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ABSTRACT

MOLECULAR CHARACTERIZATION OF BIOFILM PROPERTIES OF
Listeria monocytogenes IN THE PRESENCE OF 0o-COUMARIC ACID
AND 4-HYDROXYBENZOIC ACID

Biofilms in medical and food industries are difficult to deal with. The formation
of biofilms on every type of surfaces, ability to withstand in biofilm structures against
thousand folds of lethal antibiotic doses and reasoning for different kinds of chronic
diseases prove dangerousness of biofilms. Food borne pathogens that survive in
biofilms can contaminate foods and feeding tubes which results food poisonings,
outbreaks and infections. Listeria monocytogenes EGDe is one of the dangerous food
borne pathogens with ability to form biofilms and cause listeriosis among elderly
people, immunocompromised patients or pregnant women, which results lethal
consequences.

In this study, 4-hydroxybenzoic acid and o-coumaric acid that have potential
antimicrobial and antibiofilm effect on Listeria monocytogenes EGDe were examined.
Furthermore, protein profiles were investigated in the presence of phenolic acids. The
antimicrobial assays of selected phenolic acids revealed the MICs against Listeria
monocytogenes EGDe which are 18 mM for 4-hydroxybenzoic acid and 10 mM for o-
coumaric acid. In the presence of MICs, while o-coumaric acid reduced initial
attachment at 58%, 4-hydroxybenzoic acid reduced 48%. 4-hydroxybenzoic acid and o-
coumaric acid also showed inhibitory effects on preformed biofilms as 34% and 56%
respectively. The inhibitory effects of selected phenolic acids were ensured by
visualization with SEM and Flourescence Microscopy. Afterwards, Listeria
monocytogenes EGDe was treated with MIC of phenolic acids for total protein isolation.
Isolated proteins were subjected to in-gel digestion and analysed in nanoLC-ESI-
MS/MS system to interpret the mode of actions of antimicrobial and antibiofilming

properties



OZET

Listeria monocytogenes’in 0-KUMARIK ASIT VE 4-
HIDROKSIBENZOIK ASIT VARLIGINDA BiOFIiLM OZELLIGININ
MOLEKULER KARAKTERIZASYONU

Medikal ve gida endiistirisinde bulunan biyofilmlerle basa ¢ikmak oldukga
zordur. Birgok yilizeyde biofilm olusabilmesi, 6ldiiriicii antibiyotik dozunun bin katina
biyofilm yapilarinin ig¢inde direnebilme kabiliyetleri ve bir¢ok kronik hastaliga sebep
olmalar1 biyofilmlerin tehlikesini kanitlamaktadir. Biyofilmlerin igerisinde hayatta
kalabilen gida patojenleri gidalara ve beslenme tiiplerine bulasarak gida
zehirlenmelerine, salginlara ve enfeksiyonlara sebep olmaktadir. Listeria
monocytogenes EGDe biyofilm olusturma yetenegine sahip tehlikeli gida
patojenlerinden biridir ve yashilarda, immune sistemi diisiik hastalarda ve hamile
kadinlarda listerioza sebep olarak 6liimciil sonuglar dogurabilir.

Bu calismada potansiyel antimikrobiyal ve antibiyofilm etkiye sahip 4-
hidroksibenzoik asit ve o-kumarik asitin Listeria monocytogenes EGDe {izerindeki
etkileri incelenmistir. Daha sonrasinda, fenolik asitlerin varliginda protein profilleri
incelenmistir. Secilen fenolik asitlerin Listeria monocytogenes EGDe iizerindeki
antimikrobiyal tahlilleri 4-hidroksibenzoik asitin MIK degerini 18 mM, o-kumarik
asitinkini ise 10 mM olarak agiga ¢ikarmigtir. MIK degerlerinin varliginda, , o-kumarik
asit onciil tutunmayr %58 oraninda azaltirken, 4-hidroksibenzoik asit %48 oraninda
azaltmistir. 4-hidroksibenzoik asit ve o-kumarik asitin 6nceden olusmus biyofilmler
tizerinde sirasiyla %34 ve %56 azaltici etki gosterdigi saptanmistir. Fenolik asitlerin
azaltict etkileri taramali elektron mikroskobu ve floresan mikroskobu ile gorsellenerek
kanitlanmustir. Listeria monocytogenes EGDe fenolik asitlerin MIK degerlerine maruz
birakilarak total proteinleri izole edilmistir. izole edilen proteinler jel ici sindirime
maruz birakmis, antimikrobiyal ve antibiyofilm ozelliklerinin etki mekanizmalarini

tahmin etmek i¢in nanoLC-ESI-MS/MS sisteminde analiz edilmistir.
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CHAPTER 1

LITERATURE REVIEW

1.1. Foodborne Pathogenic Bacteria & Outbreaks

Consumption of contaminated food causes serious economic and health
problems. According to Centers for Disease Control and Prevention (CDC), food-borne
pathogens cause 76 million cases each year in U.S. Among these cases, 325.000 patients
needed medical care and 5.000 of these people lost their life. The cases of food-borne
pathogens mainly related with Campylobacter, E. coli 0O157:H7, Listeria and
Salmonella in U.S. Although most common infections in U.S were caused by
Campylobacter and Salmonella, the severity and fatality rates proves how dangerous
Listeria is (Mead et al., 1999). L. monocytogenes can be found almost every food
especially raw ones such as: meat, fish, poultry, vegetables and milk products like soft
cheeses and ice creams. Listeria has two ways of infection which are non-invasive and
invasive. In non-invasive way, it causes gastroenteritis with symptoms as headache,
abdominal pain and fever. In invasive infection called Listeriosis, L. monocytogenes
reaches blood or cerebrospinal fluid that cause septicemia (blood poisoning) or
meningitis. Listeriosis mainly diagnosed among pregnant women, elderly people,
newborns or immunocompromised people. Although, precautions decreased the
incidences, listeriosis still a serious risk for human health. The estimations in U.S
showed that anually 3500 people infected by this pathogen and approximately 600 of
them die (Ramaswamy et al. 2007). Outbreaks in recent years show the importance of
listeriosis. In September 2011, contaminated cantaloupe infected 147 people and 33 of
them died. Before 2011, 2002 outbreak which occurred because of contaminated turkey
deli meat was the largest among the other outbreaks with 54 infected people, 8 deaths
and 3 fetal deaths (www.CDC.gov 2013).



1.2. Listeria monocytogenes

L. monocytogenes is discovered by E. G. D. Murray, R. A. Webb, and M. B. R.
Swann in 1924. They isolated it from rabbits and guinea pigs which have septicemic
disease. Listeria genus converge 6 species which are monocytogenes, ivanovii, grayi,
welshimeri, innocua and seeligeri. They are gram positive with their rod shapes. Their
sizes are approximately 0.5um wide and 1.5 um long. The members of genus Listeria
are facultatively anaerobic and non-spore forming. They can live nearly in every
environment like soil, forage, mud, silage, water, sewage, most of raw and processed
food. Among these species, only L. monocytogenes and L. ivanovii are pathogenic.
While the optimum growth temperature varies between 30°C and 37°C, L.
monocytogenes can grow between a wide range of temperatures between 2°C and 45°C.
This dangerous microorganism can survive under the refrigeration temperatures as low
as -7°C. L. monocytogenes can also tolerate a wide range of acid stress. It can live at pH
range between pH: 5.5 (which corresponds to 1 M lactic acid) and pH: 9.6. Increasing
the salt concentration of foods is a method to preserve. However, the salt tolerance of L.
monocytogenes can increase up to 30% NaCl concentrations (Gandhi and Chikindas
2007, Low and Donachie 1997). Tolerance of L. monocytogenes to different types of
environmental conditions makes it easy to contaminate foods and make human beings
unavoidable to be exposed. L. monocytogenes have 12 known serotypes. Among these
serotypes, 1/2a, 1/2b, and 4b are the most dangerous ones with being the causative agent
of 90 % of Listeriosis cases (Vazquez-Boland et al. 2001).

