitory concentration (MIC) determination

MIC was determined using the broth microdilution method (Wie-
gand et al., 2008). Briefly, MIC measurements were performed using MH
or BHI medium in 96-well plates (Sarstedt). A bacterial inoculum of
approximately 5 x 10° CFU/mL from either an ON culture or from a
plate was incubated with two-fold dilution series of the compound of
interest. The plates were incubated at 37 C for 16-22 h with agitation.
MIC determinations were performed using at least three biological
replicates. Growth was determined using a Synergy H1 Plate Reader
(BioTek).

2.8. Growth experiments

Growth experiments in 96-well plates were performed by use of
Synergy H1 Plate reader. Plates and bacterial cultures were prepared as
mentioned above. Growth experiments were performed for 24 h at 37 C
with continuous agitation measuring ODggo every 1 h. Experiments were
performed in at least three biological replicates.

Growth experiments in flasks were performed as well. An ON culture
of USA300 was diluted to ODggp = 0.02 in MH media and incubated at
37 °C until early exponential phase at ODgp9 = 0.2. Cells were split into
separate flasks and treated with either CBD, BAC (Merck) or the com-
bination of CBD + BAC or left untreated. Menaquinone-4 (MK-4)
(Merck) was added in respective flasks as well. Experiments were per-
formed in three biological replicates.

2.9. Creation of pRAB12-farE for inducible expression

For inducible expression of farE, the vector pRAb12-lacZ (Helle et al.,
2011) was used. The vector was digested with BglIl and EcoRI at 37 °C to
remove lacZ. Since EcoRI restriction site is present in the farE gene, a
multiple cloning site (MCS) was inserted with the primers
Fwd_pRAB12_MCS_Overhang and Rev_pRAB12_MCS_Overhang creating
the vector pRAB12-MCS. pRAB12-MCS, as well as the farE insert created
by PCR using primers Up_farE_Bglll and Dw_farE_Notl, were digested
with BglII and Notl. Digested pRAB12-MCS and farE insert were ligated
using T4 DNA Ligase (Roche) at 16 °C ON and transformed into
competent E. coli IMO8B. The plasmid was purified from IMO8B using
GenElute Plasmid Miniprep Kit (Merck), transformed into electro-
competent USA300 and plated on BHI agar containing 20 pg/mL CHL.
Positive transformants were verified using the primers pRAB12_Seq F
and pRAB12_Seq R.

2.10. RNA purification and gRT-PCR

ON cultures of USA300 + pRAB12-farE and USA300 + pRAB12-MCS
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grown in BHI containing 20 pg/mL CHL were diluted to an ODggp = 0.02
and grown for 4 h at 37 °C in BHI media with and without addition of
100 ng/mL AHT to induce farE expression. Cells were harvested by
centrifugation. RNA was extracted by a hot acid-phenol procedure,
pelleted on ice, washed in 70 % EtOH and finally resuspended in sterile
ddH50. 1 pug of purified RNA was treated with DNase I (NEB) at 37 °C for
15 min and then heat inactivated at 75 °C for 10 min. cDNA synthesis
was carried out using the High-Capacity cDNA Reverse Transcriptase Kit
(Thermo Fisher Scientific) and performed as recommended by the
manufacturer. RT-qPCR was performed on the cDNA samples using 2x
RealQ Plus Master Mix Green (Ampliqon) and primers (Supplementary
A) in a LightCycler 480 instrument (Roche). The house keeping gene
gyrB was used for normalization. Reactions were carried out using the
following procedure: 15 min preincubation at 95 °C, followed by 45
amplification cycles at 95 °C for 15 s, 60 °C for 45 s and 72 °C for 45 s.
Data was retrieved using the LightCycler 480 Software. Experiment was
performed in four biological replicates.

2.11. RNA-sequencing and analysis

ON cultures of wildtype USA300 were diluted in BHI media till ODggq
= 0.02 and grown at 37 °C with agitation till ODggg = 0.2. Cells were
exposed to either 1 pg/mL CBD, 16 pg/mL BAC, combination of CBD and
BAC or left untreated for 20 min at 37 °C with agitation. Cells were
quickly cooled using liquid nitrogen and harvested by centrifugation.
RNA purification was performed as mentioned above. rRNA was
removed by use of Ribo-Zero rRNA Removal Kit for bacteria (Illumina),
and was performed according to manufacturer’s recommendation. Li-
brary preparation was performed using the NEBNext RNA Library
preparation kit (New England BioLabs) followed by quality assessment
using a fragment analyzer. Sequencing was performed using an [llumina
HiSeq 1500. Data analysis was performed using Bowtie2 (Langmead and
Salzberg, 2012) in the local mode. Sequences were indexed and sorted
using SAMtools and reads were counted in featureCounts (Liao et al.,
2014). Counts matrix was submitted to the R/Bioconductor package
DESeq?2 for statistical analysis (Love et al., 2014). Fold-change values
were size-estimated using the apeglm package (Zhu et al., 2018). Data
were sorted by log2 fold-change and statistical significance was set at p
value < 0.05. Expression of selected candidate genes identified in the
RNA-seq analysis was validated using RT-qPCR in three biological rep-
licates, as previously described (Supplementary E).

