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Abstract 

Aim: A promising approach for the de v elopment of ne xt-generation antimicrobials is to shift their target from causing bacterial death to inhibiting 
virulence. Marine sponges are an e x cellent potential source of bioactive anti-virulence molecules (AVM). We screened fractions prepared from 

26 samples of Irish coastal sponges for anti-biofilm activity against clinically rele v ant pathogens. 
Methods and results: Fifteen fractions from eight sponge species inhibited biofilm of methicillin-susceptible Staphylococcus aureus (MSSA), 
methicillin-resistant S. aureus (MRSA), and/or Listeria monocytogenes without causing growth inhibition. Gas chromatograph/mass spectroscopy 
analyses of Mycale contarenii fractions revealed the presence of myristic acid and oleic acid. These fatty acids repressed transcription of the 
fibronectin-binding protein fnbA and fnbB genes and the polysaccharide intercellular adhesin icaADBC operon, which are required for MRSA and 
MSSA biofilm formation, respectively. 
Conclusions: This study illustrates the potential of AVM from Irish coastal sponges to specifically target bacterial virulence phenotypes, in this 
case, repression of biofilm formation via decreased transcription of biofilm-associated genes in MSSA and MRSA. 

Significance and impact of the study:

Anti-biofilm activity is a pre v alent characteristic of marine sponges, and sponge anti-virulence molecule, such as oleic and myristic acids, could 
be exploited to inhibit biofilm formation of clinical pathogens in medical or industrial settings. 
Ke yw or ds: anti-virulence molecule, biofilm, Staphylococcus aureus , marine sponge, Mycale contarenii , myristic and oleic acid 
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Introduction 

Antimicrobial-resistant (AMR) pathogenic bacteria have be- 
come one of the major threats globally, and many con- 
ventional antibiotics have become ineffective against infec- 
tious microbes (Blair 2018 ). A promising approach for the 
development of next-generation antimicrobials is to shift 
their target from causing bacterial death to inhibiting vir- 
ulence. Hence, this channels our attention to anti-virulence 
molecules (AVM), which impede virulence traits such as at- 
tachment to host tissue, biofilm formation, toxin activity 
and secretion, or bacterial communication systems. AVM are 
not bactericidal in action and so they do not exert selective 
pressure on bacteria for the development of AMR mutants 
(Werner et al. 2008 ). 

Among the virulence factors, biofilm formation is a cru- 
cial trait possessed by bacteria that helps them to colo- 
nize their host and protects them from antibiotics, stress,
and host immune response mediators and effectors. In the 
food industry, biofilms formed inside food processing facil- 
ities cause food spoilage, thereby affecting productivity and 

consumer health (Galie et al. 2018 ). In health-care settings,
Received: January 6, 2023. Revised: June 9, 2023. Accepted: July 18, 2023 
© The Author(s) 2023. Published by Oxford University Press on behalf of Applie
under the terms of the Creative Commons Attribution-NonCommercial License (
non-commercial re-use, distribution, and reproduction in any medium, provided t
journals.permissions@oup.com 
iofilm formation on implantable devices such as joint im- 
lants, urinary catheters, heart catheters, and heart valves 
eads to persistent infections that are difficult to eliminate 
Percival et al. 2015 ). Some of the most common biofilms
ormed in medical devices are those of Staphylococcal species 
Chen et al. 2013 ). 

The Staphylococcus aureus biofilm matrix comprises pro- 
eins, nucleic acids, and polysaccharides. Some of the most 
ell-studied protein components are the ‘microbial sur- 

ace components recognizing adhesive matrix molecules’ 
MSCRAMMs), which facilitate bacterial attachment to host- 
erived extracellular matrix proteins. This group of adhesins 

ncludes fibronectin-binding proteins (FnBP), which attach to 

ultiple host ligands, including fibronectin, and enhance host 
ell attachment and invasion (Taschner et al. 2002 , O’Neill
t al. 2008 ). In addition, FnBPA and FnBPB expressed by clin-
cal methicillin-resistant S. aureus (MR S A) strains promote 
nteractions between bacterial cells and biofilm development 
O’Neill et al. 2008 , Vergara-Irigaray et al. 2009 ). The genetic
eterminants and mechanisms of biofilm formation in MR S A
nd methicillin-susceptible S. aureus (MSSA) are independent 
d Microbiology International. This is an Open Access article distributed 
 https:// creativecommons.org/ licenses/by-nc/4.0/ ), which permits 
he original work is properly cited. For commercial re-use, please contact 
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f each other: the fnbA and fnbB genes are primarily asso-
iated with MR S A protein-based biofilms, and the icaA and
caR genes with polysaccharide-based MSSA biofilms (Mc-
arthy et al. 2015 ). Polysaccharide intracellular adhesin (PIA)

s synthesized by products of the icaABCD operon, whose ex-
ression is negatively regulated by IcaR, a transcriptional re-
ressor (Cafiso et al. 2004 , Cue et al. 2009 ). In addition, a key
egulator of S. aureus virulence, the accessory gene regulator
 agr ), which is a component of a quorum sensing system, nega-
ively regulates biofilm production (Boles and Horswill 2008 ).
epression of the agr system is required for biofilm forma-

ion, as activation of this system increases extracellular pro-
ease production and promotes cell detachment from biofilms.
he agr locus is itself regulated by sarA (staphylococcal acces-
ory regulator A), a global regulator that controls the expres-
ion of various virulence factors, including positive regulation
f biofilm formation in both MR S A and MSS A (Chien et al.
999 ). 
In our search for biofilm-targeting AVM, we focused on

ioactive natural products produced by marine invertebrates
ollected off the Irish coasts, as they were available in our
ational marine biomaterial repository hosted at the Univer-
ity of Galway. Marine sponges produce a plethora of diverse
ioactive molecules, including antibacterial compounds that
lay ecological roles in antimicrobial defences (Laport et al.
009 ). However, very few molecules have shown direct and
pecific anti-biofilm activity that is not a result of bacterio-
tatic or bactericidal properties. To date, only three classes
f natural products from marine sponges have been shown
o specifically inhibit biofilm formation: terpenoids, pyrole-
midazoles, and phorbaketals (Huigens et al. 2007 , Rogers
t al. 2010 , Kim et al. 2021a ). 

