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ABSTRACT 
 

A PROTEOMIC ANALYSIS OF THE RESPONSE OF Listeria 

monocytogenes TO THE STRESS INDUCED BY o-COUMARIC ACID 

AND FERULIC ACID 

 
Phenolic acids are known for their potential antimicrobial action, however their 

mechanisms of action are still unraveled. In this study, effect of phenolic acid stress on 

Listeria monocytogenes, a dangerous foodborne pathogen, was studied with a proteomic 

approach. Two phenolic acids found in olive oil, namely o-coumaric acid and ferulic 

acid, were applied on this bacterium via microtiter plate assay. The concentrations of 

these phenolic acids that inhibit the bacterial growth by 50% were determined as 7.5 

mM for o-coumaric acid, and 8 mM for ferulic acid. Besides, minimum bactericidal 

concentration of o-coumaric acid was also found as 12 mM. Cellular proteomes of 

phenolic acid-treated and untreated bacteria were analysed with nanoLC-ESI-MS/MS 

system, and identified with MaxQuant/Andromeda bioinformatic toolbox. According to 

the results, both phenolic acids induced oxidative stress in L. monocytogenes cells. In 

addition to this, DNA replication and repair enzymes, nutrient uptake proteins and 

several proteins directly related with the virulence of L. monocytogenes were among the 

targets of phenolic acid stress. Last but not least, proteins associated with biosynthetic 

pathways were found to be predominantly downregulated. Moreover, the morphology 

of phenolic acid-treated and untreated cells was visualized with scanning electron 

microscope to support these findings. The images showed that lengths of treated cells 

were either abnormally elongated or shortened when compared to untreated cells. A 

possible reason for these abnormalities is the unequal fission promoted by two factors; 

excessive production of cell envelope biosynthesis and fission regulatory proteins, and 

repression of aforementioned DNA replication and repair enzymes. 
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ÖZET 
 

Listeria monocytogenes’in, o-KUMARİK ASİT VE FERULİK ASİT 

TARAFINDAN OLUŞTURULAN STRESE VERDİĞİ YANITIN 

PROTEOMİK ANALİZİ 

 
Fenolik asitlerin antimikrobiyal potansiyellerinin olduğu bilinmektedir ancak 

etki mekanizmaları henüz aydınlatılmamıştır. Bu çalışmada, fenolik asit stresinin 

tehlikeli bir gıda patojeni olan Listeria monocytogenes üzerinde yarattığı etki proteomik 

bir yaklaşımla incelenmiştir. Zeytinyağında bulunan iki fenolik asit, ismen vermek 

gerekirse o-kumarik asit ve ferulik asit, bahsi geçen bakteri üzerine mikrotitre plaka 

yöntemiyle uygulanmıştır. Bu fenolik asitlerin bakteriyel büyümeyi %50 oranında 

inhibe eden konsantrasyonları, o-kumarik asit için 7.5 mM olarak, ferulik asit içinse 8 

mM olarak bulunmuştur. Ayrıca, o-kumarik asidin minimum bakterisidal 

konsantrasyonu da 12 mM olarak bulunmuştur. Fenolik asitler ile muamele edilen ve 

edilmeyen bakterilerin hücresel proteomları nanoLC-ESI-MS/MS sistemiyle analiz 

edilip MaxQuant/Andromeda biyoinformatik araç kutusuyla tanımlanmıştır. Sonuçlara 

göre, her iki fenolik asit de, L. monocytogenes’de oksidatif stres oluşturmuştur. Bununla 

beraber, DNA replikasyon ve tamir enzimleri, besin alınım proteinleri ve L. 

monocytogenes’in virülansıyla direkt bağlantılı olan bazı proteinler de fenolik asit 

stresinin hedefleri arasında bulunmuştur. Son olarak önemli noktalardan birisi de, 

biyosentetik yolaklarla bağlantılı olan proteinlerin büyük çoğunluğunun baskılanmış 

olmasıdır. Buna ek olarak, bahsedilen bulguları desteklemek amacıyla, fenolik asitler ile 

muamele edilmiş ve edilmemiş hücrelerin morfolojisi, taramalı elektron mikroskobuyla 

görüntülenmiştir. Elde edilen görüntüler, muamele edilmiş hücrelerin, muamele 

edilmemiş hücrelerle kıyaslandığında, anormal bir şekilde uzadığını ya da kısaldığını 

göstermiştir. Bu anomalilerin muhtemel sebebinin ise, hücre zarfı biyosentez ve hücre 

bölünmesini düzenleyici proteinlerin aşırı üretiminin ve bahsi geçen DNA replikasyon 

ve tamir enzimlerin baskılanışının teşfik ettiği eşitsiz fizyon olduğu düşünülebilir. 
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CHAPTER 1 

 

LITERATURE REVIEW 

 

1.1 . Listeria monocytogenes 

 

Listeria monocytogenes is a Gram-positive, facultative anaerobic, rod-shaped, 

non-spore forming bacterium. Although it can live on decomposing organic substances 

as a saprophyte, it becomes pathogen in host body. Its pathogenicity requires an 

intracellular life stage. In addition, some strains have ability to form biofilm on 

surfaces. The conditions for optimal growth are 37
o
C and pH 7. However, L. 

monocytogenes can survive at temperatures between  -7
o
C and 56

o
C, and pH between 3 

and 12. Moreover, the bacterium can tolerate high levels of (40%) NaCl, and mobilize 

itself at room temperature but can not at bodily temperatures (Dworkin et al. 2006, 

Doyle and Beuchat 2007, Ramaswamy et al. 2007, Liu et al. 2005, Taormina and 

Beuchat 2001). In addition, it can harbor plasmids that make itself resistant to 

antibiotics and heavy metals such as cadmium (Charpentier and Courvalin 1999, Lebrun 

et al. 1992). 

