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ABSTRACT

In the antibiotic resistance era, utilizing understudied sources for novel antimicrobials or antivirulence agents can provide new advances against
antimicrobial resistant pathogens. In this study, we aimed to investigate antibacterial and antibiofilm activities of Posidonia oceanica (L.) Delile
against Enterococcus faecalis ATCC 29212, Staphylococcus aureus ATCC 25923, Escherichia coli ATCC 25922 and Klebsiella pneumoniae ATCC 700603
and several S. aureus clinical isolates obtained from medical devices, including patient urinary catheters and breast implant infections, with varying
antibiotic recalcitrance profiles. The ethanolic and methanolic extracts from P. oceanica rhizome exhibited significant antibacterial activity against
E. faecalis and S. aureus, as well as drug resistant S. aureus clinical isolates. Furthermore, significant antibiofilm activity was observed against
S. aureus and E. faecdlis treated with ER, MR!, and MR2. P. oceanica extracts also exhibited synergistic antimicrobial activity with ciprofloxacin
against E. faecalis, sensitizing E. faecalis to a lower ciprofloxacin concentration. Collectively, our data demonstrate the selective antibacterial and
antibiofilm activity of the extracts of P. oceanica against Gram-positive bacteria and clinical isolates along with potentiation of current antibiotics,
which suggests that P. oceanica can be further investigated as a potential source for novel therapeutic options in the treatment of drug resistant
bacterial infections.

Abbreviations: AMR, antimicrobial resistance; ATCC, American Type Culture Collection; BISA, breast implant Staphylococcus aureus; CLSI, Clinical
and Laboratory Standards Institute; CV, crystal violet; DMSO, dimethyl sulfoxide; ER, ethanolic rhizome extract; FIC, fractional inhibitory con-
centration; GC-MS, gas chromatography-mass spectrometry; HUC, human urinary catheter; MBC, minimum bactericidal concentration; MIC,
minimum inhibitory concentration; MR, methanolic rhizome extract; MRSA, Methicillin Resistant Staphylococcus aureus; MSSA, Methicillin Sensitive
Staphylococcus aureus; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide; VRE, Vancomycin Resistant Enterococcus faecalis..
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1. Introduction

Antimicrobial resistance (AMR) is a growing global health crisis and a serious public health threat, particularly spreading among
pathogenic bacteria in nosocomial settings. The emergence and spread of new AMR among bacterial pathogens limit the efficacy of
antibiotics, thus, negatively impacting the treatment of bacterial infections worldwide [1]. A fundamental mechanism by which
pathogenic microorganisms negatively impact healthcare settings is by colonizing and forming biofilms on surfaces, prosthetics, or
other implanted medical devices. Microbial biofilms, communities of bacteria enclosed in an exopolysaccharide matrix with a reduced
metabolism, provide an increased level of recalcitrance to antimicrobial agents and many other environmental stressors, including the
host immune system [2,3]. If new antibiotics aren’t discovered and implemented, death by AMR pathogens is predicted to exceed 10
million each year and outnumber cancer deaths by 2050 [4] highlighting an unprecedented need for novel therapeutic approaches.
One promising strategy to combat these infections is to identify and target essential mechanisms of virulence. Another strategy has
been to potentiate current antibiotics that have been rendered ineffective against pathogens by AMR.

Marine organisms produce various bioactive compounds and secondary metabolites with the potential to combat pathogenic
microorganisms [5,6]. Seagrasses, important members of marine ecosystems, are unique vascular plants that are tremendous sources
of bioactive compounds which can grow only in sub-marine environments. Posidonia oceanica (L.) Delile, a member of the Pos-
idoniaceae family, is an endemic seagrass to the Mediterranean Sea [7]. P. oceanica has a significant role in retaining marine eco-
systems by providing shelter and nutrition sources for a wide range of marine life, while its rhizomes help stabilize the seafloor [8].
Several studies have shown that the plant organs of P. oceanica consist of various compounds, including phenols, carbohydrates,
flavonoids and carboxylic acids with a variety of biological activities, including anticancer and antioxidant effects [7-10]. For
example, the anticancer activity of rhizome and leaf extracts of P. oceanica against HepG2 hepatocarcinoma cells were evaluated and
the results revealed dose-dependent cytotoxicity [11]. Additionally, antidiabetic, antioxidant, and vasoprotective effects of P. oceanica
lyophilized leaves were previously shown in vivo using rat models, where safety of aqueous preparation in rat models at 50, 150, and
250 mg/kg was demonstrated [12].

Similarly, molecules obtained from sea grasses such as linoleic acid were shown to inhibit Staphylococcus aureus growth via
increasing membrane permeability [13]. It was previously shown that a novel sesquiterpene, posidonizol, obtained from the chlor-
oformic extractions of P. oceanica exhibited promising antibacterial activity against S. aureus, Staphylococcus epidermidis, and Micro-
coccus luteus [14]. Furthermore, a polypeptide identified from aqueous extracts of P. oceanica was reported to exhibit antibacterial
activity and displayed significant antibiofilm activity against well characterized S. aureus and Enterococcus faecalis [11]. However, the
interaction of P. oceanica with commonly used antimicrobials or its impact on drug resistant/recalcitrant clinical isolates derived from
patients’ medical device associated infections or their biofilm forming capabilities remained unknown.

In this study, we demonstrate the antibacterial and antibiofilm activities of P. oceanica extracts obtained from leaves and rhizomes
collected from the northern shores of Cyprus, against selected Gram-positive and Gram-negative bacteria, including drug resistant
clinical isolates, while also demonstrating synergistic activity of P. oceanica extracts with commonly prescribed antibiotics. We also
demonstrate that P. oceanica has inhibitory function against medical device associated clinical isolates obtained from urinary catheters
or breast implant infections with varying antimicrobial resistance profiles.