Listerial infections mainly divided into two forms in the host which are invasive
and non-invasive. These two forms of listerial infections start with consumption of
contaminated foods. In non-invasive form, Listeria reaches the intestines. The
symptoms of gastroenteritis that are fever, abdominal pain and headache start in the
patient. Listeriosis is the invasive form of listerial infection. It is clinically diagnosed
when blood or cerebrospinal fluid include Listeria. Firstly, bacteria pass the intestines
and reach the liver of the host. It begins to multiply until cell-mediated immune
response. Severity of the infection increases when the host is immunocompromised or
immunosupressed. In other words, severity of infection increases with weakened
immunity. Afterwards, this uncontrolled multiplication in non-effective immune system

causes bacteremia. Pro-longed bacteremia can cause the infection of other organs and



different lethal conclusions like abortions and septicemia as summarized in Figure 1
( Ramaswamy 2006, Vazquez-Boland et al. 2001).
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Figure 1. Pathophysiology of Listeria infection
(Source:Vazquez-Boland et al. 2001).

L. monocytogenes and L. ivanovii are pathogenic bacteria that have intracellular
life cycle in phagocytic cells like macrophages and ability to enter non-phagocytic cells
like endothelia cells, hepatocytes, and epithelial cells. In intracellular life cycle of
Listeria, there are certain actors which help Listeria to invade the cells. The stages of
invasion are summarized as in Figure 2. Firstly, invasion starts with the entry of Listeria
to host cell by internalin protein family members A and B. Internalin A interacts with
cell surface receptors (E-cadherin) of host cell. Internalin B interacts with Met so
clathrin mediated endocytosis machinery is recruited and actin polymerization is
triggered. Secondly, phagosomal escape of Listeria takes place in the host cell. LLO is
key virulence factor which is member of cholesterol dependent cytotoxins that forms
pores. It takes role in phagosomal maturation arrest and phagosomal lysis that allow
bacteria to be released to cytoplasmic space. After replication in host cytoplasmic space,
extracellular expression of ActA polymerizes actins of the host cell. Polymerized actins
forms the actin tails that allow the bacteria travel in host cell and penetrate to neighbor

cells (Markus Schuppler and Martin J. Loessner 2010, Javier Pizarro-Cerda 2012).
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Figure 2. Intracellular cell cycle of L. monocytogenes.
(Source: J. Pizarro-Cerda” et al. 2012)

1.3. Biofilms

Biofilms are complex aggregates of sessile communities attached to biotic and
abiotic surfaces. In this complex aggregation, attached cells change their growth rate
and gene transcription. Furthermore, they produce extracellular polymeric substances to
cover cells as glue like shield. In this structure, different types of species can take part
and communicate each other by quorum sensing mechanisms. This change in mode of
growth has different reasons according to environmental and beneficial conditions. First
of all, bacteria want to live and remain in favorable and appropriate niche. Secondly, it
protects itself by forming biofilm in response to stress factors like disinfectants,
antibiotics, lack of nutrients, pH changes in salty and acidic conditions. In addition to
that biofilms are the reasons of most infections in host systems. From this perspective,
protection from host defense systems and colonization in nutrient rich environments can
be counted as the reason of biofilm formation in host systems. When change in mode of
growth from planktonic to sessile form, specific genes are required in different species.
In addition to that during the process of biofilm formation, different genes related with
stress responses, quorum sensing, cell division, motility, adhesion, cell wall, phage and
carbohydrate metabolism are up or down regulated (Donlan, R., Costerton M., William
J. 2002, Kimberly K. Jefferson 2004). Besides their natural habitat like rivers, oceans,

rocks and quiescent waters, biofilm formation take part problematically nearly in every



step of life. From industrial perspective, bacterial communities can be on the inner
surface of pipelines that results reduction in heat transfers and corrosion of attached
surfaces. In food industry, they locate themselves on meat, dairy and poultry processing
areas that results food contaminations (Simoes M. et al. 2009). In addition to these,
when their infectious ability combines with biofilm formation, it causes lethal or severe
diseases. They form biofilms on implants, surgical devices or directly in host body. As a
consequence of biofilm formation, they result chronic lung infections, middle ear
infections, native valve endocarditis and ocular implant contaminations (Donlan R.,
Costerton M., William J. 2002). Most popular form of biofilm formation is dental
plaques. These types of biofilms cause corrosions on tooth surfaces and results dental
caries. (Marsh P.D. 2004).

Biofilm formation process has sequential distinct steps which begin with initial
attachment of cells into target surface. The attachment of the cells determined by two
main factors: 1) closeness of cells to attachment surfaces and 2) balance of attractive
and repulsive forces like electrostatic, hydrophobic and van der Waals between bacteria
and surface. Surface conditioning by the environment and bacterial surface structures
like pili, fimbriae and flagella take role in attachment process. Attached cells produce
extracellular polymeric substances that result irreversible and firm settlement to the
surface. This firm and irreversible anchoring is supported by interactions between
surface bound nutrients, specific receptors on pili and fimbriae, and extracellular
polymeric substances which are polysaccharides, proteins, DNA and lipids. According
to environmental conditions and characteristics of the species, cells show different cell
growth, replication, cell-cell signaling molecules and EPS production levels. As a result
of these, architecture of the biofilm constructed. This structural orientation supports
transportation of signaling molecules and nutrients within the biofilm. When the biofilm
structure reaches mature form, single cells disperse from the biofilm to form new ones
(Michael Dunne W. 2002, Stoodley P. et al. 2002, Breyers & Ratner 2004). Although
planktonic and sessile bacteria have same genetic backgrounds, this extraordinary
structure of bacteria give advantages to sessile form of growth against planktonic ones.
While specific doses of antibiotics kill planktonic bacteria, sessile forms in biofilm can
resist up to 1000 times higher doses of antibiotics compared to planktonic form. In
addition to this, biofilm structure is also advantageous for sessile community from the
perspective of infectiousness. This structure of sessile community protects itself against

host defense systems. Phagocytotic defense cells cannot engulf the bulk structure of



biofilms so sessile cells continue their life cycle in host system without eradication
(Lewis K. 2001).

1.4. Phenolic Compounds

Plants produce different types of organic compounds which are called as primary
and secondary metabolites in their life cycle. These compounds differ according to their
importance and essentiality but borders of these compounds can be interchangeable in
some cases. While primary metabolites take role in essential metabolic reactions like
growth, development, respiration and photosynthesis, secondary metabolites take not
essential but important roles such as in responses to environmental stresses, defense
against invaders like pathogens and herbivores, and protection from sun based radiation
(Crozier A. & Clifford M. N. 2006).

Phenolic compounds are one of the major classes of secondary metabolites in
plants. Their synthesis includes pentose phosphate, shikimate and phenylpropanoid
pathways (Randhir, Lin, & Shetty, 2004). Their chemical composition includes one or
more aromatic ring and attached hydroxyl groups. There are thousands of phenolic
compounds which sub-grouped according to their chemical structure in terms of type
and number of phenol rings. More than 8000 phenolic structures take place in literature.
According to the complexity of chemical structures of natural polyphenols; phenolic
acids, phenylpropanoids and flavanoids can be called as simple molecules whereas
lignins, melanins and tannins seen as polymerized complex compounds (Crozier A. &
Clifford M.N. 2006, Bravo L. 1998). Phenolic acids are one of the subgroups of
phenolic compounds. These aromatic secondary metabolites have divided into two
groups that are hydroxycinnamic acids and hydroxybenzoic acids (Tripoli et al. 2005).
Besides their role in plant metabolism, their significance for human health is
unignorable. Their benefital effects can be exampled as anti-inflammatory, antiallergic,
antimicrobial, anticarcinogenic, antiviral, antioxidant, antimutagenic and antiangiogenic
(Karaosmanoglu et al. 2010, Silva F. et al. 2000, Andjelkovic et al. 2006, Chang-Seok
Kong et al. 2013).