In this study, we investigated the anti-biofilm activity of
ponges collected from Irish coastal waters against MR S A,

SSA, Pseudomonas aeruginosa , Listeria monocytogenes ,
nd Vibrio parahaemolyticus , which are pathogenic bacteria
ssociated with severe diseases in humans and high rates of
ortality and morbidity (Scallan et al. 2011 , Serra et al. 2015 ).
e further assessed AVM with anti-biofilm activity against

oth MR S A and MSS A and their ability to modulate tran-
cription of biofilm matrix component genes. 

aterials and methods 

eagents, bioactive molecules, bacterial strains, 
nd growth conditions 

ll chemicals and reagents were sourced from Sigma-Aldrich,
nless otherwise stated. Strains used in this study include
SSA 8325-4 (Novick 1967 ), MRSA BH1CC (O’Neill et al.

007 ), BH1CC fnbAB (O’Neill et al. 2008 ), L. monocytogenes
GD-e (Glaser et al. 2001 ), P. aeruginosa PA01 (Holloway
955 ), and V. parahaemolyticus RIMD2210633 (Makino et
l. 2003 ). Apart from BH1CC fnbAB , these are biofilm-
roducing strains. All bacterial strains were cultivated in brain
eart infusion (BHI) (Oxoid) media, with the addition of 3%
aCl for halophilic V. parahaemolyticus , and grown at 37 

◦C.

ollection of marine sponges and fraction 

reparation 

wenty-six sponge samples were collected, by hand for inter-
idal samples and by SCUBA for subtidal samples, from dif-
erent regions of Irish coastal water in the context of the Irish
arine Biomaterial Repository (Tables S1 and S2 ). Sponge
pecies were taxonomically identified through morphological
nd spicule analysis (Picton and Morrow). Voucher specimens
f each sample are maintained at the Irish Marine Bioma-
erial Repository ( www.imbd.ie ) with identification through
heir BDV number (University of Galway, Marine Biodiscov-
ry , Galway , Ireland). 

After collection, sponge biomaterial was brought to the lab-
ratory at −20 

◦C and freeze-dried. One g sponge biomate-
ial was extracted three times using a solvent mixture of 1:1
ethanol (MeOH): dichloromethane (CH 2 Cl 2 ) and fraction-

ted using solid phase extraction on C 18 -bonded silica (Agi-
ent 1 g BondElut C 18 cartridges), eluting with varying solvent
ixtures (1:1 H 2 O:MeOH, MeOH, and 1:1 MeOH:CH 2 Cl 2 )

o produce three fractions: 1:1 H 2 O:MeOH ( F wm 

), MeOH
 F m 

), and 1:1 MeOH:CH 2 Cl 2 ( F md ). The fractions were dried
sing a rotary evaporator (V irT is SP Scientific) and stored
t –20 

◦C. Fractions were dissolved in dimethyl sulphoxide
DMSO) at a concentration of 10 mg ml −1 and diluted to
00 μg ml −1 for biological assays. 

xtraction and identification of the metabolites 

rom the sponge M. contarenii 

reeze-dried Mycale contarenii (7.0 g) was extracted three
imes with 1:1 MeOH:CH 2 Cl 2 to obtain extract (180 mg)
fter evaporation and fractionated by C 18 -Vacuum Liquid
hromatography. The column was eluted in a step-wise man-
er to produce fractions of decreasing polarity: H 2 O (F1),
:1 H 2 O:MeOH (F2, 64 mg), 1:3 H 2 O:MeOH (F3, 7.6 mg),
eOH (F4, 2 mg), and 1:1 MeOH:CH 2 Cl 2 (F5, 33 mg). The

ioactive fractions were separated on a Waters X-Select CSH
henyl-Hexyl column (5 μm, 4.6 × 250 mm) with a flow rate
f 1.0 ml min 

−1 . Initial elution was 1:2 H 2 O:CH 3 CN ( + 0.1%
FA) for 5 min and then followed by a linear gradient over
0 min to 100% CH 3 CN ( + 0.1% TFA). The collected sub-
ractions were identified using NMR and MS. 

tructure analysis using NMR 

uclear Magnetic Resonance (NMR) experiments were per-
ormed on 500 MHz Varian Inova spectrometer with 5 mm
neNMR probe and 600 MHz Agilent Premium Compact

pectrometer with 5 mm CryoProbe (Agilent, Santa Clara,
SA). Chemical shifts ( δ in ppm) were referenced to the resid-
al solvent peaks of the CD 3 OD and CDCl 3 carbon ( δC 

49.00
nd 77.16, respectively) and proton ( δH 

3.31 and 7.26, re-
pectively) signals. High-resolution mass spectra (HRESIMS)
ere obtained using Agilent 6540 QToF mass spectrometer

quipped with Agilent 1290 UPLC and auto sampler (Ag-
lent). Vacuum Liquid Chromatography fractionation was
erformed using polygoprep C 18 -bonded silica 35–60 μm,
20 Å (Labquip). Preparative High Performance Liquid Chro-
atogrpahy (HPLC) was carried out on Jasco HPLC system

quipped with two PU-2087 pumps and UV-2075 detector.
nalytical HPLC was carried out on Agilent 1260 HPLC sys-

em equipped with DAD and ELSD detector. All solvents used
or extraction and separations were HPLC grade, and H 2 O
as milli-Q filtered. 

as chromatograph/mass spectroscopy analysis 

xtracts were analysed using Shimadzu GCMS-QP2010plus
Shimadzu Scientific Instruments, Kyoto, Japan) equipped

https://academic.oup.com/jambio/article-lookup/doi/10.1093/jambio/lxad152#supplementary-data
https://academic.oup.com/jambio/article-lookup/doi/10.1093/jambio/lxad152#supplementary-data
http://www.imbd.ie
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with Optima-5MS column (30 m × 0.25 mm × 0.25 μm,
Macherey-Nagel, Düren, Germany) at the Plateforme 
d’Analyses Chimiques en Ecologie, France. Helium was 
used as the carrier gas, at a constant 1 ml min 