The researchers have studied Listeria genus long since to categorize and 

characterize its species and strains via experimenting with many different serotyping 

methods. The original method is based on the somatic (O) and flagellar (H) antigens 

stationed on the cell envelope of the bacteria. L. monocytogenes is one of two known 

pathogenic species among all Listeria genus, and according to the aforementioned 

method, L. monocytogenes possesses 13 serotypes of all 16 identified Listeria serotypes 

which are namely 1/2a, 1/2b, 1/2c, 3a, 3b, 3c, 4a, 4ab, 4b, 4c, 4d, 4e, and 7. With this 

knowledge, the phagetyping method was developed to differentiate the serogroups of 

1/2 and 4 from each other. This method makes use of the preference of lysogenic 

bacteriophages towards the somatic antigen composition and sugar substitution of 

teichoic acids to attach themselves onto the bacterial cell wall. The researchers are 

mainly focused on 1/2 and 4 serogroups because, more than 95% of human isolates 

belong to serotypes 1/2a, 1/2b, 1/2c and 4b. While these 1/2 serotypes are mainly 

associated with sporadic cases, 4b serotype is almost solely responsible from all the 
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foodborne listeriosis epidemics occurred in the world history. Also, ~50% of sporadic 

listeriosis cases in North America and Europe are discovered to be due to the infection 

by 4b serotype. Moreover, some isolates from both serotypes were found to be capable 

of forming biofilm (Dworkin et al. 2006, Donaldson et al. 2009). 

Another series of grouping methods of L. monocytogenes are based on genetic 

analyses such as ribotyping, multilocus sequence typing and scan of sequence variations 

of known virulence genes. By taking the collective data of these analyses into 

consideration, the researchers have grouped L. monocytogenes strains once more into 

three genetic divisions. The most important serotypes for human health are included in 

lineage-1 (1/2b and 4b) and also in lineage-2 (1/2a and 1/2c) (Donaldson et al. 2009). 

The natural reservoirs of L. monocytogenes are soil, sewage, silage, 

decomposing plants and intestinal track of animals (Bhunia 2008, Ryser and Marth 

2007). The transmission is due to consumption of contaminated raw milk and milk 

products, raw meat, fermentated meat, poultry, seafood, fruits and vegetables (FDA 

2013). The food contamination usually occurs during the processing step, however the 

preference of processing method, worker handling, extended shelf-life and the 

presence/absence of an antilisterial step during processing are major factors that 

contribute to the contamination possibility. The presence of approximately 100 cfu/ml 

or cfu/g of L. monocytogenes in food is considered as contaminant (Hunt et al. 2012, 

Guilbaud et al. 2008). If the listerial infection is invasive, which means the bacteria 

became intracellular, listeriosis occurs. The most common clinical manifestations of 

listeriosis are septicemia, meningitis, encephalitis, meningo-encephalitis, corneal ulcer, 

pneumonia, endocarditis, stillbirths and miscarriages. If the infection is non-invasive, 

febrile gastroenteritis occurs. The common symptoms of febrile gastroenteritidis are 

nausea, muscle ache, vomiting, and diarrhea (FDA 2013, Dworkin et al. 2006). 

To become intracellular in phagocytic cells such as monocytes, macrophages 

and polymorphonuclear lymphocytes, the bacterium induces phagocytosis. But it also 

uses its own surface virulence factors to penetrate to non-phagocytic cells such as 

epithelial, parenchymal and endothelial cells. This intracellular stage enables them to 

bypass humoral immune system, and to cross intestinal, blood-brain and placental 

barriers (Dworkin et al. 2006). And due to their weak immune system; elderly people, 

infants and immunocompromized patients are the most susceptible ones to listeriosis 

(Low and Donachie 1997). 
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In the USA, each year approximately 2,500 listerial infection cases are reported 

and unfortunately 500 of them result in patient death. In addition, the death by listeiosis 

exceeds the sum of death caused by both salmonellosis and botulism poisoning, and 

usually hospitilaztion becomes a must in the case of listeriosis. When the fatality rate is 

investigated in the form of clinical manifestations; it is noticed that ~80% of 

neonatal/prenatal patients, ~70% of meningitis patients, and ~50% of septicemia 

patients lose their lives because of listeriosis. The most recent and one of the most 

deadly outbreaks took place in August 2011, in 17 states of the USA, simultaneously. 

The infection was due to L. monocytogenes-contaminated melon type called as 

“cantaloupe”. People from 17 states of the USA fell victim to L. monocytogenes; more 

than 100 people got infected, and 29 of the patients have lost their lives (Dworkin et al. 

2006, CDC 2013, FDA 2013). 

In the light of research done by Schaumburg et al. (2004), the proteome of 

Gram-positive bacteria can be grouped into four sections: Secreted extracellular 

subproteome, cell wall-associated subproteome, integral and membrane-associated 

subproteome, and cytoplasmic subproteome. Second and third ones compose the surface 

subproteome. This subproteome is responsible for virulence, bacteria-host interaction, 

electron transport system, DNA uptake, and metabolite and nutrient transportation. 