In this thesis, two candidates of phenolic acids were examined for their
antimicrobial and antibiofilm properties. One candidate is the member of
hydroxybenzoic acids that is 4-hydroxybenzoic acid and the other one is o-coumaric
acid that is the member of hydroxycinnamic acids. Chemical structures of

hydroxybenzoic acids and hydroxycinnamic acids are illustrated as in Figure 3.

Hydroxycinnamic acids Hydroxybenzoic acids
R1 R2 R1
R
N ROOH
R3 COOH
R3
Re R4
R,=OH, R,=R,=R,=H o-Coumaric acid Ri=R:=R,;=H, R:=0H  p-Hydroxybenzoic acid
R,=R:=R.=H, R-=0H m-Coumaric acid RE=R,=H. R.=R;=0H Protocatechuic acid
R,=R:=R=H, R;=OH p-Coumaric acid R;=Ry=H, R;=0CH;, R,=OH Vanillic acid
R;=Rs=H, R:=Rs=OH Caffeic acid Ri=H, RR~ROH Gallic acid
Ri=Rs=H, R;=0CH; Ry=0OH Ferulic acid Ry=H, R;=R,=OCH;, R,=OH  Syringic acid
R;=H. R;=R4=0CH;. R;=0H Sinapic acid R=R,=OH, R:=R;=H Gentistic acid

Figure 3. Chemical structures of hydroxybenzoic acids and hydroxycinnamic acids
(Source: Chi-Tai Yeh and Grow-Chin Yen 2003).

1.5.  Antimicrobial and Antibiofilm Properties of Plant Constituents

Antibiotic treatments are the general way of combating with bacteria. However,
increase in antibiotic resistances and formation of biofilms draw the lights on plant
extracts and plant compounds that have potential antibacterial and antibiofilm abilities.
Plant extracts from different types of spices, fruits and folk medicinal plants were
applied against bacteria (Simdes M., Bennett R. N. & Rosa, E. 2009). Cranberry
extracts have examined against two species of bacteria that are Staphylococcus (Gram-
positive) and E. coli (Gram-negative). These microorganisms are capable of biofilm
formation and can cause urinary tract infections. While 5 mg/mL of extract caused
inhibition in Staphylococcus, the growth of E. coli did not show inhibition.



Furthermore, extracts showed antibiofilm effect in biofilm production but could not
disrupt the formed biofilms (LaPlante K. et al. 2012). Although, the eradication of
preformed biofilms is hard, different plant extracts can show inhibitory effect on
different organism like Listeria monocytogenes. In (Sandasi M. et al. 2010), 15 different
types of plants extracts from herbs, spices, beverages and medicinal plants investigated
against Listeria monocytogenes based on their inhibitory effects on initial attachment
and preformed biofilms. While 9 plant extracts could inhibit the initial attachment, just
3 of the plant extracts belong to R. officinalis, M. piperita and Melaleuca alternifolia
showed over 50% inhibition on pre-formed biofilms. The antibiofilming extracts of
plants can be enlarged by burdock leaf, oolong tea and puerh tea. While burdock leaf
extracts shows antibiofilm effects on Escherichia coli by different ethanol elution
fractions, oolong tea and puerh tea extracts inhibited the attachment of S. mutans ( Lou
Z. 2013, Wang Y. 2013). Besides their preservative and therapeutic properties, essential
oils have also inhibitory effects on growth and biofilm formation of different bacteria.
As an example, cassia oil, clove oil, lavender oil, peru balsam oil, red thyme oil and tea
tree oil examined against Pseudomonas aeruginosa, Pseudomonas putida , and
Staphylococcus aureus. They also compared the antibiofilm effect of antibiotics that are
ofloxacin, colistin and gentamicin against the essential oils. They realized that essential
oils are more effective than antibiotics that they used. Interestingly, while red thyme did
not Kill the planktonic cells, it showed significant antibiofilming ability (Kavanaugh N.
L. & Ribbeck K. 2012). In addition to that different essential oils like thyme and
oregano showed antimicrobial effects on E. coli and some Salmonella species. The
reason for the inhibition considered as the presence of phenolic compounds carvacrol
and thymol. Individually these phenolic compounds also showed inhibitory effects on
famous pathogen bacteria: Escherichia coli O157:H7 and Listeria monocytogenes
(Edris A. E. 2007). The effects of plant extracts and essential oils take its source mainly
from their components like monoterpens, flavonoids, tannins and phenolic compositions
(Edris A. E. 2007, Sandasi M. et al. 2008, Karaosmanoglu et al. 2010, Bubonja-Sonje et
al. 2011 Wang Y. et al. 2013) . In the study of Annapoorani (2012), induction by
phenolic and flavanoid compounds like rosmarinic acid, naringin , chlorogenic acid and
mangiferin tested on the cell growth of S. marcescens and quorum sensing mechanisms.
Different percentages of cell growth inhibitions have observed like 57% in the presence
of rosmarinic acid. In another study, pathogens related with respiratory diseases are

targeted by wine phenolic compounds and oenological phenolic extracts. The



antimicrobial effects of flavanoids and phenolics showed significant differences
according to bacteria. In addition to that phenolic acids like gallic acid and caffeic acid
showed more activity than flavanoids catechin and epicatechin (Cueva C. et al. 2012).
Phenolic and natural phenolic compounds are tested on P. aeruginosa for both
antimicrobial and antibiofilming properties. According to data, there is no notible
decrease in bacterial growth but significant inhibitions were examined in biofilm
formations. In terms of chemical structures, phenol, polyphenol and tannic acid showed
over 69% inhibition (S. Jagani et al 2009).

Consequently, different plant extracts include different compositions and
different amounts of phytochemicals. The antimicrobial applications of the
phytochemicals on different bacteria change according to some variables. These
variables are type of bacteria (gram positive or negative), chemical structure of
phytochemicals and concentrations. These parameters significantly change the effects
and different types of mode of actions occur in different antimicrobial applications.
Most of the phytochemical compound targets the membrane of bacteria and affects the
membrane permeability. Furthermore, inhibition of efflux pump and interference with
DNA and RNA synthesis covers general mode of actions. Specifically, flavanoids
inhibit the DNA gyrase activity, isoflavone changes the cell morphology like filament
cells and coumarins reduce cell respiration. (Simdes M., Bennett R. N. & Rosa, E. 2009,
Paiva P. M. G., Gomes F. S. , Napoledo T. H. 2010). Besides these, they have quorum
sensing inhibitory effect that results inhibition of biofilm and virulence factors. In P.
aeruginosa, plant extracts of South Florida medicinal plants interfere with LasA, LasB,
and pyoverdin that are virulence factors (Adonizio et al. 2008).

