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Editorial on the Research Topic

Beyond Antimicrobials: Non-traditional Approaches to Combating Multidrug-Resistant
Bacteria

Since the time of Galen and Hippocrates, medicine has had a slow progression, with each
new advance improving the length and quality of patients’ lives. By the nineteenth century,
medical science had even begun to understand the concept of vaccinations and had started to make
substantial inroads into the prevention of communicable diseases. Despite this, diagnosis with a
bacterial infection frequently remained tantamount to a death sentence. With treatment essentially
limited to supportive care, patients were left to either recover or die. But in the twentieth century,
the discovery of antimicrobials changed this. It is not an overstatement to say that medical science
changed forever, because this allowed the development of countless medical advances that fall
under the classification of internal medicine. Ranging from simple surgeries like the removal of an
inflamed appendix to the complete replacement of whole organs and organ systems, not to mention
the placement of various medical devices that have improved the lives of countless patients.

Despite this, infectious diseases, including those caused by bacteria, remain the leading cause
of premature death worldwide. Problematically, this trend looks as though it will worsen, as
both the number and the proportion of clinically relevant bacterial strains and species exhibiting
antimicrobial resistance is on the rise. For the ESKAPE pathogens (i.e., Enterococcus faecium,
Staphylcoccus aureus, Klebsiella pneumonia, Acinetobacter baumanii, Pseudomonas aeruginosa, and
Enterobacter spp.), not only are single and multidrug resistance common, but pandrug resistance
has begun to be clinically observed (Mulani et al., 2019). Overall, for the first time in nearly a
century, the spread of antimicrobial resistance has begun to lead to regressions in treatment options
and the re-emergence of formerly treatable infections as real threats to community health. While
the public remains largely complacent to the threat, experts in healthcare warn of the “galloping
hoofbeats of the horsemen of the apocalypse” and the very real possibility that voluntary medical
procedures will become a historical phenomenon within the next century, even in the developed
world (Projan, 2003).

Further complicating matters, antimicrobial drug discovery has dramatically slowed over the
last 20 years, with a paucity of new treatments on the market or in development pipelines.
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Non-traditional Treatments for Anti-Microbial Resistant Bacteria

The most obvious problem is scientific. Using the same methods
to screen the same libraries leads to the same treatments, which
are now ineffective. Finding new methods and new libraries
is one option, but it is laborious and requires a leap of faith
that the new method will be effective. A more serious problem
is economic (Ventola, 2015; Renwick and Mossialos, 2018).
For large pharmaceutical companies, the return on investment
for antimicrobials tends to be much lower than for lifestyle
medicines, which are intended for disease maintenance rather
than a cure. For antimicrobials, maintenance is often impractical
or impossible. Moreover, identification, development, design,
regulatory approval, and marketing are necessary steps for a
large pharmaceutical corporation to get a new treatment into
clinics for patients. These steps can take from 5 to 20 years.
Meanwhile, antimicrobial resistance frequently arises in less than
five, particularly when antimicrobial stewardship (i.e., limiting
antimicrobial use to last-ditch cases, preventing agricultural or
household cleaner use, etc.) is not stringently maintained (Rice,
2018). Worse yet, pricing for antibiotics tends to be lower than
for other drugs that have such outsized impacts on morbidity
and mortality (e.g., cancer drugs). Finally, the same stewardship
programs limit antibacterial use to prolong clinical utility, also
artificially curtailing the market size. Cumulatively, these effects
result in a monetary loss for the company.

A final obstacle is the incredible regulatory hurdles,
particularly in the US, that stand in the way of companies and
organizations willing to take on the burden (Metlay et al., 2006).
For example, due to the transience of bacterial infections, it
is often difficult to find enough patients for large-scale human
trials. Another difficulty is the approval process (particularly
the US FDA, the EMA has been generally more tractable) that
places an undue burden of proof on pharmaceutical companies
(e.g., patients only qualify as having been successfully treated if
the causative bacterium is identified in complex infections like
bacterial pneumonia, difficulty in demonstrating superiority of
new treatments to existing therapy instead of non-inferiority to
current treatments, etc.). Regulatory and legislative efforts have
been initiated in the past 15 years to combat these trends, but
rectification has occurred at a glacial pace (Humphries et al.,
2018; Sfeir, 2018).

Clearly, it behooves us to seek out alternative mechanisms
of treatment to address this growing gap. Therefore, currently
there is an increased interest in alternative approaches to the
treatment of drug-resistant bacteria. A number of these strategies
are presented in this Research Topic.

ANTI-VIRULENCE APPROACHES

To mitigate the resistance emergence, one increasingly viable
option is the discovery and development of the therapeutic
chemicals that target bacterial virulence, rather than bacterial
growth. In most cases (with the notable exception of immune-
related pathology activated by structural components), the mere
presence of bacterial cells is insufficient to trigger disease. Instead,
pathogenic microorganisms produce various virulence factors
that are responsible for the damage inflicted on the host. There is

mounting evidence that these pathogenic determinants are viable
pharmaceutical targets; treatments that compromising one or
more of these factors (i.e., anti-virulence or antipathogenic) can
often largely, or even completely, mitigate disease. Anti-virulence
drugs should reduce antibiotic use and, ultimately, decrease the
development of antibiotic resistance, as they should not impose
strong selective pressure on bacteria that favors the evolution of
mechanisms of resistance and persistence. Additionally, because
they do not affect bacterial cell viability, they should not disrupt
beneficial microbiota. Anti-virulence compounds could serve as
alternatives or adjuncts to traditional antibiotics and to potentiate
their efficacy, generating even more effective treatment options in
particular against multi-drug resistant pathogens and potentially
viable options against pan-drug resistant bacteria.

A number of articles utilizing this approach are reported in
this Research Topic. One promising virulence-associated target
is the quorum-sensing (QS) systems utilized by several clinically
relevant pathogens (Rutherford and Bassler, 2012; Schuster
et al., 2013; Castillo-Juarez et al,, 2015). Singh et al. report
on the inhibitory activity of 3-benzyl-hexahydro-pyrrolo[1,2-
a]pyrazine-1,4-dione on QS in Pseudomonas aeruginosa.
Interestingly, treatment also altered biofilm architecture,
compromising bacterial adherence and biofilm development.
Fong et al, report on itaconimide, another novel inhibitor
of Pseudomonal QS and biofilm. Perhaps unsurprisingly,
inhibition of biofilm formation is another common target for the
development of anti-virulent compounds (Maura et al., 2016;
Francois et al., 2017; Defoirdt, 2018; Salam and Quave, 2018).
This approach can also be used against opportunistic fungi. For
example, Lee et al. describe antibiofilm activity for 6-gingerol
and 6-shogaol against Candida albicans. These two molecules
prevented cell aggregation and inhibited the expression of several
biofilm-related genes.

Both QS signaling and biofilm contribute to chronic
infections. They are associated with complex regulatory switches
that control large numbers of genes whose activity alters the
lifestyle of the pathogen to support long-term microbial presence
within a host. This is in contrast to more stereotypically acute
virulence determinants (e.g., the Type 3 Secretion System,
proteases, lipases, toxins, etc.) that cause consequences for which
microbial presence is less relevant. Dong et al. found that the
flavonoid morin inhibits the hemolytic activity of aerolysin,
protecting catfish from infection with Aeromonas hydrophila.

Generally, drug discovery attempts have targeted chronic
virulence factors. A notable exception to this is the Pseudomonal
siderophore pyoverdine. Unlike many acute virulence
determinants, pyoverdine plays a diverse and multifactorial
role in pathogenesis, including iron acquisition (necessary
for production of other virulence factors, including biofilm,
and for bacterial growth) and is a transcriptional regulator of
several other virulence factors and toxins (Ochsner et al., 1996;
Wilderman et al., 2001; Lamont et al., 2002). In addition, it is
directly cytotoxic (Kang et al., 2018). Previously, preventing
pyoverdine biosynthesis has been shown to attenuate virulence in
a variety of hosts, including invertebrates and mice (Meyer et al.,
1996; Takase et al., 2000; Minandri et al., 2016). Here, Imperi
et al. examined the limitations of this approach by selecting for
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P. aeruginosa mutants resistant to one class of these inhibitors,
fluoropyrimidines (Imperi et al., 2013; Kirienko et al., 2016). To
circumvent this form of resistance, Kirienko et al. identified small
molecules that directly inhibit pyoverdine function, rather than
its production. Interestingly, these molecules are also effective
against multidrug-resistant isolates of P. aeruginosa collected
from patients with cystic fibrosis (Kang et al., 2019).

Frequently the strongest effects for anti-virulence molecule
are in combination with other treatments. For example,
Tharmalingam et al. demonstrated that 4-(1,3-dimethyl-
2,3-dihydro-1H-S-benzimidazol-2-yl)phenol  (BIP) inhibited
several virulence factors of methicillin-resistant Staphylococcus
aureus (MRSA). BIP treatment decreased MRSA virulence
and sensitized bacteria to macrophage-dependent killing.
Marini et al. showed that Cannabis sativa extracts reduced
motility and biofilm formation in the food-borne pathogen
Listeria monocytogenes. Martinez et al. reviewed a number
of promising anti-virulence strategies, including disassembly
of functional microdomains in bacterial membranes and
toxin neutralization.

ALTERNATIVE APPROACHES: DRUG
REPURPOSING, COMBINATION
THERAPIES, AND NON-CONVENTIONAL
BACTERICIDES

Regulatory hurdles are another stumbling block in drug
discovery. Researchers have begun to propose and implement
innovative strategies to practically reduce time and costs for
the drug development processes. Repositioning or repurposing
already approved drugs is an approach that has recently gained
momentum, with the hypothesis being that the compounds
may have new modes of action for which the resistance has
yet to develop. Similarly, combining two or more compounds
with different or synergistic mechanisms is another alternative
approach to improve the efficacy of the currently available
antibiotic regimens and may increase the success rate of drug
repositioning as well.

In this collection, Miré-Canturri et al. reviewed the current
state of knowledge regarding drug repurposing strategies
for the treatment of bacterial and fungal infections. They
focus on several successfully repurposed drugs, including
former  antihelminthic,  anticancer,  anti-inflammatory,
immunomodulatory, and even  psychopharmaceutical
compounds. They have summarized their mechanisms and
the status of on-going clinical trials for repurposed drugs like
meloxicam, a widely available non-steroid anti-inflammatory
drug. A different strategy, called drug redirecting, has been
proposed by Jang et al. This strategy involves modifying a
previously established chemical moiety to change its selectivity.
Their example used an apoptotic inhibitor, YM155, that generates
reactive-oxygen species upon entry into the target cells. By
changing the substituents at the N3 position, they have optimized
the antibacterial efficacy, possibly by selectively targeting the
drug to Gram-positive bacterial cells, including MRSA.

Drug combination can improve treatment efficacy and
reduce drug dosages to minimize side effects, as exemplified
in the combination of B-lactams (e.g., clavulanic acid and
amoxicillin or ticarcillin; Salerno and Cazzaniga, 2010). In
this Research Topic, Na et al. investigated the inhibitory
activity of a cellular metabolite, NADPH on the class C
B-lactamases such as AmpC BER. Based on their previous
study (Na et al, 2017), they presented a molecular docking
model indicating that this dinucleotide could bind AmpC
BER. Combination of NADPH with ceftazidime successfully
restored sensitivity to ceftazidime-resistant bacteria in an
experimental murine infection. Strengths of this approach
include that it may not require new chemical discovery
and may be combined with repurposing or repositioning
efforts as well.

del Carmen Parquet et al. showed that an iron-chelating
polymer (DIBI) suppressed a wound infection caused by MRSA.
This makes intuitive sense, as iron is essential for microbial
growth and survival. DIBI also increased the bactericidal activity
of several antibiotics. DIBI also inhibits the growth of Candida
albicans and increases its sensitivity to azole drugs in vitro and in
vivo (Savage et al., 2018).

Another transition metal discussed here is zinc. Interestingly,
Crane et al. report a surprising role for zinc in preventing the
SOS response, which is required for the hypermutation-
mediated generation of antibiotic resistance and the
horizontal transfer of resistance genes. Both zinc acetate
and zinc pyrithione were effective, with the latter being
more active. This suggests another approach to mitigate
bacterial resistance may be to compromise the pathways
that generate it.

PHAGE-BASED APPROACHES

Recent advances in biotechnology have begun to allow the design,
development, and production of new biologics with several
advantages over chemical therapies. These include greater safety,
potency, and specificity, potentially leading to fewer side effects.
One “bioantibacterial” approach increasingly drawing favor is
to revive the exploration of bacteriophages (phages) (Kim et al.,
2019). The ability of phages to amplify at the site of infection and
to cause the death and lysis of their bacterial targets makes it so
that they can specifically eliminate an infectious bacterial strain
or species without affecting the host microbiota (Abedon and
Thomas-Abedon, 2010). In addition, as hosts develop resistance,
phages may be able to evolve in concert to maintain their efficacy.
Phages show substantial promise in a number of ways (Gorski
et al,, 2019; Hansen et al, 2019). One strategy practically at
hand is to harness the endolysins produced by phages to degrade
bacterial cell walls. For example, Wu et al. showed that the novel
phage PD-6A3, and its purified endolysin Ply6A3, mitigated
murine sepsis in approximately one-third of cases where clinical
multi-drug resistant strains of Acinetobacter baumannii were
tested. Seijsing et al. showed that extending serum retention
time, such as by fusing an albumin-binding domain to the LysK
endolysin from S. aureus phage improved efficiency.
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OTHER BIO-ANTIBACTERIAL
APPROACHES

In addition to the phage-based therapies mentioned above, efforts
to harness naive or engineered antimicrobial peptides (AMPs)
for clinical use have been accelerating. AMPs are generally
short, positively-charged peptides that contribute to the innate
immune systems of a wide variety of life forms. AMPs are
conventionally thought to kill microbial pathogens directly by
targeting membrane functions. Unfortunately, they are also toxic
toward host cells, limiting their clinical use. Research teams
are currently evaluating AMPs in clinical trials as novel anti-
infectives and as immunomodulators and promoters of wound
healing. Here, Zharkova et al. reported that mammalian AMPs
can synergize with a variety of conventional antibiotics, including
fluoroquinolines, polyketides, aminogylcosides, and B-lactams.
This limits the amount of AMP needed for effective treatment,
and may reduce off-target effects.

Diaz-Roa et al. report identification and characterization of
an AMP isolated from a necrophagous larvae, Sarconesiopsis
magellanica. Sarconesin, as they dubbed it, showed no sign
of cytotoxicity to mammalian cells and appears to increase
permeability of the target membranes and bind to DNA.
Moussouni et al. present a proof-of-concept study that leverages a
rationally-designed synthetic version of MgtR that targets MgtC,
a virulence factor required for intracellular survival of Salmonella
and Mycobacterium species (Belon et al., 2015). They showed that
synthetic MgtR (based on the Salmonella version of the protein)
compromises the function of MgtC in P. aeruginosa, suppressing
intracellular survival and biofilm formation.

Bacteriocins are another natural product produced by bacteria
to limit competition in their natural environment. These peptides
are often used in a form of chemical warfare against closely
related species, giving them substantial potential for development
as a therapy. Ghequire et al. reviewed the therapeutic potential
of one class of these proteins, lectin-like bacteriocins, or Llps,
which are produced by Gram-negative proteobacteria. Unlike
most bacteriocins, Llps appear to catalyze killing from the cell
surface instead of requiring internalization. This trait will be
useful if they are leveraged as a treatment for Pseudomonads,
which have active export pumps that may limit the efficacy of an
imported toxin.

Corre et al. used a similar approach to identify effective natural
products for limiting the growth of Legionella pnuemophila.
By testing over 250 culturable bacterial isolates, they found
a surprising variety of organisms that effectively limited L.
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pneumophila growth. Although this approach, which harnesses
the natural competition in the bacterial microenvironment, is not
unknown, it is very effective when looking for new treatments
that are more specific than have been sought in the past.

Finally, Rownicki et al., describe the design and study of a
peptide nucleic acid (PNA)-based treatment that exploits the
MazEF-HipBA toxin-antitoxin systems in E. coli. They show that
antisense PNAs could effectively repress translation of the anti-
toxin, causing bacterial death. They also showed that antisense
PNAs could be used to stimulate the expression of the toxin-
antitoxin system in the first place, improving the utility of
the treatment. Promisingly, antisense PNAs did not seem to
activate strong cytotoxicity in mammalian cells, although the
effect of PNA-mRNA hybrids on the activation of the interferon
response, the difficulties in delivery of PNAs into cells, and the
ease of antimicrobial resistance emergence against a nucleotide-
hybridization-based treatment remain concerns.

CONCLUSIONS

Although the threat of antimicrobial resistance is substantial,
myriad approaches to circumvent it are currently being
researched. These include classical approaches, such as searching
for natural products in the environment of the pathogen
and more synthetic attempts, like the discovery of new
compounds with previously unknown mechanisms, rationally-
mutated bacterial toxins, or even small molecules designed
ab initio based on virtual docking screens. If some of these
methods can successfully translate to therapeutic options, the
bacteriological apocalypse may yet be averted.
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DIBI, a purpose-designed hydroxypyridinone-containing iron-chelating antimicrobial
polymer was studied for its anti-staphylococcal activities in vitro in comparison to
deferiprone, the chemically related, small molecule hydroxypyridinone chelator. The
sensitivities of 18 clinical isolates of Staphylococcus aureus from human, canine and
bovine infections were determined. DIBI was strongly inhibitory to all isolates, displaying
approximately 100-fold more inhibitory activity than deferiprone when compared on their
molar iron-binding capacities. Sensitivity to DIBI was similar for both antibiotic-resistant
and -sensitive isolates, including hospital- and community-acquired (United States 300)
MRSA. DIBI inhibition was primarily bacteriostatic in nature at low concentration and
was reversible by addition of Fe. DIBI also exhibited in vivo anti-infective activity in two
distinct MRSA ATCC43300 infection and colonization models in mice. In a superficial
skin wound infection model, topical application of DIBI provided a dose-dependent
suppression of infection along with reduced wound inflammation. Intranasal DIBI
reduced staphylococcal burden by >2 log in a MRSA nares carriage model. DIBI was
also examined for its influence on antibiotic activities with a reference isolate ATCC6538,
typically utilized to assess new antimicrobials. Sub-bacteriostatic concentrations of DIBI
resulted in Fe-restricted growth and this physiological condition displayed increased
sensitivity to GEN, CIP, and VAN. DIBI did not impair antibiotic activity but rather it
enhanced overall killing. Importantly, recovery growth of survivors that typically followed
an initial sub-MIC antibiotic killing phase was substantially suppressed by DIBI for each
of the antibiotics examined. DIBI has promise for restricting staphylococcal infection on
its own, regardless of the isolate’s animal source or antibiotic resistance profile. DIBI also
has potential for use in combination with various classes of currently available antibiotics
to improve their responses.
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DIBI Staphylococcal Anti-infective

INTRODUCTION

Staphylococcus aureus is a normal colonizer of the skin and
mucosal surfaces (e.g., nares) of around 30% of healthy humans
but this opportunistic pathogen also causes a range of serious
wound, lung and bloodstream infections (Liu, 2009; Tong et al.,
2015). Staphylococci are also prevalent in animal infections. For
example, up to 80% of clinical and subclinical cases of bovine
mastitis involve S. aureus resulting in worldwide economic
losses of US $35B/year (Hamid et al., 2017). The staphylococci
are also prevalent in various infections of companion animals
such as with canine otitis where it along with closely related
S. pseudintermedius have been found in >36% of all cases (De
Martino et al., 2016). The growing spread of methicillin resistant
S. aureus (MRSA) among humans (Tong et al., 2015; Ventola,
2015) and from animals in close contact with humans such as
dogs (De Martino et al., 2016) dairy cattle or pigs (Vincze et al.,
2014; Hamid et al, 2017) along with the significant mortality
(14%) seen with invasive human MRSA infection has led to the
designation of MRSA as a serious health threat (Frieden, 2013).
The prospect for developing an effective staphylococcal vaccine
appears to remain poor, possibly due in part to the wide range of
infections involved with this microorganism (Proctor, 2012).

Given these various factors, our dependence on antibiotic
therapy for staphylococcal infections of man and animals will
likely continue. Thus, there is a need for new treatment
approaches to deal with the MRSA threat (Frieden, 2013; Ventola,
2015). New anti-infectives that might work on their own or also
in combination with antibiotics to improve efficacy, represent a
new approach. In this regard, agents that target microbial iron
acquisition have been recognized for their potential (Ballouche
et al.,, 2009; Luo et al., 2014). Microbial pathogens have broad-
based and irreplaceable needs for essential iron and they must
obtain sufficient iron supplies from their host during infection.
A key aspect of the vertebrate hosts innate defense relates
to restricting availability of iron to microbes during infection
(Weinberg, 2009). The two interrelated aspects of microbial iron
dependence and host iron limitation during infection provide
good foundations for the potential use of iron sequestering
anti-infective agents that might interfere with microbial iron
acquisition and/or augment host iron restriction mechanisms.

Staphylococcus aureus is very adept with iron acquisition
being able to access host transferrin, lactoferrin and heme iron
sources, produces its own siderophores and is also able to access
xenosiderophores including deferoxamine (Hammer and Skaar,
2011 and Haley and Skaar, 2012). The recent demonstration
that during experimental infection there is upregulation of
the S. aureus FhuD2 iron acquisition receptor which binds
hydroxamate xenosiderophores such as deferoxamine (Bacconi
etal., 2017) is significant. Additionally, various other siderophore
Fe acquisition genes are upregulated in S. aureus while colonizing
the nares (Chaves-Moreno et al., 2016). These various findings
provide strong evidence for both active host iron restriction
and bacterial iron acquisition response during staphylococcal
infection.