−1 flow rate.
One microliter CH 2 Cl 2 solubilized extract was injected in a 
270 

◦C heated injection port. A split ratio of 1:4 was applied.
The run had the temperature protocol: 100 

◦C for 2 min,
100–200 

◦C ramped at 10 

◦C min 

−1 , 200–270 

◦C ramped 

at 10 

◦C min 

−1 , and finally held at 270 

◦C for 1 min. The 
overall analysis lasted 20 min. The ion source and transfer 
line temperatures of the Mass Spectrometer were 225 and 

270 

◦C, respectively. Mass was scanned from m / z 38–400 

in electron ionization mode. Chromatograms were anal- 
ysed with MZmine2 (Pluskal et al. 2010 ). Identification of 
compounds was performed by comparison of mass spec- 
tra using the NIST library 2017 and cross-checking linear 
retention index. NIST-unknown analytes were annotated 

manually. 

Cytotoxicity assay 

Cytotoxicity was quantified as previously described 

(Matlawska-Wasowska et al. 2010 ). HeLa cells were cul- 
tured in DMEM complete (Dulbecco’s Minimal Eagles 
Medium-low glucose and without phenol red containing 
10% (v/v) fetal bovine serum, 20 mmol l −1 L-glutamine, 100 

IU ml −1 penicillin, 100 μg ml −1 streptomycin) at 37 

◦C, 5% 

CO 2 . For co-incubation experiments, cells were seeded at 
20 000 cells ml −1 DMEM complete per well in 48-well tissue 
culture plates. After 16 h, monolayers were washed with 

Phosphate-buffered saline (PBS-10 mM Na 2 HPO 4 /NaH 2 PO 4 

Phosphate Buffer, 137 mM NaCl, 2.7 mM KCl, pH 7.4),
and 500 μl DMEM was added per well with 100 μg ml −1 

sponge fractions. Non-treated cells acted as the 0% lysis 
control, and cells treated with 0.8% Triton X-100 were 
the 100% lysis control. After 6 and 24 h, cytotoxicity was 
determined through lactate dehydrogenase (LDH) assay 
using the Promega CytoTox 96 Non-Radioactive Cytotox- 
icity Assay kit, according to the manufacturer’s directions,
to measure lactate dehydrogenase released from lysed cells.
Data are presented as means ± SD of three independent 
experiments. 

MIC broth dilution assay 

Antimicrobial activity of the fractions was assessed by mini- 
mum inhibitory concentration (MIC) broth dilution assay ac- 
cording to the Clinical and Laboratory Standards Institute 
guidelines (CLSI 2015 ). Two hundred microliter overnight 
bacterial cultures adjusted to 0.001 OD 595 were inoculated in 

96-well microtitre plates in Mueller-Hinton broth containing 
2-fold serially diluted fractions (6–100 μg ml −1 ). Gentamicin 

was used as a positive control. Bacteria were incubated for 
24 h at 37 

◦C, and absorbance at 600 nm was measured using 
a microplate reader (Tecan, Austria) with Magellan software.
Experiments were conducted thrice in triplicate. 

Biofilm assay 

The ability of sponge fractions to inhibit biofilm formation 

of target pathogens was assessed by crystal violet staining, as 
described previously (Xu et al. 2016 ). Two hundred micro- 
liter overnight bacterial culture adjusted to 0.02 OD 595 was 
added to 96-well microtitre plates in the presence and absence 
of 100 μg ml −1 sponge fractions for 24 h at 37 

◦C. To en- 
ance biofilm production by S. aureus , tissue culture-treated 

delta surface) plates (Thermo Fisher) and growth media sup- 
lemented with 4% (w/v) NaCl (MSSA) or 1% (w/v) glu-
ose (MR S A) were used (Vuong et al. 2000 , Fitzpatrick et al.
006 ). After 24 h, supernatant was discarded, and the biofilm
as washed thrice with PBS. The biofilms were heat-fixed at
0 

◦C for 1 h and stained with 0.1% crystal violet. The wells
ere washed thrice with PBS, and the stained biofilm was sol-
bilized with 5% acetic acid. Absorbance was measured at 
D 595 . The amount of biofilm is directly proportional to the
ptical density value (Xu et al. 2016 ). To determine if the
ponge fraction reduced biofilm formation by inhibiting at- 
achment, we monitored initial stages of biofilm formation by 
icroscopy. For this purpose, after the biofilms were formed 

nd then heat-fixed at 60 

◦C as described above, the biofilms
n the bottom of the wells of the microtitre plates were viewed
n a Leica DFC 420 C inverted microscope with digital cam-
ra at 40X, and 10X magnification and brightfield images ac-
uired. 

rowth curve 

he effect of fatty acids on bacterial growth was determined
y growing 200 μl overnight culture (adjusted to 0.02 OD 600 )
n a 96-well plate at 37 

◦C in BHI in the presence and ab-
ence of fatty acids (myristic acid, oleic acid, palmitic acid,
nd stearic acid) at concentrations of 25–100 μg ml −1 for 14 h
nside a microplate reader (LT-5000 MS ELISA reader). Cell
rowth was measured by optical density at 600 nm at 15-min
ntervals. These broth dilution experiments were performed 

hrice in triplicate. 

ene expression analysis by quantitative PCR 

qPCR) 

or RNA isolation, MR S A and MSS A were cultured in growth
onditions similar to those of the biofilm assay described 

bove but in larger volumes. Four mililiter MR S A and MSS A
t an initial turbidity of 0.02 at OD 600 were inoculated into
HI medium supplemented with 1% glucose (MR S A) and 4%
aCl (MSSA) in tissue culture-treated 12-well plates in the 
resence or absence of myristic acid or oleic acid at 25 μg
l −1 and incubated at 37 