In this study, two antimicrobial phenolic acids: 4-hydroxybenzoic acid (4-HBA)
and o-coumaric acid that present in Turkish extra virgin olive oils were investigated for
their antimicrobial and antibiofilm properties against Listeria monocytogenes EGDe.
The antimicrobial properties of 4-hydroxybenzoic acid were investigated against 19
different microorganism and 4-HBA showed different inhibitory effects on their growth
(Jeong-Yong Cho et al 1998). o-Coumaric acid that also present in plant products, have
antimicrobial properties (Karaosmanoglu et al. 2010). Controverserily, Dorantes L
(2000) investigated that serrano chilli pepper extract include o-coumaric, m-coumaric
and p-coumaric acids. They also applied these acids on B. cereus, S. aureus, S.

yphimurium and L. monocytogenes for their potential antimicrobial properties. While p-



coumaric and m-coumaric acids showed inhibitory efects on selected bacteria, o-

coumaric could not. It should be due to concentrations

1.6. Proteomic Insights

Consequently, the effects of plant constituents on bacteria cannot be ignored. Revealed
modes of action need to be proved by proteomic researches to understand protein
interactions and mechanisms. In 2010, Shu-min Yi and colleagues demonstrated the
alterations of tea polyphenols on P. Aeruginosa. They also supported their findings with
TEM analysis. Their findings showed that these polyphenols change the integrity of
outer membrane and inner membranes that results leakage of cell components. They
continued their study by focusing on the membrane proteins. They found 27
differentially expressed protein according to 2D gel analysis. However, they could only
identify 13 of them as a result of MALDI-TOF/TOF MS analysis and database search.
Among these proteins, dihdrollpoamide dehydrogenase (LPD), succinyl Co-A
synthetase beta subunit, biotin caboxyl carrier protein (BCCP), elongation factor Ts
(EF-Ts), 50s ribosomal protein, single-stranded DNA-binding protein (SSBP), glycine
cleavage system protein T2 and polyamine transport protein were significantly changed.
In the study of Longhi C. (2008), they investigated the characteristics of Listeria
monocytogenes in the presence of serratiopeptidase (SPEP). They realized that there is
significant inhibition in invade of host cells and biofilm formation. Subsequently,
comparative SDS analyses were performed for treated and untreated surface proteins.
Proteins were identified by MALDI-MS. Their investigations showed that proteases
degraded some adhesion family members which helps attachment to environments and
host cells. From the perspective of biofilm formation, we know that although the whole
populations of cells have same genetic background, they show different physiological
properties. As a result of these, not only the surface proteins but also intracellular
proteins should be considered in terms of understanding the biofilm formation. The
reason is that attached bacteria show significant different protein profile against
planktonic cells. The comparison of proteomes of sessile and planktonic cells of Listeria
monocytogenes proves the differences (Tremoulet F. et al. 2002, Hefford M.A. et al.
2005)
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CHAPTER 2

INTRODUCTION

Biofilm formation is complex aggregation of bacteria on biotic or abiotic
surfaces that modulated by different intracellular and extracellular signaling
mechanisms. Although all cells are genetically identical, significant physiological
changes occur during transition from planktonic mode of growth to sessile (Costerton
R., Donlan J. 2002). This structure is considered as the reason of many chronic and
persistent diseases. This structure helps sessile growing cells become less susceptible to
10-1000 fold lethal doses of antibiotics which kill planktonic counterparts (Davies D.
2003). Listeria monocytogenes is one of the foodborne pathogens that can form biofilm.
Listeria monocytogenes can attach and form biofilms on all the materials used in the
food industry (Meretre T. 2004). The consumption of contaminated foods by Listeria
monocytogenes can cause listeriosis with lethal consequences among elder people,
immunocompromised patients and pregnant women (Liu D. 2006, Lewis K. 2001).

Plant extracts, essential oils and phenolic compounds attract the attention of
scientist because of their potential antimicrobial and antibiofilm characters. They are
also considered as new antimicrobial agents. Phenolic acids are also plant originated
secondary metabolites that have the same potential. The studies about phenolic acids
started with basic antimicrobial test and nowadays reached to investigation of action
mechanisms (Paiva P. M. G. et al. 2010, Borges A. 2013). However, there are still many
dark points waiting to be revealed in terms of their mode of actions.

The intension of this study is the investigation of antimicrobial and antibiofilm
properties of 4-hydroxybenzoic acid and o-coumaric acid on Listeria monocytogenes
EGDe in proteomic point of view. Recent proteomic studies mostly cover the
differences between planktonic and sessile growth modes. This study will be first by
revealing key proteomic changes in the presence of phenolic stress. Beside this, these
changes will give clues about antimicrobial and antibiofilming properties of phenolic
acids at the same time. These findings help to reveal the insight of listerial attachment
and biofilm formation. After determination of MIC values for both phenolic acids

respectively, antibiofilming properties were determined under same concentrations. In
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the presence of phenolic acids, Listeria showed reduction in attachment and biofilm
formation. The reductions in cell densities also ensured by SEM and fluorescence
microscopy techniques. The cells that subjected to phenolic acid stresses were
investigated by nanoLC-ESI-MS/MS and bioinformatics toolkits. Alterations in
proteomes were compared for different phenolic acids
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CHAPTER 3

MATERIALS AND METHODS

3.1. Bacterial Strain and Culture Conditions

L. monocytogenes EGDe was purchased from Istanbul Tip Fakiiltesi
Mikroorganizma Kiiltiir Kolleksiyonlart Merkezi (KUKENS). Stock cultures were
prepared in Brain Heart Infusion Broth (Fluka) with 20% Glycerol (Sigma). They were
aliquoted into cryo tubes and stored at -80°C (Thermo). For experimental use, stock
cultures were inoculated into soft BHI agars. After sufficient growth, they streak onto
BHI agar plates. They were kept at +4°C and refreshed every 2 weeks for stable
viability.

3.2. Antimicrobial Activity Assays of Phenolic Acids

3.2.1. Preparation of Bacterial Culture

A single colony of L. monocytogenes EGDe was inoculated into 4 ml BHI
medium. The tube was vortexed than incubated overnight at 37°C (Niive) without
shaking. The optical density of overnight culture was measured by spectrophotometry at
600 nm (Thermo Multiscan Spectra Reader). Overnight culture adjusted to 0.19 OD
with fresh BHI medium by the equation C; x V1 = C; X V2. The adjusted inoculum was
serially diluted with 1/10 ratio to 10°. Plate count method used for bacterial load
determination by plating 10®° and 10° dilutions. It was confirmed that adjusted
inoculum (0.19 OD) has 108 cfu/ml bacterial load.

13



3.2.2. Preparation of Phenolic Acids

0-Coumaric acid and 4-hydroxybenzoic acid (Sigma) were dissolved in DMSO
(Amresco). The percentage (5%) of the DMSO in preparations was determined
according to 2 parameters which are: max solubility of phenolic content and minimum
effect on bacterial growth. After molarity calculations of phenolic acids, they were
dissolved in 5% DMSO of total volume (250 ul DMSO). Then, BHI (4750 ul) was
added gradually upto final volume and vortexed.

3.2.3. 96-Well Microtiter Plate Assay

Antimicrobial activity of phenolic acids on L. monocytogenes EGDe was
determined as described in Karaosmanoglu et al. (2010). After serial dilution, 10™
dilution tube that had a concentration of 1x10* cfu/ml was used in the experiment.
Ninety-six well plate with flat bottom (BD 351172) was loaded with different molarity
ranges of phenolic acids and their controls. Hundred microliters from 10™ dilution tube
was loaded to 96 well plate wells. Then, 100 pl of phenolic acid solution was loaded
with respect to its molarity so initial molarities were halved when loaded to wells. As
blank, 100 pl of phenolic acid solutions and 100 pl of BHI were loaded for each
concentration of phenolic acids. As negative control, 100 pul BHI and 100 pl bacteria,
100 pl BHI with 5% DMSO and 100 pl bacteria were loaded. All the wells were
arranged as triplicate in the experiment. Optical densities of the wells in the plates were
determined by Thermo Multiscan Spectra Reader at 600 nm. Measurements were
repeated in every 3 hours up to 24 hours. Plate was incubated at 37°C without shaking

during experiment. Experiments were repeated 3 times.