2. Results and discussion
2.1. Yield of different solvent extracts from leaves and rhizomes of P. oceanica

P. oceanica extracts were generated utilizing various organic solvents including acetone, chloroform, methanol, ethanol, and
dichloromethane. The methanolic extraction protocol exhibited the highest yield whereas the dichloromethane extraction exhibited
the lowest yield for both the leaves and rhizomes compared to other tested solvents (Table 1). The methanolic extraction of the rhizome
revealed two layers of crude extract. Thus, they were separated into two parts as: Viscous (MR') and Granulated (MR?). Ethanolic and
methanolic extraction protocols led to higher yields in rhizome extracts. Methanol and ethanol solvents were shown to be good sol-
vents for the extraction of bioactive compounds with antibacterial potencies from various marine organisms [15,16]. Solvents with
lower polarities such as acetone, dichloromethane, and chloroform revealed higher yields in leaf extracts (Table 1) suggesting that the
rhizome, subterranean organ of P. oceanica, possess higher amounts of polar compounds, whereas, the leaves, which arise from
orthotropic rhizomes, possess higher amounts of nonpolar compounds.

Table 1

Yield obtained from 10 g of each sample of leaves and rhizomes using selected solvents.
Solvent(s) Leaf Rhizome

Total (g) Percentage (%) Total (g) Percentage (%)

Methanol 1.644 16.44 3.949 39.49
Ethanol 0.974 9.74 2.641 26.41
Acetone 0.390 3.90 0.192 1.92
Dichloromethane 0.109 1.09 0.089 0.89
Chloroform 0.193 1.93 0.144 1.44
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2.2. Antimicrobial activities of the extracts against selected Gram-positive and Gram-negative bacteria

In order to assess the antimicrobial activities associated with P. oceanica extracts, a microdilution method was used to assess
minimum inhibitory concentrations (MIC) against Enterococcus faecalis ATCC 29212, Staphylococcus aureus ATCC 25923, Escherichia
coli ATCC 25922, and Klebsiella pneumoniae ATCC 700603, as well as various antimicrobial resistant S. aureus clinical isolates. MIC
assays revealed significant antibacterial activity of the rhizome (MR!, MR?, and ER) extracts of P. oceanica against S. aureus ATCC
25923 and E. faecalis ATCC 29212 at MIC of 1, 1, and 0.5 mg/mL, respectively (Table 2). Minimum bactericidal concentration (MBC) of
ER against S. aureus ATCC 25923 and E. faecalis ATCC 29212 were >4 and 1 mg/mL, respectively, whereas that of MR', and MR? was
>4 and 2 mg/mlL, respectively. However, the leaf extracts did not exhibit antibacterial activity against S. aureus ATCC 25923 or
E. faecalis ATCC 29212 (Supplemental Table 1). Additionally, none of the extracts had antibacterial activity against the tested Gram-
negative bacteria (Table 2 and Supplemental Table 1), which may be due to the presence of an outer membrane in Gram-negative
bacteria that can limit entry of bioactive molecules [17]. This is in line with previous findings from other marine plants where ex-
tracts of brown seaweeds were found to be more active against Gram-positive bacteria when compared with Gram-negative bacteria
[18]. In addition to brown seaweeds, the same specific targeting of Gram-positive bacteria rather than Gram-negative bacteria was also
observed with red seaweed extracts [19,20]. Interestingly, ER was found to have a slightly higher antibacterial activity compared to
MR}, and MR?2 likely due to the differences in the bioactive compound composition. Due to efficacy of rhizome extracts in comparison
to the leaves, we further investigated the antibacterial and antibiofilm potency of rhizome extracts.

In addition to the classical ATCC strains, we tested the P. oceanica ethanolic extract on the well-characterized JE2 strain, an MRSA
(Methicillin Resistant S. aureus) skin infection isolate [21], as well as various S. aureus clinically derived isolates obtained from pa-
tients. These clinical isolates were obtained from patient urinary catheters [termed HUC (human urinary catheter)] [22] or from breast
implant infections [termed BISA (breast implant S. aureus)] that occurred in women following reconstructive surgery post-mastectomy
[23]. These isolates have varying antimicrobial resistance profiles (Table 3). To get insight towards the mechanisms of antimicrobial
resistance, PCR was utilized to assess methicillin sensitivity of the clinical isolates via mecA gene amplification, which is known to
confer methicillin resistance among S. aureus clinical isolates. Amplicon corresponding to 162 bp band indicated that the mecA gene is
encoded only by the established MRSA strain, JE2 (Supplemental Fig. 1). Our previous study indicated that the MSSA (Methicillin
Sensitive S. aureus) BISA isolates, obtained from two different breast implant infection patients are resistant to the antibiotic bacitracin,
but susceptible to the antibiotics gentamicin and cefazolin, which are commonly prescribed clinically to prevent and treat breast
implant infections (Table 3) [23]. However, during biofilm formation, these isolates are recalcitrant to more than four times the MIC of
cefazolin and gentamicin, potentially explaining why these strains caused infection despite standard prophylactic cefazolin admin-
istration [23]. Here, we show the MSSA urinary catheter isolates HUC 86-07c, 95, 111-0Olc are sensitive to gentamicin, cefazolin,
ciprofloxacin, and nitrofurantoin, which are commonly prescribed antibiotics to treat S. aureus urinary tract infections (Table 3). In
contrast, HUC 97-02 displayed resistance to ciprofloxacin, but remained susceptible to cefazolin, gentamicin, and nitrofurantoin
(Table 3). MIC studies carried out on these isolates with P. oceanica ethanolic extract revealed MIC values ranging from 0.2 to 0.4
mg/mL (Table 4). Specifically, while the BISA isolates were inhibited by the ethanolic extract at 0.2 mg/mL, the MRSA skin isolate JE2
was inhibited at 0.4 mg/mL (Table 4). The inhibitory concentration of the HUC isolates also ranged from 0.2 to 0.4 mg/mL (Table 4).
Notably, the MSSA catheter isolate HUC 97-02 was inhibited at a relatively low concentration of 0.2 mg/mL, despite its antimicrobial
resistance against ciprofloxacin. These clinical isolates occupy unique niches and have differential virulence factors pre-
sence/expression in order to optimally adapt to the site of infection. Therefore, the differential expression and niche profile of isolates
may be a determining factor in the slight sensitivity differences. Future investigations will focus on understanding the determinant,
including structural elements or virulence factors, that dictates bacterial sensitivity towards P. oceanica bioactive molecules.