◦C without shaking for the specified
imes. RNAprotect reagent (Qiagen) was added to the cells 
ust before RNA cell harvest. Total RNA was isolated from
.5 ml of 3 and 4 h culture (0.5 OD 600 ) by bead beating with
R BashingBead (Cambridge Biosciences) using FastPrep (MP 

iomedical) for 60 s ( ×2) at 6 m s −1 . The extracted RNA was
urified using Qiagen RNeasy mini Kit (Qiagen) and DNAse- 
reated with TURBO DNAse (Invitrogen) for 30 min at 37 

◦C.
he DNAse was inactivated by DNAse inactivation reagent 

5 min treatment). The solution was centrifuged for 1.5 min
t 10 000 × g , and the supernatant containing RNA was col-
ected. cDNA synthesis was carried out with random hexamer 
rimer using First Strand cDNA Synthesis Kit (Roche). Real- 
ime quantitative polymerase chain reaction (qPCR) was per- 
ormed using SYBR Green master mix (Roche) with the cDNA
o determine the transcript levels of fnbA , fnbB , agrB , and
arA genes in MR S A and icaA, icaR, agrB , and sarA genes
n MSSA. The housekeeping gene gyrB was used to normal-
ze the cycle threshold (Ct) values of all the tested genes, and
faffl method (Pfaffl 2001 ) was used to calculate differences 
n gene transcription. The qPCR data were expressed as fold
hanges in mRNA transcript levels of targeted genes in the
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Table 1. Bioactive sponge fractions with cytotoxic or biofilm inhibition properties. 

Sponge species Fraction type a % HeLa cell lysis Anti-biofilm activity b 

6 h 24 h MSSA L. monocyto- 
genes 

Aplysilla rosea F wm 

6 ± 3 8 ± 3 + 

Clathria (Microciona) strepsitoxa F m 

3 ± 2 5 ± 2 +++ 

Clathrina coriacea F m 

3 ± 2 16 ± 5 
Cliona celata F md 3 ± 2 12 ± 7 
H. panicea F wm 

4 ± 2 5 ± 2 ++ 

H. panicea F m 

2 ± 2 3 ± 1 ++ 

H. panicea F md 2 ± 1 4 ± 1 ++ 

Haliclona fistulosa F wm 

3 ± 2 6 ± 2 ++ 

Halisarca dujardinii F wm 

3 ± 3 11 ± 5 
H. dujardinii F m 

5 ± 3 30 ± 4 
H. dujardinii F md 7 ± 3 38 ± 9 
Hemimycale columella F wm 

3 ± 1 23 ± 10 
Hymeniacidon perlevis F md 7 ± 3 11 ± 2 
Iophon hyndmani F m 

4 ± 2 13 ± 6 
Mycale contarenii F md 5 ± 1 7 ± 1 +++ 

M. rotalis F wm 

3 ± 2 6 ± 3 ++ 

M. rotalis F m 

4 ± 1 4 ± 1 + 

M. rotalis F md 4 ± 3 5 ± 2 ++ 

Pachymatisma johnstonia F wm 

2 ± 2 3 ± 0 + 

P. johnstonia F md 6 ± 2 24 ± 5 + 

Polymastia penicillus F m 

8 ± 3 23 ± 6 
Spongosorites calcicola F wm 

43 ± 8 61 ± 6 +++ + 

S. calcicola F m 

15 ± 6 17 ± 2 +++ + 

S. plumosum F wm 

1 ± 1 3 ± 1 ++ 

S. plumosum F m 

1 ± 1 5 ± 1 +++ 

Tethya citrina F wm 

3 ± 1 5 ± 4 + 

Experiments were performed thrice in triplicate. 
a F wm = fraction water: MeOH ; F m = fraction MeOH; F md = fraction MeOH:CH 2 Cl 2 . 
b + = 20–49% reduction in biofilm formation; ++ = 50–90% reduction; +++ = > 90% reduction; Empty cell = < 20% reduction. Fractions which reduced 
both MSSA and MRSA biofilm production are in bold. 
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reated strains relative to their levels in the untreated bac-
eria. Primers (Table S3 ) were designed using Primer3 soft-
are (Rozen and Skaletsky 2000 ). The primer efficiency was
etermined using standard curve method (Ramakers et al.
003 ). Transcription levels were determined using three in-
ependent cultures and two qRT-PCR reactions per gene. 

tatistical analysis 

ata presented are the average values of three biologically in-
ependent experiments ± SD. P -values were calculated by Stu-
ent’s t-test comparing data for treated bacteria with data for
ontrol bacteria cultured with DMSO. 

esults 

pecimens of 26 sponge species were collected from around
he Irish coast (Table S1 ). Fifty-six fractions were prepared
rom the organic extracts of the sponge specimens using solid
hase extraction on C18 and three successive solvent mix-
ures (MeOH, 1:1 H 2 O:MeOH, and 1:1 MeOH:CH 2 Cl 2 ).
ractions that contained a sufficient quantity of material
ere assessed for bioactivity. These fractions were dried, re-

uspended in DMSO, and tested for bioactivity at 100 μg
l −1 . 

ytotoxicity of sponge fractions toward HeLa cells 

o identify AVM that are not cytotoxic, we assessed the abil-
ty of the fractions to kill cells of the HeLa human cancer line
Masters 2002 ). Table 1 displays the fractions with cytotoxic
r anti-biofilm activity. Fractions lacking both these charac-
eristics are not included in this Table. After 6 h incubation
ith 100 μg ml −1 sponge fractions, only F wm 

and F m 

of Spon-
osorites calcicola induced > 10% lysis of HeLa cells (Table 1 ).
 wm 

showed high toxicity toward HeLa cells with 43% cell ly-
is, whereas less toxicity was observed for F m 

with 15% cell
ysis. After 24 h incubation, 12 sponge fractions caused > 10%
eLa cell lysis with F wm 

of S. calcicola being the most cyto-
oxic by inducing 61% cell lysis, followed by F m 

and F md of
alisarca dujardinii , which caused 30 and 38% cell lysis, re-

pectively. 

nti-biofilm activity of sponge fractions 

rior to assessing the anti-biofilm activity of the sponge frac-
ions, they were tested for their antibacterial activity against