3.3. Antibiofilm Assays of Phenolic Acids

3.3.1. Bacterial Culture Preparations for Antibiofilm Assays

The same procedure was followed as described in antimicrobial activity assay

until plate load. After serial dilution, 107 dilution tube that has a bacterial load of 1x10°

14



cfu/ml was used to load. In order to confirm the initial adjusted bacterial load as 10°
cfu/ml, 100 ul of 10 and 10°® dilution tubes were plated respectively.

3.3.2. Phenolic Acid Preparation for Antibiofilm Assays

0-Coumaric acid and 4-hydroxybenzoic acid were dissolved in DMSO as
previously described in antimicrobial activity assay. As a result of antimicrobial activity
assays, minimum inhibitory concentrations (MIC) of phenolic acids: 18 mM for 4-
hydroxybenzoic acid and 10 mM for o-coumaric acid were used in antibiofilm assays by

considering the final concentrations in the wells.

3.3.3. Microtiter Plate Biofilm Assays

Two different assays have been carried out for determination of inhibition in
initial attachment and inhibition of preformed biofilm. Two assays are nearly similar
except the addition time of phenolic compounds and aeration of the plates. Bacterial
cultures were prepared as described in section 3.2.1. In each well, 100 ul from 1x 10°
cfu/ml culture and 100 pl BHI was loaded as triplicate. In order to see the inhibitory
effect of phenolic acids on pre-formed biofilms, 96 well plate was incubated at 37°C for
4 hours without shaking and sealed with parafilm to induce attachment of the cells.
After that, 100 ul of phenolic acid solutions at MIC concentrations were added onto
bacterial culture so every total volume in the wells reached to 200 ul. Then, the plate
was incubated at 37°C for additional 20 hours without shaking and sealing. In initial
attachment assay, phenolic acids were added immediately to wells with bacteria and
incubated at 37°C without sealing and shaking. For both assays, when the incubation
completed, supernatants of the wells removed. Plates were submerged in distilled water
and vigorously shaked to remove planktonic and loosely attached bacteria. This
washing step was repeated 3 times and plates were air dried for 45 minutes. It was
followed by oven dry at 60°C for 45 minutes. In order to stain the attached cells, 100 pl
of 0.1% crystal violet (cv) solution was added to wells and incubated at room
temperature for 15 minutes. Crystal violet solution was removed and plates were

washed 3 times with distilled water. Plates were inverted on paper towels and taped on
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to remove excess water and left for air dry. When plates were completely dry, 125 ul
ethanol solution (96%) was added and destained for 10 minutes. Hundred microliters of
ethanol-cv solution from wells were transferred to a new 96 well plate. New plate was

read by Thermo Multiscan Spectra Reader at 590 nm.

3.4. Microscopy Analysis for Antibiofilm Assays

For microscopic analysis, plates were prepared as described in antibiofilm
assays. After incubations, supernatants were removed by topping on the plates. Plates
were washed for removing planktonic and loosely attached bacteria by shaking the plate

in water. The plates were washed 3 times and plate was air dried for 45 minutes.

3.4.1. Scanning Electron Microscopy

Antibiofilm assays of 0 hour and 4 hour treatments were visualized by scanning
electron microscopy technique. After air dry, the wells were cut out by the help of radio
antenna. Tube shaped antenna was heated and pinned through the wells. Bottom of the
wells were snatched out. Circular cut samples were golden coated and visualized by
Quanta 250 FEG-SEM.

3.4.2. Flourescence Microscopy

Inhibitory effects of phenolic acids of O hour and 4 hour treatments were
visualized by fluorescence microscopy (Olympus) technique. Air dried plates loaded
with 100 ul of 1% acridine orange solution. Plates were incubated at room temperature
in the dark for 10 minutes. Excess amount of solution from the wells were pipetted out
and wells were rinsed with 1% PBS. Plates were visualized under 20X magnification

for 1 second exposure.
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3.5. Protein Isolation from Unattached Cells in Phenolic Acid Stress

3.5.1. Bacterial Culture Preparation

As previously described, bacterial culture preparation was carried out in same
way upto serial dilution step. After serial dilution, 1.5 ml of 1x10’ cfu/ml and 13.5 ml of
fresh BHI were transferred to non treated tissue culture flasks (BD 353133) in order to
reach final bacterial load as 1x10° that upscaled to mimic the conditions of attachment

assay.

3.5.2. Phenolic Acid Preperation

0-Coumaric acid and 4-hydroxybenzoic acid were dissolved in 750 pl DMSO to
maintain final 2.5% DMSO concentration in flasks. Phenolic acids were prepared 54
mM for 4-hydroxybenzoic acid and 30 mM for o-coumaric acid in 10 ml (750 ul
DMSO + 9250 pl BHI) to have MICs in flasks (30 ml).

3.5.3. Protein Isolation from Flasks

Four different types of flasks were prepared according to Table 1 in triplicate.
Flasks were incubated for 24 hours at 37°C without shaking. Each supernatant was
transferred to a falcon tubes. Adherent cells were washed 2 times with 1% PBS to
collect loosely attached cells and transferred to the falcon tubes. Planktonic cells were
collected by centrifugation at 6000 g for 10 minutes and pellets were washed with 1%
PBS. After centrifugation, pellets were dissolved in 700 ul of 4x protein sample buffer
(40 mM Tris/HCI (pH 8), 4 mM EDTA, 8% SDS, 40% Glycerol and ddH-0).
Sonication (Bandelin Sonopuls) was performed for 30 Sec on 15 sec off for 8 cycles
with 70% power in eppendorf tubes that submerged in absolute ethonal, NaCl and ice
mixture. Sonicated cells were centrifuged at 12000 g (Dynamica) for 15 minutes at 4°C.
Protein extracts were diluted in 1:10 ratio and concentrations were determined by BCA
Protein Assay Kit (Santa Cruz).
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Table 1. Contents of 4 different flasks for protein isolation

Fresh BHI Bacterial Phenolic DMSO
Culture
Flask 1 28.5 mi 1.5ml - -
Flask 2 27.75 ml 1.5ml - 750 pl
Flask 3 18.5 ml 1.5ml 10 ml -
Flask 4 18.5 ml 1.5ml 10 ml -

3.5.4. Sample Preparation for In-Gel Digestion and Mass spectroscopy

After determination of protein concentrations, equal amounts of proteins loaded
to 12% SDS polyacrylamide gels. Four milliliters of acrylamide/bisacrylamide, 3.35 ml
distilled water, 2.5 ml 1.5 M Tris-HCL, pH:8.8, 100 ul 10% (w/v) SDS, 50 ul 10% APS
and 5 pl TEMED were used for 12% separating gels and 1.3ml of
acrylamide/bisacrylamide, 6.1 ml distilled water, 2.5 ml 0.5 M Tris-HCL pH:6.8, 100 pl
10% (w/v) SDS, 50 ul 10% APS and 10 ul TEMED were used for stacking gels. Protein
concentrations were equalled with ddH,O in 40 pl volume that includes 8 pl 5x sample
loading buffer for all groups. Mixtures were incubated at 100°C for 10 minutes to
denature the proteins. Due to insufficient capacity of wells, 20 ul of samples were
loaded initially and empty wells were loaded with 8 ul sample loading buffer. Gels were
run for 3 minutes at 80 V in 1X running buffer by Mini-PROTEAN Tetra System BIO-
RAD. Then, 20 pl of remaining samples were added to same wells. After that, gels were
run at 100 V for 100 minutes and incubated in fixer solution for 30 minutes. After that
gels were stained with Coomassie Blue G-250 (SIGMA) and destained with destaining
solution that includes methanol, acetic acid and distilled water. Then, gels were
visualized with VersaDoc imaging system to confirm equal protein loads. Gels were
washed with 50 mM ammonium bicarbonate (NH;HCO3) solution. Next, gels were
treated with 50 mM ammonium bicarbonate solution that contains 50 mM dithiothretiol
(DTT) at 60°C for overnight without shaking. At the end of the period, gels were rinsed
with 50 mM ammonium bicarbonate that include 100 mM iodoacetamide and taken into