Deferoxamine (Desferal® Novartis) is used clinically to treat
transfusional iron overload and its use has been associated

with increased incidence of staphylococcal infection due to the
ability of this bacterium to directly access various hydroxamate
siderophores including deferoxamine using its FhuD1 and
FhuD2 iron acquisition systems (Hammer and Skaar, 2011;
Cassat and Skaar, 2012). Deferiprone is another clinically used
iron chelator that has been investigated as a potential anti-
infective but it has shown relatively poor anti-staphylococcal
activity with MICs typically >68 pg/ml, i.e,, >0.5 mM (Huber
et al, 2007; Kim and Shin, 2009; Thompson et al., 2012).
Deferasirox, yet a third clinically used iron chelator displayed
relatively weak activity for S. aureus growth inhibition in vitro
with an MIC of 50 pg/ml, ie, 0.13 mM (Luo et al, 2014).
The relatively high concentrations of these hematologically
useful iron chelators required to inhibit microbial growth, their
potential use by S. aureus or other pathogens as iron sources,
especially deferoxamine (Thompson et al., 2012) and potential
issues as to their toxicity, especially deferasirox (Kontoghiorghes,
2011) have severely limited their use as prospective anti-
infectives.

We hypothesized that the relatively weak antimicrobial
activities of small molecule chelators such as deferiprone might
be improved by incorporating similar chelator-functionality into
water soluble polymers of a sufficiently larger molecular size, i.e.,
>1500 Da such that these compositions would still sequester iron
but would be less accessible by microbes for their bound iron.
This approach has led to a family of potential anti-microbial
chelating compositions (Holbein et al., 2007, 2011; Holbein and
Mira de Ordufia, 2010; Ang et al., 2018). The antimicrobial
activities and chemical properties of one such hydroxypyridinone
composition, DIBI, have been reported previously (Holbein
and Mira de Orduna, 2010; Ang et al., 2018; Savage et al,
2018).

Here, we report the activity of DIBI in comparison to
deferiprone, its small molecule (139 Da) chemical relative, against
diverse S. aureus clinical isolates from human, cattle and canine
infections. The in vivo activity of DIBI against a MRSA isolate and
the enhancing activity of DIBI in combination with gentamicin,
ciprofloxacin, and vancomycin are also reported.

MATERIALS AND METHODS

Bacterial Strains and Cultivation

Bacterial isolates used in this study are listed in Table 2.
Strain 38 was obtained from Mark Wilcox, University of
New South Wales Australia and WBG525 was obtained from
Warren Grubb, Curtin University, Australia. Isolates 12-334-
07086 and 14-268-06583 were obtained from the Capital District
Health Authority, Halifax, NS, Canada. The canine otitis isolates
were obtained from Luisa De Martino, University of Naples,
Italy. The bovine mastitis isolates were obtained from the
Canadian Mastitis Culture Collection, Montreal, Canada. All
isolates were routinely cultured from frozen stocks (—80°C)
and maintained on Trypticase Soy Agar (TSA, Sigma-Aldrich)
or Blood Agar (BA, Becton Dickinson). Liquid cultures were
grown in Mueller-Hinton Broth MHB (Oxoid) or Roswell
Park Memorial Institute Medium (RPMI 1640, Sigma-Aldrich)
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supplemented with 2% (w/v) glucose, buffered with 0.165M
3-(N-morpholino)-propanesulfonic acid. Partially deferrated
MHB and RPMI, extracted with FEC1 to remove excess Fe
(MHB-FEC1 and RPMI-FEC1) were prepared using FEC1 as
previously described (Holbein and Mira de Ordufa, 2010).
Cultures were grown at 35-37°C with shaking. All experiments
were executed following approved biosafety and biosecurity
standards (Public Health Agency of Canada) in a level 2 biosafety
laboratory.

Iron-Chelators, Antimicrobials and Iron

Supplementation

DIBI and FEC1 were supplied by Chelation Partners Inc.
Gentamicin (GEN), ciprofloxacin (CIP), and vancomycin (VAN)
(Sigma-Aldrich) were prepared as 10 mg/mL stocks in water
while deferiprone (DFP) from Sigma-Aldrich was dissolved in
RPMI. DIBI stocks were prepared in either water (10 mg/mL) or
RPMI (200 mg/mL). Exogenous iron was added to growth media
as ferric citrate (Sigma-Aldrich) in RPMI. All stock solutions were
filter-sterilized (0.2 pm filter) before use.

Iron Analyses

For determination of trace elements, 10 mL samples were
stabilized with 1.0% (final) ultra-high purity nitric acid and stored
in acid-cleaned polycarbonate centrifuge tubes. Treated samples
were kept unfrozen until analyzed to avoid the formation of iron
colloids that are difficult to dissolve. The samples were number-
coded prior to submission to the Trace Element Research Group,
Wisconsin State Laboratory of Hygiene, University of Wisconsin-
Madison, which performed analysis of 50 elements using a
magnetic sector inductively coupled plasma mass spectrometry
ICP-MS.

Susceptibility Testing

We grew cultures overnight in MHB-FEC1 and then tested MIC
susceptibilities to DIBI, DFP, GEN, CIP and VAN in RPMI using
the broth microdilution method in 96-well round-bottomed
plates. MHB-FEC1 cultures were diluted to an optical density
(OD600 nm) of 0.1 and MIC plates were inoculated into RPMI
at a final dilution of 1/200 (approximately 1-5 x 10> CFU/mL).
Chelator and antibiotic stocks were diluted in RPMI with serial
1/2 dilutions made. Negative and positive controls were tested
in parallel. MIC plates were incubated at 35°C for 48 h and the
MIC value was defined as the lowest concentration of chelator or
antibiotic required to inhibit visible growth at 24 h incubation.
Results were also read after 48 h incubation to examine for
relative duration of growth inhibition. At least two independent
experiments with 2-4 replicates in each were performed.

Effect of DIBI and Media Iron

Concentration on Bacterial Growth

DIBI was added at concentrations ranging from 0.01 uM
(0.09 pg/mL) to 1 pM (9 pg/mL) into RPMI or RPMI-FEC1
to assess the effect of iron sequestration on growth. Ferric
citrate addition was used to assess reversal on growth inhibition
in RPMI-FEC1 and to cultures treated with DIBI. Cultures

were incubated at 35-37°C with shaking and OD (600 nm)
readings were taken over a 24 h incubation period for replicate
experiments.

Wound Infection Testing

Infection testing with BALB/c female mice using the superficial
skin wound infection model first described by Kugelberg et al.
(2005) with S. aureus ATCC43300 was performed by an external
clinical research organization, Jubilant Drug Discovery and
Development Services Inc. (Kirkland, QC, Canada). All animal
experiments were first approved by the Institutional Ethics
Committee of Jubilant Biosys Ltd., and were conducted in full
accordance with the CPCSEA (India) guidelines for the use
of experimental animals. Mice, 9 week old, nulliparous and
non-pregnant were acclimatized for 5 days prior to use and
confirmed to be healthy and free of clinical signs before use.
DIBI was formulated in a cream-based vehicle at three different
concentrations, 0.5, 1, and 2% (w/w). A preliminary vehicle-
only sham treatment was done to both validate the model and
ensure the vehicle had no effects on its own. Test DIBI creams
were supplied to the animal testing facility as number-coded
materials.

Staphylococcus aureus ATCC43300 was cultured in TSB
overnight at 37°C with shaking. Bacteria were harvested
by centrifugation, washed once, re-suspended in PBS, and
OD600 nm measurement was used to adjust the inoculum
to approximately 10'! CFU/mL. Actual CFU of inocula were
determined by plate counting. On the day of wound creation,
mice were anesthetized intraperitoneally with ketamine —xylazine
cocktail (100 mg/kg and 20 mg/kg, respectively), fur was shaved
from a 2 cm? dorsal area and the exposed skin was stripped
(7-10 successive times) using a fresh elastic adhesive bandage
(3M) for each stripping. After stripping, the skin became visibly
damaged and was characterized by reddening and glistening
but typically there was no bleeding. Skin infection was created
by applying 10 pL of bacterial cell suspension containing
approximately 108-10° CFU onto the central area of the stripped
skin wound. Uninfected control animals were prepared similarly
but received no inoculum. Treatment groups received 100 mg
of the appropriate test cream as applied to the central area
of wound at 4 and 12 h post infection (PI) and then at
each 12 h interval thereafter except there was no treatment
applied within 12 h of the conclusion of the testing at day
4. Application of the 0.5, 1, and 2% DIBI creams represented
dosages of 20, 40, and 80 mg/kg, respectively. All treatments were
administered in a blind fashion. Skin wounds were examined
prior to infection, daily and at 4d PI necropsy and were scored
at 4d PI as to degree (0-4) of inflammation: 0 = no erythema;
1 = slight erythema; 2 = well-defined erythema; 3 = moderate
to severe erythema and 4 = severe erythema (beet red) to eschar
formation with injury at depth. Mice were euthanized with excess
CO; and after examination the entire infected tissue including
several mm of clearly visible non-infected margin was excised.
For bacterial burden quantification tissues were homogenized
in PBS under aseptic conditions. Viable total S. aureus as
CFU per entire wound were determined by plate counting in
duplicate on mannitol salt agar, with incubation for 48 h at
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37°C. The central portion of excised tissue samples at day 4
PI from four additional mice representing each of the control
wounded but non-infected and infected sham-treated groups
were also harvested, fixed, paraffin-embedded, sectioned and
stained with either hematoxylin/eosin (H&E) or crystal violet
(CV) for histopathological examination.

Nares Carriage Testing

Infection testing with male BALB/c mice utilized the nares
carriage/colonization model first described by Chhibber et al.
(2014) with S. aureus ATCC43300 and this was also performed
by Jubilant Drug Discovery and Development Services Inc. All
animal experiments were first approved by the Institutional
Ethics Committee of Jubilant Biosys Ltd. and were conducted
in full accordance with the CPCSEA (India) guidelines for
the use of experimental animals. Bacterial cultures were grown
in brain heart infusion (BHI) medium after its extraction
with FEC1 (performed as for MHB above) with incubation at
37°C. Overnight cultures were harvested by centrifugation at
5000 rpm, cells were resuspended and washed once with sterile
PBS (pH 7.4) and then re-suspended in PBS with adjustment
by dilution to approximately 108 CFU/mL. Plate counting to
confirm inoculum CFU/mL was done on nutrient agar plates
containing 1 pg/mL of GEN with incubation for 24 h at 37°C.
On day —2 and day 0 mice were anesthetized by exposure to
3-5% isoflurane in an oxygen flow set at approximately 1 liter
per minute and infection was initiated by nasal instillation to
mice held in an upright position of 10 wL (10® CFU) of bacterial
suspension into each nostril. Gentle mixing of the bacterial
inoculum between animals ensured a uniform suspension. Mice
treated at day 2 or day 24 day 3 PI were anesthetized and
treated with 10 pwL/nostril of PBS (vehicle control) or 10 pL
of 12.5% DIBI (w/v) in PBS, representing a DIBI treatment
dosage of 100 mg/kg. On day 5 PI, mice were sacrificed by
excess CO; in an enclosed chamber, the area around the nose
was wiped with 70% alcohol and the entire nose along with
the nasal bone structure was excised using sterile scissors and
this was homogenized in 1 mL sterile PBS. Plate counts of
serial dilutions of the tissue homogenates were made after 24 h
growth on nutrient agar and nutrient agar +1 pg/mL GEN
at 37°C.

DIBI Synergy With Antibiotics in vitro

The effects of DIBI on antibiotic activity were assessed in
standard checkerboard assays and then were examined in more
detail using time-kill/growth assays as follows.

Staphylococcus aureus ATCC6538 after overnight growth in
MHB-FEC1 was inoculated at 1-5 x 10> CFU/mL into RPMI
medium (control) and RPMI containing either antibiotic alone,
DIBI alone, or the combination of DIBI and antibiotic. A sub-
MIC of DIBI that provided reduced growth was first determined.
GEN, CIP, and VAN were each tested at approximately !/2-1
MIC to ensure an initial killing phase followed by recovery
growth. Cultures were incubated 48 h at 37°C during which
viable bacteria were enumerated at various time points with serial
dilutions in PBS and plating onto TSA or BA. Colony counts
were taken following overnight incubation at 35°C. At least two

independent experiments were performed for each antibiotic and
DIBI pair.

Data Analysis

Growth curves and time-kill assay curves are reported as
means £+ SEM. For in vitro studies, data were analyzed using
Two-way ANOVA with Bonferroni post-test (GraphPad Prism
software). The bacterial counts for the in vivo results were
graphed as the log;p of CFU/wound and these as well as the
inflammation scores are reported with their median value. For
in vivo studies, data were analyzed using the Mann-Whitney U
test, and additional One-way ANOVA and Tukey analyses were
performed (GraphPad Prism software). Significant differences
were defined as p < 0.05.

RESULTS

Establishing Low Host-Relevant Iron
Availability in vitro

Host iron availability is very low during infection (Weinberg,
2009) and therefore we considered Fe supply in the growth
medium before comparing iron chelator activities in vitro, i..,
to better approximate relevant in vivo Fe availability conditions.
MHB is a complex animal protein-based standard bacteriological
testing medium that is rich in iron (Girardello et al., 2012). This
large excess Fe content (>8 WM, see Table 1) is at least 100X
the reported <0.1 WM minimum Fe requirements for S. aureus
growth (Lacasse et al., 2008). Therefore, we extracted the excess
Fe content from MHB using FEC1 resin as utilized previously
(Holbein and Mira de Orduna, 2010). Fe contents as well as those
for other trace metals and essential cations in MHB and MHB
extracted with FEC1 (MHB-FEC1) were compared along with
RPMI and RPMI after FEC1 extraction (RPMI-FEC1) and these
are summarized in Table 1.

A single shake flask contacting with FEC1 followed by its
removal by filtration along with its adsorbed metals provided a
large Fe removal (95%) from MHB with a residual concentration
similar to that found in RPMI (i.e., <0.5 wM). Extraction of MHB
or RPMI did not affect its contents of Na, K, Ca, and Mg or
substantially alter other trace metals (i.e., Co, Ni) except for Mn
(99% and 95% removal, respectively) as shown in Table 1. The
Fe concentrations in both RPMI and MHB-FECI were sufficient
for unrestricted growth with both media providing 24 h Ymax
(OD600 nm) values > 1 (results not shown).

Sensitivity to DIBI and Deferiprone

The MICs for DIBI and deferiprone for the 18 S. aureus isolates
tested are shown in Table 2. DIBI was strongly inhibitory for all
18 isolates with a narrow overall MIC range of 1-4 pg/mlL, i.e.,
0.1-0.4 wM DIBL. Significantly, antibiotic-resistant hospital- and
community-acquired MRSA (USA300) isolates and antibiotic-
sensitive isolates all exhibited similar sensitivities to DIBI as well
as to deferiprone (Table 2). In contrast to DIBI, deferiprone was
only weakly inhibitory for all of the isolates with MICs ranging
from 20 to 80 pg/mL, i.e., 0.14-0.58 mM deferiprone.
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TABLE 1 | Major cations and trace metals in normal and FEC1-extracted culture media.

Medium Major cation mgL ' Trace metal pgL—' (LM Fe)

Na K Ca Mg Fe Mn Cu Co Ni Zn
MHB 2,623 89 5.9 6.2 488 (8.7) 16.5 31.4 0.88 33.1 757.0
MHB-FEC1 2,637 93 6.0 6.0 26.7 (0.46) 0.21 18.3 0.91 39.7 264.4
RPMI 4,493 207 19 9.9 18.7 (0.33) 1.39 13.6 0.18 2.1 35.6
RPMI-FEC1 4,418 190 17 8.8 6 (0.08) 0.06 0.59 0.16 1.3 7.0

Average values for n > 4 replicates; SD not shown +/— < 3%.

TABLE 2 | Staphylococcus aureus isolates tested and their sensitivities to Deferiprone and DIBI.

Clinical isolate Infection source Antibiotic resistance MIC (24h)*
Deferiprone DIBI
ng/mL 1M Fe capacity (3DFP-Fe)** ng/mL 1M Fe capacity (DIBI-3Fe)**

ATCC43300 Human MET, GEN, TOB 40 97 2 0.67
ATCCBAA1556 Human Abscess MRSA USA 300 40 97 4 1.3
WBG525 Human Wound MET,GEN, TOB, TET 40 97 4 1.3
14-268-06583 Human MRSA 40 97 2 0.67
ATCCB538 Human Wound Non-reported 40 97 4 1.3
38 Human Keratitis Non-reported 40 97 4 1.3
ATCC25923 Human Non-reported 20 47 1 0.33
12-334-07086 Human Bacteremia Non-reported 20 47 2 0.67
441 Canine otitis ERY 20 47 2 0.67
147 Canine otitis PEN, CLA 20 47 2 0.67
48 Canine otitis CLA 20 47 2 0.67
44dx Canine otitis Non-reported 20 47 2 0.67
45R Canine otitis Non-reported 80 193 2 0.67
10812464 Bovine mastitis PEN, TET 20 97 4 1.3
22301710 Bovine mastitis ERY, OXAC,PEN 20 47 2 0.67
32308655 Bovine mastitis ERY 20 47 2 0.67
21900341 Bovine mastitis Non-reported 20 47 4 1.3
32101164 Bovine mastitis Non-reported 20 a7 4 1.3

*MIC, Minimum Inhibitory Concentration at 24h incubation; **, Fe capacity for MIC assuming hexadentate coordination with Chelator-Fe ratio shown (see Figure 1);
MET, methicillin;, GEN, gentamicin; TOB, tobramycin, TET, tetracycline; ERY, erythromycin;, PEN, penicillin;, CLA, clavulanic acid; OXAC, oxacillin; MET, TOB and OXAC
are narrow spectrum and GEN, TET, ERY and PEN are broad spectrum antimicrobials. USA300 is a strain of community-associated methicillin-resistant Staphylococcus

aureus.

The differences between DIBI and deferiprone MICs
remained very large when compared more strictly on their
molar iron binding capacities (Table 2). Both chelators are
hydroxypyridinone (HPO) -containing molecules but differ
in overall structure and resulting Fe binding stoichiometries
as can be seen in Figure 1. For deferiprone, three deferiprone
molecules cooperate as chelating ligands to chelate one atom
of Fe with full hexadentate coordination. DIBI has a higher
MW (9 kDa) and contains 9 HPO residues per molecule all
of which have been shown available to bind Fe (Figure 1 and
Ang et al,, 2018). Thus, a molecule of DIBI can bind three Fe
molecules with full hexadentate binding while three deferiprone
molecules share in the binding of one Fe. When compared as
to their molar Fe binding capacities as shown in Table 2, DIBI
still exhibited approximately 100-fold higher inhibitory activity
than deferiprone (the difference range for the isolates was 36 to
288-fold).

DIBI Has Fe-Reversible Activity in vitro

DIBI suppressed growth of S. aureus ATCC43300 in a dose-
dependent manner (Figure 2A). At 0.09 pg/mL (0.01 uM)
DIBI showed only a modest effect on growth with a slightly
reduced Ymax compared to controls. Additions of 0.9 pg/mL
or 9 pg/mL showed increased inhibition with fully suppressed
growth observed at 9 pg/mL DIBI (Figure 2A). This complete
inhibition of growth persisted for at least 36 h (results not
shown). Addition of 1 wM supplemental Fe completely reversed
the inhibition for cultures containing 0.9 wg/mL DIBI and it
provided partial reversal in the case of DIBI at 9 pg/mL. The
iron specificity of DIBI inhibition was further examined with
cultures grown in RPMI-FECI. This medium had a very low
residual Fe content (0.08 uM) and this was insufficient for any
growth measurable by OD600 nm. Fe addition to the RPMI-FEC1
provided a growth rate similar to RPMI control (Figure 2B),
although the Ymax was slightly lower at 24 h. Addition of DIBI
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FIGURE 1 | Structure and schematic of Fe (lll) binding by Deferiprone and
DiBI.

to the Fe-supplemented RPMI-FECI cultures also significantly
suppressed growth.

DIBI Suppresses MRSA Wound Infection

Superficial skin wounds infected with S. aureus ATCC43300
exhibited a pronounced infection with a 3 log increase in
wound bacterial burden over the 4d study period (Figure 3).
The results for the untreated infection were similar to those
reported previously for this model (Kugelberg et al., 2005).
Infection was localized to the wound site with only a mild
bacteremia (<100 CFU/mL blood) found at 4d PI necropsy
and the mice exhibited normal weight gains over the 4 day
study period (data not shown). There was a clinically observed
inflammation at the wound site that increased over the 4d
study period with infected mice showing inflammation scores of
approximately 3.5 out of a maximum 4 (Figure 3A). DIBI applied
topically to the infected wounds resulted in a dose-dependent
suppression of infection as evidenced both by a reduced total
bacterial wound burden and a reduced inflammation score when
compared to the untreated control (Figure 3). Sham-treated
infected controls that were treated with only the vehicle, as was
used for DIBI application, exhibited a similar course of infection
to that of untreated infected controls. Histological examination
of wounded non-infected and wounded infected sham-treated
mice provided useful information as to the nature of the infection
and its pathology. For wounded but non infected control mice,
three of the four mice examined had no evident pathological
abnormalities in H&E stained tissue sections. The one mouse that
displayed wound abnormalities had no overt signs of infection
(Figure 4A) but H&E stained tissue sections displayed multifocal
epidermal necrosis with minimal neutrophilic infiltration in the
hypodermis as shown in Figure 4B. CV stained sections from
this mouse showed no bacteria within the wound (Figure 4C).
These results were consistent with wounded non-infected mice

A A RPMI
1.4- © RPMI+DIBI 0.09 pg/mL
7 |8 RPMI+DIBI 0.9 pg/mL

1.24 <© RPMI+DIBI 9 pg/mL
= |-= RPMI+DIBI 0.9+Fe 1
|- RPMI+DIBI 9+Fe 1

0OD600

P,

Time (h)

© RPMI-FEC1

& RPMI-FEC1+Fe 1uM

-4~ RPMI-FEC1+Fe 1uM+DIBI 1pg/ml
A RPMI

OD600

Time (h)

FIGURE 2 | Growth inhibition by DIBI and reversibility by Fe. Staphylococcus
aureus ATCC43300 was cultured (A) in RPMI medium (A), RPMI+0.09 pg/mL
DIBI (©), RPMI+0.9 wg/mL DIBI (), RPMI+9 wg/mL DIBI (O),

RPMI+0.9 wg/mL DIBI+1 wM iron citrate () and RPMI+9 pg/mL DIBI+1 uM
iron citrate (4) and (B) in RPMI-FEC1 medium (O), RPMI-FEC1+1 uM iron
citrate (H), RPMI-FEC1+1 puM iron citrate +0.9 pg/mL DIBI (o) and RPMI
medium as control (A). Cultures were shaken continuously at 35°C and
growth was measured periodically by measuring OD at 600 nm. Data points
reported as means = SEM from at least two independent experiments.