2.12. Carotenoid quantification

Carotenoid extraction and quantification was carried out according
to (Kossakowska-Zwierucho et al., 2016) and (Sen et al., 2016) with
adjustments. Briefly, ON culture of USA300 was diluted in BHI and
grown at 37 °C from ODgpg = 0.02 to ODgoo = 0.2 and treated with either
1 pg/mL CBD, 16 pg/mL BAC, combination of CBD and BAC, EtOH
control or left untreated for 4 h at 37 °C with agitation. Cells were
harvested corresponding to ODggo = 2.0 in 5 mL and washed twice in
sterile ddH50. Pellet was resuspended in 1.5 mL 99 % methanol and
incubated at 55 °C with agitation cycles of 1 min agitation followed by
10 s of no agitation for 10 min. 100 pL sample was used for ODggg
measurement for normalization of data due to potential variance in
bacterial amount. Samples were centrifuged at 10,000xG for 15 min and
1 mL of the supernatant was measured spectrophotometrically at OD4gs.
Experiment was performed in three biological replicates.

3. Results
3.1. Creation and characterization of CBD resistant USA300 mutants
To understand the antimicrobial activity of CBD, we generated CBD

resistant strains to reveal indications of the antimicrobial mechanism of
CBD. When investigating the mutant frequency of single-step
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spontaneous mutations on plates containing 4 x MIC (16 (ug/mL)) of
CBD, only a few S. aureus mutants could be found. Hence, the resistance
frequency of single-step resistance-generating mutations was 1.4 x
1078, indicating a single drug target within the cell (O’Neill and Chopra,
2004).

Furthermore, we examined the emergence of resistance to CBD by
creating CBD resistant strains through exposure of S. aureus USA300 to
daily increasing concentrations of CBD in liquid MH media for 14 days.
MIC for CBD was subsequently assessed for the individual isolates
collected at day 4, 6, 7, 8, 10, 11, 12 and 14 (called CBD4, CBD6, CBD7,
CBDS8, CBD10, CBD11, CBD12 and CBD14) and showed decreased sus-
ceptibility towards CBD ranging from 4 pg/mL for the wildtype strain
and CBD4 to 128 pg/mL or more for CBD14 (Table 1).

To study the putative mutations possibly causing adaptation to CBD,
the genome of the CBD resistant strains was sequenced. From the
mutational analysis, we found multiple genes to be mutated (Table 2) all
resulting in a missense mutation. CBD8—14 contained a A453C muta-
tion in walR, encoding a response regulator of the two-component sys-
tem WalRK (Dubrac et al., 2007). A T421A mutation was observed in
atpD of CBD7, encoding a beta-subunit of the ATP synthase (Bosch et al.,
2020). CBD14 contained a C710A mutation in tarO, encoding an enzyme
of the wall teichoic acid biosynthesis (Suzuki et al., 2012). CBD8—14
contained a T1750A mutation farE and CBD4—12 contained a G280 T
mutation in farR, encoding a fatty acid efflux pump (FarE) and its
regulator (FarR) (Alnaseri et al., 2015), respectively. Furthermore, a
mutation (G80/86A) was observed in the intergenic region between farE
and farR.

3.2. Phenotypical analysis of observed genes mutated in CBD resistant
strains

In order to characterize the influence of each individual mutation on
the susceptibility towards CBD, we created individual strains in wildtype
USA300 containing the point mutations as well as creating gene deletion
mutants of affected genes, with exception of the walR as it is essential for
growth in vitro (Dubrac et al., 2007; Zheng et al., 2015). MIC for CBD was
determined on created mutants (Table 3). Interestingly, results showed
unaltered MIC of the different mutants for CBD compared to the wild-
type strain, indicating that multiple mutations might be required
simultaneously in order to gain resistance towards CBD.

Next, we performed growth experiments using the mutants exposing
with both CBD, BAC, and the combination. Growth experiments showed
that at a combination of 2 pg/mL CBD and 32 pg/mL BAC the wildtype
strain was unable to initiate growth (Fig. 1A), while some of the
generated mutants were able to grow. One of these, USA300farRgasot
(Fig. 1F), showed an extended lag-phase of 15 h but reverting to an
ODggo close to that of the untreated cells after 24 h. An initiation of
growth was also observed for USA300walRas43 (Fig. 1B) and USA300-
farEai7sor (Fig. 1E) when exposed to the combination of 2 pg/mL CBD
and 32 pg/mL BAC, though not as pronounced as the one observed in
USA300farRgzsot- The remaining mutants did not initiate growth during
the 24 h when exposed to the combination treatment.

Table 1
MIC for CBD of CBD resistant strains created by serial passage
experiment.