The most infamous surface-associated virulence factors are adhesion factors 

internalin A and B, which enable penetration to non-phagocytic cells by attaching to 

their E-cadherins; pore-forming toxin listerolysin O and phospholipases A and B which 

help bacteria to escape from lysosomes of phagocytic cells. And finally, actin 

nucleation factor that mobilize the bacterium in the host cell (Dworkin et al. 2006). 

Another important thing about the cell envelope proteins is the nature of their 

attachment to the bacteria surface. They can directly attach to cell membrane, like actin 

nucleation factor, or be covalently linked to peptidoglycan layer, like internalins A and 

B, or interact with secondary cell wall polymers -teichoic acids and lipoteichoic acids-

via ionic forces. But the last one has not found in Listeria species yet (Jonquiéres et al. 

1999).  

Except that L. monocytogenes serotype 4b –the subject of this study- has all the 

virulence factors found in other strains, it also has some unidentified proteins, poorly 

characterized surface proteins, and unique transcriptional regulators (Donaldson et al. 
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2009). For these reasons and the ones that mentioned above, L. monocytogenes serotype 

4b is still one of the most heavily investigated foodborne pathogens. 

 

1.2. Phenolic Compounds 

 

Phenolic compounds are herbal secondary metabolites produced from 

phenylalanine and glycose via phenylpropanoid metabolism and the shikimate pathway, 

respectively. The term “phenolic compound” refers to any chemical compound that 

have a similar structure to phenol. Simple phenols, phenolic acids, flavonoids, quinones, 

stilbenes and lignans are considered as phenolic compounds (Simopoulos and Visioli 

2007). Except their structural roles in plant cell walls, they also act as growth regulators 

and defense mechanisms against various pests, herbivors, intrinsic oxidative stresses 

and environmental stresses in plants (Ryan et al. 2002, Shetty and Lin 2005, Lacombe 

et al. 2010). 

The interest of this thesis is focused on phenolic acids which are actually lignin-

related aromatic acids. According to their chemical skeleton, they can be subcategorised 

into two main branches: hydroxybenzoic acids (e.g. salicylic acid) and 

hydroxycinnamic acids (e.g. ferulic acid and coumaric acid). The primary function of 

these weak organic acids is covalently fusing the polymers of lignin to hemicellulose 

and cellulose molecules for the plant cell wall construction. The main difference 

between these two phenolic acid branches is the presence of an ethylene group in 

hydroxycinnamic acids that links the phenyl group to the carboxyl group. It is proposed 

that this ethylene group decreases the polarity of hydroxycinnamic acids, and thereby 

facilitates their passive diffusion through the cell envelope in their undissociated form 

(Vaquero, Alberto and Nadra 2007, Duy et al. 2007). 

As the phenolic compounds are present in many herbs, spices, fruits, cooking 

and essential oils that consumed in kitchen, they form a fundamental part of human diet. 

Except their organoleptic properties, it was found that they are also beneficial to human 

health with their antimutagenic, anticarcinogenic, cardioprotective, antioxidative and 

antimicrobial properties (Tripoli et al. 2005, Ferguson et al. 2003, Kampa et al. 2004, 

Dedoussis,  Kaliora and Andrikopaulis 2005, Cacetta et al. 2000, Karaosmanoglu et al. 

2010). It was also shown that phenolic compounds are able to potentiate the effect of 
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antibiotic concentrations that previously have no significant effect on antibiotic-resistant 

bacteria (Oluwatuyi, Kaatz and Gibbons 2004). 

Two hydroxycinnamic acids of which antimicrobial activities investigated in this 

research are ferulic acid and o-coumaric acid. Both of them are found in Turkish extra 

virgin olive oils (Karaosmanoglu et al. 2010), and it was shown that biological and 

chemical activity of phenolic acids correlate with the number and the position of 

hydroxyl groups stationed on the benzene ring. While the stability and the antioxidative 

and antimicrobial activity of phenolic acids escalate with the increasement of hydroxyl 

group number on the benzene ring; the position of these hydroxyl groups further effects 

aforementioned properties of phenolic acids: ortho and para substituted hydroxyl 

groups enhance the stability and antioxidative (also possibly antimicrobial) activity 

more than meta substituted hydroxyl groups (Tripoli et al. 2005, Friedman, Henika and 

Mandrell 2003).  

As it can be seen in Figure 1, o-coumaric acid contains an ortho substituted 

hydroxyl group, while ferulic acid contains a para substituted hydroxyl group and a 

meta substituted methoxyl group. It was reported that methoxyl groups have less 

antimicrobial activity than hydroxyl groups, and there is no reliable correlation between 

the antimicrobial activity enhancement and the presence of a methoxyl group on a 

benzene ring that already contains hydroxyl groups (Friedman, Henika and Mandrell 

2003). 

 

                                       

Figure 1. Chemical structures of o-coumaric acid and ferulic acid, respectively. 