(*) p < 0.05 for (A) RPMI+0.9 ng/mL DIBI () and RPMI+9 pg/mL DIBI (O) vs.
RPMI medium (A) at 12 and 24 h Pl and (B) RPMI-FEC1+1 M iron citrate
+0.9 pg/mL DIBI () vs. RPMI-FEC1+1 M iron citrate (M) at 10, 12, 15, 18,
and 24h PI.

showing relatively fast and normal repair of their wounds over
the 4 day period. In contrast, all four of the infected sham-
treated mice exhibited overt signs of infection (Figure 4D)
with wound pathology in the form of moderate to severe
epidermal necrosis and with focal to diffuse edema and marked
neutrophilic infiltration as observed in H&E stained sections
(Figure 4E). CV stained sections from these infected mice
showed bacterial presence within the wound, i.e., around the
epidermis (Figure 4F).

DIBI Suppresses Nares MRSA Carriage
DIBI was also assessed for its effects on MRSA nares carriage
burden following infection of mice nares with S. aureus
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FIGURE 3 | DIBI suppresses S. aureus wound infection. Mouse dorsal
stripped skin wound patches were infected with S. aureus ATCC43300. DIBI
was applied topically to the wounds at various dosages. At 4d PI, wounds
were scored for inflammation (A) and the mice were sacrificed for total wound
bacterial CFU burden determination by plate counting (B). Anti-infective
responses were evaluated by comparison to the untreated infected controls.
Inflammation scores and the log+g of bacterial counts (CFU/wound) are
presented with their median value. (*) significant with p < 0.05.

ATCC43300. Bacterial introduction by intra-nasal (IN)
instillation resulted in a sustained carriage of S. aureus at 5
days PI and with a total nose bacterial burden of 6.6 log;oCFU
in control infected mice (Figure 5). The control bacterial
burdens were similar to those previously reported for this nares
colonization model (Chhibber et al., 2014). There were no overt
clinical signs of infection over the 6 day study period. S. aureus
colonies or other resident flora were not recovered from control
non-infected mice (results not shown).

Intranasal administration of DIBI (100 mg/kg equally divided
to each nostril) on day 2 PI resulted in a >1 log reduction
(p < 0.05) in the nares bacterial burden by day 5 PI but sham
treatment using only IN instillation of the PBS vehicle had no
effect on the bacterial burden (Figure 5). DIBI administration on
both day 2 and day 2 + 3 PI resulted in a >2 log reduction in
bacterial burden by day 5 P1.

DIBI Does Not Impair but Enhances
Antibiotic Activities

The possible effects of DIBI on the activities of various antibiotics
representative of discrete chemical classes (aminoglycosides,
fluoroquinolones, and glycopeptides) that are typically used

.
i~ -

FIGURE 4 | Macroscopic and histopathological appearance of wounds from
non-infected mice and mice infected with S. aureus ATCC43300 (MRSA).
Wounds of non-infected and infected sham-treated mice were observed and
photographed at 4d PI (A,D). Tissue samples were removed, fixed,
embedded sectioned, and mounted. Sections were stained with
hematoxylin/eosin to observe tissue structure (B,E) or with crystal violet (C,F)
to observe bacterial cells. Hypodermal necrosis (white arrows) was infrequent
and only focal in nature in control non-infected mice (B) but was always
present and generally extensive in infected mice (E). Infected mice also
exhibited infiltration of mononuclear cells (black arrow in E). CV staining
showed bacterial cells (black arrows) in and around the necrotic epidermis
only in infected mice (F).

clinically for staphylococcal infections in humans or animals
were examined. The main objectives were to determine first if
DIBI might affect antibiotic killing and secondly if DIBI might
affect recovery growth of bacterial survivors following a sub-
lethal exposure to an antibiotic. Reference strain ATCC6538
which is often employed to assess new antimicrobials was studied.
Preliminary checkerboard assays revealed FICI values of less
than 0.5 suggesting synergy of DIBI with each of the antibiotics.
Calculated FICIs were 0.04 for GEN, 0.04 for CIP, and 0.13
for VAN. However, we observed a growth trailing effect with
DIBI when present with the antibiotics in checkerboards which
made visual reading of growth/no-growth endpoints somewhat
difficult. Given these limitations and the need to assess DIBI
responses in a dynamic assay, we focussed on a time kill/recovery
growth assay system. The initial inoculum of approximately
10° CFU/mL provided sufficiently large bacterial numbers to
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FIGURE 5 | DIBI reduces S. aureus nares carriage. Mice were infected
intranasally with S. aureus ATCC43300 at day -2 and day 0. At day 2 Pl mice
were treated intranasally with PBS-vehicle or with DIBI at 100 mg/kg. Groups
of mice that had been treated with DIBI at day 2 Pl were also treated at day 3
Pl. Mice were sacrificed at day 5 Pl and quantitative determinations of CFU/g
nares were completed by plate counting. The log1o of bacterial counts (CFU/g
nares) are graphed with their median value. Carriage burden of treatment
groups were compared to non-treated infected controls; (*) significant with

p < 0.05.

assess killing but yet a low enough initial inoculum to require
significant replicative growth in order to reach Ymax CFU/mL
values.

A concentration of DIBI providing partial inhibition of growth
on its own was determined first (Figure 6A). DIBI added at
1 pg/mL had no apparent effect on growth while concentrations
>1.75 pg/mL reduced overall growth in a dose-dependent
manner. A DIBI concentration of 1.75 pg/mL provided an
Fe-chelating capacity of approximately 0.6 WM only in slight
excess of the average Fe content of RPMI (see Table 1). A DIBI
concentration of 10 pg/ml appeared to provide slight bactericidal
activity (Figure 6A). Based on these results a DIBI concentration
range of 1.75-2.5 pg/mL was selected on the basis that it would
result in slowed but continued growth, ie., typical of iron-
restricted growth physiology.

Similarly, CIP, GEN, and VAN concentrations
determined that provided some initial killing on their own,
followed by significant recovery growth by 24-48 h post
exposure (PE) (see Figures 6B-D). Kill/growth responses were
then compared for antibiotic alone, DIBI alone and for the
DIBI/antibiotic combinations all as compared to untreated
control growth.

CIP at a /> MIC (0.125 pg/mL) provided short term killing
followed by strong recovery growth after 4 h PE with bacterial
numbers approaching those of controls by 24 h (Figure 6B).
DIBI at 1.75 pg/mL or 2.5 pg/mL together with CIP did not
affect initial killing by CIP. However, in the case of CIP with

were

2.5 ng/mL DIBI, a continuing slow rate of killing was observed to
24 h PE and this continued to 48 h PE. DIBI at 1.75 pg/mL with
CIP resulted in a substantially reduced recovery growth after the
initial killing (Figure 6B).

ATCC6538 treated with a /2 MIC (1 pg/mL) GEN exhibited
approximately a 1 log initial kill over the first 4 h followed
with little change in CFU/ml to 24 h PE but then followed
by >2 log CFU/ml recovery growth between 24 and 48 h PE
(Figure 6C). DIBI at either 1.75 or 2.5 pg/mL along with GEN
resulted in an increased kill rate and overall extent of killing
with little recovery growth occurring after 24 h PE in the case
of the 1.75 pg/mL DIBI/GEN combination. At the higher DIBI
concentration of 2.5 pg/mL with GEN there was further killing to
48 h PE (Figure 6C). There was approximately a 4 log CFU/mL
difference with the DIBI/GEN combination compared to either
the DIBI alone or GEN alone treatments at 48 h PE.

VAN at 1 MIC (2 pg/mL) provided only slight killing of
ATCC6538 followed by strong recovery growth by 24 and 48 h
PE (Figure 6D). DIBI at 1.75 jug/mL with VAN provided slightly
enhanced killing and fully suppressed recovery growth to 24 h
PE and also to 48 h PE with evidence of slight additional killing
occurring between 24 and 48 h PE (Figure 6D).

DISCUSSION

DIBI, an iron chelating polymer was found to be strongly
inhibitory to a diverse group of S. aureus isolates irrespective
of their animal source of origin (human, cattle or dogs) and
irrespective of their antibiotic resistance characteristics. Both
hospital- and community-acquired (USA300) MRSA had similar
sensitivities.

DIBI also suppressed S. aureus infection in vivo when
applied topically to infected superficial skin wounds or by
intranasal administration to MRSA-colonized nares. A DIBI
dose-dependent reduction in bacterial burdens and a reduction
in wound infection-associated inflammation were observed. This
evidence was consistent with DIBI sequestering host Fe within
wounds or on the mucosal surfaces of the nares, i.e., host Fe
supplies that would otherwise have been available to support
S. aureus infection. The in vivo results are especially significant
given the recent demonstration of S. aureus upregulating one of
its key iron acquisition systems during experimental infection
(Bacconi et al., 2017) revealing the bacterium is forced to compete
continuously for host Fe during the course of infection. The
previous finding that various Fe acquisition genes are upregulated
in S. aureus while colonizing the nares (Chaves-Moreno et al.,
2016) provides further evidence that host Fe availability is
important for staphylococcal growth in vivo and that effective
sequestration of host iron might suppress nares colonization and
other infections. Our results provide evidence that the innate
host iron sequestration defense mechanisms can be augmented
by DIBI to better control infection.

An iron chelator such as DIBI offers potential broad utility as
an alternative anti-infective for treating staphylococcal infections
in man and other animals. Our ongoing investigations with
canine otitis externa have shown that DIBI has stand-alone
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FIGURE 6 | Influence of DIBI on antibiotic killing and recovery growth. S. aureus ATCC6538 was inoculated at a final concentration of approximately 10° CFU/mL
into RPMI or RPMI containing CIP, GEN, VAN, or DIBI either alone or combined with these antibiotics. Cultures were grown at 35-37°C with bacterial counts
(CFU/mL) being determined at intervals over 48 h. A: Control (@); DIBI added at 1.75 (O); 2.5 (¢); 5 (V) or 10 wg/mL (A). B: Control (@); DIBI 1.75 wg/mL (o); DIBI
2.5 ng/mL (9); CIP 0.125 pg/mL (A); DIBI 1.75 wg/mL+CIP 0.125 ng/mL (v) and DIBI 2.5 ng/mL+CIP 0.125 pg/mL (O). C: Control (@); DIBI 1.75 pwg/mL (0); DIBI
2.5 pg/mL (0); GEN 1 pg/mL (A); DIBI 1.75 pg/mL+GEN 1 pg/mL (v) and DIBI 2.5 pg/mL+GEN 1 pg/mL (O). D: Control (@); DIBI 1.75 pg/mL (O); VAN 2 pg/mL
(A) and DIBI 1.75 pg/mL+VAN 2 pg/mL (v). Data points are reported as means + SEM. (*) p < 0.05 for DIBl+antimicrobial combinations vs. DIBI and antimicrobial
treatments alone.

potential as a “non-antibiotic” anti-infective for treating otitis
caused by Malassezia pachydermatis and staphylococci and also
for other Gram+ and Gram- bacterial infections (unpublished
results).

DIBI is a linear hydroxypyridinone-containing polymer of
relatively low molecular weight (9 kDa) and it was found to
have potent activity in contrast to deferiprone. Deferiprone is a
small hydroxypyridinone molecule (139 Da) and a close chemical
relative of DIBI with both chelators possessing identical 3-
hydroxypyridin-4(1H)-one iron binding moieties. Compared on
their molar iron binding capacities, DIBI was approximately 100-
fold more inhibitory for S. aureus than deferiprone (full range of
fold difference between 36 and 288-fold). This finding suggests
that DIBI chelates Fe with a higher avidity than deferiprone
and/or the corresponding DIBI-sequestered Fe is less available
to S. aureus than is deferiprone-sequestered Fe. Given the
larger molecular size of DIBI, it seems unlikely it would be
freely transportable for intracellular uptake by microorganisms
while deferiprone would presumably be available intracellularly.
We have also reported enhanced growth inhibition by DIBI
over deferiprone for Candida albicans (Savage et al., 2018) and
Acinetobacter baumannii (Ang et al., 2018) as well as for breast
cancer cells (Power Coombs et al., 2015).

Chemical characterization studies (Ang et al., 2018) have
revealed that DIBIs hydroxypyridinone groups are widely
distributed on its polyvinylpyrrolidone backbone. The resulting

platform appears to provide enhanced iron chelating properties
consistent with the DIBI molecule wrapping around its chelated
Fe, this possibly providing some shielding of its chelated Fe atoms
within the overall structure as depicted in Figure 1.

DIBT’s inhibitory activity was also shown to be Fe-specific
and the addition of iron citrate reversed this inhibition. FEC1
treatment of the culture media was useful for investigating this
aspect. FECI is a Fe-chelating adsorbent with identical iron
chelating functionality to DIBI except that it is in the form of
a crosslinked polymeric structure which is insoluble in water.
FEC1 therefore provides a tool for treating a growth medium
followed by its physical removal with chelated Fe (Holbein and
Mira de Ordufia, 2010). FECI removed primarily Fe and Mn
from MHB and RPMI without affecting other major essential
cations such as Ca and Mg. This aspect of metal selectivity has
importance as previous studies of S. aureus Fe requirements
employing deferrated media had utilized Chelex resin to extract
Fe (Courcol et al., 1991), but this resin contains iminodiacetic
acid metal binding groups similar to EDTA and these are much
less metal selective. Consequently, Chelex® removes a variety of
other cations including Ca and Mg. The lack of Fe selectivity
of EDTA precludes its use as an anti-infective and also makes
conclusions as to microbial metal importance using EDTA or
Chelex questionable as tools.

Mn removal by FEC1 was expected and this was consistent
with the known atomic similarities between Fe and Mn, as

Frontiers in Microbiology | www.frontiersin.org

August 2018 | Volume 9 | Article 1811


https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Parquet et al.

DIBI Staphylococcal Anti-infective

evidenced, for example, with their similar metal reactive centers
in superoxide dismutases (Miller, 2004). Mn removal from
our growth media could have significance given its reported
importance for S. aureus (Cassat and Skaar, 2012). However, we
have shown that normal growth kinetics and Ymax growth yield
were restored upon re-addition of only Fe to RPMI-FEC1 while
deferrated RPMI-FEC1 medium without re-added Fe provided
no apparent growth. Our results were consistent with DIBI being
Fe-specific as well as Fe having a principal role for staphylococcal
growth.

An Fe-chelating agent such as DIBI would be expected to
broadly affect synthesis and regulation of a wide array of Fe-
dependent microbial enzymes (e.g., ribonucleotide reductase,
citrate aconitase, cytochromes, catalase, superoxide dismutase,
etc) and thus, exert a generalized physiological stress on
microbes. Thus, it became important to investigate DIBI’s
potential interaction with antibiotics given that DIBI might be
administered in conjunction with these agents. A key question
addressed was whether DIBI might affect the killing activity
of different antibiotics. We studied three antibiotics including:
GEN, an aminoglycoside class protein synthesis inhibitor; CIP
a fluoroquinolone class DNA synthesis inhibitor and VAN a
glycopeptide class cell wall synthesis inhibitor. Each of these
antibiotics or other members of their respective families are
currently used to treat staphylococcal infections in either
humans or animals. Antibiotics were tested in our studies at a
concentration that provided only partial initial killing followed
by strong recovery growth. Antibiotic therapy typically employs
a high dosage (i.e., multiple of the MIC) to ensure maximal killing
but the condition of low sub-MIC antibiotic exposure with a
survivor population does have clinical relevance representing a
condition favoring potential microbial re-growth/infection and
also a condition of possible positive selection for antibiotic
resistant survivors.

For our DIBl/antibiotic interaction studies, we also
deliberately provided only a sub-inhibitory amount of DIBI
so as to ensure a physiological condition of Fe-restricted
growth, ie., growth restricted but not fully arrested. This
physiological state of Fe-restricted growth could also have
clinical relevance to infection noting that S. aureus has been
shown to respond to in vivo Fe restriction through upregulation
of its Fe acquisition mechanisms throughout the entire course of
infection (Chaves-Moreno et al., 2016; Bacconi et al., 2017).

A small amount of DIBI (1.75-2.5 pg/mL) that was only in
mild excess of that required to theoretically chelate the free Fe
content of the test medium resulted in only a slight killing of
the initial bacterial population followed by slow and continued
growth over the 48 h study period. Fe-restricted growth resulting
from this sub-MIC DIBI enhanced the overall activities of
GEN, CIP, and VAN. We also observed similar responses with
ATCC43300 (results not shown).

Several aspects of the observed enhancing activities of DIBI
with these antibiotics are noteworthy. Importantly, DIBI did
not appear to impair the initial killing activity of any of the
antibiotics tested. DIBI actually increased or extended the initial
antibiotic killing phase to varying degrees for each antibiotic.
DIBI also appeared to either strongly restrict or fully block

recovery growth that was typically observed with a sub-MIC
of antibiotic alone, i.e., re-growth following the initial killing
phase from the antibiotic. The DIBI/antibiotic responses for each
antibiotic thus appeared to be synergistic in nature and not just
additive. DIBI promoted additional and prolonged killing by the
antibiotics especially for GEN.

Our results showing DIBI enhancement of VAN activity were
in general agreement with the previous report that the iron
chelator deferasirox enhanced VAN activity against MRSA (Luo
et al, 2014). However, their reported enhancement in vitro
required 50 pg/mL deferasirox corresponding to 70 uM Fe
binding capacity (noting two molecules of deferasirox coordinate
one Fe atom). Our VAN enhancement by DIBI required only
1.75 pg/mL DIBI corresponding to only 0.52 pM Fe binding
capacity. Thus, DIBI was >125 times more active to enhance
VAN than had been reported for deferasirox. Deferiprone has
also been studied as to its potential antibiotic enhancing activities
against S. aureus (Richter et al, 2017). Deferiprone alone at
20 mM (2.8 mg/mL) did not enhance CIP or GEN anti-biofilm
activity in an artificial wound model but when present with
gallium-protoporphyrin it did enhance CIP activity. The Ga-
heme, being a nonfunctional analog for Fe-heme, in S. aureus,
appeared to have exerted additional Fe requirement stress on
the bacteria (Richter et al.,, 2017). The earlier demonstration
that the host defense iron sequestering protein lactoferrin
enhances penicillin G activity for S. aureus isolated from bovine
mastitis (Diarra et al., 2002) provides additional evidence that Fe
limitation has potential for improving antibiotic responses.

It seems reasonable that repair of antibiotic-effected damage
might first be required so as to then enable subsequent
regrowth and replication, and these repair mechanisms would
likely include Fe-dependent enzymes. Restriction of microbial
essential Fe by DIBI might then generally affect this essential
bacterial repair for recovery/regrowth. Interestingly, the three
antibiotics studied have widely different bacterial targets and
modes of action. The present results and others showing that
DIBI enhances clearance of Candida albicans infection by
fluconazole (Savage et al., 2018) suggest DIBI enhancement of
antimicrobial activity might be broad-based with potential for
improving antibiotic responses for various microbial infections.
Our ongoing studies are investigating the effects of DIBI in vivo
both on its own and in combination with antibiotics for anti-
infective therapy of both Gram positive and Gram negative
bacterial infections.
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Anti-virulence strategies are being explored as a novel approach to combat pathogens.
Such strategies include inhibition of surface adhesion, tissue invasion, toxin production,
and/or interference with the gene regulation of other virulence traits. Listeria
monocytogenes, the causative agent of listeriosis, is a facultative intracellular food
pathogen characterized by a wide distribution in the environment. Its ability to persist
within biofilms and to develop resistance to sanitizers is the cause of significant problems
in food processing plants and of steep costs for the food industry. In humans, the
treatment of listeriosis is hampered by the intracellular location of listeriae and the poor
intracellular penetration of some antibiotics. Eleven L. monocytogenes isolates from
patients who were diagnosed with invasive listeriosis in Italy in 2014-2016 were studied.
This in vitro and in vivo study explored the antibacterial and anti-virulence properties of a
steam-distilled essential oil of Cannabis sativa L., which is being intensively investigated
for its high content in powerful bioactive phytochemicals. Susceptibility experiments
demonstrated a moderate bactericidal activity of the essential oil (Minimum Bactericidal
Concentration > 2048 ng/mL). Assessment of the effects of sublethal concentrations
of the essential oil on L. monocytogenes virulence traits demonstrated a significant
action on motility. Listeriae were non-motile after exposure to the essential oil. Light
and scanning electron microscopy documented aggregates of listeriae with the flagella
trapped inside the cluster. Real-time RT-PCR experiments showed downregulation of
flagellar motility genes and of the regulatory gene prfA. The ability to form biofilm and
to invade Caco-2 cells was also significantly reduced. Galleria mellonella larvae infected
with L. monocytogenes grown in presence of sublethal concentrations of the essential oil
showed much higher survival rates compared with controls, suggesting that the extract
inhibited tissue invasion. Food contamination with L. monocytogenes is a major concern
for the food industry, particularly for plants making ready-to-eat and processed food. The
present work provides a baseline in the study of the anti-virulence properties of the C.
sativa essential oil against L. monocytogenes. Further studies are needed to understand
if it could be used as an alternative agent for the control of L. monocytogenes in food
processing plants.