incubation with gentle shaking in the dark for 3 hours. Afterwards, every gel column
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was dissected individually in 1 mm?® sizes and transferred to low binding eppendorf
tubes. Tubes were filled with 50 mM ammonium bicarbonate solution. Tubes were
subjected to freeze-thaw at -80°C for 5 minutes and taken to room temperature. Tubes
were centrifuged for short time and buffer pipetted out to get rid of gel contaminants.
Twenty microliters of 10 ng/ul (Roche) in 50 mM ammonium bicarbonate added onto
gel pieces, and fulfilled with 50 mM ammonium bicarbonate upto adequate volume.
After that, tubes were shaked gently overnight at room temperature. Following day,
buffer that includes digested proteins were transferred into new tubes and pH of the
buffers were adjusted with 10% trifluoroacetic acid that makes them suitable for
nanoLC-ESI-MS/MS system. After samples concentrated with vacuum, samples were
loaded to system for analysis.

Mass data were mined with MaxQuant and Andromeda software tools. KEGG,
Swiss-Prot and NCBI databases were searched and proteins were identified. Further
analyses were carried out by Perseus program. According to t-Test differences and
IBAQ intensities, proteins were determined and graphs were plotted in Microsoft Office

Excel.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1. Antimicrobial Characteristics of Phenolic Acids

Microtiter plate assays were performed in order to determine the minimal
inhibitory concentrations (MIC) of o-coumaric acid and 4-hydroxybenzoic acid against
Listeria monocytogenes. Furthermore, the inhibitory percentages of every concentration
of phenolic acids were determined for different incubation periods as 15™, 18", 21% and
24" hours. Both phenolic acids could inhibit the growth of Listeria monocytogenes
EGDe.

4.1.1. Growth Inhibition of 4-Hydroxybenzoic Acid

Different concentrations of 4-hydroxybenzoic acid were applied on Listeria
monocytogenes EGDe and growth inhibition was presented in Figure 4. While the
concentrations up to 18 mM decreased the growth of Listeria monocytogenes EGDe,
concentrations above 18 mM inhibited bacterial growth.

4-Hy droxybenzoic Acid on Listeria monocytogenes EGDe
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=012 mM
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Figure 4. Growth of Listeria monocytogenes EGDe in the presence and absence of 4-
hydroxybenzoic acid.
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Percent inhibition rates of 4-hydroxybenzoic acid were shown in Table 2.

Eighteen millimolars of 4-hydroxybenzoic acid were determined as MIC for the growth

of Listeria monocytogenes EGDe.

Table 2. Percent inhibition rates of different concentrations of 4-hydroxybenzoic acid.

Concentrations of Percent Percent Percent Percent
4-Hydroxybenzoic | Inhibition Rates | Inhibition Rates | Inhibition Rates | Inhibition Rates
Acid in wells at at at at
15th Hour 18th Hour 21st Hour 24th Hour

10mM 78 54 37 46
12mM 92 78 61 32
14mM 99 93 84 77
16mM 99 99 98 97
18mM 100 100 100 100
20mM 100 100 100 100

4.1.2. Growth Inhibition of o-Coumaric Acid

Growth of Listeria monocytogenes was also inhibited by o-coumaric. However,
unlike 4-hydroxybenzoic acid, much lower concentrations of o-coumaric acid were
affective on the growth inhibition, as shown in Figure 5. Percent inhibition rates of 4-
hydroxybenzoic acid were presented in Table 3. Ten millimolars of o-coumaric acid

were determined as MIC for Listeria monocytogenes EGDe.

o-Coumaric Acid on Listeria monocytogenes EGDe
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Figure 5. Growth of Listeria monocytogenes EGDe in the presence and absence of o-
coumaric acid.
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Table 3. Percent inhibition rates of different concentrations of o-coumaric acid.

Concentrations of Percent Percent Percent Percent
o0-Coumaric Acid | Inhibition Rates | Inhibition Rates | Inhibition Rates | Inhibition Rates
in wells at at at at
15th Hour 18th Hour 21st Hour 24th Hour
2mM 34 7 2 18
4mM 66 40 19 16
6mM 93 78 56 43
SmM 99 95 84 72
10mM 100 100 100 100
12mM 100 100 100 100

According to antimicrobial characteristics of phenolic acids, both phenolic acids
inhibited the growth of Listeria monocytogenes EGDe. According to Figure 3 and 4, the
bacteria entered the logarithmic growth phase about 9 hours after start of the incubation.
While the concentrations of phenolic acids increased, the entry time to exponential
phase delayed. The concentrations below MIC proved that 4-HBA and o-coumaric acid
have bacteriostatic effects. As the incubation time increased, inhibitory effect of

phenolic acids decreased.

4.2. Antibiofilm Properties of Phenolic Acids

Listeria monocytogenes EGDe has ability of forming biofilms. Crystal violet
assays were performed to investigate antibiofilm effects of o-coumaric and 4-
hydroxybenzoic acids beside their antimicrobial abilities. The assays gave the
percentages relative to inhibition of biomasses in the presence of two phenolic acids.
Antibiofilm effects of phenolic acids were examined on initial attachment and 4 hour-
old biofilms with crystal violet assay. The inhibitory percentages of phenolic acids are
calculated by formula: 100*(1-(sample/control)). The significance of inhibitions was

tested with t-test, and P values were obtained below 0.05.
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4.2.1. Antibiofilm Effects on Initial Attachment

In order to investigate the effects of o-coumaric and 4-hydroxybenzoic acids on
initial attachment, addition of phenolic compounds and inoculation of bacteria were at
the same time. Based on absorption of crystal violet by biofilm mass, inhibitory effects
on initial attachments were compared. In the presence of the MIC values of both
phenolic acids, the attachment was reduced (Figure 6). While o-coumaric acid (10 mM)
reduced the attachment 58%, 4-hydroxybenzoic acid (18 mM) reduced it 48% with
respect to DMSO control.
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Figure 6. Percent inhibitions of o-coumaric acid and 4-hydroxybenzoic acid on initial
attachment

According to inhibitory percentages, both phenolic acids showed significant
inhibitory effects on initial attachment of Listeria monocytogenes EGDe to polystyrene
surface. o-Coumaric acid showed more inhibitory effect than 4-hydroxybenzoic acid in
initial attachment. In the initial attachment, there are many criteria that should be
considered beside their antibiofilm activity. The presence of phenolic acids may change
chemical properties of environment or the chemical forces between surface of the wells
and bacteria. This may occurred by aggregation of phenolic compounds. There is also a
possibility that reactions can be occurred between growth medium and phenolic acids
(Armin Wen et al. 2003). In addition to that, there are surface proteins that take role in

the attachment of bacteria to the surfaces like fimbriae and pili. Interaction between
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phenolic acids and active sites of these proteins may be decreased the possibility of
attachment of bacteria. Changes in morphology of the cells like elongation or flattening

may changed the adherence capability.