CBD Resistant Strain MIC CBD (pg/mL)

WT USA300 4
CBD4 4
CBD6 8
CBD?7 8
CBD8 16
CBD10 16
CBD11 16
CBD12 32
CBD14 >128
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As both USA300farRgasor and USA300farEa; 750t showed decreased
susceptibility towards the combination of CBD and BAC compared to the
wildtype and as we did not observe any changes regarding the suscep-
tibility towards CBD alone, we created a double mutant containing both
farRgagor and farEpq7sor mutations (USA300farEry7s0afarRgagor) and
also one containing both farRgegor and farggossea (USA300-
farRgasotfargso sea)- Interestingly, MIC for CBD increased by two-fold in
USASOOfarETnsoAfangggoT at 8 pg/mL while USASOOfanggg()TfarGgo/
s Still showed an MIC at 4 pg/mL (Table 3). Furthermore, comparing
the growth of these mutants with that of the USA300farRgogor strain
upon treatment with the combination, it did not seem to be significantly
different (Fig. 1L and 1 M). Therefore, our results might suggest a
possible role of FarE and FarR in CBD susceptibility. To investigate this
further we therefore created an farE inducible plasmid. We amplified the
farE gene and placed it downstream of an anhydrotetracycline (AHT)
inducible promoter creating pRAB12-farE. Induced expression was
verified by RT-qPCR (Supplementary B1), showing an approximately
14-fold increased expression for pRAB12-farE upon addition of the
inducer AHT, compared to the empty plasmid (pRAB12-MCS). Surpris-
ingly, no differences were observed for USA300/pRAB12-farE regarding
CBD susceptibility (Supplementary B2) or susceptibility towards the
combination of CBD and BAC (Fig. 1N) compared to the strain carrying
the empty plasmid USA300/pRAB12-MCS (Fig. 10) questioning the role
of farE and farR regarding CBD susceptibility. Another explanation could
be that the level of induced expression is not sufficient to affect CBD
susceptibility.

3.3. Transcriptional response to CBD, BAC, and the combination

Since creation of CBD resistant strains did not provide us with a clear
explanation regarding the mechanism of action of CBD and how it po-
tentiates the effect of BAC, we examined the transcriptional changes
upon treatment with CBD, BAC, and the combination. Cells were grown
to early exponential phase and treated for 20 min to observe the initial
response to the compounds which showed remarkable changes in the
global gene expression (Fig. 2). Genes with statistically significant
expressional changes and with >1 Log2 fold change (Log2FC) are listed
in Supplementary C. Interestingly, expression of farE (Fig. 2A) was
observed to be the third most upregulated gene upon CBD treatment,
further suggesting its potential role in CBD susceptibility and thus the
importance of the mutations mentioned above in relation to the effect of
CBD. Other noticeable genes are hrtA and hrtB (Fig. 2A) encoding a heme
transporter (Stauff et al., 2008), being the second and the first most
upregulated genes upon CBD treatment, respectively. Upon BAC treat-
ment, we observed that vraD and vraE, which encode proteins of the
VraDE bacitracin transporter (Hiron et al., 2011), were the two most
upregulated genes (Fig. 2B).

To further analyse and get a deeper understanding of the RNA-seq
data, we performed GO Term Enrichment Analysis using DAVID
(Huang da et al., 2009; Huang et al., 2009; Mi et al., 2020) (Supple-
mentary D). Interestingly, pathway enrichment analysis upon combi-
nation treatment showed enrichment of genes participating in terpenoid
backbone biosynthesis, also known as the mevalonate pathway (Sup-
plementary D4). These genes include mvaD, mvaK1l, and mvaK2
(Fig. 2C).

3.4. Carotenoid quantification of S. aureus upon treatment

Since the mevalonate pathway showed to be enriched in the tran-
scriptional analysis during combination treatment, we thought to
investigate this further. As suggested by Balibar and colleagues, when
the amount of IPP is limited the downstream application is redirected
towards essential pathways such as production of UPP for peptidoglycan
biosynthesis (Balibar et al., 2009). This means that activity in
non-essential pathways such as production of the carotenoid staph-
yloxanthin will be decreased. We therefore thought to study the effect of
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Table 2
Mutations observed by whole-genome sequencing of the CBD resistant strains.
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Gene/Area Locus Tag Mutation Amino Acid Change Protein Function * CBD Resistant Strain
Affected
walR SAUSA300_0020 A453C K151IN Sensor Histidine Kinase CBD8, CBD10, CBD11, CBD12 and CBD14
(AAA—AAQ)
atpD SAUSA300.2058  T421A L1411 (TTA—ATA) ATP Synthase Subunit Beta CBD7
tarO SAUSA300.0731  C710A P237Q (CCA—-CAA)  Glycosyl transferase group 4 family CBD14
protein
farE SAUSA300.2489  T1750A I584F (ATT—TTT) Antibiotic transport-associated protein- CBD8, CBD10, CBD11, CBD12 and CBD14
like
farR SAUSA300_2490 G280T D94Y (GAT—-TAT) Regulator protein, TetR family CBD4, CBD6, CBD7, CBD8, CBD10, CBD11 and
CBD12
farE/farR G80/ CBD12
86A

2 Protein function retrieved from https://www.uniprot.org/.

Table 3
MIC for CBD of created mutants.