Keywords: Cannabis sativa, essential oil, sublethal concentrations, Listeria monocytogenes, virulence, motility,
cell invasion, biofilm
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INTRODUCTION

In recent years, the use of plant products as alternative/adjunct
antimicrobial agents to control pathogenic microorganisms
has been attracting mounting interest. Anti-virulence strategies
are being explored as a novel approach to combat bacterial
pathogens; such approaches include inhibition of surface
adhesion, tissue invasion, toxin production, and/or interference
with the gene regulation of other virulence traits (Rasko
and Sperandio, 2010). A major group of plant antimicrobial
compounds is represented by essential oils (EO), complex
mixtures of volatile secondary metabolites belonging to different
chemical families including terpenes, alcohols, ethers, aldehydes,
and phenols (Cannas, 2016). The antimicrobial activity of EO and
their components has been known for millennia. More recently,
synergy between EO components and antibiotics has been
demonstrated against antibiotic-resistant pathogens (Langeveld
et al., 2014). In contrast, the knowledge of the effects of EO on
bacterial virulence is still very limited (Nazzaro et al., 2013; Silva
et al., 2016).

Cannabis sativa L. (Cannabaceae), an annual species that
has spread from its native range in central Asia to Europe and
Africa, is one of the earliest domestic plants in the history
of mankind and has been grown and selected for thousands
of years for a multiplicity of purposes, like a source of food,
fuel, paper, and building material, as a textile fiber, and as a
remedy in folk medicine (Andre et al,, 2016). The plant is a
source of several bioactive compounds including psychoactive
substances such as cannabinoids (the most important being
A9-tetrahydrocannabinol, A9-THC), terpenoids, flavonoids, and
polyunsaturated fatty acids. In the late 1930s, the psychotropic
effects due to A9-THC led to a ban on its cultivation worldwide.
In recent years, selection of some genotypes containing low A9-
THC concentrations (<0.2% w/v) has led to a lifting of the ban;
the plant can now be grown legally (Holler et al., 2008) and used
for research purposes.

Listeria  monocytogenes, a Gram-positive, facultative
intracellular pathogen with a wide environmental distribution,
is the causative agent of human and animal listeriosis (Freitag
et al., 2009). The disease is the most lethal zoonosis in the EU
(fatality rate, 20%), affecting particularly immunocompromised
and elderly individuals (EFSA and ECDC, 2016). Infection of the
human host is commonly via the oral route, through ingestion of
contaminated food, although transplacental transmission during
gestation also occurs. Severe L. monocytogenes infection include
septicaemia, meningitis, endocarditis, and spontaneous abortion
(McDougal and Sauer, 2018). Infection requires bacterial
internalization into host cells, intracellular survival, and spread
into neighboring cells, which enable bacterial diffusion from
the primary site of infection, usually the bowel, to the liver, the
spleen, and on to peripheral blood and eventually the brain. A
limited subset of serotypes (i.e., 1/2a, 1/2b, and 4b) is responsible
for the bulk of clinical cases worldwide (Kathariou, 2002); the
serotype most frequently associated with listeriosis outbreaks,
particularly in Europe and North America, is 1/2a (Lomonaco
et al., 2015). L. monocytogenes is intrinsically resistant to broad-
spectrum cephalosporin antibiotics (Krawczyk-Balska and

Markiewicz, 2016) and shows acquired resistance to other drugs.
Treatment with aminopenicillin or benzylpenicillin, alone or
combined with an aminoglycoside, is currently the gold standard
antibiotic therapy for L. monocytogenes infections (Thennings
et al., 2016). However, listeriae are difficult to eradicate, due to
their intracellular location and the poor intracellular penetration
of these drugs. Their ability to persist within biofilms and
to develop resistance to sanitizers is the cause of significant
problems in food processing plants and of steep costs for the
food industry (Colagiorgi et al., 2017; Boqvist et al., 2018).

The virulence of L. monocytogenes relies on highly effective
mechanisms of invasion and spread, which ensure its intracellular
lifecycle (Vazquez-Boland et al, 2001; Freitag et al., 2009;
Radoshevich and Cossart, 2018). Host cell invasion is either
via phagocytosis or receptor-mediated endocytosis, facilitated
by the bacterial surface proteins internalins InlA (inlA) and
InlB (inIB) (Chen et al., 2017). Recently, Drolia et al. have
demonstrated that Listeria adhesion protein (LAP) induces
intestinal epithelial barrier dysfunction contributing to bacterial
translocation from the intestinal lumen, across the gut epithelium
(Drolia et al., 2018). L. monocytogenes is initially trapped in a
phagocytic vacuole and subsequently secretes the cholesterol-
dependent pore-forming toxin listeriolysin O (LLO; hly) and
two phospholipases C (PlcA and PlcB), resulting in vacuole
rupture and escape of bacteria into cytosol (Chen et al., 2017).
In this phase, an actin assembly-inducing protein (ActA; actA)
promotes actin-based motility and cell-to-cell spread (Chen et al.,
2017). These processes are closely regulated, mainly by the
transcriptional regulator PrfA (prfA), which is activated by host
infection (de las Heras et al., 2011). Recent progress highlights
that L. monocytogenes, which has long been a model for cytosolic
pathogens, is also capable of residing in vacuoles, in a slow/non-
growing state (Bierne et al., 2018).

Flagellum-based motility and biofilm formation have also
been implicated in virulence (Josenhans and Suerbaum, 2002;
Duan et al,, 2013). The biosynthesis of flagella is temperature-
dependent, since most L. monocytogenes strains produce flagella
and are motile only at temperatures of 30°C and less (Peel et al.,
1988). Flagellum-mediated motility is critical both for initial
surface attachment and subsequent biofilm formation (Lemon
et al.,, 2007).

The purpose of this study was to investigate the in vitro
and in vivo antibacterial and anti-virulence properties of an EO
extracted from a legal C. sativa L. variety against L. monocytogenes
isolates collected from patients diagnosed with invasive listeriosis
in central Italy in 2014-2016.

MATERIALS AND METHODS

Strains and Growth Media

A total number of 11 L. monocytogenes isolates collected from
the blood or cerebrospinal fluid (CSF) of patients diagnosed
with invasive listeriosis in Ancona province (Italy) from 2014
to 2016 were investigated in the study (Table 1). The 2015 and
2016 isolates had already been characterized in terms of antibiotic
resistance phenotype and molecular typing/genetic relatedness
(Marini et al., 2016).
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Blood agar base (BAB) supplemented with 5% sheep blood,
Miiller-Hinton agar (MHA) supplemented with 5% sheep blood,
Miiller-Hinton cation-adjusted broth (CAMHB) supplemented
with 3% laked sheep blood, brain heart infusion (BHI) agar
and broth, Tryptone Soya Broth (TSB), and Luria Bertani (LB)
agar and broth (all from Oxoid, Basingstoke, UK) were used in
the study. Isolates were maintained in glycerol at —70°C and
subcultured twice on BAB before testing.

Extraction and Characterization of C.

sativa L. Essential Oil

EO was extracted from the French monoecious variety Futura
75, which is grown in the countryside around Ancona.
Fresh inflorescences and leaves were steam-distilled by the
Associazione Produttori Piante Officinali (APPO Marche,
Ancona, Italy). Gas chromatography/mass spectrometry (GC-
MS) identification of EO components was performed by Agenzia
Servizi Settore Agroalimentare delle Marche (ASSAM, Ancona,
Italy).

Susceptibility Tests

The minimum inhibitory concentration (MIC), i.e., the lowest
EO concentration inhibiting visible bacterial growth after
incubation, was determined in blood-supplemented CAMHB
by the microdilution method according to Clinical and

an umbrella-like growth about 0.5cm below the agar surface
indicated a positive test. Motility was also assessed by measuring
the diameter of the growth zone with respect to control bacteria
on 0.3% soft agar plates inoculated with 10 L of a broth culture
and incubated overnight at 30°C.

Flagella Stain

L. monocytogenes incubated at 30°C in presence of the C. sativa
EO were examined by light microscopy (LM). Flagella were
visualized using BD Flagella Stain Droppers (Becton Dickinson,
Milano, Italy), a procedure that demonstrates bacterial flagella
and their arrangement on the cell.

Scanning Electron Microscopy

Examination

For morphological studies, L. monocytogenes cells grown on BAB
agar at 30°C with and without the C. sativa EO were fixed
overnight in 2.5% glutaraldehyde in 0.1 M sodium cacodylate
buffer (pH 7.4) at 4°C and washed with the same buffer
supplemented with 7% sucrose. Samples were left to adhere on
glass slides covered with 0.01% poly-L-lysine solution (Sigma

TABLE 2 | List of primers used in the study.

Laboratory Standards Institute (CLSI) guidelines (Clinical ~ Gene  Primer Sequence (5'- 3) Product size
Laboratory Standards Institute, 2017). The minimum bactericidal 165 ONA 1657 AGGTGGOGATGACGTCAAAT 138
. . . 1 r S-
concentration (MBC), i.e., the lowest EO concentration killing ONA 165 R CCAGCCTACAATCOGAACTG P
99.9% of the inoculum, was determined by plating 10 pL of ) rﬁA - E GACCOCAAATAGAGOCAAGS .
each microdilution on blood-supplemented MHA followed by ~ ” P P
overnight incubation at 37°C. All experiments were performed priA-RT-R ACTCAGCAAGAATCTTACGCAC
in triplicate flaA flaA-RT-F GGCTGCTGAAATGTCCGAAA 90 bp
flaA-RT-R ATTTGCGGTGTTTGGTTTG
MOtllity Assays motA motA-RT-F GGTTACGTACTTTGGACGCC 137 bp
Motility of L. monocytogenes in presence of the C. sativa EO MOA-RTR AAACGTTCTTCCACAACCCG
was assessed by the “umbrella test” in semi-solid agar stabbed ~ M0 MOB-RTF COTTCTGTTTECCTCCAGTT 103 bp
with the strains and incubated overnight at 30°C. Detection of motB-RT-R ATATGCTTGATTGCCTGCCG
TABLE 1 | L. monocytogenes strains used in the study and their characteristics.
Strain # Date of isolation Source Serotype MBC (ng/mL) Biofilm producer
EO o-pinene Myrcene
60551 2014 Blood 4b >2048 1024 2048 Weak
66785 “ “ 1/2a “ >2048 “ Strong
75227 “ “ 1/2b “ 1024 “ Moderate
82468 “ “ 1/2a “ 2048 “ Strong
97885 “ “ 4b “ >2048 “ Moderate
02470 2015 “ 1/2a “ “ >2048 Strong
09707 “ “ 1/2¢ “ “ 2048 Moderate
56053 “ “ 1/2a “ 1024 “ Moderate
31829 “ 2048 Moderate
77660 2016 CSF 4b ‘ 1024 : Moderate
80466 “ Blood 1/2a ‘ 2048 ‘ Moderate

CSF, cerebrospinal fluid; MBC, minimum bactericidal concentration.
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Aldrich, Milano, Italy), postfixed in 1% OsOy4 in 0.1 M sodium
cacodylate buffer for 2h at 4°C, washed with the same buffer,
dehydrated with EtOH, and critical point dried. Samples were
mounted on aluminum stubs by graphite glue (Sigma Aldrich)
and coated with a thin (20 A) gold film using an EMITECH
K550 (Ashford, England) sputtering device. Scanning electron
microscopy (SEM) observations were performed with a Zeiss
Supra 40 apparatus.

RNA Extraction and Real-Time
Quantitative Reverse Transcription PCR
(RT-qPCR) on prfA, flaA, motA, and motB

The effect of the EO on the expression of L. monocytogenes
virulence genes was investigated using real time RT-PCR. Strains
were grown in presence of EO at 30°C in TSB, and total
RNA was extracted using GenElute total RNA Purification kit
(Sigma Aldrich). ¢cDNA synthesis was performed using the
Quantitect Reverse Transcription kit (Qiagen, Hilden, Germany)
and synthesized cDNA was used as the RT-qPCR template. The
amplification product was detected using SYBR Green reagents
(SYBR Green JumpStar Taq ReadyMix, Sigma Aldrich) by Rotor-
Gene (Qiagen). The primers for each gene are reported in
Table 2. Data were normalized to the endogenous control (16S
rRNA) and the level of candidate gene expression between treated
and untreated samples was compared to study relative gene
expression and the effect of EO on each gene.

Biofilm Formation Assays

Biofilm formation was evaluated as previously described (Marini
et al, 2015). Briefly, bacteria were grown overnight in TSB
containing 1% glucose at 30°C. Overnight bacterial suspensions
were prepared to yield final inocula of ~1 x 108 colony-forming
units (CFU)/mL; then 200 pL aliquots of the bacterial suspension
were inoculated into 96-well microtitre plates at least in triplicate.
After 24-h incubation, wells were washed 3 times in phosphate-
buffered saline (PBS), dried for 1h at 60°C, and stained with
Hucker’s crystal violet. After three washes in sterile water, wells
were inoculated with 100 L L of 95% EtOH and shaken for 10 min.
Biofilm formation was quantified by measuring absorbance at
690 nm with a Multiscan Ascent apparatus (Thermo Scientific,
Waltham, MA, USA). The optical density (OD) cut-off (ODc)
was defined as 3 standard deviations above the mean OD of the
negative control, represented by non-inoculated wells containing
TSB (Stepanovic et al., 2000). Strains were classified as non-
producers (OD < ODc), weak producers (ODc < OD < 2 x
ODc), moderate producers (2 x ODc < OD < 4 x ODq),
or strong producers (OD > 4 x ODc). The biofilm-forming
strain S. epidermidis ATCC 35984 was used as a positive control
(Christensen et al., 1985). In some assays, biofilm formation
was evaluated in presence of the C. sativa EO. Briefly, overnight
bacterial suspensions were prepared to yield final inocula of ~2
x 108 CFU/mL. Then, 100 L of bacterial culture and 100 pL of
different EO concentrations were added to each well of a 96-well
microplate. Wells containing 100 wL of the bacterial suspension
and 100 pL TSB without EO were the positive controls. After
incubation, biofilm formation was evaluated as described above.
All experiments were performed in triplicate.

Caco-2 Invasion Assays

The human colon carcinoma Caco-2 cell line (ATCC HTB37)
(Rousset, 1986) was used in cell invasion experiments. Cells were
routinely cultured in Modified Eagle Medium (MEM; Gibco,
New York, NY, USA) supplemented with 1% (v/v) L-glutamine,
1% (v/v) non-essential amino acids and 10% (v/v) fetal calf
serum (both from Gibco) in 50 mL (25 cm?) plastic tissue culture
flasks (Corning Costar, Milano, Italy) at 37°C in an atmosphere
containing 5% CO,. Monolayers were trypsinized and adjusted
to a concentration of 2.5 x 10° cells/mL in culture medium; 1 mL

TABLE 3 | GC-MS analysis of the C. sativa EO.

Components %
Tricyclene 0.63
a-thujene 0.09
o-pinene 19.20
Camphene 0.65
B-pinene 4.34
Myrcene 17.17
3-3-carene 0.60
a-phellandrene 0.15
Limonene 1.81
B-phellandrene 0.86
1,8-cineole 1.06
p-cymene 1.52
Trans-B-ocimene 2.28
y-terpinene 0.12
Terpinolene 4.50
Neo-allo-ocimene 0.14
Camphor 5.78
Borneol 1.15
Terpinen-4-ol 0.28
a-terpinene 0.46
Cuminol 0.64
Verbenone 0.95
Bornyl acetate 0.56
Ethyl hexanoate 0.08
Iso-caryophyllene 0.94
B-caryophyllene 15.31
Allo-aromadendrene 0.11
Trans-B-farnesene 1.11
a-humulene 3.68
y-selinene 0.28
B-selinene 1.35
a-selinene 1.08
Valencene 1.22
Caryophyllene-oxide 3.27
a-bisabolol 0.61

Components present at greater than 3% are indicated by bold font.

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

24

August 2018 | Volume 8 | Article 293


https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Marini et al.

Cannabis sativa L. Essential Oil Against Listeria monocytogenes

cell suspension was dispensed into each 22-mm well of a 12-well
tissue culture plate and incubated 4 days to obtain confluent
monolayers (Facinelli et al., 1998).

Invasion experiments were performed using L. monocytogenes
strains grown in presence of the C. sativa EO. Briefly, after
overnight growth in BHI broth supplemented with EO, listeriae
were resuspended in PBS to ODs5p 0.6 £ 0.02. Then, 1mL
of the suspension, suitably diluted in MEM, was added to
each well to obtain a multiplicity of infection of about 30
bacteria/cell. Penetration was allowed to occur for 1h at 37°C
in 5% CO;. Then monolayers were washed 3 times and
covered with 2 mL MEM containing a bactericidal concentration
of gentamicin (10 ug/mL), to kill extracellular bacteria. After
2h at 37°C in 5% CO; air, cells were washed 3 times and
lysed in 1mL Triton X-100 (0.1% in cold sterile water).
The CFU of viable bacteria were counted by plating suitable
dilutions of the lysates on BHI agar and incubating them for
36-48h at 37°C. Data are expressed as a percentage of initial

EO
64 pg/mL

EO
256 pg/mL

FIGURE 1 | Motility of L. monocytogenes strain #80466 in presence of the C.
sativa EO. (A) Soft agar motility assay; (B) Umbrella motility test. CTR, control
(L. monocytogenes strain grown in the absence of EO).

TABLE 4 | Motility of L. monocytogenes grown in presence of the C. sativa EO.

Strain # Zone of motility (mm) % reduction
CTR EO (256 jLg/mL)
60551 18.0+ 0.6 5.0 + 0.0* 72.2
66785 21.0+5.2 4.7 +0.6* 77.6
75227 9.7+ 0.6 4.3+ 0.6" 55.7
97885 10.0£ 1.0 5.0 + 0.0* 50.0
82468 233+1.2 6.7 + 0.6* 71.2
02470 22.3+38 7.3+0.6 67.3
09707 23.0+53 5.0+ 0.0* 78.3
56053 21.3+6.7 5.3 +£0.6* 751
31829 14.0£1.0 5.0+ 1.0 64.3
77660 23.3 £6.7 4.7 £0.6* 79.8
80466 140+£1.7 5.0+ 0.0* 64.3

Values are mean of two independent experiments. Asterisks indicate significant values
compared with control (p < 0.05). CTR, control (L. monocytogenes strains grown in the
absence of EQ).

inoculum of viable bacteria. Experiments were carried out in
triplicate.

Cytopathogenic Effects on Caco-2

Monolayers

The ability of listeriae to cause cytopathogenic effects (CPE) in
Caco-2 monolayers was evaluated by the trypan blue exclusion
assay (Gibco), which measures cell viability (Facinelli et al.,
1998). Briefly, Caco-2 monolayers grown in slide flasks (Corning
Costar) were infected with bacterial strains grown with and
without the C. sativa EO, as described above. Control monolayers
received MEM without bacteria. At the end of the infection
period (1h), the supernatant was removed and monolayers were
washed and covered with MEM supplemented with gentamicin
(10 pg/mL). After overnight incubation at 37°C in 5% CO;, 1 mL
of a 0.4% trypan blue solution was added to the culture medium
and cells were kept at room temperature for 30 min. Finally, the
culture medium with the dye was removed and monolayers were
examined with a Leica DMRB microscope (Leica Microsystems,
Wetzlar, Germany) using a 10 x objective.

Galleria mellonella Survival Assays

Final instar larvae (~300mg) of the greater wax moth G.
mellonella were purchased from a local vendor, stored in the
dark at 15°C, and used within 7 days. Larvae were rinsed
with 70% EtOH before injection using a standard protocol
(Mukherjee et al., 2010). Ten larvae were randomly allocated to
different treatment groups: positive control (larvae inoculated
with L. monocytogenes); test group (larvae injected with L.
monocytogenes grown in presence of the C. sativa EO); negative
control (larvae that were not injected); PBS control (larvae
injected with PBS). Before infection, bacteria were washed and
resuspended in PBS at the appropriate cell density (5 x 107
CFU/mL); then, 50 pL of the inoculum was injected into
the larval haemocoel via the left proleg using a microsyringe
(Mukherjee et al., 2010). After injection, larvae were incubated at
30°Cin sterile Petri plates. The number of dead larvae was scored
at 24 h intervals for 6 days. Larvae were considered dead when
they turned black and failed to react to touch. Three separate
experiments were conducted. G. mellonella survival data were
plotted using the Kaplan-Meier method.

Statistics

Data are mean = standard deviation (SD). Differences between
groups were assessed using GraphPad Prism, version 5
(GraphPad Software Inc., San Diego, CA, USA) by a paired
Student’s t-test (biofilm, cell invasion and real time RT-PCR
experiments) and the log-rank (Mantel-Cox) test (G. mellonella
survival assays). P < 0.05 indicated statistical significance.

RESULTS

GC-MS Analysis of the C. sativa EO

GC-MS analysis of the C. sativa EO, obtained from the Futura 75
genotype by steam distillation, identified 35 compounds, which
accounted for 95% of the whole GC profile (Table 3). Most
were sesquiterpenes found at very low concentrations, except
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for B-caryophyllene (15.31%) and a-humulene (3.68%). Myrcene
(17.17%), a-pinene (19.20%), and B-pinene (4.34%) were the
main monoterpenes.