SSA, L. monocytogenes , V. parahaemolyticus , and P. aerug-
nosa using the MIC broth dilution method. Only fractions
f S. calcicola possessed antibacterial activity: F wm 

had an
IC of 6.25 μg ml −1 for S. aureus and an MIC of 25 μg
l −1 for V. parahaemolyticus and L. monocytogenes , while
 m 

had an MIC of 100 μg ml −1 for S. aureus . The antimicro-
ial activity of bis-indole alkaloid components of S. calcicola
as since been biologically characterized (Jennings et al. 2019 ,
han et al. 2022 ). As expected, bacteria treated with S. calci-
ola F wm 

or F m 

did not form biofilms due to the antimicrobial
ctivity of these fractions (Table 1 ). Since the antimicrobial
nd anti-biofilm properties of the S. calcicola fractions could
ot be confidently differentiated, these fractions were not fur-
her analysed in this study. The absence of antibacterial ac-
ivity in other fractions (MIC > 100 μg ml −1 ) indicated the

https://academic.oup.com/jambio/article-lookup/doi/10.1093/jambio/lxad152#supplementary-data
https://academic.oup.com/jambio/article-lookup/doi/10.1093/jambio/lxad152#supplementary-data
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suitability of assessing their anti-biofilm activity against the 
target pathogens. 

None of these fractions inhibited biofilm formation of 
P . aeruginosa or V . parahaemolyticus . Excluding S. calci- 
cola , seven fractions displayed anti-biofilm activity against 
MSSA (Table 1 ). These seven fractions were then assessed 

for their ability to inhibit MR S A biofilm production, which 

showed that five fractions were active against both MR S A 

and MSSA (Fig. 1 a and b)—Clathria strepsitoxa ( F m 

), M.
contarenii ( F md ), F m 

, and F md of Halichondria panicea and 

Stylostichon plumosum ( F m 

)—while H. panicea ( F wm 

) and 

M. rotalis ( F wm 

) inhibited biofilm formation of MSSA only 
(Fig. 1 b). Clathria strepsitoxa ( F m 

) and M. contarenii ( F md ) 
showed the strongest effect by inhibiting biofilm formation 

of both MR S A and MSS A by 90%. Eight fractions from six 

sponge species reduced biofilm formation by L. monocyto- 
genes (Fig. 1 c). Two of these sponge species ( M. rotalis and S.
plumosum ) also possessed anti-biofilm activity against either 
MR S A or MSS A, but in a different fraction. Mycale rotalis 
( F md ) and S. plumosum ( F wm 

) showed the strongest L. mono- 
cytogenes biofilm inhibition at 63% and 60%, respectively 
(Fig. 1 c). 

This assessment showed that 15 fractions of nine sponge 
species had anti-biofilm activity. Five of the seven fractions 
that were active against MSSA also inhibited biofilm forma- 
tion of MR S A. Stylostichon plumosum was the only sponge 
species to show activity against MR S A, MSS A, and L. mono- 
cytogenes, though the activity was associated with different 
fractions. 

Mycale contarenii sponge fractions affect cell–cell 
interaction stages of biofilm formation 

F md of sponge M. contarenii was selected for further analy- 
sis due to its strong anti-biofilm activity against both MR S A 

and MSSA (Fig. 1 a and b). Microscopy was used to investi- 
gate whether M. contarenii ( F md ) reduces MR S A biofilm for- 
mation by interfering with the initial attachment of the bac- 
teria to the substratum (Fig. 2 ). After 1 h, similar numbers 
of treated, untreated, and �fnbAB bacterial cells were at- 
tached to the polystyrene substratum (Fig. 2 a, d, and g). After 
4 and 7 h, confluent and multi-layered untreated cells con- 
sistent with bacterial cell–cell interactions and biofilm for- 
mation were observed (Fig. 2 e and f), in contrast to the 
dispersed monolayer distribution of treated MR S A and the 
�fnbAB mutant (Fig. 2 b, c, h, and i). As cell-to-cell at- 
tachment, and therefore biofilm formation, by the fnbAB 

double mutant is impaired (O’Neill et al. 2008 ), this sug- 
gests that M. contarenii ( F md ) also affects cell–cell inter- 
actions, rather than initial attachment of bacteria to the 
substratum. 

Sub-fractionation of F md of M. contarenii and 

structural analysis of components 

Sub-fractionation of M. contarenii ( F md ) was performed to 

identify the active components responsible for biofilm inhibi- 
tion. Since the fraction contains mostly non-polar compounds,
the chromatographic separation was performed by phenyl 
hexyl column-based HPLC (Long et al. 2008 ). This separa- 
tion led to the isolation of eight sub-fractions (Fig. S1 ), three 
of which (P3, P7, and P8) were active at a concentration of 
125 μg ml −1 causing 41, 63, and 69% reduction of MR S A 

biofilm, respectively. At a concentration of 60 μg ml −1 P7 
nd P8 caused 20 and 58% biofilm reduction, respectively.
MR analysis of these sub-fractions revealed the presence 
f unsaturated fatty acids. Due to the complex structure of
hese fatty acids, further structural analysis was performed us- 
ng gas chromatograph/mass spectroscopy (GC-MS) to iden- 
ify the active anti-biofilm component(s) (Fig. S2 and Table 
4 ). Twenty-four metabolites with intensity > 5000 units were
ound in M. contarenii ( F md ), ten of which were classified as
ajor metabolites (intensity > 40 000 units) (Table 2 ). Six of

hese metabolites were also present in each of the three bioac-
ive sub-fractions at > 5000 intensity units, including myristic
cid, palmitic acid, and oleic acid (Table 2 ). These three fatty
cids, along with the structurally related stearic acid, which 

as present in two sub-fractions, were selected for biological 
nvestigation. 

yristic acid and oleic acid inhibit biofilm 

ormation of MRSA and MSSA 

ommercial preparations of the four fatty acids (myristic 
14:0, palmitic C16:0, stearic C18:0, and oleic acid C18:1 