Strains MIC CBD (pg/mL)

WT USA300
USA300walRa453c
USA300atpDr421a
USA300tarOcz10a
USA300farEr17s0n
USA300farR2sor
USA300fargso sea
USA300AapD
USA300AtarO
USA300AfarE
USA300AfarR
USA300farEr17s0afarReasor
USA300farRe2s01farcso/sea

B e e e o T T T

treatment with CBD, BAC, and the combination on the production of the
carotenoid staphyloxanthin. Interestingly, the level of carotenoid pro-
duction was not only reduced by combination treatment (3-fold reduc-
tion) (Fig. 3), CBD treatment also caused a lower level of carotenoids
(2-fold reduction), suggesting that CBD somehow influences the use of
IPP.

3.5. Screening of the Nebraska Transposon Mutant Library for CBD
susceptible mutants

A third approach we investigated was to search the Nebraska
Transposon Mutant Library (NTML) for CBD susceptible transposon
mutants. The NTML created by the Nebraska Center for Staphylococcal
Research consist of 1952 single gene disruption mutants in the CA-MRSA
strain USA300 JE2 (Fey et al., 2013). The NTML was spotted on MH
plates containing 1 pg/mL CBD and incubated ON at 37 °C. CBD sus-
ceptible strains (Table 4) were identified by lack of growth. To verify
increased susceptibility of identified transposon mutants, a MIC deter-
mination was performed. Surprisingly, MIC showed that only a few of
the identified strains that did not grow on CBD containing plates had an
MIC below that of the wildtype (WT). These included strains with
disruption of the genes SAUSA300.0847, menH, fur, and hemB. Some
strains did not show a consistent MIC value, since it ranged from 2 to 4
pg/mL compared to the wildtype MIC at 4 pg/mL. However, only menH
was chosen for further studies due to its vital role in the menaquinone
biosynthesis (Vitamin K2) (Dawson et al., 2011), a metabolic pathway
which also requires IPP.

3.6. Menagquinone decreases susceptibility towards cannabidiol

To study the influence of menaquinone production upon suscepti-
bility towards CBD, we created an in-frame deletion mutant of menH,
including other genes contributing to menaquinone biosynthesis (hepT,

menA, and ispA). MIC of CBD was determined on all four mutants and
showed a two-fold decreased MIC value at 2 pg/mL for all of them
(Table 5), compared to the WT. Since fitness of USA300AhepT and
USA300AmenA was highly reduced, the experiments using these strains
were performed in the nutrient rich medium BHI. Wildtype USA300 was
grown in both MH and BHI media. We thought to test susceptibility
towards BAC as well and results showed a two-fold increased MIC for
both USA300AhepT and USA300AispA at 256 and 128 pg/mlL, respec-
tively, compared to the wildtype USA300 having an MIC for BAC at 64
pg/mL in MH medium and 128 pg/mL in BHI medium. Since deletion of
the genes participating in the menaquinone pathway resulted in
increased susceptibility towards CBD, we investigated the effect of
exogenous menaquinone. Interestingly, by addition of 50 pM (22.2 mg/
mL) menaquinone-4 (MK-4) wildtype USA300 became less susceptible
towards CBD (Table 5) indicated by a four-fold increased MIC value at
16 pg/mL. A similar effect also observed for the other deletion mutants
(Table 5), suggesting that presence of menaquinone can somehow pre-
vent the damaging effects of CBD. Furthermore, we performed a growth
experiment using CBD at concentrations of 1, 4 and 8 pg/mL with and
without addition of 50 pM MK-4 (Fig. 4A). Importantly, cells that
received 4 and 8 pg/mL CBD showed initial and similar growth to that of
the untreated cells when exogenous MK-4 was added as well, whereas
cells that only received 4 and 8 pg/mL CBD, and not MK-4, showed no or
very reduced growth. We also performed the experiment with the
combination of CBD and BAC which interestingly showed that MK-4 was
also able to prevent the CBD-mediated potentiation of BAC (Fig. 4B).
Next, we tested if addition of higher concentration of MK-4 was able to
decrease the effectiveness of CBD even further. By addition of 500 pM
MK-4 (Fig. 4C), USA300 was able to grow in concentrations as high as 64
pg/mL CBD. In general, growth in presence of CBD showed to be
dependent on MK-4 concentration. Furthermore, we investigated
whether this altered susceptibility caused by exogenous MK-4 was spe-
cific for CBD only. Interestingly, altered susceptibility was not observed
upon treatment with other antibiotics such as bacitracin, vancomycin,
chloramphenicol, ciprofloxacin or daptomycin (Table 6), suggesting
that this effect is specific for CBD. Finally, we studied how USA300
responded to CBD in presence of 1,4-dihydroxy-2-naphthoic acid
(DHNA), an intermediate molecule of the menaquinone pathway used
by MenA (Choi et al., 2017). DHNA has been observed to be an allosteric
inhibitor of MenD in Mycobacterium tuberculosis (Bashiri et al., 2020)
causing decreased menaquinone production. If this is also applicable for
S. aureus, one could expect an opposite effect regarding MK-4 addition..
By addition of 50 yM DHNA (10.2 mg/mL), USA300 became more
susceptible towards CBD indicated by almost no growth at 0.5 pg/mL
CBD compared to the cells that did not receive DHNA, suggesting that
DHNA could be an allosteric inhibitor of Staphylococcal MenD as well
(Fig. 4D). These data supports that the effects of CBD on the membrane
of S. aureus can be counteracted by presence of menaquinone.