(Source: Boskou 2009) 

 

In previous studies, it was proposed that, the phenolic acids inhibit microbial 

growth via targeting several subcellular components of microorganisms. The cell 

membrane is considered as the first of these targets; the phenolic acids destabilize the 

cell membrane and disrupt its selective permeability by integrating themselves into the 
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membrane with the help of their amphipathic nature. This unstability leads to increased 

influx of protons, facilitated uptake of phenolic acids into the cytoplasm, and leakage of 

intracellular components such as ions and nutrients into environment. The escalated 

uptake of phenolic acids increases the acidity of cytoplasm which in turn gives rise to 

denaturation of essential enzymes and proteins. However, proteomic studies showed 

that cytoplasm acidification is not directly associated with phenolic acids stress, but 

occurs in an advanced stage of the stress. In several researchs, genetic materials were 

also reported as targets of phenolic compounds (Rivas-Sendra et al. 2007, Tripoli et al. 

2005, Davidson 1993, Fitzgerald et al. 2004, Duy et al. 2007). Moreover, Apostolidis, 

Kwon and Shetty (2007) used a metabolic approach to explain the antimicrobial effect 

of phenolic acids; they proposed that phenyl ring of phenolic compounds substitutes 

proline in proton motive force (PMF)-generating systems, and this action leads to 

inhibition of energy production in the cell. It should also be stated that outer membrane 

of Gram-negative bacteria provides resistance to aromatic compounds in some level, but 

as Gram-positive bacteria do not possess this cellular structure, they become more 

susceptible to aromatic compounds (Zhang et al. 2011). Even though the subcellular 

targets of phenolic acids were discovered, the exact molecular mechanism of action and 

the global effect of phenolic compounds on the bacterial cell are still yet to be clearly 

defined and detailedly investigated. 

 

1.3. Previous Studies About Phenolic Stress in Bacteria 

 

The researchers aimed to discover the detrimental effects of phenolic 

compounds or essential oils that rich in these compounds on microorganisms via 

focusing on cell morphology with microscopic techniques. Electron microscopy (EM) 

and atomic force microscopy (AFM) have become techniques in demand because of 

their ability to capture detailed images. Fu et al. (2007) treated Propionibacterium 

acnes, one of the bacteria responsible for facial acne formation, with rosemary essential 

oil and visualized the cells with AFM. They noticed that treated cells “reduced” in every 

proportion, and in prolonged exposure to higher concentrations of rosemary essential 

oil, P. acnes cells started to lose their original forms because of cell wall desquamation. 

Ultimately, cell death occured due to membrane damage and release of cell constituents. 

Another research group treated a wider range of microorganisms; two Gram-positive 
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bacteria (Staphylococcus aureus and Bacillus subtilis), one Gram-negative bacterium 

(Escherichia coli), and one yeast species (Saccharomyces cerevisiae), with the 

combinations of essential oils such as oregano, basil, bergamot and perilla oils. The 

essential oil-treated microorganisms were visualized with scanning electron microscopy 

(SEM). The results were quite similar with previous research; cell envelopes were 

damaged beyond repair, cell constituents were released into environment, and cell death 

occured afterwards (Lv et al. 2011). 

Phenol is one of the most common aromatic contaminants of water. 

Bioremediation of the contaminated water via Pseudomonas species is a hot topic in 

biotechnology. To discover possible targets of phenol toxicity and phenol resistance 

determinants in this bacterium; Santos, Benndorf and Sá-Correia (2004) treated P. 

putida KT2440 strain with phenol, and analysed phenol-induced alterations in total cell 

proteome. They discovered that phenol induced both general and oxidative stress 

responses in the cell due to generation of possible reactive oxygen species. While many 

proteins associated with fatty acid biosynthesis, energy metabolism and cell 

repair/protection were upregulated to replace oxidized membrane phospholipids, 

compensate the energy demand, and synthesize required proteins, respectively; the 

nucleotide biosynthesis proteins were downregulated, and the cell division and motility 

were inhibited. They proposed that the bacterium temporarily halts all the multiplication 

processes, and channels energy and nutrients to recovery and adaptation systems for the 

repairment of the damages on DNA and other cellular components for the sake of 

survival and healthy generations. Another important statement in their study is about the 

“cross-protection”. The response systems induced by phenol can also be induced by 

other stress factors which means that the adaptation to one kind of toxic material also 

enables bacteria to develop resistance to other stress inducing toxins. This statement 

was once again cited and briefly mentioned in a study by Guilbaud et al. in 2008. 

In 2010, same group published another research on the same topic, but this time 

they solely and specifically focused on membrane proteome of P. putida KT2440, 

because they hypothesized that to reduce the phenol concentration in cytoplasm and 

prevent its solvent effect on membrane stability and cell permeability, the bacterium 

might favor the increasement of the solvent efflux pump abundancy and decreasement 

of porin number on/in the membrane. They found out that several proteins associated 

with maintenance of outer membrane integrity, facilitation of cell wall biosynthesis and 
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regulation of impaired integral membrane/membrane-associated protein degradation 

were upregulated in the presence of phenol. They could not detect these proteins in their 

previous study because of the relatively low abundancy of outer membrane proteins 

among total proteome of cell, and also technical limitations that originate from the lack 

of protease cleavage sites in membrane-spanning domains of intergral membrane 

proteins (Roma-Rodrigues et al. 2010). 