2.3. Biofilm inhibition potencies of MR!, MR?, and ER extracts on Gram-positive bacteria

Next, we evaluated the antibiofilm activity associated with P. oceanica extracts. Ethanolic and methanolic extracts of P. oceanica
revealed significant antibiofilm activity against S. aureus and E. faecalis. ER significantly reduced biofilm formation by 84.72 % (15.28
+ 0.58 % biofilm formation vs control, p < 0.01) at 0.25 mg/mL for S. aureus ATCC 25923 (Fig. 1A) and by 83.21 % (16.79 + 0.17 %

Table 2

MIC values of the crude extracts obtained from different extractions rhizomes of Posidonia oceanica against Gram-positive and Gram-negative bac-
teria. Data represented as the standard error of mean (+S.E.M). MR'-viscous part from the methanolic crude extract of rhizome. MR?-granulated part
from the methanolic crude extract of rhizome. ER-ethanolic extract of the rhizome. NC-no change.

Extract Gram- positive bacteria Gram-negative bacteria

S. aureus ATCC 25923 E. faecalis ATCC 29212 E. coli ATCC 25922 K. pneumoniae ATCC 700603

Rhizome (mg/mL) MR! 1+0 1+0.33 NC NC
MR? 1+0 1+0.17 NC NC
ER 05+0 0.5+ 0.17 NC NC
Acetone NC NC NC NC
Dichloromethane NC NC NC NC
Chloroform NC NC NC NC

Control (mg/L) Ciprofloxacin 0.125+0 0.5 + 0.083 0.008 + 0 0.125 + 0.021
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Staphylococcus aureus clinical isolates obtained from patient urinary catheters or breast implants with varying antibiotic resistance/recalcitrance
profiles. MRSA-Methicillin Resistant S. aureus. MSSA-Methicillin sensitive S. aureus. Gent-Gentamicin. Cef-Cefazolin. Bac-Bacitracin. Cipro-Cipro-
floxacin. Nitro-Nitrofurantoin. BISA-breast implant S. aureus. HUC-human urinary catheter. S-susceptible. R-resistant. N/A-not applicable.

Strains Isolation site Details Antimicrobial Susceptibilities
Gent Cef Bac Cipro Nitro MethicillinR/mecA Reference

JE2 Skin Well-characterized S S R R S MRSA/YES This study and [24]
BISA 117 Breast Implant Clinical S S R N/A N/A MSSA/NO 23

BISA 158 Breast Implant Clinical S S R N/A N/A MSSA/NO 23

HUC 86-07c Urinary Catheter Clinical S S N/A S S MSSA/NO This study and [25]
HUC 95 Urinary Catheter Clinical S S N/A S S MSSA/NO This study and [25]
HUC 97-02 Urinary Catheter Clinical S S N/A R S MSSA/NO This study and [25]
HUC 111-01c Urinary Catheter Clinical S S N/A S S MSSA/NO This study and [25]

Table 4

MIC (mg/mL) values of the ethanolic rhizome extraction (ER) of Posidonia oceanica against clinical isolates of Staphylococcus aureus.

Clinical Isolates of S. aureus

Ext t
xtrac JE2 BISA 117 BISA 158 HUC86-07c¢ HUC95 HUC97-02 HUC111-01¢
ER 0.4 0.2 0.2 0.4 0.4 0.2 0.4
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Fig. 1. Antibiofilm activity of Posidonia oceanica rhizome extracts against Staphylococcus aureus ATCC 25923 treated with (A) ethanolic extract (ER),
(B) viscous methanolic (MR') and (C) granulated methanolic (MR?) extract in comparison to controls (C). Data represented as mean + S.E.M (n = 3;

* =p < 0.05 and ** = p < 0.01).
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Fig. 2. Antibiofilm activity of Posidonia oceanica rhizome extracts against Enterococcus faecalis ATCC 29212 (A) ethanolic extract (ER), (B) viscous
methanolic (MR!) and (C) granulated methanolic (MR?) extract in comparison to controls (C). Data represented as mean + SEM (n=3; *=p <

0.05 and ** = p < 0.01).
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biofilm formation vs control, p < 0.01) at 0.5 mg/mL for E. faecalis ATCC 29212 (Fig. 2A). Furthermore, MR! significantly inhibited the
biofilm formed by S. aureus ATCC 25923 by 95.39 % (4.61 + 0.16 % biofilm formation vs control, p < 0.01) at 0.5 mg/mL (Fig. 1B) and
by 93.53 % (6.47 + 0.52 % biofilm formation vs control, p < 0.01) at 1 mg/mL for E. faecalis ATCC 29212 (Fig. 2B). Moreover, MR?
displayed a concentration dependent biofilm inhibition activity for both E. faecalis ATCC 29212 and S. aureus ATCC 25923. The biofilm
formation was reduced by 91.89 % (8.11 + 4.38 % biofilm formation vs control, p < 0.01) and 95.69 % (4.31 + 0.54 % biofilm
formation vs control, p < 0.01) for S. aureus ATCC 25923 (Fig. 1C) and E. faecalis ATCC 29212 (Fig. 2C), respectively, at 0.5 mg/mL. In
addition to the ATCC strains of S. aureus and E. faecalis, clinical isolates were assessed in the biofilm inhibition assays using P. oceanica
ethanolic extract. P. oceanica ethanolic extract did not exhibit any significant biofilm inhibitory activity against the tested clinical
isolates (Supplemental Fig. 2). However, a significant reduction in the biofilm formed by the MRSA JE2 isolate was observed using only
ER at the sub-MIC concentration of 0.1 mg/mL (Supplemental Fig. 2). The specific biofilm inhibition of the JE2 MRSA skin isolate by
P. oceanica but not the clinical catheter/breast implant MSSA strains indicate that bioactive molecules within these extracts may be
developed into therapies that specifically target (i) drug resistant (i.e. MRSA) strains or (ii) niche specific biofilm factors required for
the skin infection rather than device infection.