Susceptibility of L. monocytogenes Strains
to the C. sativa EO and Its Main

Components

The antimicrobial activity (MIC and MBC) of the total EO,
a-pinene, and myrcene was determined against all tested
strains. Only the MBC values are reported, because the MIC
values were difficult to interpret due to turbidity (Table1).
The MBC of the whole EO and of myrcene were >
2048 pwg/mL, whereas those of a-pinene ranged from 1024 to >
2048 pg/mL, suggesting that both components contribute to the
bactericidal activity of the extract against the L. monocytogenes
strains.

Reduced Flagellar Motility in Presence of
the C. sativa EO

L. monocytogenes motility was first evaluated by measuring
colony diameter and by the “umbrella motility test” after
growth on soft agar containing a sublethal concentration
(256 wg/mL) of the C. sativa EO (Figures 1A,B). A significant,
concentration-dependent, reduction in colony diameter
(from 50.0 to 79.8 %) was observed in all strains (Table 4,
Figure 1A). Moreover, strains grown in presence of 256 jLg/mL
of the extract did not show the typical umbrella-like growth

(Figure 1B). LM examination after flagella staining showed
that, unlike control strains, the listeriae incubated with
256 ug/mL of the C. sativa EO formed aggregates with
the flagella trapped inside the cluster (Figure2A). SEM
observation confirmed these findings and demonstrated that
there were fewer flagella in the extract-incubated strains
(Figure 2B).

Downregulation of prfA, flaA, motA, and
motB in L. monocytogenes Exposed to the
C. sativa EO

Investigation of the relative expression levels of prfA, flaA, motA
and motB genes, after growth in the presence of C. sativa EO
at 256 pg/mL, by a real-time RT-PCR assay, demonstrated a
3.3, 8.1, and 16.8 reduction in the expression levels of prfA,
motA and motB, respectively, (p = 0.0541, p = 0.0819, and
p = 0.0569, respectively). Interestingly, the relative expression of
flaA also demonstrated a significant 241.5 reduction (p = 0.0002)
(Figure 3).

Effects of the C. sativa EO on L.

monocytogenes Biofilm Formation

All 11 L. monocytogenes strains were found to be biofilm
producers: 4 strains (#66785, #02470, #09707, and #82468)
were strong producers, 6 (#56053, #31829, #77660, #97885,
#75227, and #80466) were moderate producers, and one
(#60551) was a weak producer. To evaluate the ability

monocytogenes strain grown in the absence of EQ).

FIGURE 2 | LM and SEM images of L. monocytogenes strain #80466 grown in presence of the C. sativa EO. (A) LM images after staining with Flagella Stain
Droppers (magnification: 1000 x; bar, 5um): flagella are stained in pink red; (B) SEM images (bar, 1 wm). Insert, “bouquet” of listeriae. CTR, control (L.
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of the EO to interfere with biofilm formation, all strains
were tested for biofilm production in presence of sublethal
(256, 128, and 64g/mL) EO concentrations. A reduction
in biofilm production was induced by all concentrations in
all strains. The 256 ug/mL concentration reduced biofilm

production by 25-69%; a similar reduction was observed
with 128 ug/mL (from 32 to 73%) and 64 pg/mL (from 15
to 65%) (Figure4). Except #60551 (weak producer), all the
moderate/strong biofilm producers became weak producers at all
EO concentrations.

FIGURE 3 | Expression of motility genes of L. monocytogenes strain #80466 grown

absence of EO).
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expression of the 16S rRNA gene in the same conditions compared to the control and is presented as x-fold: (A) prfA; (B) flaA; (C) motA and motB. Mean values and
standard deviations of three experiments. Asterisks indicate significant values compared with control (p < 0.05). CTR, control (L. monocytogenes strain grown in the

in presence of the C. sativa EO. Gene expression was normalized to the
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FIGURE 4 | Biofilm production by L. monocytogenes in presence of the C. sativa EO. Exposure to the three EO concentrations resulted in a shift to a lower producer
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experiments. Asterisks indicate significant values (p < 0.05) compared with
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Effects of Exposure of L. monocytogenes
Strains to the C. sativa EO on Caco-2 Cell

Invasion Efficiency and CPE

Preliminary Caco-2 infection experiments were conducted to
ascertain the ability of L. monocytogenes strains to enter Caco-2
cells in the gentamicin survival test. Three strains were excluded
from further experiments due to low invasion efficiency; the
other 8 strains, which showed an invasion efficiency up to
4.1% of the initial inoculum, were used in infection inhibition
experiments. Remarkably, the invasion efficiency of Caco-2 cells
by 7/8 strains was strongly reduced (from 25.9 to 97%) when
bacteria were grown in presence of 256 pg/mL of the C. sativa
EO (Figure 5).

The viability of infected Caco-2 cells was assessed with trypan
blue, which stains dead cells but is actively excluded from viable
eukaryotic cells. The test demonstrated a dramatic CPE reduction
in L. monocytogenes strains grown in presence of 256 wg/mL of
the C. sativa EO (Figure 6), in particular, the monolayers infected
with the extract-exposed strains were actually indistinguishable
from the uninfected monolayers, whereas the CPE of control
monolayers, i.e., those infected with strains grown without
the EO, took the form of large, almost contiguous, stained
areas.

Survival of G. mellonella Larvae Infected
With L. monocytogenes Grown in Presence
of the C. sativa EO

The ability of a sublethal concentration of the C. sativa EO
to attenuate L. momnocytogenes virulence was tested in vivo
using the G. mellonella model. Larvae were infected with
L. monocytogenes strains grown with and without (control)
256 ng/mL of the C. sativa EO. Larvae were considered

dead when they turned black and did not respond to touch.
On day 6 after infection with listeriae, larval mortality was
about 50% in the group infected with the strains grown
without the EO whereas, remarkably, survival rates greater
than 90% (p = 0.0009) were seen in the group infected
with the strains grown with the EO (Figures7A,B). PBS
(negative control) did not result in larval mortality (data not
shown).

DISCUSSION

C. sativa L. has been a source of food, fuel, paper, and building
materials, a textile fiber, and a folk medicine remedy for
thousands of years, and was eventually abandoned due to its
high content in psychotropic compounds. Currently, industrial
varieties containing low A9-THC concentrations are being
studied for their powerful bioactive phytochemicals (Andre et al.,
2016).

The antibacterial activity of freshly extracted EO from
industrial C. sativa varieties has been assessed by Nissen
et al. (2010) against Gram-positive and Gram-negative bacteria,
mostly food-borne pathogens. In this study, GC-MS analysis
of the EO obtained by distillation of the inflorescences
and leaves of the variety Futura 75 disclosed a chemical
composition similar to the one reported by Nissen et al
(2010) for this variety. Susceptibility experiments, carried out
by the microdilution method, demonstrated that the EO and
its two main components, a-pinene and myrcene, showed
moderate bactericidal activity against clinical strains of L.
monocytogenes.

The study also evaluated the effects of sublethal
concentrations of the C. sativa EO on L. monocytogenes
virulence traits such as motility, biofilm production, and cell

4.5

OCTR = EO

256 png/mL

4,0

8,5

2,5 1

% of invasion

T T T
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FIGURE 5 | Caco-2 cell invasion by L. monocytogenes strains grown in presence of the C. sativa EO. Data are expressed as percentage (compared with the initial
inoculum) of viable bacteria recovered after 2 h incubation with gentamicin (gentamicin survival test). Each column is the mean of three experiments. Asterisks indicate

in the absence of EO).
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FIGURE 6 | Trypan blue assay on Caco-2 monolayers infected with L.
monocytogenes grown in presence of the C. sativa EO. (A) uninfected control;
(B) monolayers infected with L. monocytogenes #80466 not incubated with
the EO; (C) monolayers infected with L. monocytogenes #80466 grown in
presence of 256 ug/mL of the EO (magnification: 100 x; bar, 400 um).

invasion. Motility was assessed by phenotypic (umbrella and
soft agar motility assay) and molecular (real time RT-PCR)
approaches and by LM and SEM observation. Both motility
tests demonstrated that, after growth in presence of the C. sativa
EO, all listerial strains became non-motile. Remarkably, flagella
staining of treated cells showed aggregates of listeriae with

the flagella trapped inside the aggregates; SEM demonstrated
that the flagella were adherent to the cell rather than free,
as in control specimens. Real time RT-PCR experiments
showed a downregulation of flagellar motility genes flaA
(encoding flagellin) and motA and motB (encoding a part of
the flagellar motor). A reduced expression levels of prfA, the
transcriptional activator of genes involved in cell invasion,
intracellular surviving, and spreading to neighboring cells,
was also demonstrated after growth in the presence of C.
sativa EO. Inhibition of L. monocytogenes motility by natural
products has also been reported with trans-cinnamaldehyde
from Cinnamomum zeylandicum, carvacrol, and thymol, the
main components of oregano and thyme EO (Upadhyay
et al., 2012). In the Gram-negative pathogens Salmonella
Typhimurium and Escherichia coli O157:H7, carvacrol affects
motility through loss of flagellum functionality (Inamuco et al.,
2012) and inhibition of flagellin synthesis (Burt et al., 2007),
respectively.

Since flagella and flagellum-mediated motility are important
virulence traits of L. monocytogenes for initial surface attachment
and subsequent biofilm formation (Lemon et al., 2007) as well
as for cell invasion (Dons et al., 2004), we tested the hypothesis
that a reduction of motility by sublethal concentrations of
the C. sativa EO would affect biofilm-forming and cell
invasion ability. The hypothesis was successfully demonstrated.
Remarkably, the number of intracellular listeriae (gentamicin
survival test) was almost zero when Caco-2 cells were infected
with listeriae exposed to the EO and their viability was
unaffected (trypan blue test). The present results therefore
clearly demonstrate that sublethal concentrations of the C.
sativa EO can affect the virulence of L. monocytogenes in
vitro.

In vivo experiments using G. mellonella larvae as a model
(Rakic Martinez et al., 2017) were performed to establish whether
incubation of listeriae with sublethal concentrations of the C.
sativa EO would prevent larval infection. The test has recently
emerged as a promising model to assess the virulence of
numerous human pathogens, including L. monocytogenes. In our
study, larvae infected with L. monocytogenes grown in presence
of sublethal EO concentrations showed a significantly higher
survival compared with larvae infected with untreated listeriae.
Thus, the in vivo experiments confirmed the protective activity
of the C. sativa EO against L. monocytogenes infection.

Since LLO production is critical to L. monocytogenes
pathogenesis in G. mellonella (Joyce and Gahan, 2010) we could
hypothesize that the protective activity of the C. sativa EO is due
to the attenuation of this virulence factor.

Targeting microbial virulence rather than survival is an
exciting novel strategy with the potential to reduce the
evolutionary pressure for the development of resistance. Food
contamination by L. monocytogenes remains a major concern
for the food processing industry, particularly the plants making
ready-to-eat and processed food. The present work provides a
baseline in the study of the anti-virulence properties of the EO
of C. sativa against L. monocytogenes. Further studies are needed
to understand if it could be used as an alternative agent for the
control of L. monocytogenes in food processing plants.
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FIGURE 7 | Survival of G. mellonella larvae infected with L. monocytogenes strain #80466 grown in presence of the C. sativa EO. (A) Kaplan-Meier survival curves of
G. mellonella larvae after 6 days from injection with L. monocytogenes strain #80466 are shown. No more than one control larvae injected with PBS died in any given
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Candida albicans is an opportunistic pathogen and responsible for candidiasis.
C. albicans readily forms biofilms on various biotic and abiotic surfaces, and these
biofilms can cause local and systemic infections. C. albicans biofilms are more resistant
than its free yeast to antifungal agents and less affected by host immune responses.
Transition of yeast cells to hyphal cells is required for biofilm formation and is believed to
be a crucial virulence factor. In this study, six components of ginger were investigated for
antibiofilm and antivirulence activities against a fluconazole-resistant C. albicans strain.
It was found 6-gingerol, 8-gingerol, and 6-shogaol effectively inhibited biofilm formation.
In particular, 6-shogaol at 10 wg/ml significantly reduced C. albicans biofilm formation
but had no effect on planktonic cell growth. Also, 6-gingerol and 6-shogaol inhibited
hyphal growth in embedded colonies and free-living planktonic cells, and prevented
cell aggregation. Furthermore, 6-gingerol and 6-shogaol reduced C. albicans virulence
in a nematode infection model without causing toxicity at the tested concentrations.
Transcriptomic analysis using RNA-seq and gRT-PCR showed 6-gingerol and 6-shogaol
induced several transporters (CDR7, CDR2, and RTA3), but repressed the expressions
of several hypha/biofilm related genes (ECET and HWPT), which supported observed
phenotypic changes. These results highlight the antibiofilm and antivirulence activities of
the ginger components, 6-gingerol and 6-shogaol, against a drug resistant C. albicans
strain.

Keywords: antivirulence, biofilm, C. albicans, gingerol, hyphae, shogaol

INTRODUCTION

Candida albicans is an opportunistic pathogen normally present on skin and mucous membranes,
such as, those of the vagina, mouth, and rectum. C. albicans colonizes host tissues and various
indwelling medical devices (Ramage et al., 2005; Sardi et al., 2013) and readily develops biofilms
on biotic and abiotic surfaces that are intrinsically resistant to conventional antifungal therapeutics
and the host immune system (Nobile et al., 2006b). C. albicans can grow as oval budding yeasts,
pseudohyphae, or true hyphae. For biofilm development, yeast cells initially attach to a surface,
and this is then followed by germ tube formation and hyphal transition, and mature biofilms are
typically formed within 24h (Nobile et al., 2006b). The transition of yeast cells to hyphal cells
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appears to regulate biofilm maturation, and hyphal transition
is considered a crucial virulence factor in Candida infections
(Carradori et al., 2016). Also, many clinical isolates of C. albicans
exhibit drug resistance against commercial antifungals, such as,
azoles and polyenes, which are used to treat candidiasis (Tobudic
et al.,, 2010; Taff et al., 2013; Sandai et al., 2016). Hence, novel
antivirulence drugs not prone to the development of antifungal
resistance, are required to eradicate C. albicans biofilms and
virulence.

Phytochemicals are important sources for antimicrobial
and antibiofilm agents against drug resistant microorganisms
(Nascimento et al., 2000). Recently, several studies have
demonstrated ginger components have antibiofilm activities
against pathogenic bacteria, such as, ginger water extract
against Pseudomonas aeruginosa (Kim and Park, 2013)
and against Salmonella Typhimurium and Escherichia
coli (Khiralla, 2015), and zingerone (Kumar et al., 2013),
raffinose (Kim et al, 2016a), 6-gingerol (Kim et al,
2015), and 6- and 8-gingerol analogs (Choi et al., 2017)
against P. aeruginosa. However, the antibiofilm activities
of ginger components have not been studied in any yeast
species.

In this study, the antibiofilm activities of six ginger
components, namely, 6-gingerol, 8-gingerol, 10-gingerol, 6-
shogaol, 8-shogaol, and 10-shogaol, were initially investigated
against antifungal-resistant C. albicans strain. Two active
compounds 6-gingerol and 6-shogaol were further evaluated with
respect to hyphal and virulence inhibition. Scanning electron
microscopy (SEM) and confocal laser scanning microscopy
(CLSM) were used to investigate the effects of 6-gingerol and 6-
shogaol on morphological changes, biofilm formation, and on
the hyphal growth of C. albicans. The molecular basis of the
alterations in C. albicans physiology upon exposure to 6-gingerol
and 6-shogaol was also investigated using RNA-seq and qRT-
PCR. In addition, an in vivo Caenorhabditis elegans model was
used to confirm the antivirulence efficacies of 6-gingerol and
6-shogaol. This is the first report to be issued regarding the
use of 6-gingerol or 6-shogaol to inhibit C. albicans biofilm
formation and hyphal formation and to reduce the virulence of
this pathogen.

MATERIALS AND METHODS

Strains and Medium

In this study, we used fluconazole resistant C. albicans strain
DAY185 (minimum inhibitory concentration >1,024 pg/ml).
C. albicans was maintained in potato dextrose agar (PDA) or
potato dextrose broth (PDB). The gingerols and shogaols (6-
gingerol, 8-gingerol, 10-gingerol, 6-shogaol, 8-shogaol, and 10-
shogaol) used in this study were purchased from Sigma-Aldrich
(St. Louis, USA) and dissolved in dimethyl sulfoxide (DMSO).
DMSO was used as a negative control for all experiments and
the concentration of DMSO in media did not exceed 0.1%
(vol/vol), which did not affect the antibiofilm or antivirulence
activities. Cell growths and turbidities were measured using
spectrophotometer (UV-160, Shimadzu, Japan) at 620 nm.

Assays for Biofilm Formation

Candida biofilms were developed on 96-well polystyrene plates,
as previously reported (Lee et al,, 2011). Briefly, a 2-day single
colony was inoculated into 25 ml of PDB and incubated overnight
at 37°C. Overnight cultures at an initial turbidity of 0.1 at
600 nm were then inoculated into PDB (final volume 300 1)
with or without a gingerol or a shogaol, and incubated for 24 h
without shaking at 37°C. Biofilm cells that adhered to the 96-well
plates were stained with 0.1% crystal violet (Sigma-Aldrich, St.
Louis, USA) for 20 min, washed repeatedly with sterile distilled
water, and resuspended in 95% ethanol. Plates were read at
570 nm and results are presented as the averages of at least six
repetitions.

Confocal Laser Scanning Microscopy

Assay of Biofilm Formation

C. albicans biofilms were grown on 96-well plates with or
without 6-gingerol or 6-shogaol without shaking for 24h.
Planktonic cells were then removed by washing with water
three times, and biofilms were stained with carboxyfluorescein
diacetate succinimidyl ester (a minimally fluorescent lipophile;
Invitrogen, Molecular Probes, Inc, Eugene, USA) (Lee et al,
2016). Plate bases were then visualized using an (a 488 nm) Ar
laser (emission 500 to 550 nm) under a confocal laser microscope
(Nikon Eclipse Ti, Tokyo), and COMSTAT biofilm software
(Heydorn et al., 2000) was then used to calculate biovolumes
(wm® wm™2), mean biofilm thicknesses (jum), and substratum
coverages (%). Two independent cultures were performed under
each experimental condition and at least 10 random positions
were assayed.

Observation of C. albicans Colony

Morphologies on Solid Media

A freshly prepared glycerol stock of C. albicans was used to
streak on PDA plates supplemented with and without 6-gingerol
or 6-shogaol. Plates were then incubated for 7 days at 37°C
and temporal changes in colony morphologies were observed
using an iRiS™ Digital Cell Imaging System (Logos Bio Systems,
Korea).

Hyphal Assay in Liquid Media

Cell aggregation was analyzed as previously described (Zelante
etal., 2012). Briefly, C. albicans cells were inoculated into 2 ml of
PDB medium or RPMI-1640 medium at density of 10> CFU/ml
in 14ml test tubes with or without 6-gingerol or 6-shogaol
and incubated at 37°C for 24 h with shaking at 250 rpm. Cell
cultures (2ml) were then transferred into glass-bottom dishes
and observed. Aggregated cells were visualized in bright field
using the iRiS™ Digital Cell Imaging System (Logos Bio Systems,
Korea) at a magnification of 4x. At least, four independent
experiments were conducted.

Microscopic Imaging of Hyphal Formation

Scanning electron microscopy (SEM) was used to observe the
morphologies of biofilm cells attached to a nylon membrane,
as previously described (Kim et al., 2016b). Briefly, a nylon
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membrane was cut into 0.5 x 0.5cm pieces and placed in 96-
well plates containing C. albicans grown with or without 6-
gingerol or 6-shogaol and incubated for 24 h at 37°C. Cells that
adhered to the nylon membrane were fixed with glutaraldehyde
(2.5%) and formaldehyde (2%) for 24 h and then post-fixed using
osmium, dehydrated with an ethanol series (50, 70, 80, 90, 95,
and 100%), and isoamyl acetate. After critical-point drying, cells
were examined and imaged using a S-4100 scanning electron
microscope (Hitachi, Japan) at a voltage of 15 kV.

RNA Isolation for RNA-Seq and
Quantitative Real-Time PCR (qRT-PCR)

For transcriptomic analyses, 25ml of C. albicans at an initial
turbidity of 0.1 at ODggp was inoculated into PDB in 250 ml
Erlenmeyer flasks and incubated for 4h at 37°C with agitation
(250 rpm) in the presence or absence of 6-gingerol (50 pug/ml)
or 6-shogaol (10 g/ml). To prevent RNA degradation, RNase
inhibitor (RNAlater, Ambion, TX, USA) was added to cells. Total
RNA was isolated using a hot acidic phenol method (Amin-ul
Mannan et al., 2009), and RNA was purified using a Qiagen
RNeasy mini Kit (Valencia, CA, USA).

RNA-Seq and RNA Library Preparation and

Sequencing

For RNA-Seq, a RNA library was constructed using the
SMARTer Stranded RNA-Seq Kit (Clontech Laboratories, Inc.,
USA). Briefly, 2 pg of total RNA was incubated with
magnetic beads decorated with oligo-dT and then RNAs, other
than mRNA, were removed using washing solution. Library
production was initiated by the random hybridization of
starter/stopper heterodimers to poly(A) RNA bound to the
magnetic beads. These starter/stopper heterodimers contained
Mlumina-compatible linker sequences. A single-tube reverse
transcription and ligation reaction extended the starter to the
next hybridized heterodimer, where the newly-synthesized cDNA
insert was ligated to the stopper. Second strand synthesis was
performed to release the library from the beads, and the library
was then amplified. Barcodes were introduced when the library
was amplified. High-throughput sequencing was performed by
paired-end 100 sequencing using HiSeq 2500 (Illumina, Inc.,
USA).