With the same ambition above, a moderately halophilic strain of Halomonas was 

treated with phenol, and it was found that lag phase of the culture was abnormally 

lengthened. This occurrence was interpreted as the delay required for the adaptational 

processes to occur in the cell. Even though the induction/repression profiles of some 

stress proteins contradicted with previous aforementioned studies, affected protein 

groups were quite similar with them, such as the proteins involved in stress response, 

protein biosynthesis, energy metabolism, and substrate/metabolite transport (Ceylan et 

al. 2011). In addition, these differences might be species-specific, after all one should 

expect that two separate species whose metabolism adapted to different environmental 

conditions might respond differently to a certain stimulant. Another similar research 

was conducted on E. coli. Outer membrane proteins of phenol-treated cells were 

harvested and analysed. According to the results, upon phenol treatment, E. coli 

modified outer membrane protein and lipid composition to reinforce surface integrity, 

limit the phenol uptake, and compensate the increased fluidity and permeability of 

membrane (Zhang et al. 2011). 

The phenolic acids are commonly encountered molecules in plant-soil 

ecosystems. As the dead plant tissues are decomposed by saprophytes, the phenolic 

acids bound in cell walls are released into the soil via hemicellulase activities of the 

saprophytes. These phenolic compounds may act as toxins on many microorganisms 

present in plant-soil ecosystems, but some of them such as B. subtilis and Lactobacillus 

species have adapted to these constant environmental stress factors via phenolic acid 

decarboxylases (PADs). These enzymes detoxify phenolic acids into relatively more 

harmless aromatic compounds such as phenol, and are specifically adapted for their 

targets. For example, PADs found in both B. subtilis and Lact. plantarum, PadC and 

bsdBCD operon-coded hydroxybenzoate decarboxylases, detoxify hydroxycinnamic 

acids (e.g. p-coumaric acid, ferulic acid, caffeic acid) and hydroxybenzoic acids (e.g. 

vanillic acid), respectively (Duy et al. 2007).  
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To evaluate the proteomic changes in a soil bacterium upon treatment with a 

phenolic acid, B. subtilis cells were treated with a well-known hydroxybenzoic acid: 

salicylic acid. The results showed that salicylic acid presence mainly induced 

aforementioned PADs and three general stress regulons. When the stress response 

further examined, findings indicated that salicylic acid damaged cellular proteins via 

non-native disulfide formation, the responses were not associated with the acidity of the 

compounds, and the stress response regulons activated only when the growth inhibitory 

concentrations were tested. Alterations in the abundancy of other stress-affected 

proteins showed that treated cells entered to stringent response via repression of many 

translation-associated and growth phase-regulated genes. In addition, the treated cells 

also modified cell wall composition against salicylic acid, and took action to neutralise 

the excess carbon dioxide produced by PAD activity and to maintain pH homeostasis 

(Duy et al. 2007). 

Lactobacillus species are strongly associated with human gastrointestinal system 

due to fermented food they are utilized to produce, and thereby oftenly come into 

contact with food-related phenolic acids. The researchers treated Lact. casei BL23, a 

PAD-defective strain, with p-coumaric acid, and analysed stress-induced proteomic 

response of the bacteria. According to the results, this phenolic acid induced several 

stress response proteins, inflicted damage on proteins at both cell envelope and 

cytoplasm, forced microorganism to modify fatty acid composition in cell membrane, 

downregulated nucleic acid synthesis and possibly inhibited DNA replication process 

(Rivas-Sendra et al. 2007). Those results were quite similar with aforementioned 

studies, and indicated that phenolic acids induce certain common stress responses 

among both Gram-negative and Gram-positive bacteria. 

Fish products are long since treated with smoke to prevent the growth of 

foodborne pathogens and other spoilage microorganisms, and L. monocytogenes is one 

of the most common contaminants of fish products. To investigate the effect of smoke 

treatment on the proteome of this bacterium, Guilbaud et al. (2008) treated L. 

monocytogenes EGDe with liquid smoke. This substance is rich in phenol and phenol 

derivatives but as produced via hard wood combustion, it also contains formaldehyde 

and its derviatives, various organic acids and carbonyl compounds. After the treatment 

with liquid smoke, the intracellular proteins were isolated, run in 2D-SDS-PAGE, and 

analysed with MALDI-TOF mass spectroscopy. Finally, the proteomic data of both 



 

 

 10 

smoke-treated and untreated cells were compared. The results showed that smoke stress 

and phenolic stress created different responses in bacterial cells. A previous study 

conducted by Santos, Benndorf and Sá-Correia (2004) revealed that phenol induces 

oxidative stress, and the results of many other studies followed that one supported this 

finding. However, in this case, oxidative stress response proteins were found to be 

repressed, but this might be a consequence of other chemicals present in liquid smoke. 

Other than this difference, the profile of other stress regulated proteins were similar 

with previous studies; one general stress response protein and a few proteins associated 

with membrane bioenergetics and lipid metabolism were induced. In the light of these 

information, it can be deduced that an alteration in metabolic pathways took place rather 

than the development of an adaptation to the stress factor. In addition, as the proteins 

involved in membrane bioenergetics and lipid metabolism were upregulated due to 

stress factors, cell membrane might be considered as one of the targets for liquid smoke. 

Moreover, the virulence of liquid smoke-treated cells was found to be attenuated 

because of the repression of the listeriolysin O regulator protein. Guilbaud et al. (2008) 

proposed that this might be due to possible activity and/or stability reduction of 

listeriolysin O. 
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CHAPTER 2 

 

INTRODUCTION 

 

Infections caused by foodborne pathogens take hundreds of lives each year, and 

damage world economy due to the loss of workpower by hospitization and spoilage of 

food as a commercial commodity. L. monocytogenes is one of the most dangerous and 

common causative agent of foodborne illness outbreaks. This bacterium is a Gram-

positive foodborne pathogen that can withstand and grow in harsh environmental 

conditions. Moreover, infection via L. monocytogenes may give rise to listeriosis which 

might be fatal for susceptible people (Dworkin et al. 2006). Even though this disease 

can be cured with common antibiotic combinations, possibility of antibiotic resistance 

acquirement and the global emergence of extreme antibiotic resistant pathogens call 

forth the requirement of new, alternative antimicrobials. 