2.4. Effect of MR!, MR?, and ER extracts on pre-formed biofilms of Gram-positive bacteria

To assess any effect of the extracts against a pre-formed biofilm, established biofilms were treated with P. oceanica extracts and MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide) assays were carried out. Since the MTT assay measures cellular
metabolic activity, this assay is used as an indicator of cell viability and proliferation. This method was selected to be able to
differentiate between the metabolically active and dead bacterial populations, since Crystal Violet stain detects dead cells/extracel-
lular matrix in addition to the viable cells within the biofilm complex, in a non-discriminatory fashion [26,27]. When pre-formed
biofilms were treated with P. oceanica extracts, there was a significant reduction in the viability of both S. aureus and E. faecalis
treated with ER, MR!, and MR? at high concentrations despite no change in biofilm mass (Table 5). Furthermore, at 1 mg/mL, only ER
displayed an inhibitory effect against E. faecalis ATCC 29212 (64.46 % antimicrobial activity compared to the control). In contrast, all
extracts inhibited S. aureus ATCC 25923 at 1 mg/mL (Table 5). At both 2 mg/mL and 4 mg/mL, ER, MR!, and MR? exerted antimi-
crobial activity against E. faecalis ATCC 29212 and S. aureus ATCC 25923 in their pre-formed biofilm state. For example, at 4 mg/mL,
ER, MR}, and MR? antimicrobial activity values compared to controls were determined as 52.65 %, 54.00 % and 60.11 % for S. aureus
and 72.93 %, 58.33 % and 52.48 % for E. faecalis (Table 5).

2.5. Synergism of MR!, MR?, and ER extracts with ciprofloxacin against Gram-positive bacteria

In order to investigate the synergistic activity of P. oceanica with commonly used antibiotics, we have established an OD based
fractional inhibitory concentration (FIC) index assay with ciprofloxacin using E. faecalis ATCC 29212 and S. aureus ATCC 25923. When
different concentrations of ciprofloxacin and ER were used against S. aureus, no additive difference was observed (Table 6). However, a
combination of 0.16 mg/mL of ER and 0.002 mg/L ciprofloxacin was found to have an additive antimicrobial effect on E. faecalis.
Furthermore, the combination of 0.08 mg/mL of both methanolic extracts (MR! and MR?) with 0.25 mg/L of ciprofloxacin also
revealed a synergistic effect against E. faecalis. Although, future studies will detail the mechanism behind the synergistic interactions of
plant extract and antibiotic combinations, the bioactive compound complexity of plant extracts could be a contributing reason that
enhances the therapeutic potentials of the antibiotics [26-29]. For instance, the ER extract may have an influence on the cell wall
integrity of E. faecalis or S. aureus which enhances the permeability of ciprofloxacin. Furthermore, with the increasing incidence of
drug resistant enterococci, including VRE (Vancomycin Resistant E. faecalis) [30], the ability of these extracts to resensitize Entero-
coccus to antibiotics like ciprofloxacin could provide strategies for extending the efficacy of antibiotics. While indifference effect was
observed against S. aureus, none of the combinations showed any antagonistic activity against any of the tested bacteria (Table 6).

2.6. Gas chromatography-mass spectrometry (GC-MS) study of bioactive extracts

P. oceanica, a common marine plant endemic in the Mediterranean Sea, is a promising resource for natural bioactive compounds.
Previous studies have shown that the molecular composition of plant organs consisted of diverse compounds including, phenols,
carbohydrates, flavonoids and carboxylic acids [7-10]. Several studies have shown that plant extracts are capable of withstanding
various physical factors including exposure to heat or sunlight, during and post extraction processes and long-term storage [31,32].

Table 5

Percent eradication of Staphylococcus aureus ATCC 25923 and Enterococcus faecalis ATCC 29212 pre-formed biofilms treated with viscous methanolic
(MRl), granulated methanolic (MR?) and ethanolic extractions (ER) in comparison to controls. Data represented as the standard error of mean (+S.E.
M). NC-no change.

Extracts (%) S. aureus ATCC 25923 E. faecalis ATCC 29212

1 mg/mL 2 mg/mL 4 mg/mL 1 mg/mL 2 mg/mL 4 mg/mL
MR' 53.45 + 2.66 50.95 + 5.94 54.00 + 7.52 NC 36.28 £ 5.26 52.48 +£1.77
MR? 40.38 + 4.53 57.23 £ 2.40 60.11 + 1.08 NC 29.42 + 8.22 58.33 £ 5.89
ER 28.21 + 4.92 44.79 + 9.69 52.65 + 3.32 62.46 + 7.51 58.14 + 6.54 72.93 £1.57
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Table 6

Fractional inhibitory concentration (FIC) Index of ciprofloxacin in combination with bioactive extracts of Posidonia oceanica against Staphylococcus
aureus ATCC 25923 and Enterococcus faecalis ATCC 29212. MR -viscous part from the methanolic crude extract of rhizome. MR>granulated part from
the methanolic crude extract of rhizome. ER-ethanolic extract of the rhizome. A-additive. I-indifference. S-synergy.

Species/Samples Optimal Combination FIC Index

Ciprofloxacin (mg/L) ER (mg/mL) <0.5 >0.5
S. aureus 0.001 0.64 1.0 (M
E. faecalis 0.002 0.16 0.5 (A)

Ciprofloxacin (mg/L) MR! (mg/mL) < 0.5 > 0.5
S. aureus 0.001 1.28 1.0 (M
E. faecalis 0.25 0.08 0.4 (S)

Ciprofloxacin (mg/L) MR?2 (mg/mL) < 0.5 > 0.5
S. aureus 0.001 1.28 1.0 (M
E. faecalis 0.25 0.08 0.4 (S)

Additionally, plant extracts that are subjected to such physical factors were shown to have no change on their bioactivity [31,32].
Regardless, our extracts have been kept at 4 °C and in lightproof containers to avoid any potential degradation of bioactive molecules.