C.S. Wassmann et al.

A

o

@)

Microbiological Research 257 (2022) 126974

o WT USA300 10- USA300walRags3c o USA300atpDr4214
.‘g —+- Untreated § —+— Untreated A§ —— Untreated
5 14 -=~ 2 pg/mL CBD S, 14 —# 2 yg/ml CBD 8 14 -+ 2 pg/ml CBD
mE —+— 32 ug/mL BAC m: —— 32 ug/ml BAC ui; —— 32 pg/ml BAC
] ~ Combination 3 ~+ Combination 3 —— Combination
0.14 0.1 01dss I:zle.‘%
T T T T J T T T T 1 ; ¥ T T 1
0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25
Time (h) E Tima (h) Time (h)
Dm USA300tarOcz1oa t0- USA300farEr750 i USA300farRgogon
T% —+— Untreated T% —o— Untreated A§ —— Untreated
g 1 = 2pgmicBD  § 1 -+ 2pgmiced § 4] = 2 ygimi CBD
g —+— 32 ug/ml BAC g —+— 32 ug/ml BAC u—‘: —— 32 ug/ml BAC
S ~ Combination 3 ~+~ Combination 3 —— Combination
0.14 J*,{ 0.14 54 0.1+
T T T T 1 T T T T 1 : ¥ = T .
0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25
G Time (h) H I
104 WYV GEUIBOA 101 USA300AatpD 101 USA300AtarO
AE —+— Untreated T% -+ Untreated A§ —+— Untreated
8 1 -+ 2ugmicBD  § 1 -+ 2ygmicBD  § 1 -+ 2ygimL CBD
5 - 32ugmBAC 1 - 32ugimlBAC & -+ 32 pg/mL BAC
S — Combination 3 f1 ~ Combination 3 —+ Combination
0'1-' 014 FEERaEasv o 015
T T T T J T T T T J T T T T 1
0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25
J Time (h) K Time (h) Time (h)
10- USA300AfarE 10 USA300AfarR 104 USA300farErszsoafarRaaser
A§ —+- Untreated AE —+- Untreated A§ —+— Untreated
8 4 - 2ugmicEd  § 1 -+ 2ugmicBD  § 1 -+ 2pg/mL CBD
:‘,E —+— 32 ug/ml BAC 5, —— 32 ug/ml BAC g —+— 32 ug/mL BAC
3 —+ Combination 3 — Combination 3 —+ Combination
014 ,ri) FoT 01 I 014
T T T T 1 T T T T 1 T T T T 1
0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25
M Time (h) N Time (h) O Time (h)
w0, USA300farRazsorfarcaosss 0. USA300/pRAB12-farE 10, USA300pRAB12-MCS
T —o— Untreated Tg, —o— Untreated E —+— Untreated
g 14 —# 2ug/mL CBD 8 14 —# 2yug/mLCBD O 1 - 2ug/mL CBD
;é —— 32 ug/mL BAC ,,,E —— 16 pg/mL BAC g,: —— 16 ug/mL BAC
3 —+ Combination 3 —+ Combination - —+ Combination
014 0.14 0.1
T T T T J T T T T J T T T T J
0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25
Time (h) Time (h)

Time (h)

Fig. 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 (M), BAC (a), combination (4p) or left untreated (@).
4. Discussion

In previous work, we discovered the use of the cannabinoid CBD as a
novel antibiotic adjuvant able to potentiate the effect of the antibiotic
BAC against Gram-positive bacteria such as Staphylococcus aureus, Lis-
teria monocytogenes, and Enterococcus faecalis (Wassmann et al., 2020).
However, the mechanism underlying the CBD mediated potentiation of
BAC remains unknown. We therefore investigated this.

The mutant frequency to antibacterial resistance indicates a single
drug target within the cell. However, selection of CBD resistant strains
and subsequent whole genome sequencing identified multiple mutated
genes. These included walR, atpD, tarO, farE, and farR as well as a mu-
tation in the intergenic region between farE and farR.

Mutations in the farER system were observed in all CBD resistant
strains. farE (fatty acid resistance effector) encodes a resistance-
nodulation-division efflux pump shown to promote resistance towards
linoleic and arachidonic acids in S. aureus (Alnaseri et al., 2015). farE

expression is regulated by FarR (fatty acid resistance regulator), a
member of the TetR family of transcriptional regulators (Alnaseri et al.,
2019). Recreation of the mutations observed in the farER system
(farEt1750a and farRgaegor) did not show altered CBD susceptibility;
however, it resulted in a decreased susceptibility towards the combi-
nation of CBD and BAC. Especially for USA300farRg2s0t, Susceptibility
towards the combination of CBD and BAC seemed significantly
decreased when compared to the wildtype strain. Additionally, suscep-
tibility did not change for the strain containing the farggg/gsa mutation
or for the gene deletion mutants of both farE and farR compared to the
wildtype strain. We furthermore created a strain containing two muta-
tions, USA300farEr1750afarRgasor showed a two-fold increased CBD MIC
value of 8 pg/mL, whereas USA300farRgag01farcso/sea did not yield an
MIC value different from that of the wildtype. These results indicate a
potential role for FarE and FarR in CBD susceptibility and CBD mediated
potentiation of BAC. Mutations in farR resulting in decreased suscepti-
bility towards certain antimicrobials has been observed before. Nguyen



C.S. Wassmann et al.