 = 9) were investigated for their anti-biofilm properties.
yristic, palmitic, and stearic acid are unsaturated fatty acids 

iffering in the length of their carbon chain, while oleic acid
as a single double bond at C9. The two larger unsaturated
atty acids, palmitic and stearic acid, did not show any signif-
cant anti-biofilm activity even at 100 μg ml −1 . Myristic and
leic acid did possess anti-biofilm activity against both MR S A
nd MSSA (Fig. 3 ). Myristic acid exhibited stronger activity
gainst MR S A by inhibiting 79, 73, and 38% biofilm com-
ared to 70, 57, and 28% MSSA biofilm inhibition at 100, 50,
nd 25 μg ml −1 , respectively. Oleic acid showed stronger anti-
iofilm activity against MSSA with 90, 88 and 66% inhibi-
ion compared to 96, 77, and 0% inhibition against MR S A at
00, 50, and 25 μg ml −1 , respectively. We therefore proceeded
ith further assessing the characteristics of myristic and oleic 

cid. 
To substantiate the specific anti-virulence properties of 
yristic and oleic acid, we determined whether the fatty acids

ffect growth of S. aureus (Fig. 4 ). Neither fatty acid elimi-
ated the growth of MR S A or MSS A at the concentrations
ested, indicating an MIC > 100 μg ml −1 . However, at 100 μg
l −1 , myristic acid reduced the exponential growth rate of
oth MR S A and MSS A and reduced bacterial stationary phase
iomass after 14 h to a final OD 600 of 0.65 and 0.61, re-
pectively, compared to the controls (0.93 and 0.90 OD 600 ,
espectively). A similar , though lesser , effect occurred with
0 μg ml −1 myristic acid. There was minimal influence on
rowth of either pathogen in the presence of 25 μg ml −1 myris-
ic acid. At all the concentrations tested, oleic acid extended 

he lag phase of MR S A by around 2 h and reduced the ex-
onential growth rate, but with only a minimal effect on fi-
al biomass, and for this reason the effect of oleic acid on
R S A was not investigated further. This finding is in line with

 previous study that demonstrated that oleic acid delayed 

lanktonic growth of S. aureus (Lee et al. 2017 ). In contrast,
inimal effects on the exponential growth rate and biomass 

ccumulation of MSSA were observed for oleic acid. These 
esults indicate that inhibition of MR S A biofilm by myris-
ic acid and inhibition of MSSA biofilm by either fatty acid
t 25 μg ml −1 is specifically an anti-virulence property and
ot directly attributable to growth inhibition or growth rate 
eduction. 

https://academic.oup.com/jambio/article-lookup/doi/10.1093/jambio/lxad152#supplementary-data
https://academic.oup.com/jambio/article-lookup/doi/10.1093/jambio/lxad152#supplementary-data
https://academic.oup.com/jambio/article-lookup/doi/10.1093/jambio/lxad152#supplementary-data
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Figure 1. Biofilm inhibition of MRSA (a), MSSA (b), and L. monocytogenes (c) by sponge fractions. Bacteria were cultured with 100 μg ml −1 sponge 
fractions or with equivalent volume of DMSO (1%). Biofilm formed after 24 h incubation at 37 ◦C was stained with crystal violet and after solubilization, 
the OD 600 was measured. Results presented are the average ± SD of three independent experiments performed in triplicate. ∗P < .05, ∗∗P < .01, 
∗∗∗P < .001. 

T
M

T  

g  

a  

a  

w
o  

t  

m  

4  

t  

7  

b
 

c  

b  

a  

d  

i  

4  

r  

t  

2  

6
 

S  

v  

h  

h  

MSSA. 

D
ow

nloaded from
 https://academ

ic.oup.com
/jam

bio/article/134/8/lxad152/7226695 by N
ational U

niversity of Ireland G
alw

ay user on 30 July 2025
 ime-cour se inhibition of biofilm formation of 
RSA and MSSA by myristic and oleic acid 

he effect of fatty acids on biofilm formation was investi-
ated in a dose- and time-dependent manner. Fatty acids were
pplied at concentrations between 6.25 and 25 μg ml −1 , i.e.
t concentrations that do not affect bacterial growth. Biofilm
as initially detected for MR S A cultures at 2 h with an OD 600 

f 0.46 (Fig. 5 a). Steady increases in biofilm were detected af-
er 4 h and reached OD 600 of 4.64 by 7 h. After 2 and 3 h,
yristic acid reduced MR S A biofilm by 38%–50%, and after
 and 5 h there was 77%–91% reduction with greater inhibi-
ion at higher concentrations. Likewise, myristic acid inhibited
8%, 74%, and 60% biofilm by 6 h and 84%, 79%, and 71%
y 7 h at 25, 12.5, and 6.25 μg ml −1 , respectively. 
MSSA biofilm started to form at 2 h (0.74 OD 600 ) and in-

reased rapidly to reach 5.06 OD 600 at 4 h, after which time
iofilm formation stabilized (Fig. 5 b and c). Both myristic
nd oleic acids displayed similar dose-dependent and time-
ependent inhibition of MSSA biofilms. At 2 h, the fatty acids
nhibited biofilm formation in a dose-dependent manner with
2%, 23%, and 16% inhibition at 25, 12.5, and 6.25 μg ml −1 ,
espectively. Between 5 and 7 h, the anti-biofilm effect of the
wo fatty acids was very similar with 59%–63% reduction at
5 μg ml −1 , 47%–50% at 12.5 μg ml −1 , and 34%–38% at
.25 μg ml −1 . 
These data show that myristic and oleic acid reduce