We have analyzed the bioactive compounds from the P. oceanica ER, MR!, and MR? extracts used in our study via GC-MS. Our GC-
MS analysis revealed that several bioactive compounds with various biological activities, including many with predicted or determined
antimicrobial activities, were present (Tables 7-9). The GC-MS analysis of the ER extract revealed the presence of heptasiloxane (7.70
%), 2-furancarboxaldehyde, 5-(hydroxymethyl)- (5.78 %), 1,3,5-trisilacyclohexane (4.35 %), iron, monocarbonyl-(1,3-butadiene-1,4-
dicarbonic acid, diethyl ester) (4.29 %) and docosanedioic acid (3.13 %) as the main, prevailing compounds (Fig. 3 and Table 7). Since
the ER extract showed lower MIC against S. aureus (Table 2) and lower MBC against E. faecalis in comparison to MR®, and MR? extracts,
we expected the ER to be rich in bioactive molecules with antimicrobial activity. As expected, the ER included tetradecane [33,34],
heptadecane [35], nonadecane [33], docosane [36], dodecane [37,38] and docosanedioic acid [39], which were previously
demonstrated to exhibit antimicrobial activities, are absent in both methanolic rhizome extracts MR!, and MR?. In contrast, the MR!
analysis revealed the presence of various bioactive compounds such as 2-furancarboxaldehyde, 5-(hydroxymethyl)- (24.30 %), 2,
3-diacetoxy-1-2(2-methoxyphenoxy)propane (5.21 %), 4H-Pyran-4-one, 2,3-dihydro-3,5,-dihydroxy-6-methyl- (3.74 %), iron, mon-
ocarbonyl-(1,3-butadiene-1,4-dicarbonic acid, diethyl ester) (2.90 %) and 2-furancarboxaldehyde, 5,5’-[oxybis(methylene)]bis- (2.84
%) (Fig. 4A and Table 8), while the MR? analysis demonstrated the presence of 2-furancarboxaldehyde, 5-(hydroxymethyl)- (22.01 %),
iron, monocarbonyl-(1,3-butadiene-1,4-dicarbonic acid, diethyl ester) (9.17 %), heptasiloxane, hexadecamethyl- (3.75 %), 2-furancar-
boxaldehyde, 5,5 -[oxybis(methylene)]bis- (3.33 %) and cyclohexasiloxane, dodecamethyl- (2.91 %) as the main components (Fig. 4B

Table 7

Compounds determined through GC-MS analysis of Posidonia oceanica (L.) Delile ethanolic extract (ER) and their bioactivities.
# Compound Name Compound Molecular Biological Activity

(%) Formula
1 Heptasiloxane 7.70 06Siy -
2 2-Furancarboxaldehyde, 5-(hydroxymethyl)- 5.78 CgHgO3 Antioxidant [40]
3 1,3,5-Trisilacyclohexane 4.35 C3HeSi3 -
4 Iron, monocarbonyl-(1,3-butadiene-1,4-dicarbonic acid, diethyl ester) a,a’- 4.29 C10H1404 Antifungal [42]
dipyridyl
5 Docosanedioic acid 3.13 C2oHy204 Antibacterial [39]
6 BIS [3-(3,5-di-tert-butyl-4-hydroxyphenyl)propyl]lmaleate 3.02 C38Hs606 -
7 1,2-Benzenedicarboxylic acid, bis(2-ethylhexyl) ester 1.87 CooH3004 Antibacterial and antifungal [43]
8 Docosane 1.81 Ca2Hye Antibacterial [36]
9 Tetracosanoic acid, methyl ester 1.75 CasHs00, Antioxidant [41]
10  Tetratriacontane 1.73 Cz4H7o Antibacterial [34]
11 Tetradecane 1.54 Cy14H3o Antibacterial [33,34]
12  Pentadecanoic acid, ethyl ester 1.52 C17H340, -
13 Methanone [2-(1-methylethyl)phenyl] 1.47 C16H160 -
14 1,2-Benzenedicarboxylic acid, dioctyl ester 1.31 C34Hs04 Antibacterial [44]
15 Nonadecane 1.30 CioHyo Antibacterial [33]
16 Hexanedioic acid, bis(2-ethylhexyl) ester 1.27 CooHy204 Antifungal [45]
17 Dodecane 1.02 C1oHag Antibacterial and antifungal [37,38]
18  Pentadecanoic acid 1.02 C15H3002 Antimicrobial and anti-
inflammatory [46]