A Cannabidiol
| .
[ ! hrtA -
3 1007 i hrtB
< . i .
o i - farE
2 1 i
§ 50 )
' i «‘:~ “L‘v
0 T T - T T
-2 0 2 4
Log,FC
NS @ p-value @ p-valueandlog; FC
Total = 2866 variables
B Bacitracin
g 3007 TTT T L vraD i
S .
a 200
E]
8 1007 x
' 5% e S
0 T T T
0 4 8
Log,FC
NS @ p.value @ p-valueandlog; FC
Total = 2866 variables
C Combination

-log1oP-value

NS ® Log,FC @ p.value @ p-value and log, FC

Total = 2866 variables
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Fig. 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.

and colleagues showed that a point mutation in farR causing an amino
acid substitution from Cys to Arg at position 116 resulted in decreased
susceptibility towards rhodomyrtone, an acylphloroglucinol antimicro-
bial isolated from the plant Rhodomyrtus tomentosa (Nguyen et al.,
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Table 4
CBD susceptible strains observed in the screening of the Nebraska Transposon
Mutant Library as well as MIC for CBD of these..

Gene Locus Tag Protein Function MIC
Name (ng/
mL)
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 2
family
qoxC SAUSA300_0961 Quinol oxidase, subunit IIT 2—-4
qoxB SAUSA300_0962 Quinol oxidase, subunit I 2—-4
purk SAUSA300.0967  Phosphoribosylaminoimidazole 4
carboxylase, ATPase subunit
purF SAUSA300.0972  Amidophosphoribosyltransferase 4
ctaM SAUSA300.1017  Hypothetical protein 2-4
4

SAUSA300.1182  Pyruvate ferredoxin oxidoreductase,
alpha subunit
2-oxoglutarate ferredoxin oxidoreductase 4

subunit beta

SAUSA300.1183

bshA SAUSA300.1349  Glycosyl transferase, group 1 family 4
protein

fur SAUSA300.1514  Ferric uptake regulation protein 2

mtnN SAUSA300_1558  5’-methylthioadenosine/S- 2-4
adenosylhomocysteine nucleosidase

cymR SAUSA300.1583  Hypothetical protein 2-4

hemB SAUSA300_1615 Delta-aminolevulinic acid dehydratase 2

Table 5
MIC for CBD with and without addition of menaquinone-4 (MK-4) and MIC for
BAC of mutants.

Strain MIC CBD (pg/ MIC CBD + 50pM MIC BAC (ug/
mL) MK-4 mL)

WT USA300 4 16 64

WT USA300 (BHI) 4 16 128

USA300AmenH 2 8 64

USA300AhepT 2 16 256

USA300AmenA 2 16 128

USA300AispA 2 8 128

2019). They also observed an increased release of lipids and fatty acids
from the strain containing the farR mutations, suggesting that release of
these might result in binding and inactivation of rhodomyrtone (Nguyen
et al., 2019), a mechanism of antimicrobial resistance also observed for
daptomycin (Pader et al., 2016). In another case, Chen and colleagues
discovered a point mutation in S. aureus SH1000 resulting in the exact
same amino acid substitution as discovered in our CBD resistant strains,
FarRpo4y, as discovered in our CBD resistant strains, causing decreased
susceptibility towards p-sphingosine, an unsaturated long chain amino
alcohol found on the human skin (Chen et al., 2020). These observations
further emphasize the potential role of FarE and FarR regarding CBD
susceptibility. Unfortunately, overexpression of farE did not result in
altered susceptibility towards CBD or the combination of CBD and BAC.
However, this could be explained by insufficient FarE expression levels
to alter susceptibility to CBD. Nevertheless, recreating the farRgagor
mutation in a wildtype strain did in fact show a decreased susceptibility
towards the combination of CBD and BAC indicating that the FarE/FarR
system might have a potential role, among others, in the mechanism of
resistance towards CBD. Furthermore, the RNA-seq data showed farE to
be the third most upregulated gene upon CBD treatment, highlighting its
potential role regarding CBD susceptibility, perhaps through release of
fatty acids and/or lipids binding and inactivating CBD. As suggested by
Nguyen and colleagues, FarR might be regulating expression of multiple
genes both directly and indirectly (Nguyen et al., 2019), indicating that
the farR mutation observed causing decreased susceptibility towards the
combination of CBD and BAC could be caused by altered expression of
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Fig. 4. Growth experiments with and without addition of menaquinone-4 (MK-4) in the presence of CBD (A) and combination of CBD and BAC (B). Susceptibility test
of CBD with increasing concentrations of MK-4 (C) and 1,4-dihydroxy-2-naphthoic acid (DHNA) (D), against USA300. Untreated + MK-4 (@), CBD + MK-4 (m), BAC
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Table 6
MIC determination of USA300 for multiple antimicrobials with and without
addition of 50 pM menaquinone-4 (MK-4).