Phenolic compounds are ubiqutious components of plant cells, but in some 

plants and plant organs, they are accumulated excessively. For example, rosemary 

extract and extra virgin olive oil are both rich in these secondary metabolites. 

Previously, they were considered as unhealthy chemicals that reduce the nutrient 

content of the food via their protein-binding and metal-chelating properties. However, 

as the number and the quality of research on this area develops, it was found that these 

compounds are potentially health improving chemicals due to their antioxidant, 

anticancer and antimicrobial properties. Many antimicrobial studies proved that 

phenolic acids are promising toxins for pathogenic bacteria. (Rivas-Sendra et al. 2011) 

Also, nowadays, the studies have shifted towards sophisticated proteomic analyses from 

simple antimicrobial tests. With this proteomic approach, possible targets of stress 

agents and/or potential defense mechanims developed by bacteria against these agents 

were aimed to be discovered (Santos, Benndorf and Sá-Correia 2004, Duy et al. 2007). 

The objective of this study was the analysis of the alterations in the cell 

proteome and morphology of L. monocytogenes in response to two phenolic acids, 

namely o-coumaric acid and ferulic acid. Previous researches were almost solely 

focused on either determining the antimicrobial concentrations of these phenolic acids 

or investigating the proteomic stress responses of the bacteria when exposed to carbolic 
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acid, also known as (a.k.a) phenol. From this point of view, this study was the first of its 

kind by providing an insight into the proteome of a phenolic acid-treated foodborne 

pathogen. 

For the purpose of obtaining proteins from stress-exposed alive cells, the 

minimum o-coumaric and ferulic acid concentrations that yield 50% inhibition of 

listerial growth (MIC50) were determined firstly. Following this, total cell proteins of 

phenolic acid-treated and untreated bacteria were isolated and then analyzed via 

nanoLC-ESI-MS/MS and bioinformatics toolkits. Finally, the proteomic changes 

between phenolic acid-treated and untreated bacteria were compared. In addition, 

scanning electron microscopy was used to visualize possible morphological defects on 

the surface of phenolic acid-treated bacteria. 
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CHAPTER 3 

 

MATERIALS AND METHODS 

 

3.1. Growth Conditions of Bacterial Culture 

 

L. monocytogenes serotype 4b was purchased from the National Culture Type of 

Collection (NCTC, United Kingdom). Brain heart infusion broth (BHI, Fluka) and BHI 

agar (Fluka) were utilized as growth media. Maintenance of stock culture was carried 

out with 20% glycerol-containing liquid media for long-term (indefinite) storage at        

-80
o
C, and with slant soft agar media for short-term (three months) storage at 4

o
C. The 

culture in slant soft agar media was transferred onto agar media every month, and a 

single colony from agar medium was inoculated onto fresh agar media each week. The 

agar media were also kept at 4
o
C. 

For the growth of liquid culture, a single colony from agar medium was 

inoculated into liquid medium, and incubated for 18 hours at 37
o
C without shaking. 

 

3.2. Formulation of Phenolic Acid Solutions 

 

Ferulic acid and o-coumaric acid of Sigma-Aldrich Company were utilized in 

the study. Due to partial hydrophobicity of the phenolic acids, dimethyl sulfoxide 

(DMSO, ACS Grade, Amresco) as a polar, miscible, aprotic solvent was utilized to 

facilitate the dissolution of phenolic acids in liquid media. Concentration of DMSO in 

liquid media was adjusted according to the maximal dissolution rate of phenolic acids 

and the concentration value that does not inhibit the bacterial growth. This 

concentration value was determined as 2.5% (v/v) with the spectrophotometric 96-well 

microtiter plate method described below in detail. As a routine, the purchased phenolic 

acids in powder or powdered crystal form were first dissolved in required volume of 

DMSO and small volume of liquid media, and then brought up to total volume again 

with liquid media to be utilized in the experiments. All phenolic acid solutions in 

various concentrations were prepared freshly prior to the experiments, protected from 
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the light, and diluted from the most concentrated solution with simple dilution. Due to 

the two-fold dilution of concentrations in spectrophotometric microtiter method, the 

phenolic acid solutions were prepared two-times more concentrated than actual required 

concentration. The concentrations for each phenolic acid used in the experiments were 

listed in Table 1. 

 

Table 1. Types of phenolic acids and their concentrations used in the experiments. 

 

 

3.3. Analyses of Antibacterial Activity of Individual Phenolic Acids 

 

Evaluation of antimicrobial properties of phenolic acids on the physiology of L. 

monocytogenes cells requires the examination of total proteome of bacteria that 

synthesized under phenolic acid stress. For propagation of large-scale cultures under 

phenolic stress, and for the isolation of relatively high amount of protein from those 

cultures, minimum concentrations of phenolic acids that inhibit the bacterial growth by 

50% (MIC50) at the 18
th

 hour of growth were needed to be discovered. To this end, the 

bacteria were treated with various concentrations of both phenolic acids, albeit 

individually, with following method.  