19  Tetradecamethylcycloheptasiloxane 0.99 C14H420Si, -
20 Nonacosane 0.95 Ca9Hgo -
21 Heptacosanoic acid, methyl ester 0.94 CogHs602 -
22 Triacontanoic acid, methyl ester 0.82 C31Hg202 -
23 Hexadecamethyl-octasiloxane 0.78 C16H4g07Sig -
24 Heptadecane 0.67 Cy7Hze Antibacterial [35]
25  Tetradecamethylheptasiloxane 0.66 C14H4206Si, -
26 Hexadecamethylcyclooctasiloxane 0.59 C16H4g04Sig -
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Table 8
Compounds determined through GC-MS analysis of Posidonia oceanica (L.) Delile viscous methanolic extract (MRY) and their bioactivities.
# Compound Name Compound Molecular Biological Activity
(%) Formula
1 2-Furancarboxaldehyde, 5-(hydroxymethyl)- 24.30 CeHgO3 Antioxidant [40]
2 2,3-diacetoxy-1-(2-methoxyphenoxy)propane 5.21 C10H1203 -
3 4H-Pyran-4-one, 2,3-dihydro-3,5-dihydroxy-6-methyl- 3.74 CgHgO4 -
4 Iron, monocarbonyl-(1,3-butadiene-1,4-dicarbonic acid, diethyl ester) a,a’- 2.90 C10H1404 Antifungal [42]
dipyridyl
5 2-Furancarboxaldehyde, 5,5’-[oxybis(methylene)]bis- 2.84 C12H1005 -
6 4-oxo-5-methoxy-2-penten-5-olide 2.71 CeHgO4 Antiproliferative [47]
7 Octadecane 1.45 CigHsg Antibacterial [48]
8 2-Furancarboxaldehyde 1.40 CsH404 Antibacterial [49]
9 1-Cyclohexene-1-ethanol, 2,6,6-trimethyl- 1.31 C11H200 -
10 Cyclohexasiloxane, dodecamethyl- 1.27 C12H3606Sie -
11 2(1H)-Pyridinone, 5-methyl- 1.19 CeH7NO -
12  Tetracosanoic acid, methyl ester 1.14 CosHs00, Antioxidant [41]
13 14b-Pregnan 1.12 Ca1Hzg -
14 1,3-Dioxolane, 4,5-diethenyl-2,2-dimethyl- 1.09 CoH1402 Antibacterial and antifungal
[50]
15  5-Formyl-2-furfurylmethanoate 0.84 C;HgO3 -
16  Tetradecamethylcycloheptasiloxane 0.55 C14H4205Si, -
Table 9
Compounds determined through GC-MS analysis of Posidonia oceanica (L.) Delile granulated methanolic extract (MR?) and their bioactivities.
# Compound Name Compound (%) Molecular Formula Biological Activity
1 2-Furancarboxaldehyde, 5-(hydroxymethyl)- 22.01 CeHgO3 Antioxidant [40]
2 Iron, monocarbonyl-(1,3-butadiene-1,4-dicarbonic acid, diethyl ester) a,a’-dipyridyl 9.17 C10H1404 Antifungal [42]
3 Heptasiloxane, hexadecamethyl- 3.75 C16Ha4g06Si7 -
4 2-Furancarboxaldehyde, 5,5 -[oxybis(methylene)]bis- 3.33 C12H1005 -
5 Cyclohexasiloxane, dodecamethyl- 2.91 C12H3606Sig -
6 Octadecane, 3-ethyl-5-(2-ethylbutyl)- 2.57 CoeHsy -
7 1,3,5-Trisilacyclohexane 2.51 C3HeSi3 -
8 4H-Pyran-4-one, 2,3-dihydro-3,5-dihydroxy-6-methyl- 2.20 CeHgOy4 -
9 4-ox0-5-methoxy-2-penten-5-olide 2.05 CeHgO4 Antiproliferative [46]
10 1,2-Benzenedicarboxylic acid, dioctyl ester 1.42 C34Hsg04 Antibacterial [43]
11 Octadecanoic acid, 2-hydroxy-1,3-propanediyl ester 1.39 Cz1Hy420s -
12 Hexadecanoic acid, 2-hydroxy-1-(hydroxymethyl)ethyl ester 1.38 C19H3g04 -
13 Tetracosanoic acid, methyl ester 1.22 CasHs002 Antioxidant [41]
14 Lucenin-2 1.10 Co7H30016 -
15 2,6,6-Trimethylcyclohexene-1-carboxylic acid 1.04 C10H1602 -
16 Octadecamethylcyclononasiloxane 1.03 C18Hs5400Sig -
17 Tricyclo[4.2.1.0(2,5)]nona-3,7-diene, 9-methoxy-1-phenyl- 0.96 C16H160 -
18 Tetratriacontane 0.83 Cs4H7g Antibacterial [34]
19 Tetradecamethylcycloheptasiloxane 0.67 C14H450,Si; -
20 Octadecanoic acid 0.61 C18H3602 -
21 2-Furancarboxaldehyde 0.55 CsH40, Antibacterial [49]
22 Tetramethyldimethoxydisiloxane 0.53 CeH1503Si -
23 Hexadecamethylcyclooctasiloxane 0.39 C16H4g0gSig -

and Table 9). Additionally, 2-furancarboxaldehyde, 5-(hydroxymethyl)- [40], tetracosanoic acid, methyl ester [41] and iron, mono-
carbonyl-(1,3-butadiene-1,4-dicarbonic acid, diethyl ester) a,a’-dipyridyl [42] are the only compounds that are present in both
ethanolic and methanolic rhizome extracts of P. oceanica, which are shown to possess antioxidant, anti-inflammatory and antifungal
activities, respectively [40-42]. Overall, ER was found to have a slightly higher antibacterial activity compared to MR!, and MR? likely
due to the differences in the bioactive compound composition, such as dodecane and docosanedioic acid. Dodecane [37,38] and
docosanedioic acid [39] were previously reported to have antibacterial activity, and these compounds are notably absent in MR! and
MR?Z, which may be one of the factors leading to MR! and MR? having a relatively reduced antimicrobial activity. Furthermore, the leaf
extracts which were revealed to have no antibacterial activity lack dodecane, docosanedioic acid and 2-furancarboxaldehyde, along
with having an overall reduced concentration of each bioactive compound likely leading to the leaf extracts’ collective inability to
inhibit pathogenic bacteria.

2.7. In silico pharmacokinetic studies

In silico pharmacokinetic studies done to determine pharmacokinetic parameters of major bioactive compounds identified in the
ER, MR}, and MR? extracts, as well as those specifically identified in the ER extract, were presented in Supplemental Table 2 and
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Fig. 4. Chromatogram of gas chromatography-mass spectroscopy analyses. Bioactive compounds obtained from (A) viscous methanolic (MR') and
(B) granulated methanolic (MR?) extractions. The numbers on each peak correspond to the compounds in Tables 8 and 9 respectively.