4.2.2. Antibiofilm Effects on Four Hours Old Biofilms

The antibiofilm effect of o-coumaric acid and 4-hydroxybenzoic acid against 4h
old biofilms were also investigated with the same method except the additions of
phenolic acids were four hours after the bacterial inoculation. Both phenolic acids had
slightly reduced antibiofilm effect on Listeria monocytogenes (Figure 4). While o-
coumaric acid showed 56% inhibition on preformed biofilm, 4-hydroxybenzoic acid

showed 34% inhibition.
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Figure 7. Percent inhibitions of o-coumaric acid and 4-hydroxybenzoic acid on 4h old
biofilms

After initial attachment, it is very hard to eradicate the cells from surfaces.
According to inhibition on 4h old biofilms, both phenolic acids still showed
antibiofilming effects. Four hours old biofilm cannot be accepted as mature biofilm but
it is sufficient to see the antibiofilming effect of compounds on biofilm development.

After initial attachment, the gene expressions and physiologies of cells differ.
Although the inhibitory effect of 4-HBA decreased from 48% to 34%, o-coumaric acid

did not change significantly. This should be due to the differences between modes of
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action of two phenolic acids. One of the reasons can be eradication of cells from the
surfaces by phenolic acids especially by o-coumaric acid. (Stoodley et al. 2002, Simdes
M., Bennett R. N., & Rosa, E. 2009, Paiva P. M. G., Gomes F. S., Napoledao T. H.
2010).

4.3. Microscopy Analysis

Antibiofilming abilities of phenolic acids were visualized with scanning electron
and fluorescence microscopies. The microscopy analysis proved the inhibitory effects

on initial attachment and biofilm development.

4.3.1. SEM Analysis

Scanning electron microscopy (Quanta 250FEG) analyses were performed to
observe inhibitory effects of phenolic acids on initial attachment and biofilm
development.

The SEM images of biofilm structure of L. monocytogenes cells on polystyrene
surface were presented in Figure 8. In this experiment, bacterial inoculation and
phenolic acid treatments performed at the same time. Micrograph of control group (A)
displayed a homogenous biofilm structure with knitted chains. Control group with
DMSO (B) showed different character in density of attached cells and distribution of
biofilm. The micrograph of biofilm developed in 4-HBA (C) showed decreased in cell
density compared to control groups. Attached microcolonies treated with 4-HBA could
not establish the chain conformation. In the presence of o-coumaric acid (D), there were
no colonies that attached to surface. Thereby we can conclude that o-coumaric acid
prevented initial attachment and biofilm formation.

The addition of phenolic acids 4 hours after inoculation displayed different
biofilm formation (Figure 9). In control group (A), knitted chains of L. monocytogenes
cells were homogenously attached to surface. In control group grown in DMSO (B)
showed dense cell attachments. DMSO may have clustered the cells non-uniformly.
Density of L. monocytogenes cells grown in 4-HBA (C) was decreased compared to
control group. Knitted chains of L. monocytogenes were not observed in the presence of

o-coumaric acid. However, small amounts of microcolonies were seen on the surface.
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The comparison of two micrographs of o-coumaric acid treated biofilms in Figure 8 and
9 represented that o-coumaric acid was less effective on preformed biofilms than

preventing initial attachment.

Control DMSO Control

4-Hydroxybenzoic acid o-Coumaric acid

Figure 8. SEM images of 24 hours old Listeria monocytogenes biofilms treated with
phenolic acids (added at the same time with inoculation). The images
demonstrate the biofilms grown in (A) BHI broth (B) 2.5% DMSO (C) 4-
hydroxybenzoic acid and (D) o-coumaric acid

Control DMSO Control

o-Coumaric acid

4-Hydroxybenzoic acid

Figure 9. SEM images of 24 hours old Listeria monocytogenes biofilms treated with
phenolic acids (added four hours after inoculation). The micrographs
demonstrate the biofilms grown in (A) BHI broth (B) 2.5% DMSO (C) 4-
hydroxybenzoic acid and (D) o-coumaric acid. Phenolic acids were added 4
hours after inoculation of bacteria.
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4.3.2. Fluorescence Microscopy Analysis

Fluorescence microscopy analyses were also performed to visualize the
inhibitory effects of phenolic acids on biofilms. Fluorescence images were taken under

20X magnification.

BIHI Fluorescence DMSO Fluorescence
-
4. Nydroxybenzoic Acid Fluo rescence o-Coumaric Acld Fluorescence
-
Figure 10. Fluorescence microscopy images of 24 hours old Listeria monocytogenes
biofilms treated with phenolic acids (added at the same time with

inoculation). The images demonstrate the biofilms grown in (A) BHI broth
(B) 2.5% DMSO (C) 4-hydroxybenzoic acid and (D) o-coumaric acid.

Figure 10 demonstrates the inhibition of biofilm formation in the presence of
phenolic acids that added immediately after bacterial inoculation. Fluorescence images
of 24 hours old biofilms grown in BHI (A) and DMSO (B) showed similar uniform
distribution on the surface of wells. However, in the presence of 4-HBA (C), amount of
branched biofilms were decreased. The fluorescence images of o-coumaric acid (D)
showed great inhibitions on biofilm formation. Only a few microcolonies were seen on

the surface.
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BHI Control DMSO Control
-
4-Hydroxybenzoic acid o-Coumaric acid
-
Figure 11. Fluorescence microscopy images of 24 hours old Listeria monocytogenes
biofilms treated with phenolic acids (added four hours after inoculation).

The images demonstrate the biofilms grown in (A) BHI broth (B) 2.5%
DMSO (C) 4-hydroxybenzoic acid and (D) o-coumaric acid.

Figure 11 represents the 24 hours old biofilms formed in the presence and
absence of phenolic acids. Phenolic acids were added 4 hours after inoculation of
bacteria. Fluorescence images of control group (A) displayed the same homogenous
pattern as knitted chains. In DMSO control (B), dense and non-uniform patterns of
biofilms observed. Reduced amount of biofilm formation was seen in 4-hydroxybenzoic
acid treated group (C). In the Image D, there were only small groups of attached cells.
As expected, o-coumaric acid decreased the biofilm development.

Microscopy analyses demonstrated that both of the phenolic acids decreased the
biofilm formation. Although, both phenolic acids have antimicrobial activity, o-

coumaric acid was more effective than 4-HBA on preventing biofilm formation.

4.4. Comparative Proteomic Analysis

Phenolic acid treated and non-treated cells were collected to isolate the total

proteins for comparative proteomic analysis.
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The data given by Perseus program showed that 13 proteins were downregulated
and 3 proteins were upregulated in the presence of 4-hydroxybenzoic acid. In the case
of o-coumaric acid stress, 2 proteins were upregulated but no protein was detected as
downregulated. Comparison of two control groups showed no significant difference in
terms of protein profiles.

In the presence of phenolic acid stress, several kinds of proteins and mechanisms
were altered in terms of protein abundance. The following sections contain the data for
changes in the protein profiles in detail with their functions according to type of

phenolic acid stress.

4.4.1. Comparison of Control Groups

DMSO was used as a solvent for phenolic acids. Although the concentration was
not inhibitory in antimicrobial tests, it showed promotive effect on biofilm formation of
L. monocytogenes. The comparison of abundance ratios with respect to IBAQ intensity
ratios showed no significant change between the cells grown with DMSO and without
DMSO (Figure 12). As a result of this, we could not observe any significant up or down

regulated proteins between two control groups.

DMSO Control vs BHI Control
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Log Protein Abundance Ratio

Figure 12. Comparative protein abundance graph of DMSO and BHI control group
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4.4.2. Protein Profile of 4-Hydroxybenzoic Acid

The effect of 4-hydroxybenzoic acid was seen mostly as downregulation rather
than up regulation of proteins. While 13 proteins were significantly downregulated, 3
proteins were upregulated in terms of the comparison of abundance ratios with respect
to IBAQ intensity ratios (Figure 13).