Determination of individual antibacterial activity of each phenolic acid was 

conducted according to the spectrophotometric 96-well microtiter plate method. First, 4 

ml of liquid culture were grown as described at Section 3.1. One millilitre of the culture 

was utilized to measure the concentration of whole culture at 600 nm with Multiskan 

Spectra Reader (Thermo). The rest of the culture was diluted with BHI broth to level the 

optical density (OD) of culture to 0.18, which indicates the presence of 10
8
 cfu/ml 

bacterial load in the culture. Then, the culture was subjected to decimal serial dilution 
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until 10
6 

cfu/ml bacterial load. After the adjustment of bacterial load of liquid culture 

with spectrophotometric measurement and the preparation of phenolic acid solutions in 

desired concentrations as described in Table 1; 100 µl of double strength phenolic acid 

solution and 100 µl of liquid culture that contained approximately 10
4 

cfu/ml bacterial 

load were administered into each pre-designated well of flat bottom 96-well microtiter 

plate (Cellstar, Greiner Bio-One). In addition, positive control wells contained 100 µl of 

5% DMSO-containing BHI broth and 100 µl of liquid culture of which bacterial load 

was approx 10
4 

cfu/ml. While blank wells for phenolic acid-treated bacteria contained 

100 µl of plain BHI broth and 100 µl of double strength phenolic acid solution, the 

blank wells for the positive control contained 100 µl of plain BHI broth and 100 µl of 

5% DMSO-containing BHI broth. The microtiter plate was then incubated at 37
o
C for 

24 hours, and the optical densities of wells were measured at 600 nm for each three hour 

interval.  

The resulting raw data were then processed with Microsoft Office Excel, and the 

percentage of inhibition was calculated with the formula below for each interval by 

using the differences between the OD values of phenolic acid-treated bacterial culture 

and its specific blank (i.e. Treated), and the OD values of the positive control and its 

specific blank (i.e. Untreated). Standard deviations for each data series were also 

calculated.  

 

%Inhibition = 100 x (1-(Treated/Untreated)) 

 

The concentration of bacterial load dispensed in wells was confirmed via 

counting colonies on agar plates inoculated with 100 µl of liquid cultures with bacterial 

load of 10
5
 cfu/ml and 10

6
 cfu/ml, separately. In addition, to assure repeatability and 

statistical accuracy, the experiment was repeated at least four times for each phenolic 

acid. 
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3.4. Proteomic Analysis of Phenolic Acid Treated Bacteria 

 

3.4.1. Starter Culture Generation 

 

The propagation of culture with 10
8
 cfu/ml bacterial load, and its confirmation 

with viable colony plate count method were conducted as described at Section 3.3. The 

sole difference was the number of starter cultures. For the reasons stated at Section 

3.4.3, five starter cultures were initiated instead of one. 

 

3.4.2. Formulation of Phenolic Acid Solutions 

 

Phenolic acid solutions that contain MIC50 specific for the 18
th

 hour of growth (8 

mM for ferulic acid and 7.5 mM for o-coumaric acid) were used in high volumes to 

treat large-scale batch cultures. Freshly prior to the experiment, doubled amount of 

required phenolic acids were dissolved in 25 ml of 5% DMSO-containing BHI broth, 

and these solutions were kept in a lightproof container. 

 

3.4.3. Large-Scale Culture Propagation in the Presence of Phenolic   

          Compounds 

 

Due to the requirement of large-scale culture for protein isolation and statistical 

accuracy of the experiment, each one of the five starter cultures originated from the 

different individual colonies was utilized to generate three replicate groups of 50 ml-

batches, one for positive control, two others for ferulic acid and o-coumaric acid 

treatments, respectively.  

To properly imitate the bacterial load in microtiter plate method, the cfu/ml 

amount was adjusted for higher volume. As 100 µl of culture from 10
4
 cfu/ml bacterial 

load were delivered into a well of microtiter plate, the 100 ml-batch also had to contain 

bacteria with the same ratio which was calculated as 10
6 

cfu/ml. To this end, 1 ml of the 

culture with 10
8
 cfu/ml bacterial load was delivered into 99 ml of liquid media to obtain 
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10
6
 cfu/ml bacterial load. For 50 ml-batch, the aforementioned volumes were just 

levelled by half. 

For the generation of positive control batch, 0.5 ml of the starter culture were 

added into 24.5 ml of plain BHI broth, and then this mixture was combined with 25 ml 

of 5% DMSO-containing BHI broth.  

For the generation of phenolic acid treatment batch, 0.5 ml of the starter culture 

were added into 24.5 ml of plain BHI broth, and then this mixture was combined with 

25 ml of double strength phenolic acid solution. 

After the combination processes, phenolic acid and DMSO concentrations were 

levelled by half, and the final state of the batches were incubated for 18 hours at 37
o
C 

without shaking. Prior to the harvest of cells, samples were taken for the OD 

measurement, and the confirmation of growth inhibition was done with the same 

method explained at Section 3.3. 