Compound MIC (pg/mL) MIC (pug/mL)
+ MK-4 + MK-4

Cannabidiol 4 16
Bacitracin 64 64
Vancomycin 0.5 0.5
Chloramphenicol 16 16
Ciprofloxacin 8 8
Daptomycin 16 16

additional FarR regulated genes and not farE expression alone.
USA300walRps43¢ also showed decreased susceptibility towards the
combination of CBD and BAC. walR encodes a transcriptional regulator
that, together with WalK form the essential two component system
WalRK (Dubrac et al., 2007; Ji et al., 2016). WalRK has shown to be
important for regulation of various cellular processes such as autolysis
(Dubrac et al., 2007), production of biofilm, cell wall metabolism and
regulation of virulence genes through SaeSR activation (Delauné et al.,
2012). These important processes in S. aureus might be slightly dysre-
gulated in USA300walRas43¢c, however, since only minor changes had
occurred in the mutants regarding CBD and BAC susceptibility, the
consequence of the mutation might be limited. Mutations in walRK have
been associated with reduced susceptibility towards other antimicro-
bials such as daptomycin (Friedman et al., 2006; Yin et al., 2019) and
vancomycin (Howden et al., 2011; Hu et al., 2016), both targeting the
cell envelope, also a potential target for CBD (Blaskovich et al., 2021;
Wassmann et al., 2020), suggesting a potential role for the two
component system in regards to CBD susceptibility. The walR mutation
was indeed observed in multiple CBD resistant strains including the
highly CBD resistant strain CBD14. Beside this, CBD14 is the only strain
also containing a mutation in tarO encoding an enzyme responsible for
the first step in the biosynthesis of wall teichoic acid (WTA) in S. aureus
(Suzuki et al., 2012). WTAs are long glycopolymers found in the cell wall
of Gram-positive bacteria (van Dalen et al., 2020). WTA has shown to be
important for maintaining the rigidity and charge of the cell envelope
and regulate permeability (Suzuki et al., 2011) as well as protecting the
cell against environmental stress such as host skin fatty acids (Kohler

et al., 2009), high temperature (Vergara-Irigaray et al., 2008) and an-
timicrobials such as vancomycin (Peschel et al., 2000) and human
antimicrobial peptides (Collins et al., 2002) due to alanylation of the
WTA. This emphasizes its potential contribution to the high MIC value of
CBD observed in CBD14. In addition to this, as mentioned for WalRK,
WTA has also been observed to be important for regulation of autolysis
(Schlag et al., 2010). Dysregulated autolysis has been associated with
altered susceptibility towards various antibiotics such as vancomycin
(Boyle-Vavra et al., 2003; Meehl et al., 2007) and daptomycin (Patel
et al., 2011), indicating that the mutation observed in both walR and
tarO together might contribute to, at least in some degree, the highly
CBD resistant phenotype of CBD14.

Secondly, we screened the NTML for genes relevant to CBD suscep-
tibility. The NTML enables a high-throughput screening of almost all
non-essential genes in S. aureus and has been used to identify genes
important for susceptibility towards various anti-staphylococcal anti-
microbials (Vestergaard et al., 2016), polymyxins (Vestergaard et al.,
2017), salt resistance (Schuster et al., 2020) and genes important for
virulence during silkworm infection (Paudel et al., 2020). Importantly,
we found that the NTML mutant menH, which has a disrupted mena-
quinone pathway (vitamin Ky) (Dawson et al., 2011), showed increased
susceptibility towards CBD. Further investigations showed that strains
with deletion of other genes participating in menaquinone biosynthesis
(menA, hepT, and ispA), also showed increased susceptibility towards
CBD, whereas some of the strains also showed decreased susceptibility
towards BAC. Interestingly, growing S. aureus in presence of 50 pM MK-4
allowed for growth in above MIC concentration of CBD (MIC at 16
pg/mL), a tendency that seems to be concentration-dependent since
growth in even higher concentrations of MK-4 (500 pM) resulted in
growth of S. aureus at 64 pg/mL CBD. This effect showed to be specific
for CBD only, since combining MK-4 with other antimicrobials did not
result in altered susceptibility towards these.