4-HydroxybenzoicAcid vs DMSO Control

@ Non-Significant

® Significant

) Contaminant

Log Average iBAQ intensity

Log Protein Abundance Ratio

Figure 13. Comparative protein abundance graph of 4-hydroxybenzoic acid and DMSO
control group. Significantly upregulated proteins circled as red, while
downregulated ones circled in green

General tendency of downregulation was focused mostly on two functional
categories which are namely energy metabolism and metabolite/substrate transporter
systems (Table 4). Two dehydrogenases that take role in different steps of glycolysis
were down-regulated. The catalytic activities of Lm4b_01645 and aldehyde-alcohol
dehydrogenase enzymes produce NADH from acetaldehyde and/or alcohol. While the
catalysis of acetaldehyde produces acetyl-CoA and NADH, catalysis of alcohol
produces an aldehyde or a ketone with a NADH as final product. These catabolic
reactions have importance in NADH reoxidation and energy conservation (Rydzak et al.

2012).
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Furthermore, another down-regulated protein was formate acetyltransferase
which is responsible from the conversion of pyruvate to formate in the presence of
acetyl-CoA. Underproduction of this enzyme was also observed in L. monocytogenes as
a response to the gastric acid stress (Melo J. et al. 2013). Abundance of this enzyme
might have been decreased at low pH. In addition, 2, 3-bisphosphoglycerate-dependent
phosphoglycerate mutase which plays role in carbohydrate metabolism was also
downregulated. Phosphoglycerate mutase is a general stress protein that regulated by
RNA polymerase sigma factor SigB. Beside 4-hydroxybenzoic acid stress, this enzyme
also downregulated as a response to heat-shock stress (Van der Veen S. et al. 2007).

Five proteins that play role in active transport systems located on membrane
were downregulated. The downregulation in one of those proteins, Lm4b_ 00101, a
mannose specific PTS system protein might have leveled the uptake and/or the
phosphorylation of mannose. Decreased levels of mannose could lead to attenuated
levels of protein glycosylation. Another downregulated protein was associated with
uptake mechanism of glutamine. The lack of glutamine might have lead to protein
synthesis inhibition. Additional two ABC transporter proteins associated with active
transport of manganese were downregulated. Manganese is the cofactor of enzymes that
degrades reactive oxygen species (Culotta and Daly 2013), for that reason an oxidative
stress might have been induced in cell due to the decreased levels of manganese.
Cadmium-translocating P-type ATPase that responsible from the efflux of cadmium ion
was downregulated. Absence of this protein may lead to inhibition of efflux of cadmium
which is toxic for the cell when accumulated (Wu C. et al. 2006). Beside the
transporters, two ribosomal proteins were downregulated under 4-hydroxybenzoic
stress. While rpsL transcribes the S12 unit of 30S ribosomal complex, rplT transcribes
L20 unit of 50S.Downregulation of aforementioned proteins might have negatively
affected translational accuracy and/or protein synthesis. The direct interaction between
4-hydroxybenzoic acid and these ribosomal proteins may have affected their own
regulation in negative manner (Sander P. et al. 2001, Choonee N. et al. 2006). One of
the protein belongs to heat-shock HSP-100/Clp family, Clp ATP-binding chain C
protein, was also downregulated. It is known that this protein plays role in the virulence
of Listeria monocytogenes (Rouquette C. et al. 1998).

Three proteins were upregulated in response to 4-hydroxybenzoic acid stress as
listed in Table 5.
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Two component systems sense and respond according to environmental changes.
Expression of two different two-component response regulators was altered. While one
of the regulators downregulated, another one was upregulated. This alteration might
have been due to the stress induced by 4-hydroxybenzoic acid (Kallipolitis B. H. et al.
2001).

One of these upregulated proteins, putative glucanase and peptidase protein was
also upregulated under gastric acid stress (Melo J. et al.2013). It seems like under acidic
conditions, this protein was induced to affect protein folding in a positive manner.
Acetolactate synthase which has a role in branched-chain amino acid synthesis is
upregulated. Upregulation of this protein might have indicated protein synthesis

requirements of bacteria in the presence of phenolic acid stress.
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4.4.3. Protein Profile of o-Coumaric Acid

Figure 14 presents the distribution of proteins in comparison between o-
coumaric acid treated test group and DMSO control group according to protein
abundance. Under o-coumaric acid stress, no significantly downregulated proteins were

detected. However, two proteins were found to be upregulated.

o-CoumaricAcid vs DMSO Control
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Figure 14. Comparative protein abundance graph of o-coumaric acid and DMSO control
group. Significantly upregulated proteins circled as red, while downregulated
ones circled in green.

Upregulated proteins of o-coumaric acid treated cells were listed with their
functional category in Table 6. Acetolactate synthase, one of aforementioned
upregulated protein in the presence of 4-hydroxybenzoic acid was also upregulated in
the presence of o-coumaric acid. Carbonic anhydrase which controls CO,/HCOj3
conversion under aerobic conditions in facultative anaerobic bacteria was also
upregulated. According to Bowman et al. (2012), this protein might contribute to acid

resistance of Listeria monocytogenes due to its function above.
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CHAPTER 5

CONCLUSION

In this study, we investigated the antimicrobial and antibiofilm effects of 4-
hydroxybenzoic and o-coumaric acids on L. monocytogenes EGDe with a proteomic
approach. We determined MIC of o-coumaric and 4-hydroxybenzoic acids as 18 mM
and 10 mM, respectively. In addition to these, we highligthed the inhibitions in initial
attachment and biofilm development processes in the presence of aforementioned
phenolic acids. Both inhibitions were proved by SEM and fluorescence microscopy
techniques.

Our investigations revealed that both phenolic acids significantly inhibited initial
attachment and biofilm development under individual treatments. The inhibition
percentages and microscopy analyses showed that o-coumaric acid was more effective
than 4-hydroxybenzoic acid as an antibiofilming agent. In addition, while high
concentrations of DMSO as a solvent were toxic for bacteria, a non-toxic concentration
(2.5%) of DMSO induced biofilm formation.

Comparative proteomic data showed significantly different variations in protein
profiles under phenolic acid stress. Interestingly, although o-coumaric acid effectively
inhibited the biofilm formation, only two proteins were found to be significantly
upregulated and no significantly downregulated protein was detected. Unlike o-
coumaric acid, 13 significantly downregulated and 3 significantly upregulated proteins
were observed in the presence of 4-hydroxybenzoic acid. Most of the downregulated
proteins under 4-hydroxybenzoic acid stress were related with energy metabolism and
transporters on the membrane. The results indicated altered membrane integrity. Unlike
4-hydroxybenzoic acid, it was hard to speculate on targets of o-coumaric acid with only
2 variations in the protein profile. However, extracellular proteins that play vital roles in
biofilm formation or lipids in the bacteria may be the reasons behind the antibiofilming

properties of o-coumaric acid.
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APPENDIX A

STANDARD CURVE OF BCA ASSAY

Protein concentrations of the samples determined by BCA Assay. BSA standards
were prepared by dissolving 1mg/ml of stock BSA in 1% PBS. Stock BSA is diluted to
the concentrations of Opg/ml, 50pg/ml, 125ug/ml, 250ug/ml and 500pg/ml. Then, BCA
working solution was prepared by mixing 50x Reagent A and 1x Reagent B. 25ul of
corresponding BSA standard and 200 ul Reagent AB mixture was loaded to 96 well
plate. Plate was incubated in 37°C for 30 minutes and cooled for 5 minutes at room
temperature. The OD of the wells were measured at 562nm. According to
spectrophotometric data, standard curve of BSA was plotted in Microsoft Office Excel.
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Figure 15. Standard curve of BSA series for BCA assay
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