Supplemental Table 3, respectively. Major compounds (2-furancarboxaldehyde, 5-(hydroxymethyl)-1,3,5-trisilacyclohexane, tetra-
cosanoic acid, methyl ester, and iron, monocarbonyl-(1,3-butadiene-1,4-dicarbonic acid, diethyl ester) a,a’-dipyridyl) present in all of
the extracts exhibited good water solubility and gastrointestinal absorption, whereas, majority of the molecules possessed no blood-
brain permeability (Supplemental Table 2). On the other hand, bioactive compounds (tetradecane [33,34], docosane [36], and
docosanedioic acid [39]) that were present specifically in ER extracts possessed poor solubility in water, and exhibited low to none
gastrointestinal absorption and blood-barrier permeability (Supplemental Table 3). Additionally, majority of the major molecules
identified in the ER, MR, and MR? possessed favorable bioavailability scores (0.55) implying that these molecules possess promising
pharmacokinetic properties (Supplemental Table 2 and Supplemental Table 3) [51].

Overall, in addition to detailing the molecular composition of P. oceanica, our results demonstrate significant antibacterial and
antibiofilm activity of its ethanolic and methanolic rhizome extracts against E. faecalis and S. aureus as well as their synergistic activity
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with ciprofloxacin. Importantly, we demonstrate, for the first time, that P. oceanica inhibits drug resistant clinical S. aureus isolates,
which suggests that bioactive molecules obtained from the rhizomes of the P. oceanica, an endemic Mediterranean Sea grass, may be
further developed as potential resources for the treatment of drug resistant bacterial infections to help fight antimicrobial resistance.

3. Material and methods
3.1. Plant materials

The study complies with relevant institutional, national, and international guidelines and legislation. The fresh plant materials of
P. oceanica were collected between the depths of 3-5 m of seawater of southern shores via free-diving in Northern Cyprus in June 2021.
Specimens were kept in seawater on ice and brought to the laboratory within the day of collection. Identification of the plant samples
were performed by Prof. Dr. F. Neriman Ozhatay, Chair of Pharmaceutical Botany Department, Eastern Mediterranean University,
Faculty of Pharmacy. The voucher specimens were stored in the Cyprus International University (CIU) Public Herbarium (Voucher
specimen ID: CIU-40).

3.2. Extraction methods

The leaves and rhizomes of the P. oceanica were separated, and washed with tap water to remove any debris, epiphytes or other
marine organisms, followed by washing with distilled water. The samples were dried at room temperature overnight followed by a
drying process at 45 °C in a drying oven for an additional 24h. A grinder was used to powder the dried plant samples and the powdered
samples were stored at 4 °C until the extraction process.

The leaf and rhizome samples were extracted via maceration method using dichloromethane, chloroform, methanol, ethanol and
acetone with 1:10 (w/v) ratio for three consecutive days [5,52]. All of the extracts were filtered via Whatman No° 1 filter paper and
stored at 4 °C till the evaporation process.

Solvents of the leaf and rhizome extracts were evaporated via rotary-evaporator (LabTech EV311) at 45 °C. The crude extracts were
stored at 4 °C until further processes. The yields of the extractions of leaves and rhizomes using different solvents was calculated.

3.3. Preparation of the extracts

The stock solutions of the crude extracts were prepared using pure dimethyl sulfoxide (DMSO). The concentration of DMSO of the
extracts was adjusted to 3 % with sterile dH,O for antibacterial and antibiofilm experiments.
Antibacterial activity assays of solvent extracts from leaves and rhizomes of P. oceanica.

3.4. Inoculum preparation

Enterococcus faecalis ATCC 29212, Staphylococcus aureus ATCC 25923, Escherichia coli ATCC 25922, and Klebsiella pneumoniae ATCC
700603 were sub-cultured on Mueller-Hinton Agar (MHA). The media were incubated at 37°C. Upon incubations, strains from in-
dividual colonies were inoculated into Mueller-Hinton broth (MHB) and the turbidity was adjusted to 0.5 McFarland standard for each
bacterial strain.

Additionally, the cultures of clinical strains of S. aureus within MHB were put into a thermal shaker at 37°C at 275 p.m. until ODggg
of 0.4 £ 0.01. Upon desired ODgq, all of the strains were prepared to obtain 1 x 10 cfu/mL for each S. aureus clinical strain.

3.5. Microdilution method

All antimicrobial susceptibility testing of clinical isolates was carried out as described in CLSI [53-55]. The MIC of the extracts was
investigated by broth microdilution method [53]. Inocula of each bacterial strain was adjusted to 1 x 1 0 cfu/mL using MHB. The final
concentrations of the extracts were serially diluted to range from 0.125 to 4 mg/mL for ATCC strains, and 0.0625-2 mg/mL for clinical
isolates of S. aureus (Table 3). Ciprofloxacin was used as the positive control and the highest concentration of each extract in MHB was
used as negative control for all tests. The microplates were incubated at 37°C for 18h.

The MIC was regarded as the minimum concentration of the extract that inhibited bacterial growth. Additionally, the microdilution
experiments were conducted using different microplates with and without 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide (MTT), a dye which is reduced by cellular enzymes of its barely colored tetrazolium salt into its formazan of visible purple
color that acts as an indicator of cell viability of planktonic bacteria [26], to compare and further confirm the MIC of bacteria.

3.6. Minimum bactericidal concentration (MBC) determination

For the determination of MBCs [56] of the extracts, 10 pL of the sample was taken from the wells of each of the concentrations of the
MICs above, and inoculated onto MHA. The media were incubated at 37 °C for 18h. The MBC was regarded as the minimum con-
centration of the extract that prevented bacterial growth on MHA.
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3.7. Fractional inhibitory concentration (FIC) index assay of P. oceanica with ciprofloxacin

The synergistic effect assay [57] was performed for the bioactive extracts with ciprofloxacin on Gram-positive ATCC strains
(Table 2). Inocula of each clinical isolate were adjusted to 1 x 10° cfu/mL using MHB. The final concentrations of the bioactive extracts
ranged from 0.04 to 2.56 mg/mL, whereas ciprofloxacin ranged from 0.001 to 1 mg/L. Ciprofloxacin only and each extract in MHB was
used as controls. The microplates were incubated at 37 °C for 18h.