. aureus biofilm by inhibition at early stages of its de-
elopment. Each fatty acids was equally effective at in-
ibiting MSSA biofilm accumulation, while myristic acid
ad stronger anti-biofilm activity against MR S A than

art/lxad152_f1.eps
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Figure 2. Initial stages of biofilm formation by MRSA (untreated), MRSA treated with ( F md ) M. contarenii , and MRSA �fnbAB . MRSA was cultured with 
and without M. contarenii ( F md ) (100 μg ml −1 ), and after e v ery hour the wells were washed and dried, and the formed biofilm was observed by 
microscopy. T—Treated, UT—Untreated. Scale bar—100 μm. 
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Figure 3. Inhibition of MRSA (a) and MSSA (b) biofilm formation by fatty acids. The assay was performed as described in Fig. 1 with the indicated 
concentrations of fatty acids. The 100% OD 600 value of MRSA and MSSA controls was 1.89 ± 0.13 and 1.67 ± 0.18, respectively. Myristic acid, 
Oleic acid, Palmitic acid, Stearic acid. ∗P < .05, ∗∗P < .01. 
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Differential gene transcription induced in MRSA 

and MSSA by myristic acid and oleic acid 

To determine the mechanism by which myristic and oleic acid 

inhibit biofilm formation, we investigated their effect on tran- 
scription of biofilm-related genes in MR S A and MSS A. To rule 
out the possibility of differential bacterial growth contribut- 
ing to differential transcription, 25 μg ml −1 fatty acids was 
sed for this experiment, and bacteria were harvested at 3 and
 h time points as no effect on growth was observed in these
onditions (Fig. 4 ). Moreover, the 3 and 4 h time points are
ust prior to, and just at, the stages when major differences
n biofilm accumulation upon fatty acid treatment occurred 

Fig. 5 ). To eliminate potential bias due to the treated bacteria
orming less biofilm, total RNA was isolated from planktonic 

art/lxad152_f2.eps
art/lxad152_f3.eps
art/lxad152_ufig1.eps
art/lxad152_ufig2.eps
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Table 2. GC-MS analysis revealed components of MeOH: CH 2 Cl 2 fraction ( F md ) of sponge M. contarenii and its active sub-fractions (P3, P7, and P8). 

Components 
a 

F md 
b P3 P7 P8 

Octanal M 

Unknown (RI 1170) m 

2-Undecenal m 

Hexadecane M + 

c + 

Pentadecanal m 

Tetradecanoic acid (myristic acid) (C 14 H 28 O 2 ) m + + + 

Hexadecanal M + 

6,10,14-Trimethyl-2-pentadecanone m + 

Hexadecan-1-ol M + + + 

Heptadecanal M + + 

Hexadecanoic acid (palmitic acid) (C 16 H 32 O 2 ) M + + + 

9-Octadecenal m + + 

Long alkyl chain carboxylic acid isomer m + + 

9-Octadecenal isomer M + 

9-Octadecenoic acid (oleic acid) (C 18 H 34 O 2 ) m + + + 

Octadecanoic acid (stearic acid) (C 18 H 36 O 2 ) m + + 

Unknown (RI 2213) M + 

2,3-Dihydroxypropyl-9-octadecenoate (oleic acid 
monoglyceride) 

M + + + 

Unknown (RI 2298) m + 

Unknown (RI 2303) m + + 

2,4-Docosadienal M + 

Bis(2-ethylhexyl)-13-benzenedicarboxylate (phthalate 
derivative) 

m + + + 

Diterpene M + 

Unknown (RI 2478) m + + 

a RI = Retention index (see Table S4 ); compounds selected for further investigation are in bold. 
b m = presence of compound in F md with intensity > 5000 units; M = major metabolite in F md with intensity > 40 000 units. 
c + = presence of compound in sub-fraction (P3, P7, and/or P8) with intensity > 5000 units; Empty cell = compound with intensity < 5000 units in sub-fraction. 
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Figure 4. Effect of myristic acid and oleic acid on growth of MRSA and MSSA. MRSA with myristic acid (a), MRSA with oleic acid (b), MSSA with 
myristic acid (c), and MSSA with oleic acid (d). MRSA and MSSA (inoculum: 0.02 OD 600 ) were grown in a 96-well plate at 37 ◦C in the presence and 
absence of fatty acids at concentrations of 25–100 μg ml −1 for 14 h. Control, 25 μg ml −1 , 50 μg ml −1 , 100 μg ml −1 . Cell growth was 
measured by using optical density at 600 nm at 15-min intervals. Experiment was performed thrice in triplicate. 
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Figure 5. Time-course of anti-biofilm activity of myristic acid and oleic acid against MRSA and MSSA. MRSA with myristic acid (a), MSSA with myristic 
acid (b), and MSSA with oleic acid (c). The assay was performed as described in Fig. 1 with the indicated concentrations of oleic and myristic acid and 
with biofilm quantified each hour up to 7 h of culture. Results presented are the average ± SD of three independent experiments performed in triplicate. 

25 μg ml −1 , 12.5 μg ml −1 , 6.25 μg ml −1 , Control. ∗P < .05, ∗∗P < .01, ∗∗∗P < .001. 
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bacteria grown statically in biofilm culture conditions. Quan- 
titative real-time PCR was used to compare transcript levels 
of the biofilm-related genes fnbA , fnbB , icaA , icaR , sarA , and 

agrB . Fold change ≥1.5 was considered a differential change 
in transcription. 

Analysis of the qPCR data revealed that myristic acid 

down-regulated transcription of both fnbA and fnbB in 

MR S A by 5.3-fold compared to the untreated culture at 3 h 

(Fig. 6 a), whereas, by 4 h, only the expression of fnbB was 
significantly down-regulated with 1.5-fold decrease compared 

to control. While investigating the effect of myristic acid on 

biofilm-related gene transcription in MSSA, we observed no 
ignificant change in transcript levels of icaA and icaR after 3 h
Fig. 6 b); however, at 4 h, there was a 2-fold decrease in icaA
ranscription. In addition, oleic acid repressed the mRNA level 
f icaA in MSSA at 3 and 4 h with 3.2-fold change (Fig. 6 c).
o significant difference was observed in the transcript level 
f the other biofilm-related gene icaR in MSSA. Finally, tran-
cription levels of sarA or agrB in MSSA or MR S A were also
nchanged in the presence of either fatty acid. 
In conclusion, myristic acid down-regulated transcription 