Menaquinone is an essential part of the electron transport chains
during respiration as it helps transporting electrons between electron
acceptors along the bacterial membrane (Kurosu and Begari, 2010;
Truglio et al., 2003). This facilitates proton movement across the
membrane thus creating the transmembrane proton gradient (ApH) that
together with the membrane potential (Ay) generate the proton motive
force (PMF) that drives ATP synthesis (Farha et al., 2013; Kurosu and
Begari, 2010). Disruption of the Ay will lead to an increase in ApH and
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vice versa enabling maintenance of the PMF (Bakker and Mangerich,
1981; Farha et al., 2013). This means that S. aureus might attempt to
compensate the membrane potential disruptive effects of CBD, which
has been previously shown (Wassmann et al., 2020) (Blaskovich et al.,
2021), by increasing the transmembrane proton gradient, ApH, through
increased levels of menaquinone. Supporting this hypothesis, we
furthermore observed an opposite effect when combining CBD with
DHNA, an intermediate of the menaquinone pathway. DHNA has been
discovered in Mycobacterium tuberculosis to be a negative allosteric
regulator of MenD, the first committed step in menaquinone biosyn-
thesis (Bashiri et al., 2020). If this is also applied for S. aureus it could
further emphasize that presence of menaquinone disrupts the effect of
CBD, since presence of a menaquinone biosynthesis inhibitor, in this
case DHNA, makes S. aureus more susceptible towards CBD.

The fact that presence of CBD might lead to increased menaquinone
production could also explain the decreased carotenoid production
observed when exposed to CBD. IPP and FPP are key metabolites in
production of staphyloxanthin, UPP, and menaquinone, hence, presence
of CBD might cause redirection of IPP and FPP for production of
menaquinone rather than staphyloxanthin and UPP. This could also
explain how CBD enhances the effect of BAC. It is evident from the RNA-
seq data that S. aureus might attempt to compensate the increased IPP
and FPP demand caused by the combination of CBD and BAC by upre-
gulating the mevalonate pathway (terpenoid backbone pathway) when
exposed to the combination. However, since synergy is observed for CBD
and BAC, the putative increased IPP and FPP production might not be
sufficient.

To further support the idea that menaquinone counteracts the effect
of CBD by increasing the transmembrane proton gradient, we discovered
three additional transposon mutants in the NTML screen showing
increased CBD susceptibility. One of these, SAUSA300_0847, encodes a
protein that has sequence similarity with Menl, the enzyme in the
menaquinone pathway that creates DHNA in other bacteria, such as
E. coli. In addition, we observed that the two most upregulated genes
upon CBD treatment encode the HrtAB transporter that transports heme
(Stauff et al., 2008), a cofactor also used during respiration by terminal
oxidases for reduction of O, to HyO (Hammer et al., 2013). Two strains
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with disruption in one of these oxidases, goxB and qoxC, encoded on the
qoxABCD operon (Hammer et al., 2013), was also identified in our
NTML screen to be more sensitive towards CBD. The fact that the strain
containing disruption of hemB, required for heme biosynthesis, was also
observed to be CBD sensitive might rather be due to the small colony
forming unit phenotype of this strain (Mike et al., 2013). An NTML
screen was also performed by Farha and colleagues (Farha et al., 2020)
using cannabigerol, another cannabinoid from Cannabis sativa. Trans-
poson strains with disruption of genes participating in menaquinone
biosynthesis were not identified in their screen. However, aroC
(SAUSA300_1357), encoding the final enzyme of the chorismate
biosynthesis, a precursor for menaquinone biosynthesis (Zhang et al.,
2017), was found to be sensitive towards cannabigerol when disrupted,
emphasizing the potential role of menaquinone biosynthesis in sensi-
tivity towards CBD and perhaps also other cannabinoids.

Based on the result obtained from the NTML screen and further
analysis we propose a model of which CBD enhances the effect of bac-
itracin (Fig. 5). As previously published (Wassmann et al., 2020), we
observed that CBD was able to disrupt membrane potential through a yet
still unknown mechanism. We speculate that, in order to maintain the
PMF and thus ATP production, S. aureus increases the production of
menaquinone that in turn will increase the transmembrane proton
gradient. Therefore, S. aureus shifts the use of IPP and FPP towards
menaquinone and thus decreases the production of UPP and staph-
yloxanthin. As the UPP production is decreased the effect of BAC is
therefore potentiated due to inhibition of UPP recycling by BAC and
synthesis by CBD, leading to inhibition of peptidoglycan biosynthesis
and eventually bacterial lysis due to the inability to synthesize
peptidoglycan.

5. Conclusion

In the present study, we searched for genes relevant for CBD sus-
ceptibility in S. aureus to get a better knowledge on how CBD acts on the
cell but also how CBD potentiates the effect of BAC. We identified the
farE/farR system to be of great interest since multiple mutations were
observed in this locus. Furthermore, by screening the Nebraska
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Transposon Mutant Library for CBD susceptible strains, we found that
the menaquinone pathway to be of great interest. Strains containing
deletions of genes encoding enzymes of the menaquinone pathway
became more susceptible towards CBD while addition of exogenous
menaquinone caused S. aureus to become less susceptible towards CBD,
highlighting the importance of menaquinone in relation to the activity of
CBD and potentially also to the CBD mediated potentiation of BAC. Our
observations contribute with several components to the model by which
CBD acts as an antimicrobial and as an antibiotic adjuvant to BAC, yet
more experiments are needed to fully clarify its mechanism.
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