To obtain the interaction of the tested antimicrobial agents in a combination, fractional inhibitory concentration (FIC) index
calculation (FIC INDEX = A/MICp + B/MICp) was used where ‘A’ and ‘B’ are the MIC of each antimicrobial agent in combination
within a single well plate; and MICA and MICg are the MIC of each drug individually. The interaction is considered to be synergistic at <
0.5; additive interaction is considered between 0.5 and 0.9; a value between 1 and 4 is considered to reveal indifference; and a value of
>4 considered as an antagonistic interaction.

4. Antibiofilm activity
4.1. Biofilm inhibition assays

The biofilm inhibition assay was performed for the extracts that have exhibited antibacterial activity for the Gram-positive bacteria,
as previously described [58]. ATCC strain bacterial species were incubated with 2 mL MHB containing 1 % glucose at 37 °C for 24h.
The wells were mixed with serial dilutions of sub-MIC concentrations of each extract and the bacterial cultures. Inoculum of each
bacterial species was used as the biofilm control, whereas serial dilutions of sub-MIC concentrations of each extract was used as
negative controls. The microplates were incubated at 37 °C for 18h.

After incubation, the wells were washed with sterile dH20 to remove planktonic cells and loaded with 0.1 % crystal violet (CV)
solution for 30 min followed by the application of 70 % ethanol solution. Absorbance readings were recorded upon readings via
spectrophotometer (Thermo Scientific Varioskan Flash) at ODsgs. The biofilm inhibition experiments of the clinical isolates were
modified from Ref. [22] such that the extract addition and isolate inoculation were carried out simultaneously without any use of
antibiotics.

4.2. Biofilm eradication assays

The biofilm eradication assay was performed for the extracts that have exhibited significant antibacterial activity for further
evaluation of antibiofilm activity [58]. Two different sets of experiments were used for the biofilm eradication assays. CV was used for
determining the biofilm eradication and 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyl tetrazolium bromide (MTT), which is a useful tool
for the evaluation of cellular metabolic activity [27,28], was used to quantify the metabolism of biofilm forming bacteria.

The bacterial strains were incubated within 2 mL MHB containing 1 % glucose at 37 °C for 24h. The wells were treated with the
bacterial cultures and incubated at 37 °C for 18h. Inoculum of each bacterial species was used as the biofilm formation control,
whereas extracts were used as negative controls for both microplates. After incubation, all of the wells were washed with sterile dH,O
to remove planktonic cells.

The wells of the MTT plate were treated with serial dilutions of ER, MR!, and MRZ. The wells were then immediately treated with
MTT solution and the plate was incubated at 37 °C for 18h. After incubation, the solution was removed from each well. Subsequently,
the wells were treated with DMSO for 30 min to dissolve the formazan product. The MTT was read via spectrophotometer (Thermo
Scientific Varioskan Flash) at ODsg.

The wells of CV plate were treated serial dilutions of ER, MR! and MR? and the plate was incubated at 37 °C for 18h. After in-
cubation, the wells were washed with sterile dH;0. Subsequently, the wells were treated with 0.1 % CV solution for CV plate for 30 min
followed by the application of 70 % ethanol solution. The CV plate was read via spectrophotometer (Thermo Scientific Varioskan
Flash) at ODsgs.

4.3. Gas chromatography — mass spectrometry (GC-MS)

GC-MS analyses were performed using the GCMS-QP2010 PlusSystem as described by Isbilen et al. [59]. Helium was used as the
carrier gas. The initial temperature of the column was 50 °C and it was maintained at the same temperature for 2 min. The temperature
was increased by 10 °C until 280 °C and it was maintained for 9 min. The injection temperature was at 250 °C. The helium flow rate
was used as 1 mL/min and the ion source temperature was ensured at 250 °C. The spectra were analyzed and the compounds were
identified by using the MS data library WILEY7.LIB.

4.4. mecA carriage among S. aureus isolates

MRSA designation was confirmed by the carriage of the mecA gene using PCR, as the mecA gene is known to confer methicillin
resistance. Genomic DNA was extracted as previously described [20]. Briefly, extractions were performed utilizing the Promega
Miniprep Kit (Promega; cat # A1330) according to the manufacturer’s guidelines with the exception that cells were resuspended in P1
buffer supplemented with lysostaphin for 1 h at 37 °C. PCR was then performed using the P4 (TCCAGATTACAACTTCACCAGG) and P7
(CCACTTCATATCTTGTAACG) primers as previously described [60] to amplify mecA if present, with the exception that the annealing
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temperature was 54 °C and time was 20 s. PCR products were then run on a 1 % agarose gel and imaged with a 162 bp band confirming
mecA presence.

4.5. In silico pharmacokinetic studies

In silico pharmacokinetic studies were done for the major compounds (2-furancarboxaldehyde, 5-(hydroxymethyl)-1,3,5-trisila-
cyclohexane, tetracosanoic acid, methyl ester, and iron, monocarbonyl-(1,3-butadiene-1,4-dicarbonic acid, diethyl ester) a,a’-dipyr-
idyl) which are present in ER, MRl, and MR? extracts and several bioactive compounds (tetradecane [33,34], docosane [36], and
docosanedioic acid [39]), which were previously shown to be a promising antibacterial agents, that are present specifically in ER
extracts were evaluated with the aid of SwissADME software (http://www.swissadme.ch/). Several parameters such as, water solu-
bility, bioavailability, blood-brain barrier permeation, and gastrointestinal absorption were considered to predict the pharmacoki-
netics and bioavailability of the bioactive extracts.

4.6. Statistical analyses

All of the experiments were performed in triplicates with at least two biological replicates, and the data were examined as means +
standard error of mean (S.E.M). Students t-test was carried out to determine the statistical significance using Excel and Prism version
8.4.3.
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