f the fnbA and fnbB genes in MR S A, and myristic acid and
leic acid down-regulated transcription of the ica A gene in
SSA. 
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Figure 6. Transcriptional profiles of biofilm-related genes in S. aureus treated with fatty acids. Myristic acid-treated MRSA (a), myristic acid-treated 
MSSA (b), and oleic acid-treated MSSA (c). Comparison of relative fnbA, fnbB, (MRSA), icaA , icaR (MSSA), sarA , and agrB (MRSA and MSSA) gene 
transcription by RT-PCR in bacterial culture grown for 3 or 4 h in BHI medium or BHI medium supplemented with 25 μg ml −1 fatty acids. The experiment 
was conducted with three biological and two technical replicates for each sample. 3 and 4 h. Fold change is relative to untreated culture. ∗P < .05, 
∗∗P < .01. 
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iscussion 

n this study, we demonstrated that anti-biofilm activity is a
revalent characteristic of marine sponges and that sponge
VM can be exploited to inhibit biofilm formation of clini-
al pathogens. Out of 56 fractions prepared from 26 sponge
pecies collected off the Irish coasts, 15 fractions from eight
ponge species (27% of fractions and 31% of species) re-
uced biofilm production of S. aureus or L. monocytogenes .
ignificantly, anti-biofilm activity was not associated with
nhibition of bacterial growth. Most sponge fractions that
howed activity against MSSA also inhibited biofilm for-
ation of MR S A. The exceptions were F wm 

of M. rotalis
nd H. panicea , suggesting these two fractions may pos-
ess distinct AVM that act through an alternative mecha-
ism to inhibit biofilm formation. A similar interpretation
ould be proposed for the lack of overlap between frac-
ions reducing biofilm formation of L. monocytogenes and
hose inhibiting S. aureus biofilm production, further show-
ng the diversity of bioactive AVM in sponges. There are
hree known classes of marine sponge metabolites, namely ter-
enoids, pyrrole-imidazoles, and phorbaketals, that are con-
idered non-bactericidal biofilm inhibitors (Stowe et al. 2011 ,
im et al. 2021a ). Together with our data, this indicates

hat marine sponges possess diverse AVM specific to different
athogens. 
We further explored the anti-biofilm activity of M. con-

arenii ( F md ), as it showed the strongest activity against both
R S A and MSS A. NMR and GC-MS analyses of this active

raction and its active sub-fractions revealed the major pres-
nce of several fatty acids. Two of these fatty acids, myris-
ic and oleic acid, demonstrated strong anti-biofilm activity
gainst MR S A and MSS A. Time–course microscopy and crys-
al violet staining data suggest that their AVM activity in-
uences the phase of biofilm accumulation that occurs after
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initial attachment of bacteria to the substratum. Our study 
demonstrated inhibition in a dose-dependent manner at con- 
centrations that did not influence bacterial growth rates. A 

restricted variety of fatty acid structures sourced from natu- 
ral materials inhibit biofilm of pathogenic bacteria (Wender- 
ska et al. 2011 , Ramanathan et al. 2018 , Cui et al. 2019 ). In 

correlation with our data, these anti-biofilm fatty acids include 
oleic acid, which has activity against several pathogens, in- 
cluding S. aureus , Streptococcus mutans , Acinetobacter bau- 
mannii , and P. aeruginosa (Pandit et al. 2015 , Lee et al. 2017 ,
Khadke et al. 2021 , Selvaraj et al. 2021 ). Myristic acid has 
been previously demonstrated to exert antimicrobial activity 
against some bacterial species (e.g. S. mutans ) but not others 
(e.g. S. gordonii and S. aureus ) (Huang et al. 2011 , Kim et 
al. 2021b , Lee et al. 2022 ). Surprisingly, however, these two 

latter recent studies from the same research group present 
contrasting results for the anti-biofilm activity of myristic 
acid at sub-lethal concentrations, with one study claiming 
limited activity and other strong activity. Our study clari- 
fies that myristic acid does have anti-biofilm activity against 
both MR S A and MSS A. Myristic acid also has other anti- 
virulence activities. It inhibits hyphal and biofilm formation 

by the fungus Candida albicans (Prasath et al. 2019 ) and 

inhibits swarming motility of Proteus mirabilis (Liaw et al.
2004 ). Further investigation of myristic acid is warranted 

to exploit its full potential as an AVM against pathogenic 
microorganisms. 

Investigating the mechanism of action of fatty acids 
on a transcriptional level revealed that myristic acid in- 
duced changes in transcription of biofilm-related genes in 

both MR S A and MSS A. In MR S A, myristic acid down- 
regulated transcription of the fnbA and fnbB genes,
which encode proteins involved in bacterial cell-to- 
cell attachment during biofilm accumulation (McCourt 
et al. 2014 ), suggesting that this is the mechanism by 
which myristic acid leads to the biofilm inhibition of 
MR S A. 

Both myristic and oleic acid down-regulated icaA transcrip- 
tion in MSSA. The ica operon encodes proteins for the biosyn- 
thesis of the PIA polysaccharide that facilitates cell aggre- 
gation, thereby enhancing biofilm formation in MSSA (Mc- 
Carthy et al. 2015 ). In support of this finding, anti-biofilm ac- 
tivity of rhodomyrtone extracted from Rhodomyrtus tomen- 
tosa leaves inhibited transcription of S. aureus ica gene (Sais- 
ing et al. 2015 ). We propose that the anti-biofilm ability of 
myristic acid is due to its down-regulation of transcription 

of distinct biofilm genes in both MR S A and MSS A. Further 
study would examine the ability of fatty acids to not only 
prevent biofilm formation but also to eradicate pre-formed 

biofilms. 
In conclusion, we report strong anti-biofilm activity of 

marine sponge fractions against clinical pathogens MR S A,
MSSA, and L. monocytogenes . Myristic and oleic acid 

were identified as the active AVM of M. contarenii ( F md ) 
that inhibited S. aureus biofilm formation. The other ac- 
tive sponge fractions constitute an important resource for 
the future exploration of additional AVM. Transcriptome 
analysis revealed molecular targets of myristic and oleic 
acid: suppression of transcription of genes related to in- 
tercellular attachment and biofilm accumulation in both 

MR S A and MSS A. This study indicates that fatty acids 
are promising candidates for development of AVM. They 
could be used as coating on medical implantable de- 
ices and in food processing facilities to prevent biofilm 

ccumulation. 
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