RNA-Seq Data Analysis

mRNA-Seq reads were mapped using TopHat software (Trapnell
et al., 2009) in order to obtain the alignment file. Differentially
expressed genes were identified based on counts from unique and
multiple alignments using Bedtools (Quinlan and Hall, 2010).
RT (Read Count) data were processed by Quantile normalization
using Bioconductor (Gentleman et al, 2004). The alignment
files also were used to assemble transcripts, estimate their
abundances, and to detect the differential expressions of genes
or isoforms using Cufflinks. FPKM (fragments per kilobase
of exon per million fragments) was used to determine the
expression levels of gene regions. Gene classification was based
on the results of searches performed using DAVID (http://
david.abcc.ncifcrf.gov/). The RNA-seq data were deposited at
NCBI Gene Expression Omnibus and are accessible through

accession number GSE117201. Differentially expressed gene
study was analyzed with the DEG analysis method in EXDEGA
(Excel based Differentially Expressed Gene Analysis) tool
and classified by biological processes. Gene ontology analysis
was performed at QuickGO (www.ebi.ac.uk/QuickGO/). KEGG
(Kyoto Encyclopedia of Genes and Genomes) pathway analyses
of the RNA-seq data were performed with the KEGG Mapper tool
(http://www.genome.jp/kegg/tool/map_pathway2.html).

gRT-PCR

qRT-PCR was used to determine the expressions of hyphae-
related genes (ALSI, ALS3, ECEl, ECM38, EED1 EFGI, HYRI,
HWPI1, RBT1, SAP4, and UME6). The specific primers and
housekeeping gene (RDNI8) used for qRT-PCR are listed in
Supplementary Table S2. The qRT-PCR method used was as
described by Kim et al. (2016b), and performed using SYBR
Green master mix (Applied Biosystems, Foster City, USA) and
an ABI StepOne Real-Time PCR System (Applied Biosystems).
At least two independent cultures were used.

Antivirulence and Toxicity Assays Using

the Caenorhabditis elegans Model

For the antivirulence assay, we used C. elegans strain fer-15 (b26);
fem-1 (hcl7), as previously described (Manoharan et al., 2017a).
Briefly, synchronized adult worms were fed on C. albicans lawns
for 4h at 25°C and then collected after washing three times
with M9 buffer. Approximately 30 worms were then added to
each well of 96-well plates containing PDB medium (300 pl)
with or without 6-gingerol (10 or 50 wg/ml) or 6-shogaol (10 or
50 pg/ml). Assay plates were then incubated for 4 days at 25°C
without shaking. For toxicity assays, 30 non-infected worms were
pipetted into single wells of a 96-well dish containing M9 buffer
and solutions of 6-gingerol or 6-shogaol were added to final
concentrations of (0, 100, 200, or 500 pg/ml) without C. albicans.
Plates were then incubated for 4 days at 25°C without shaking.
Three independent experiments were performed in triplicate.
Results are expressed as percentages of live worms (survival),
as determined by responses to platinum wire touching after
incubation for 4 days. Observations were made using an iRiS™
Digital Cell Imaging System (Logos Bio Systems, Korea).

Statistical Analysis

Replication numbers for assays are provided above and results are
expressed as means =+ standard deviations. The statistical analysis
was performed by one-way ANOVA followed by Dunnett’s test
using SPSS version 23 (SPSS Inc., Chicago, IL, USA). P-values of
< 0.05 were regarded significant.

RESULTS

Inhibitory Effects of Gingerols and

Shogaols on C. albicans Biofilm Formation
Initially, we investigated whether three gingerols (6-gingerol,
8-gingerol, and 10-gingerol) and three shogaols (6-shogaol, 8-
shogaol, and 10-shogaol) affect biofilm formation by fluconazole-
resistant C. albicans DAY185, cell growth was also measured
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in the presence of these agents. Of the six compounds, 6-
gingerol, 8-gingerol, and 6-shogaol significantly reduced biofilm
formation at concentrations of 10, 50, and 100 pg/ml, while 10-
gingerol, 8-shogaol, and 10-shogaol at 100 jLg/ml had no effect
(Figure 1). In particular, 6-shogaol most significantly inhibited
biofilm formation in a dose-dependent manner (Figure 1D).
Specifically, 6-shogaol inhibited biofilm formation by 85, 94, and
94% at concentrations of 10, 50, and 100 pg/ml, respectively
(Figure 1D). In addition, 6-gingerol and 8-gingerol at 50 jLg/ml
inhibited biofilm formation by 88 and 80%, respectively
(Figures 1A,B). It appeared the antibiofilm activities of gingerols
and shogaols were related to the number of carbon side chains
as larger carbon side chain numbers appeared to decrease
antibiofilm activity in 10-gingerol, 8-shogaol, and 10-shogaol
(Figures 1C,E,F). Notably, none of the three gingerols or
three shogaols at concentrations up to 100 pg/ml inhibited the
planktonic cell growth of C. albicans (Figures 1A-F).

The antifungal activities of 6-gingerol and 6-shogaol were
investigated by measuring minimum inhibitory concentrations
(MIC), and for 6-gingerol and 6-shogaol MICs were 1000 jLg/ml
and > 2000 pg/ml, respectively, against C. albicans DAY185.
These results support the notion that biofilm formation
by C. albicans was effectively inhibited by the antibiofilm
activities of 6-gingerol and 6-shogaol and not by their
fungicidal activities. Furthermore, the observed biofilm
inhibition in the absence of any effect on planktonic cell
growth suggests that unlike conventional fungicides, 6-gingerol
and 6-shogaol may less prone to the development of drug
resistance.

Confocal laser microscope images showed that C. albicans
formed dense biofilms in non-treated control samples, and
that in the presence of 6-gingerol or 6-shogaol biofilm cellular
densities and thicknesses were dramatically reduced (Figure 2A).
Biofilm reduction was further confirmed by COMSTAT analysis,
which showed 6-gingerol at 50 jLg/ml and 6-shogaol at 10 pg/ml
significantly reduced biofilm biomass, average thickness, and
substrate coverage (Figure 2B). Specifically, biofilm biomass,
thickness, and substrate coverage were reduced by 6-shogaol by
more than 95% vs. the untreated control.

6-Gingerol and 6-Shogaol Inhibited Hyphal
Growth and Cell Aggregation

To examine the effects of 6-gingerol and 6-shogaol on C. albicans
morphology, a temporal observation of C. albicans colonies
on potato dextrose agar (PDA) was performed and scanning
electron microscope (SEM) was also used. Whereas hyphal
protrusions from colonies of untreated C. albicans were
observed after 3 days of incubation, in the presence of 6-
shogaol at 10 ug/ml suppressed hyphal protrusions for 7 days
(Figure 3A). Furthermore, 6-shogaol at 10 pug/ml was found to
more effectively suppress hyphal protrusions than 6-gingerol
at 50 pg/ml. SEM analysis also confirmed 6-gingerol and 6-
shogaol substantially suppressed hyphal formation. As shown
in Figure 3B, non-treated biofilms consisted predominately of
hyphae and few pseudohyphae, where biofilms grown in the
presence of 6-gingerol or 6-shogaol had shorter hyphae and more
yeast cells.
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FIGURE 1 | Antibiofilm activities of gingerols and shogaols against C. albicans. The antibiofilm activities of three gingerols (A-C) and three shogaols (D-F) against
C. albicans DAY185 in PDB medium were determined after culture for 24 h. Bars indicate biofilm formation and lines indicate planktonic cell growth. The chemical
structures of gingerols and shogaols are shown. *P < 0.05 vs. non-treated controls. None; non-treated control.
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It is generally believed yeast-to-hypha-transition and cell
aggregation are prerequisites of biofilm development by
C. albicans (Chandra et al., 2001). In liquid potato dextrose
broth (PDB) medium, hyphal inhibition was evident in the
presence of 6-gingerol or 6-shogaol and more marked in the
presence of 6-shogaol (Figure4A). Another hyphal assay
was performed using RPMI-1640 medium, which promotes
hyphal formation (Kucharikova et al., 2011). After incubation
for 24h, mostly hyphae and large cell aggregations entangled
by hyphae were observed in the control sample whereas
treatment with 6-gingerol or 6-shogaol resulted in much smaller
cell aggregations in a dose-dependent manner (Figure4B).
Furthermore, hyphal and cell aggregation results were in-line
with the observed antibiofilm activities of 6-gingerol and
6-shogaol. Taken together, these results show 6-gingerol and
6-shogaol both potently inhibited hyphal formation and cell
aggregation, and thus, suggest these two agents reduced biofilm
formation by C. albicans.

Differential Gene Expressions by

6-gingerol and 6-shogaol

The molecular bases of the effects of 6-gingerol or 6-shogaol
on biofilm formation and hyphal growth were investigated by
RNA-seq and qRT-PCR. RNA-seq was first used to determine
differential gene expressions in untreated sample and treated
samples. Genes differentially expressed by at least 2-fold were
selected and sorted into four functional categories including
biofilm and hyphae-related genes or virulence-related genes
(Supplementary Table S1). Overall, expression trends were
similar after treatment with 6-gingerol at 50 pg/ml or 6-shogaol
at 10 pg/ml. However, in view of the concentrations used 6-
shogaol clearly had a greater effect than 6-gingerol. The addition
of 6-gingerol significantly altered the expressions of 125 genes by
more than 2-fold; 37 genes were up-regulated and 88 genes were
down-regulated. Similarly, the addition of 6-shogaol significantly
altered the expressions of 78 genes; 29 genes were up-regulated
and 49 genes were down-regulated.

Notably, these expressional changes involved various biofilm-
and hypha-related genes (Supplementary Table S1). Specifically,
HWPI (hyphal cell wall protein, also known as ECE2) and
ECEI (hypha-specific protein) were repressed by 6-gingerol or
6-shogaol by more than 7- and 2-fold, respectively, and CDRI
and CDR2 (multidrug transporter) and RTA3 (lipid-translocating
exporter) were up-regulated by 6-gingerol or 6-shogaol more
than 4-fold. qRT-PCR was used to confirm gene expressional
changes of highly differentially expressed loci in the 6-gingerol
and 6-shogaol RNA-seq experiments. qRT-PCR for 15 selected
genes showed differential changes in expression that generally
concurred with RNA-seq assay results (Figure 5). For 6-shogaol
experiment, RNA-seq and qRT-PCR showed the genes were
repressed to similar extents, i.e., 10-fold vs. 20-fold for CDRI, 3-
fold vs. 2-fold for CHT2, 12-fold vs. 9-fold for HWP1I, 6-fold vs. 9-
fold for RTA3, respectively. Similarly, 6-gingerol down-regulated
the expression of HWPI and CHT2, and upregulated CDRI and
RTA3. Nevertheless, the expressions of other biofilm and hyphae-
related genes (ALSI1, ALS3, EFG1, HYR, PDRI16, RBT1, SNQ2,

TECI, and UMEG6) were unaffected by 6-gingerol or 6-shogaol.
Taken together, RNA-seq and qRT-PCR results showed that 6-
gingerol and 6-shogaol significantly altered the expressions of
some hypha-specific (HWPI and ECE1), biofilm-related (HWPI
and RTA3) and multidrug transporter (CDRI and CDR2) related
genes.

6-Gingerol and 6-Shogaol Rescued

Nematodes Infected With C. albicans

We examined whether 6-gingerol or 6-shogaol could affect
C. albicans virulence in a Caenorhabditis elegans nematode
model, which is an accepted alternative to mammalian models
(Tampakakis et al., 2008). C. albicans infection caused 45%
C. elegans fatality in 4 days. However, > 80% of nematodes
survived in the presence of 6-gingerol or 6-shogaol at 50 pg/ml
(Figures 6A,B). To investigate the chemical toxicities of 6-
gingerol and 6-shogaol, non-infected nematodes were exposed
to different concentrations of the two agents. We found 6-
gingerol and 6-shogaol at concentrations up to 500 pLg/ml were
not toxic to C. elegans (Figure 6C). These results show that
both 6-gingerol and 6-shogaol effectively promoted the survival
of infected nematodes and that they had no toxic effects on the
nematode.

DISCUSSION

Current study shows for the first time that the ginger components
6-gingerol and 6-shogaol reduce biofilm formation by a drug-
resistant C. albicans strain by inhibiting hyphae growth and cell
aggregation, and reduced fungal virulence.

Ginger (Zingiber officinale (L.) Rosc) has been used as a
spice and herbal medicine for over 2000 years. Its roots and
extracts contain polyphenol compounds, such as, gingerols,
shogaols, paradols, gingerdiols, and zingerone, which have
considerable antioxidant activity (Si et al., 2018). Fresh ginger
contains about 4% of 6-gingerol by weight but almost no 6-
shogaol. However, 6-shogaol is easily produced by dehydrating
6-gingerol using drying processes (Chen et al., 1986; Jolad
et al., 2004). 6-Gingerol and 6-shogaol have been reported to
be effective treatments for metabolic syndrome, cardiovascular
disease, dementia, arthritis, diabetes, osteoporosis, cancers, and
infectious diseases (Ali et al., 2008; Kim et al, 2010). The
antibacterial activities of gingerols and shogaols have been
also studied (Park et al.,, 2008). More recently, the antibiofilm
activities of 6-gingerol (Kim et al., 2015) and 6- and 8-gingerol
analogs (Choi et al., 2017) against P. aeruginosa have been
reported. Interestingly, 6-gingerol inhibited biofilm formation of
both P. aeruginosa (Kim et al., 2015) (Choi et al, 2017) and
C. albicans without affecting the planktonic cell growth and
showed no chemical toxicity. 6-Gingerol including its analogs
interfere the quorum sensing system in P. aeruginosa, while
6-gingerol and 6-shogaol suppressed hyphal growth in this
study.

Of the six gingerol and shogaol compounds studied in the
present study, 6-gingerol and 6-shogaol most effectively reduced
C. albicans biofilm formation (Figure 1) and 6-shogaol most
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FIGURE 2 | Microscopic observations of the inhibitory effects of 6-gingerol and 6-shogaol on biofims. Biofilm formation by C. albicans on polystyrene plates was
observed in the presence of 6-gingerol at 50 wg/ml or 6-shogaol at 10 pg/ml by confocal laser microscopy (A). Scale bars represent 100 wm. Biofilm formation was
quantified by using COMSTAT (B). *P < 0.05 vs. non-treated controls. None; non-treated control.
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FIGURE 3 | Effects of 6-gingerol and 6-shogaol on the hyphal morphogenesis of C. albicans. C. albicans morphology on solid media (A). C. albicans was streaked
on PDA solid plates in the absence or presence of 6-gingerol or 6-shogaol. Colony morphologies were observed during incubation for 7 days at 37°C. Inhibitions of
hyphal growths by 6-gingerol or 6-shogaol in C. albicans biofims were visualized by SEM (B). The scale bar represents 30 wm. None; non-treated control.

inhibited biofilm formation, hyphae growth, cell aggregation, and
fungal virulence (Figures 1-5). It has been reported on several
occasions that the biological potency of 6-shogaol is greater
than that of 6-gingerol, and interestingly, these compounds
differ structurally by the presence of a hydroxyl moiety in 6-
gingerol and double bond on the carbon side chain of 6-shogaol
(Figures 1A,D). The presence of this hydroxyl moiety has been
previously reported to importantly influence proinflammatory
gene activation (Isa et al, 2008). Furthermore, 6-shogaol has
been reported to have a markedly stronger anti-tumorigenic
effect than 6-gingerol (Wu et al, 2010). Previous studies
have suggested a,b-unsaturated carbonyls are susceptible to

nucleophilic addition reactions with thiols, such as, glutathione,
the most abundant nonprotein thiol in vivo (Boyland and
Chasseaud, 1968). The transcriptomic analysis conducted in
the present study showed 6-gingerol at 50 jug/ml resulted in
similar changes in global gene expression as those induced by 6-
shogaol at 10 wg/ml (Figure 5), which indicates 6-gingerol and
6-shogaol act at the transcriptional level. We suggest that the
structural difference between 6-gingerol and 6-shogaol influence
the abilities of these to influence the expressions of hyphae-
regulatory genes in the hyphae signaling pathway. Also, we
have observed the antibiofilm and antihyphae activities of 8-
gingerol (Supplementary Figures S1, S2) and the action mode of
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FIGURE 4 | Inhibitions of hyphal filamentation and aggregation by 6-gingerol and 6-shogaol in liquid medium. Inhibitions of hyphal filamentation in PDB medium (A)
and in RPMI medium (B). C. albicans cells were grown for 24 h in PDB medium or RPMI-1640 medium in the absence or presence of 6-gingerol or 6-shogaol. Hyphae
were visualized after incubation for 24 h. The scale bar represents 200 wm. None; non-treated control.

8-gingerol is probably similar to that of 6-gingerol and 6-shogaol ~ 6-ginerol and 6-shogaol regulated expression of genes involving
in C. albicans. membrane components, transport proteins, pathogenesis,

In the present study, we found the transcriptional stress, and biofilm formation (Supplementary Figure S3).
levels of several hyphae-specific and biofilm-related genes  KEGG analysis showed that 6-ginerol and 6-shogaol are
were significantly altered by 6-gingerol and by 6-shogaol  similarly associated with several metabolisms such as
(Supplementary Table S1). Gene ontology analysis showed that  glycerophospholipid, meiosis, ABC transport, and carbon
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FIGURE 5 | Transcriptional profiles of C. albicans cells treated with or without 6-gingerol or 6-shogaol. C. albicans was cultivated with or without 6-gingerol at
50 ng/ml or 6-shogaol at 10 pg/ml for 4 h with shaking at 250 rpm. Transcriptional profiles were obtained by gRT-PCR. Fold changes represent changes in the
transcriptions of treated vs. untreated C. albicans. The experiment was performed in duplicate (six gqRT-PCR reactions were performed per gene). *P < 0.05 vs.
non-treated controls (None).
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FIGURE 6 | Effects of 6-gingerol and 6-shogaol on C. albicans infected C. elegans. Nematode survival after exposure to C. albicans for 4 days in the presence of
6-gingerol (A) or 6-shogaol (B). The toxicities of 6-gingerol and 6-shogaol were determined by treating non-infected nematodes for 4 days (C). None indicates
non-treated controls. Worm survival was determined based on movement. *p < 0.05 vs. non-treated controls.
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metabolism  (Supplementary Figure S4). Most noticeably,
HWPI and ECEI were down-regulated, and ECEI is essential
for hyphal development and its expression has been shown to be
correlated with cell elongation and biofilm formation (Nobile
et al, 2006a). The down-regulations of HWPI and ECEI by
6-gingerol or 6-shogaol are consistent with their observed effects
on biofilm formation and hyphal development. HWPI encodes
a hyphal wall protein that is essential for hyphal development
(Nobile et al., 2006b) and intercellular adherence (Orsi et al.,
2014). Previously, we reported that camphor and fenchyl alcohol
from cedar leaf oil (Manoharan et al., 2017b) and alizarin from
the roots of the madder genus (Manoharan et al., 2017a) inhibit
C. albicans biofilm formation by reducing hyphal formation by
suppressing the gene expressions of HWPI and ECEI. Thus, it
appears that the ability to reduce hyphal formation is not rare
in the plant kingdom and that this offers a practical means of
inhibiting biofilm formation by C. albicans.

On the other hand, both 6-gingerol and 6-shogaol upregulated
the expressions of CDRI (Candida drug resistance, multidrug
transporter) and RTA3 (lipid-translocating exporter) about

10-fold. CDRI is a major ABC transporter, and in a previous
study, CDRI mRNA levels were found to be positively correlated
with an increase in azole resistance in C. albicans isolates and
to be up-regulated during biofilm formation (White, 1997).
Ramage et al. reported CDRI mutant was highly susceptible
to fluconazole when growing planktonically but retained the
resistant phenotype during biofilm growth (Ramage et al., 2002).
On the other hand, the RTA3 gene encodes Rtal p-like lipid-
translocating exporter and its expression was found to be
positively associated with CDRI expression (Whaley et al., 2016).
Hence, it is possible that C. albicans strives to pump out 6-
gingerol and 6-shogaol, which might increase azole-resistance
in C. albicans when azole antifungal agent(s) and 6-gingerol or
6-shogaol are co-administrated.

The emergence of multidrug resistant Candida strains has
driven investigations on alternative antifungal agents, and
antivirulence and antibiofilm agents have attracted considerable
research interest. The present study shows that the antibiofilm
effects of 6-gingerol and 6-shogaol on fluconazole-resistant
C. albicans DAY185 are due to the prevention of yeast-hyphal
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transition and not to the inhibition of fungal growth. Also, 6-
gingerol and 6-shogaol effectively reduced C. albicans virulence
in vivo in a Caenorhabditis elegans model with minimal chemical
toxicity under the conditions used. In conclusion, 6-gingerol and
6-shogaol have the antibiofilm and antivirulence activities against
a drug resistant C. albicans.
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Larval therapy (LT) is an alternative treatment for healing chronic wounds; its action is
based on debridement, the removal of bacteria, and stimulating granulation tissue. The
most important mechanism when using LT for combating infection depends on larval
excretions and secretions (ES). Larvae are protected against infection by a spectrum
of antimicrobial peptides (AMPs); special interest in AMPs has also risen regarding
understanding their role in wound healing since they degrade necrotic tissue and Kill
different bacteria during LT. Sarconesiopsis magellanica (Diptera: Calliphoridae) is a
promising medically-important necrophagous fly. This article reports a small AMP being
isolated from S. magellanica ES products for the first time; these products were obtained
from third-instar larvae taken from a previously-established colony. ES were fractionated
by RP-HPLC using C18 columns for the first analysis; the products were then lyophilised
and their antimicrobial activity was characterized by incubation with different bacterial
strains. These fractions’ primary sequences were determined by mass spectrometry
and de novo sequencing; five AMPs were obtained, the Sarconesin fraction was
characterized and antibacterial activity was tested in different concentrations with
minimum inhibitory concentrations starting at 1.2 wM. Potent inhibitory activity was
shown against Gram-negative (Escherichia coli D31, E. coli DH5a, Salmonella enterica
ATCC 13314, Pseudomonas aeruginosa 27853) and Gram-positive (Staphylococcus
aureus ATCC 29213, S. epidermidis ATCC 12228, Micrococcus luteus A270) bacteria.
Sarconesin has a significant similarity with Rho-family GTPases which are important
in organelle development, cytoskeletal dynamics, cell movement, and wound repair.
The data reported here indicated that Sarconesin could be an alternative candidate for
use in therapeutics against Gram-negative and Gram-positive bacterial infections. Our
study describes one peptide responsible for antibacterial activity when LT is being used.
The results shown here support carrying out further experiments aimed at validating
S. magellanica AMPs as novel resources for combating antibacterial resistance.

Keywords: antimicrobial peptide, Sarconesiopsis magellanica, sarconesin, larval therapy, insect peptide
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INTRODUCTION

Larval therapy (LT) involves applying sterile larvae (usually
Diptera from the Calliphoridae family) to an infected non-
healing wound (Raposio et al., 2017); its action is based on
four mechanisms: removing necrotic tissue (debridement),
disinfecting microorganisms, including methicillin-resistant
Staphylococcus aureus (MRSA) (Robinson, 1935; Mumcuoglu,
2001; Bexfield et al., 2004; Nigam et al., 2010), inhibiting and
eradicating biofilms (van der Plas et al., 2008; Cazander et al.,
2009; Gottrup and Jorgensen, 2011) and stimulating granulation
tissue for enhancing healing (Church, 1996; Thomas A.M.
et al.,, 1999; Sherman et al., 2000; Mumcuoglu, 2001; Wolff and
Hansson, 2005; Spilsbury et al., 2008).

It has been proposed that larvae release antimicrobial
ingredients into wounds in response to infection; some of these
ingredients are low molecular weight bacteriostatic compounds,
such as p-hydroxybenzoic acid, p-hydroxyphenylacetic acid,
dioxopiperazine proline (Huberman et al., 2007) and an
enigmatic compound (C;9H16NgOg) known as seraticin (Nigam
et al, 2010). Other compounds are antimicrobial peptides
(AMPs) originating from the immune system that, when applied
into wounds, contribute to their healing (Thomas A.M. et al,
1999; Bexfield et al., 2004). Such insect peptides belong to the
diptericin, cecropin, and defensin groups (Hoffmann and Hetru,
1992; Bulet and Stocklin, 2005). Lucifensin is one of the well
characterized AMPs; it is derived from Lucilia sericata larvae and
has been found as a constituent of larval excretions and secretions
(ES) (Cerovsky et al., 2010). This molecule was originally isolated
from Lucilia sericata larval intestine, later being detected in the
salivary glands, fat body and haemolymph. However, it has been
shown that it is the larval immune system which induces the
production of these substances in the fat body when activated in
response to an infectious environment (Valachova et al., 2013) for
its rapid release into the haemolymph.

Insects respond to bacterial attacks by rapidly producing
AMPs which have a broad spectrum of activity against Gram-
positive and Gram-negative bacteria, and against fungi; more
recently, it has been demonstrated that AMPs have activity
against some parasites and viruses (Yi et al, 2014). Insect-
isolated AMPs can be classified on the basis of their sequence
and structural characteristics into three categories: linear peptides
which can form an alpha-helical structure and contain no
cysteine residues, such as cecropins; cyclic peptides containing
disulphide bridges, such as defensins; and linear peptides having
remarkable contents of one or two amino acid (aa) residues,
mostly proline and/or glycine (e.g., pyrocoricins and diptericins)
(Bulet et al., 1999).

These peptides are conserved host immune system
evolutionary components forming part of the first line of
defense against infections and have been identified in almost
all life forms. Insect isolates make up the most abundant
group of more than 2,798 AMPs listed in the antimicrobial
peptide database'. AMPs are synthesized in the fat body (the
equivalent of the liver in mammals), epithelial cells and certain

Uhttp://aps.unmc.edu/AP/main.php

haemolymph cells (the equivalent of mammalian blood), and
spread throughout the body by this medium for counteracting
infection. Most of these peptides are cationic AMPs having a
molecular mass of less than 5 kDa (Brown and Hancock, 2006).
In contrast to conventional antibiotics, AMPs do not induce
microbial resistance and require only a short time to induce
microorganism death (Yeaman and Yount, 2003).

Microorganisms’ resistance to antibiotics represents an ever-
increasing difficulty; such situation becomes even more relevant
in relation to chronic wounds which are difficult to heal in
patients suffering underlying disease (such as diabetes and
cardiovascular failure). Polymicrobial colonization by different
bacterial strains often occurs in this type of lesion, forming a
biofilm, thereby making them more difficult to treat, control
and/or eradicate. Recent studies (O’Meara et al., 2014) have
demonstrated that conventional antibiotics do not promote
chronic wound healing, in addition to generating resistance in
bacteria, which is why their general use has been questioned
for treating the bacteria colonizing this type of wound. There is
thus a need to introduce new or re-emerging strategies which
may be effective against microorganisms in chronic, necrotic and
infected wounds which do not respond to antibiotic therapy.

Identifying and characterizing antibacterial compounds
involved in larval ES during LT is the starting point for the
search and typing of natural molecules in insects, mainly
dipterans from the Calliphoridae family (Yeaman and Yount,
2003). AMPs have been isolated from purified larvae in just
L. sericata (Cerovsky et al., 2010), L. cuprina (El Shazely et al.,
2013), and Calliphora vicina (Chernysh et al, 2015) whilst
lucifensins have been isolated from larvae, purified, characterized
and evaluated. They have been shown to be mainly effective
against Gram-positive bacteria, such as MRSA and its strains
(Andersen et al., 2010;Cerovsky and Bem, 2014). Amongst the
most recent studies on antimicrobial peptides isolated from
flies from the Calliphoridae family different to those obtained
from larval ES, it is worth mentioning a study by Yakovlev et al.
(2017) (Yakovlev et al., 2017), who studied the presence of AMPs
in the culture medium from both fat bodies and haemocytes
derived of Calliphora vicina larvae. They demonstrated that
both cell types synthesized and released an AMPs complex to
the culture medium, corresponding to defensins, cecropins,
diptericins, and proline-rich peptides. In another study, AMPs
extracted from C. vicina larval haemolymph were applied
in environments extremely contaminated by germs forming
biofilms (under in situ and in vitro conditions), exhibiting strong
destructive activity of the matrix and of bacteria adhered to it,
these bacteria were resistant to conventional antibiotics, such
as Escherichia coli, Staphylococcus aureus, and Acinetobacter
baumannii (Gordya et al., 2017). Likewise, this AMP complex
containing a combination of defensins, cecropins, diptericins
and proline-rich peptides, and interacting synergistically with
antibiotics of various classes, produced a much stronger action
on the bacterial strains (Staphylococcus aureus, Escherichia
coli, Pseudomonas aeruginosa, Klebsiella pneumoniae, and
Acinetobacter baumannii) and the biofilm materials, when
compared with the antibacterial effect on the same strains in a
model of planktonic cultures (Chernysh et al., 2018).
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The S. magellanica species has been reported in Argentina
(Mariluis and Mulieri, 2003), Bolivia, Chile, Ecuador and Perd
(Pape et al., 2004); Mariluis and Peris have described it as being
present in areas over 900 masl (Mariluis and Peris, 1984). In
Colombia, it is found in Boyacd and Cundinamarca departments
(Hardy, 1966). S. magellanica was reported as the first species
colonizing decomposing pigs in Bogota (an animal bio-model
similar to that of humans) (Goff, 2001). Its antibacterial activity
has been confirmed, giving better results than those for L. sericata
(Diaz-Roa et al, 2014) and it has already been evaluated
regarding LT, leading to good effects concerning diabetic wound
cicatrisation (Cruz-Saavedra et al., 2016) and in Leishmania
lesions (Cruz-Saavedra et al., 2016).

This study was thus aimed at characterizing a novel AMP
purified from S. magellanica ES. The antimicrobial activity of the
peptide so obtained against various Gram-positive and Gram-
negative bacteria was also evaluated.

MATERIALS AND METHODS

Adult S. magellanica Capture and Colony

Maintenance

Insect capture and colony maintenance followed a previously
described procedure (Diaz-Roa et al., 2014). Adult S. magellanica
forms were captured in the mountainous part of Bogotd’s
Parque Nacional; the park is located 2,600 masl (4°37'8.90N;
74°3'27.73W). Entomological nets were used for collecting
insects which were then stored alive in glass flasks for being
transported to the Universidad del Rosario’s Medical and
Forensic Entomology laboratory. The specimens were kept in
45 x 45 x 45 cm Gerber cages at 20-25°C, with 60-70% relative
humidity and a 12/12 h photoperiod. The adult forms were
fed on a sugar solution (carbohydrate source) and pigs’ liver as
protein feed necessary for providing continuity for the biological
cycle (Rueda et al., 2010); after adults had laid eggs on the liver
they were placed in a glass flask with a liver slice until maggots
hatched. The maggots were kept in this flask throughout the 3
instars until they reached the pre-pupa stage; they were then put
in a flask containing sand until the adults emerged to be released
in the same cages to continue the cycle. Third instar maggots were
used for extracting their ES.

Extracting S. magellanica ES

S. magellanica-derived ES were collected from third instar
larvae, following a previously described procedure (van der
Plas et al, 2008); about 200 larvae were used in each
assay. Third-instar larvae were incubated with a bacterial
suspension (OD595 = 0.5) of each selected strain to activate
the immune system and enhance the expression of products
having antibacterial activity (Kawabata et al., 2010; Jiang et al.,
2012). They were then placed in a 15 mL Falcon tube and
disinfected by adding 0.5% formaldehyde for 5 min followed
by replacing this solution with 0.5% hypochlorite with constant
shaking for the same amount of time and washed with sterile
PBS; 2 mL sterile PBS was then added to the larvae which
were incubated at 25°C for 1 h. The larval ES mixture was

removed by using a syringe and placed in another tube to
continue centrifuging at 13,000 g at 4°C for 10 min. The
precipitate was discarded and the supernatant with the ES was
sterilized by filtering through a 0.22 pm membrane and stored
at —70°C.

Peptide Purification

ES were partially purified by Sep-Pak C18 disposable columns for
the first analysis; bound material was eluted with 80% acetonitrile
(ACN) in acidified water and freeze-dried. S. magellanica
hydrophobic ES (80%) were then lyophilised and reconstituted
in 2mL trifluoracetic acid (0.05% TFA). ES were purified
by semi-preparative reverse-phase high-performance liquid
chromatography (RP-HPLC) using a C18 Jupiter column
(10 pm; 300A; 10mm x 250mm) at 2mL/min flow rate, as
previously described (Hou et al., 2011). Fractions were collected
manually, absorbance being monitored at 225nm. Each fraction’s
antibacterial activity was then determined. RP-HPLC (1mL/min
flow rate) was then used with fractions having antibacterial
activity, using an analytical C18 Jupiter column (10 pm; 300A;
4,6mm x 250mm). The Sarconesin gradient was open, ACN
concentration ranging from 44% to 54%. Absorbance was
monitored at 225nm, fractions were collected manually and
antibacterial activity was tested.

Antimicrobial Assays

A liquid growth inhibition assay was used for evaluating the
fractions’ antibacterial activity (Bulet, 2008; Wiegand et al., 2008).
Lyophilised fractions were suspended in 500 wL Mili Q water;
the assay was carried out using 96-well sterile plates. 20 wL
of the fractions were aliquoted into each well with 80 pL of
the bacterial dilution, to 100 L final volume. Bacteria were
cultured in poor nutrient broth (PB) (1.0 g peptone in 100 mL
of water containing 86 mM NaCl at pH 7.4; 217 mOsm).
Exponential growth phase cultures were diluted to 5 x 10*
CFU/mL (DO = 0.001) final concentration (Hetru and Bulet,
1997; Bulet, 2008; Poppel et al., 2015). Sterile water and PB
were used as growth control, and streptomycin was used as
growth inhibition control. Microtitre plates were incubated for
18 h at 30°C; growth inhibition was determined by measuring
absorbance at 595 nm. The assay for determining the minimum
concentration of peptide required to achieve 100% growth
inhibition was performed using a serial dilution in 96-well sterile
plates at 100 L final volume (Silva et al., 2000;Lorenzini et al.,
2003;Riciluca et al., 2012); 20 L stock solution was used in each
microtitre plate well at twofold serial dilution and added to 80 wL
of the bacterial dilution. The strains used were Staphylococcus
aureus ATCC 29213, S. epidermidis ATCC 12228, Escherichia coli
D31, E. coli DH5a, Pseudomonas aeruginosa 27853, Salmonella
enterica ATCC 13314, and Micrococcus luteus A270. Microbial
growth was measured by monitoring optical density at 595 nm
and assays were performed in triplicate (PerkinElmer Victor 3TM
1420 multilabel counter). The bacterial growth curve of S. aureus
with Sarconesin MIC and !'/2 MIC was measured every 15 min
for 1 h and then every hour for 12 h. Graph was background-
corrected by subtracting the OD595 of medium without bacteria
(Velema et al., 2013; Magi et al., 2015).
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Cytotoxicity (CC)

The toxicity of Sarconesin peptide against VERO cells (African
green monkey kidney fibroblast) was evaluated. Cells were
obtained from the American Type Culture Collection (ATCC
CCL81; Manassas, VA, United States) and maintained in
DMEM culture medium, supplemented with 10% heat-
inactivated calf serum. CC was determined using the MTT
colorimetric assay. Briefly, the cells were seeded in 96-well
plates (2 x 10° cells/well) and cultured for 24 h at 37°C
in a humidified atmosphere containing 5% CO,. Eight
two-fold serial dilutions of peptide were performed with
DMEM to give solutions with final concentrations ranging
from 4, 7 to 600 pM. Varying concentrations were added
and allowed to react with the cells for 48 h, followed by
the addition of 20 uL MTT (5 mg/mL in PBS) for another
4 h at 37°C. Formazan crystals were dissolved by adding
150 pL isopropanol and incubating at room temperature
until all crystals were dissolved. Absorbance at 550 nm was
measured using a microplate ELISA reader. Cell survival was
calculated using the following formula: survival (%) = (A550
of peptide-treated cells/A550 of peptide-untreated cells)*100
(Sayegh et al., 2016).

Haemolytic Activity

Fresh human red blood cells (hRBCs) were washed 3
times with PBS (35 mM phosphate buffer, 0.15 M NaCl,
pH 7.4) by centrifugation for 7 min at 1000 x g, and
resuspended in PBS to a final 4% (v/v) concentration.
Sarconesin solutions (serial 2-fold dilutions in PBS) were
added to 100 uL hRBC suspension to a final 200 pL
volume, and incubated for 1 h at 37°C. Hemoglobin
release was monitored by measuring the supernatant
absorbance at 405 nm with a Microplate ELISA Reader.
The haemolysis percentage was expressed in relation
to a 100% lysis control (erythrocytes incubated with
0.1% Triton X-100); PBS was wused as a negative
control (Nan et al, 2012;Chaparro and da Silva,
2016).

Mass Spectrometry

Active antibacterial fractions were analyzed by mass spectrometry
LC-MS/MS on a LTQ-Orbitrap Velos (Thermo Scientific)
coupled to an Easy-nLCII liquid nano-chromatography system
(Thermo Scientific). The chromatographic step involved using
5 nL of each sample automatically on a C18 pre-column (100 pm
ILD. x 50 mm; Jupiter 10 wm, Phenomenex Inc., Torrance,
California, United States) coupled to a C18 analytical column
(75 wm LD. x 100 mm; ACQUA 5 pwm, Phenomenex Inc.).
The eluate was electro-sprayed at 2 kV and 200°C in positive
ion mode. Mass spectra were acquired by FTMS analyser; full
scan (MS1) involved using 200-2,000 m/z (60,000 resolution at
400 m/z) as mass scan interval with the instrument operated
in data dependent acquisition mode, the five most intense
ions per scan being selected for fragmentation by collision
induced dissociation. The minimum threshold for selecting an
ion for a fragmentation event (MS2) was set to 5,000 cps.

The dynamic exclusion time used was 15 s, repeating at 30 s
intervals.

Bioinformatics

The MS/MS peak list files were submitted to an in-house
version of the MASCOT server (Matrix Science, United
States) and screened against the Uniprot database. PEAKS
8.5 (Bioinformatics Solutions Inc., Waterloo, Ontario, Canada)
de novo sequencing/database search software was used for
establishing sequences. Analysis involved 10 ppm error tolerance
for precursor ions and 0.6 Da for fragment ions. Oxidation was
considered a variable modification.

The Sarconesin sequence was analyzed for similarities with
the L. sericata and L. cuprina genome and transcriptome
and also with other proteins registered in the National
Center for Biotechnology (NCBI) public database, using the
Basic Local Alignment Search Tool (BLASTp), with default
parameters® (Altschul et al, 1997). The sequences’ physical-
chemical parameters were calculated using the PepCalc tool’.
Gene Runner was used for nucleotide translation to protein
and Seaview (Gouy et al, 2010) and Boxshade® was used
for making and formatting alignments’ shaded background.
The Chimera structure prediction tool (accessed through the
European Bioinformatics Institute® was used for obtaining the
three-dimensional (3D) images of secondary structure.

Circular Dichroism (CD)

The far-UV (190-250nm) CD spectrum of the peptide was
recorded in a Jasco J810 spectropolarimeter (Jasco Inc., Japan)
at 25°C and in a 0.1cm path length quartz cell. All CD spectra
were recorded after accumulation of 4 runs and smoothed using
a FFT (Fast Fourier Transform) filter to minimize background
effects. The solvents used in the experiment were pure water and
10, 30 and 50% v/v solutions of 2,2,2 trifluoroethanol (TFE) in
water.

Mechanism of Action

Membrane Integrity and Esterase Activity

Mid-log phase E. coli cells (2 x 10% CFU/mL) were incubated
with or without MIC peptide solution at 37°C. The bacterial
membrane integrity was measured by fluorometry and
microscopy using propidium iodide (PI) to 60 wM final
concentration in the dark for 15 min, followed by measuring
fluorescence with excitation/emission wavelengths of 485/620 nm
(Faisal et al., 2016). For Esterase activity, 180 pL were transferred
to a 96-well black plate which was added 20 pnL of 250 pM
5(6)-Carboxyfluorescein diacetate (CFDA), incubated in dark
for 30 min, followed by measurement of fluorescence with
excitation/emission wavelengths of 485/535 nm (Nocker et al.,
2011; Yang et al., 2017). PI microscope slides, were made by
depositing drops of melted agarose 1% (w/v); after placing 20 nL
of the cells onto solidified agar pad for immobilisation, the

Zhttp://blast.ncbi.nlm.nih.gov/ [accessed April 23, 2018]

3http://pepcalc.com/ [accessed April 30, 2018]

4http://www.ch.embnet.org/ software/BOX_form.html
*http://www.ebi.ac.uk/thornton-srv/databases/profunc/ [accessed April 30, 2018]
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dried culture was covered with a glass coverslip and observed
under a microscope (Carretero et al., 2018). Microscopy was
performed using a Leica TCS SP8 confocal laser scanning
microscope, the images were processed with Leica software
LASX.

DNA Staining

Treated and untreated bacterial cells were fixed on a slide,
permeabilised with ethanol, and stained with 4)6-diamidino-
2-phenylindole (DAPI) to visualize the DNA using a confocal
microscope.

Gel Retardation Assay

The binding of Sarconesin to E. coli DH5a genomic DNA was
evaluated by a gel retardation assay (Teng et al., 2014). E. coli
genomic DNA was extracted following the method of Landry
et al. (1993). Seven two-fold increasing amounts of Sarconesin
peptide (3.1 to 200 wM) were incubated for 1 hour with 500 ng
of genomic DNA. The mixture was incubated for 1 hour at room
temperature and analyzed by electrophoresis on a 0.8% agarose
gel (Yang et al., 2017).

Statistical Analysis
All statistical analyses were performed using GraphPad Prism
software (version 7.00). Bacterial growth curve after Sarconesin

treatment was compared to the untreated control using a one-
way ANOVA (a = 0.05). Statistical comparison of combination
treatment in toxicity assays was done using a one-way ANOVA
(a0 = 0.05) with Dunnett’s multiple comparisons test.

RESULTS

Peptide Purification

ES material, analyzed by RP-HPLC, was lyophilised, suspended in
water and antibacterial activity was tested. Antibacterial activity
was quantified by plate growth inhibition assay using a Gram-
positive M. luteus A270 bacteria as test-organism (Figure 1). Five
of these fractions had antibacterial activity. Fractions 2, 3, 4, and
5 had anti-P. aeruginosa activity whilst the other compounds
having no activity against P. aeruginosa were tested against
the Gram-positive M. luteus. Activity was found in fraction 1;
fractions having antimicrobial activity were eluted at 8.1, 50.9,
51.7,52.1, and 64.9 min and chromatographed again in the same
system with an analytic C18 column. All antimicrobial fractions
were analyzed by mass spectrometry; when compared through a
preliminary database search, just fraction 3 showed homogeneity
with Diptera proteins. Purification of this fraction revealed the
3.2 molecule, having antibacterial activity against M. [uteus.
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FIGURE 1 | Antimicrobial fractions from S. magellanica ES eluted with 80% ACN from a Sep-Pak cartridge obtained from the first purification step by RP-HPLC.
Chromatography involved using a semi-preparative Jupiter C18 column (10 pm; 300A; 10mm x 250mm) with a 0-80% linear gradient of ACN/0.05% TFA in
H20/0.05% TFA for 60 min at 2 mL/min flow rate. Absorbance was monitored at 225 nm. The fractions indicated by an asterisk had antimicrobial activity and were
eluted at 8.1, 50.9, 51.7, 52.1, and 64.9 min; fraction 3 labeled with an arrow was chromatographed again in the same system with an analytic Jupiter C18 column
(10um; 300A; 4.6mm x 250mm) and run in 44-54% solution B for 60 min (inset). The eluted 3.2 fraction (i.e., Sarconesin) had antibacterial activity and was purified.
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TABLE 1 | MIC, minimum inhibitory concentration; MIC refers to the concentration
needed for achieving 100% inhibition of growth.

Strain Sarconesin MIC
Gram + M. luteus A270 4.7 pM

S. aureus ATCC 29213 1.2 M

S. epidermidis ATCC 12228 1.2 uM
Gram — P, aeruginosa ATCC 27853 4.7 uM

E. coli D31 2.4 uM

E. coli DH5a 2.4 uM

S. enterica ATCC 13314 2.4 puM

Antimicrobial Assays

The peptides were studied regarding their potential for inhibiting
Gram-positive and Gram-negative bacterial growth. Sarconesin
MIC was the same (4.7 uM) for M. luteus A270 and P. aeruginosa
ATCC 27853; minimum MIC (1.2 M) was obtained for S. aureus
ATCC 29213 and S. epidermidis ATCC 12228, and E. coli D31 and
DH5a MIC was 2.4 wM (Table 1). Sarconesin MIC exhibited its
effect in the exponential phase of S. aureus growth curve, which
was reached after more than 180 min, incubation with 12 MIC
showed a decrease of the bacterial growth (Figure 2A).

Toxicity

The CC activity of Sarconesin was tested against the Vero
cell line (Figure 2B). No sign of CC was observed with
Sarconesin, even at the highest tested concentration, i.e.,
600 WM. The viability of the cells was approximately 92% after
exposure to Sarconesin. Selectivity index was not calculated
as no CC50 values were found in the maximum evaluated
concentrations. A very low (< 2%) haemolytic activity
was observed upon incubating human red blood cells with
Sarconesin at the highest concentration tested (600 pwM)
(Figure 2C).

Mass Spectrometry

Mass spectrometry analysis of the Sarconesin fraction
revealed a molecule having a mass of 1,471.84 Da. The
complete Sarconesin aa sequence obtained by PEAKS de
novo sequencing revealed a 13 aa sequence having a post-
translational modification (PTM): TPm( + 16)LLVGTKLDLR.
Collision-induced dissociation spectrum from mass/charge
(m/z) of its double charged ion gave [M + 2H]2 + ,m/z
736.9266 (Figure 3). Characterizing the peptide’s primary
structure with the MASCOT tool gave the TPFLLVGTQIDLR
sequence.

Knowing the sequence, proteomic, and peptidomic
bioinformatics tools were used for predicting Sarconesin’s
significant physicochemical characteristics. ExPASys (SIB
Bioinformatics Resource Portal) PepDraw and Pep-Calc.com
sequence analysis yielded a potential peptide isoelectric point
(pI), molar extinction coefficient and net charge (Table 2).
The peptide was predicted to have one Asp negatively-charged
aa residue and a positively-charged Arg residue, thereby
contributing to the peptide’s neutral characteristics (0 net
charge). Four of the 13 aa were predicted to be hydrophobic
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FIGURE 2 | Time growth curve and toxicity assays. (A) Growth curve of
S. aureus ATCC 29213 incubated with Sarconesin. Bacterial growth was
inhibited and antibacterial effect was detected in the exponential phase.
(B) Cytotoxicity and (C) Haemolytic activity of Sarconesin on the VERO cell
line and fresh human red blood cells respectively, showing a very low toxicity
even at the maximum tested concentration of 600 uM.

(1 Ile, 3 Leu), suggesting poor water solubility for Sarconesin.
ExPASy’s ProtParam tool predicted that the peptide would
remain intact for up to 7.2 h in mammalian reticulocytes
(in vivo), >20 h in yeast and >10 h in the Gram-negative
bacterium E. coli (in vivo). This was likely due to the presence of
a Thr (T) residue at the N-terminus.
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FIGURE 3 | The complete Sarconesin aa sequence was obtained by mass
spectrometry (MS/MS) fragmentation; representative de novo sequencing of
Sarconesin. CID spectrum from mass/charge (m/z) of its double charged ion
gave [M + 2H]2 + , m/z 736.9266. The ions from y (red) and b (blue) series
(marked at the top of the spectrum) represent the primary structure:

TPm( + 16)LLVGTKLDLR. The sequenced peptide’s internal fragments whose
jons were found in the spectrum are represented by standard aa letter code.

TABLE 2 | Physicochemical parameters calculated using ExXPASy PepDraw and
Pep-Calc.com (accessed April 30th 2018).

Peptide properties

Sequence: TPFLLVGTQIDLR Net charge vs. pH
Length: 13 y]

Mass: 1471.8372 .

Isoelectric point (pl): 6.42

Net charge at pH 7: 0 > i

+ 8.87 Kcal*mol ~!
poor water solubility
0 M~ TxemT

Hydrophobicity:
Estimated solubility:
Extinction coefficient 1:

Protein Model

A search for TPFLLVGTQIDLR in databases found matches
with cell division control protein 42 (CDC42) sequences from
humans, cows and fruit flies, having 100% sequence similarity.
All sequences are referred to by their NCBI accession numbers®
to minimize confusion: CDC42 cell division control protein
42 homologue OS = Bos taurus (Q2KJ93), CDC42_HUMAN
Chain A, structure of the Rho Family Gtp-binding protein
Cdc42 in complex with the multifunctional regulator Rhogdi
(gi| 7245832| IDOA_A), CDC42_DROME CDC42 homologue
OS = Drosophila melanogaster GN = Cdc42 PE =1 SV =1
(P40793). The BLASTp 2.6.1 4 tool for comparing the sequence
obtained with those for other Lucilia species proteins found
69% identity with a similar sequence previously report as a Ras-
related protein Racl [Lucilia cuprina, another blowfly from the
Calliphoridae family]: GenBank: KNC23156.1.

Sarconesin sequence was sought in the genomes and
transcriptomes reported for L. cuprina (genome ASM118794V1,
transcriptome ~ SRX907163) and L. sericata (genome
ASM101483V1, transcriptome ERX614478, 3-4 day pupa
transcriptome SRX087348). Sarconesin was found in all of them
(L. sericata genome scaffold JXPF01028806.1 and transcriptomes
ERR658157.22222021.1 and pupa SRR350018.17744834.1.
L. cuprina genome scaffold JRES01000256.1 and transcriptome
SRR1853100.27006533.2 (accessed May 16th, 2018) (Figure 4A).

Chttps://www.ncbi.nlm.nih.gov/

The exon containing Sarconesin in the JXPF01028806.1
scaffold (GenBank) was located and compared to other proteins
by Blastp for determining which organisms had the greatest
similarity with the gene. It was shown that this gene was
mainly present in other Diptera species (Stomoxys calcitrans
XP_013103099.1, Drosophila sechellia XP_002039460.1, Musca
domestica XP_005189222.1, Anopheles gambiae CAA93820.1,
and Ceratitis capitate XP_004518385.1), having 100% similarity.
It was established that Sarconesin formed part of a CDC42
conserved domain (Figure 4B). The Sarconesin model was
built using CDC42’s known structure (PDB ID: 1DOA) since
it has 100% identity with bovine CDC42 and a PDB model is
available. Figure 4C shows the homology model constructed for
Sarconesin.

Circular Dichroism (CD)

CD deconvolution software was not suitable for peptide analysis,
since it was designed for larger proteins (Bochicchio and
Tamburro, 2002), so the peptide’s secondary structure analysis
was thus made in a qualitative way, by comparing with
CD spectra obtained from known secondary structures of
the literature. CD spectra of the peptide were obtained at
25°C, in water and in TFE/water ranging from 0 to 50%
v/v (Figure 5). In water, the CD spectrum showed a strong
negative band around 208 nm and a moderate positive band
around 190 nm. As TFE concentration increased, the negative
band became less intense and the positive band became more
intense and a shoulder between 220 and 230 nm appeared.
TFE has the property of aggregating itself around peptide
molecules promoting the displacement of the solvation layer,
thereby favoring the formation of intra-peptide hydrogen bonds,
stabilizing the peptide’s secondary-structure. CD spectra features
suggested a mixture of 3j9-Helix and a-Helix conformations
(Berova et al., 2012). In water, the 3;9-Helix proportion was
favored and as the TFE concentration in solution increased,
the a-Helix contribution also increased, suggesting that the
a-Helix conformation could be predominant in low dielectric
environment, like in a phospholipidic membrane.

Mechanism of Action

Membrane Integrity and Esterase Activity

The red fluorescent dye propidium iodide (PI), which is kept
on the outside of intact membranes, can penetrate damaged cell
membranes and intercalate into nucleic acids. The fluorescence
intensity of PI indicates the level of cell membrane integrity. In
the absence of peptide, cells exhibited no PI staining, indicating
that membranes were intact (Figures 6, 7). After treatment with
Sarconesin, the percentage of PI-permeable E. coli cells increased.
This suggested that the inner membrane of E. coli was disrupted
after treatment with Sarconesin. Also, an alteration in the esterase
activity when compared with bacteria control was observed.

DNA Staining

Neither untreated bacteria nor Sarconesin-treated bacteria
showed DNA fluorescence, indicating that DNA was not
denatured with Sarconesin treatment (Figure 7).
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FIGURE 4 | Sarconesin alignment and protein model. (A) Sarconesin multiple sequence alignment against selected proteins. (https://www.ncbi.nlm.nih.gov/):
CDCA42 cell division control protein 42 homologue OS = Bos taurus (Q2KJ93), CDC42_HUMAN Chain A, structure of the Rho family Gtp-binding protein Cdc42 in
complex with the multifunctional regulator Rhogdi (gi| 7245832| 1DOA_A), CDC42_DROME Cdc42 homologue OS = Drosophila melanogaster GN = Cdc42 PE = 1
SV =1 (P40793), Ras-related protein Rac1 [Lucilia cuprina] GenBank: KNC23156.1. Sarconesin has 100% sequence similarity with CDC proteins and 69% with Rac
from L. cuprina. Translated sequences from L. sericata. Genome scaffold (JXPF01028806.1), transcriptomes ERR658157.22222021.1 and pupa
SRR350018.17744834.1 genome scaffold (JRES01000256.1) and L. cuprina transcriptome SRR1853100.27006533.2. (B) Conserved domains found in
JXPF01028806.1 L. sericata Blastp, showing Sarconesin a conserved residue from CDC42 domain. (C) Representative model of human CDC42 (PDB ID: 1DOA_A).
Sarconesin is encrypted in a site between residues 111 and 123 (green), which folds as a B-sheet.
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FIGURE 5 | CD spectra of the Sarconesin peptide in water and different
TFE/Water proportions.

DNA Gel Movement Retardation

In an attempt to clarify the molecular mechanism of action, DNA-
binding properties of Sarconesin were examined by analysing

electrophoretic migration of DNA. The migration of E. coli
genomic DNA suppressed by Sarconesin at 50, 100, and 200 wM
(Figure 8). This result indicated that Sarconesin can bind to
bacterial DNA.

DISCUSSION

Bacterial resistance against antibiotics has created special interest
in searching for new compounds as potential antimicrobial drugs
which might be more effective in developing new therapeutic
tools (Chernysh et al., 2015). The present work led to finding
a new sequence from S. magellanica; its antibacterial activity
was screened and its biochemical and structural properties were
elucidated by sequence homology. One AMP responsible for
the antibacterial activity previously reported in S. magellanica
was found (Diaz-Roa et al., 2014). Sarconesin was seen to have
1,471.8372 Da mass and similarity with Cdc42 and Rac proteins;
the AMP was embedded in a site between human Cdc42 residues
111 and 123, folding as a B-sheet. A search for the peptide in
AMPs database did not reveal any similarity with previously
reported AMPs; however, this new peptide could be part of the
family of linear AMPs (Giuliani et al., 2006).
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FIGURE 6 | Representative image showing change in the mean fluorescence
intensity of fluorescence probes Pl and CFDA (esterase activity) in E. coli
bacteria. Histogram represents changes in the mean + S.D of Pl and CFDA
fluorescence, obtained from three independent experiments (**p < 0.05 vs.
control).

The MIC obtained for Sarconesin in this study suggested
a potent activity, similar to that previously reported for other
peptides that are active below a 32 pg/mL concentration (Cézard
et al., 2011), also, the thanatin peptide has shown a MIC below
2.5mM, which highlights that Sarconesin required less peptide
to inhibit bacterial growth (Bulet et al, 1999). This further
supports the importance of new effective substances, knowing
that several bacteria do become resistant after some days or even
hours of exposure (Giacometti et al., 1999). Also, the growth
curve of S. aureus showed that Sarconesin has effect in less than
180 min of incubation. It should be stressed that the fractions
having antibacterial activity were absent in the peaks having
the greatest absorbance; this has already been observed in other
work where defensin, diptericin (Chernysh et al., 2015) and
lucifensin have been detected in very tiny peaks (Cerovsky et al.,
2010).

Sarconesin has C-terminal R and N-terminal T residues,
when a search by homology was made, a K residue was
found immediately before the N-terminal T, suggesting that
it might be targeted by trypsin-like activity (Chay Pak Ting
et al, 2011). The peptide obtained could have resulted from
the presence of some proteases and other enzymes in the
ES, taking into account that our experimental procedure
did not involve trypsin treatment (Nigam et al., 2010);
it has already been reported that ES have trypsin and
chymotrypsin in their content (Sandeman et al., 1990;Telford
et al., 2011). Sarconesin could be a product of processing
the Cdc42 or Rac protein and have other functions in
the blowfly related to cell cycle; the derived Sarconesin
also has antibacterial activity. It is worth emphasizing that
Rac’s antimicrobial activity has not been reported before in
Calliphoridae blowflies.

As Sarconesin was also present in S. scrofa and the flies’ food
supplement was liver, it could be possible to assume that the
peptide was a subproduct of CDC42 from S. scrofa and not

FIGURE 7 | Confocal microscopy analysis of bacteria incubated with
Sarconesin. PBS-, Ciprofloxacin- and Sarconesin-treated bacteria stained
with DAPI (1-3). PBS- and Sarconesin-treated bacteria stained with Pl (4-5).

from S. magellanica. However, the presence of Sarconesin in
the transcriptome and genome of other Lucilia species showed
that this peptide is present in such blowflies, maybe as a sub-
product of Diptera. Indeed, multi-omics studies of maggots
for larval therapy usually involve using insects fed on bovine
liver (Sze et al., 2012; Anstead et al., 2015). The Sarconesin
peptide was also present in studies with maggots fed on sheep
blood agar as supplement (Poppel et al., 2015; Franta et al,
2016). This exon was also searched in through blast to discard
whether it had greater similarity with Diptera species than
with S. scrofa. It was found to be more similar with Diptera
species having different feeding habits and was also associated
with a CDC42 conserved domain. Sarconesin was also found
in pupa transcriptome having no contact with liver residue,
showing that this peptide’s origin could most likely be from the
fly.

ES pH is usually 8-8.5 (i.e., in Phaenicia sericata) (Erdmann,
1987; Thomas S. et al, 1999) because of a waste product
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FIGURE 8 | Interaction of Sarconesin with bacterial genomic DNA by a gel
migration assay. M, DNA marker GeneRuler 1Kb; 1-8, the Sarconesin
concentrations were 0, 3.1, 6.25, 12.5, 25, 50, 100, and 200 M.

(ammonia), since ammonia increases wound pH, resulting in
alkaline conditions which are unfavorable for many bacterial
species (van der Plas et al, 2008; Cazander et al., 2009).
Sarconesin’s net charge would thus be negative as Sarconesin is
present in ES and knowing that a protein’s net charge is positive at
pH below pI (Shaw et al., 2001) (Table 2). This makes Sarconesin
an anionic peptide in normal conditions in ES. The mechanism of
action regarding bacteria could involve translocation across the
membrane (the common mode of action for anionic peptides)
(Phoenix et al., 2013), knowing that AMPs can function as
direct antimicrobial compounds (Diamond et al., 2009) and also
as effector molecules induced upon microbial infection (Zhang
etal., 2013).

Sarconesin has 100% sequence similarity with different
organisms’ CDC42 protein and 69% identity with RAC from
L. cuprina. Both proteins form part of the Rho-family
GTPases (Wennerberg and Der, 2004); Sarconesin may have
a similar intracellular mechanism of action, knowing that this
protein’s expression activates growth factors (Higuchi et al,
2001) and acts as a molecular switch by responding to
exogenous and/or endogenous signals, relaying such signals
to activate an intracellular biological pathway’s downstream
components (Johnson, 1999). As the PI assay showed, Sarconesin
was confirmed to have a membrane disruption mechanism
that has already been reported for other AMPs due to
electrostatic interactions, which can be probably followed by
hydrophobic patches’ insertion into the non-polar interior of
the membrane bilayer (Khamis et al., 2015), having a barrel-
stave model for the channel pore similar to Alamethicin

that, as Sarconesin, has a 3jg-helix conformation (Nagao
et al, 2015). Some morphological changes on bacteria were
observed in Sarconesin PI experiment (Figure 7), these most
likely occurred when the antimicrobial agent attacked the cell
membrane, as has been previously reported by Hyde (Hyde et al.,
2006).

Sarconesin induced the release of 6-carboxyfluorescein,
indicating an effect resulting from a transient destabilization of
the bilayer upon initial interaction, a similar effect previously
reported for the magainin-2 peptide (Oren and Shai, 1998). The
bacterial DNA, when incubated with Sarconesin and DAPI, did
not show degradation and the gel retardation assay showed that
Sarconesin strongly bound to DNA in vitro, thus suggesting the
possibility of inhibiting intracellular functions via interference
with DNA (Shi et al., 2016).

The selectivity index was not established, nevertheless, no
CC was found. These findings would point toward the existence
of an appreciable selectivity of this compound against bacteria
and, therefore, this observation may be an indicator of their
safety as drugs for mammalian organisms. To verify whether
the peptide was able to disrupt human erythrocyte membranes
in an attempt to evaluate the peptide’s future pharmacological
potential, a haemolytic assay was performed, where the peptide
displayed a very low (<2%) haemolytic activity in a 600 wM
final concentration. The haemolytic activity decreased to 0% in a
concentration ranging between 600 and 300 uM (Figure 2C). As
expected, the peptide has no relevant toxic potential, even when
tested a concentration 128 times higher than the M. luteus and
P. aeruginosa MIC (i.e., 4.7 wM), based on the fact that Sarconesin
is identical with a conserved domain from CDC42, molecule
present in different human cells that acts as a molecular switch
in the control of a variety of eukaryotic processes (Johnson,
1999).

Sarconesin may also have implications for wound healing. It
has previously been reported in cell culture that ES from other
necrophagous flies increase fibroblast proliferation for wound
healing (Polakovicova et al., 2015). Also, specifically Sarconesin
has been previously reported as an angiogenesis biomarker of
recovery after acute kidney injury, so could be a good candidate
for future wound evaluation activities (Titulaer, 2013). The Rho
family also has wound-healing properties and the role of GTPases
in epithelial remodeling during wound-healing and epithelial-
mesenchymal transitions has also been previously reported (Van
Aelst and Symons, 2002). There is also evidence that Cdc42
plays a major role in wound healing, regarding host defense
against infection (Lee et al., 2013). Previously identified natural
AMPs from insects are produced by bacteria, fungi, numerous
invertebrates, vertebrates, and plants and are usually associated
with killing microbes, although they could also be involved in
wound repair, inflammation, chemotaxis, and cytokine activity
(Ratcliffe et al., 2014).

This article reports, for the first time, a small antimicrobial
peptide which is a member of a new Rho family; it contains 13
residues and is active against Gram-positive and Gram-negative
bacteria. The native peptide was purified from S. magellanica by
RP-HPLC and characterized by amino acid sequencing. Further
studies aimed at evaluating its activity against other bacteria,
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fungi, viruses, and parasites are needed, as well as ascertaining
its mechanism of action and investigating its action in wound

healing.
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Lectin-Like Bacteriocins

Maarten G. K. Ghequire™, Basak Oztiirk?t and René De Mot

' Centre of Microbial and Plant Genetics, KU Leuven, Leuven, Belgium, ? Leibniz-Institut DSMZ-Deutsche Sammlung von
Mikroorganismen und Zellkulturen, Braunschweig, Germany

Bacteria produce a diverse array of antagonistic compounds to restrict growth of
microbial rivals. Contributing to this warfare are bacteriocins: secreted antibacterial
peptides, proteins and multi-protein complexes. These compounds typically eliminate
competitors closely related to the producer. Lectin-like bacteriocins (LIpAs) constitute
a distinct class of such proteins, produced by Pseudomonas as well as some
other proteobacterial genera. LIpAs share a common architecture consisting of two
B-lectin domains, followed by a short carboxy-terminal extension. Two surface-
exposed moieties on susceptible Pseudomonas cells are targeted by the respective
lectin modules. The carboxy-terminal domain binds D-rhamnose residues present
in the lipopolysaccharide layer, whereas the amino-terminal domain interacts with a
polymorphic external loop of the outer-membrane protein insertase BamA, hence
determining selectivity. The absence of a toxin-immunity module as found in modular
bacteriocins and other polymorphic toxin systems, hints toward a novel mode of killing
initiated at the cellular surface, not requiring bacteriocin import. Despit