 

3.4.4. Total Protein Isolation 

 

After 18 hours of incubation, the cells were harvested via centrifugation 

(Ultracentrifuge 6K15, Sigma) at 7500 g, 20
o
C for 15 minutes. Following the 

decantation of supernatant, the pellet was resuspended in 10 ml TE buffer (40 mM 

Tris/HCl pH 8, 4 mM EDTA) and centrifuged at aforementioned conditions. This step 

was repeated twice. To minimize protein loss, 2 ml Protein LoBind Tubes (Eppendorf) 

were utilized after the second wash step. After the washing steps, the pellet was 

resuspended in 1.5 ml of 4X SDS protein sample buffer (40 mM Tris/HCl pH8, 4 mM 

EDTA, 8% SDS, 40% glycerol), vortex-mixed, and sonicated on ice (Soniprep 150 Plus 

Ultrasonic Disintegrator, MSE) with the power of 10 amplitude microns for a total of 2 

minutes with 30 seconds per cycle and intervals of 15 seconds. These steps were 

repeated for each individual batch. Following the sonication, the cell lysates were 

immediately centrifuged at 14,680 rpm for 5 minutes to remove possible unbroken cells 

and cell debris. 

At this stage, the protein-containing supernatant can be kept at -80
o
C, and the 

protein concentration of each sample can be measured with bicinchoninic acid assay kit 

(Pierce BCA Protein Assay Kit, Thermo). 
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3.4.5. Sample Preparation for Mass Spectroscopy 

 

For the operationalization of the isolated proteins for the mass spectroscopy 

analysis, the proteins must be incorporated into polyacrylamide gel for clean-up, peptide 

alkylation and in-gel trypsin digestion procedures.  

First, two packages of precast 12% polyacrylamide gels (12% Precise Tris-

HEPES Protein Gels – 10 wells, Thermo) were unpackaged, and their wells were 

washed with deionized water after the removal of comb. Simultaneously with the 

establishment of gel cassettes into the tank of Mini-PROTEAN 3 Cell (Bio-Rad) gel 

electrophoresis system, two packages of BupH Tris-HEPES-SDS Running Buffer were 

dissolved in one litre of double-distilled water and transferred into the tank. 

Following these steps, the previously isolated protein samples were diluted 

1:100 (v/v) with double-distilled water (0.22 µm filter, Millipore), and 25 µl of the 

diluted sample were mixed with 75 µl of SDS-PAGE sample loading buffer (Pierce 

Lane Marker Reducing Sample Buffer, Thermo). After incubation at 95
o
C for 15 

minutes, the samples were cooled down and centrifuged at 14,680 rpm for 2 minutes. 

Thirty microlitres of each sample were loaded into individual wells. While the replicate 

groups were divided with prestained protein MW marker (10 to 250 kDa - PageRuler 

Plus Prestained Protein Ladder, Thermo), empty wells were simply loaded with SDS-

PAGE sample loading buffer to keep samples in their own lanes and to prevent 

dissipating into each other. When all of the wells were filled, the electrophoresis was 

conducted for two hours with 20 mA (10 mA for each gel) and 100 V. After the first 

load of samples was passed through the stacking gel, the current was stopped, and 

another 30 µl of sample were loaded into corresponding wells quickly, then the running 

was started again. This process was repeated once more, three times in total, and as a 

final amount, 90 µl of samples were loaded into the wells.  

Subsequent to completion of electrophoresis, the gels were stained with the 

Colloidal Coomassie Brilliant Blue G-250 (Colloidal Blue Staining Kit, Invitrogen) to 

confirm the protein presence in the gel. This stain solution also contains methanol as 

both a solvent and a fixer, which removes the necessity of a separate step of fixation. 

The protein loss that originates from entrapment of the proteins in the gels via fixation 

step and the removal of the proteins from the gels via washing steps was overcomed by 

incorporating high amounts of protein in gel and combining staining and fixation steps. 
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The staining solution for one gel was prepared by mixing 27.5 ml double-

distilled water, 10 ml methanol, 2.5 ml Stainer B (well-shaked before use) and 10 ml 

Stainer A. This solution was poured onto the gels, and incubated under gentle shaking at 

room temperature for one and half hour. After that, the staining solution was replaced 

with 50 ml double-distilled water. The gels were destained under gentle shaking at room 

temperature for one hour. At the end of one hour, the water was decanted, and the gels 

were washed with 50 ml of 50 mM NH4HCO3 for maximum five minutes, and 

immersed in 25 ml of 50 mM dithiothretiol (DTT)-containing 50 mM NH4HCO3. The 

gels were incubated overnight in this solution at 60
o
C without shaking. Next day, the 

gels were washed with 50 ml of 50 mM NH4HCO3 again, and immersed in 25 ml of 100 

mM iodoacetamide-containing 50 mM NH4HCO3. The gels were incubated in this 

solution under gentle shaking at room temperature in the dark for three hours.  

Finally, the gels were operationalized for the gel excision step. To avoid possible 

contamination from the adjacent lanes, the middle section (the central third) of the lanes 

were excised with a clean, razor-sharp lancet, and divided into minimum 1 mm
3
 cubes 

to decrease the protein loss and increase permeability of the gels as much as possible. 

After this step, the gel cubes of each individual lane were transferred into corresponding 

tubes, and subjected to in-gel digestion procedure. The tubes containing the gel cubes 

were filled with approximately 50 µl of 50 mM NH4HCO3, and subjected to a cycle of 

freeze-thaw at -80
o
C for five minutes and then kept at room temperature for the rest of 

the procedure to increase trypsin accessibility of the gel cubes. Following freeze-thaw 

cycle, the tubes were centrifuged in short run at 14,680 rpm, and the buffer between the 

gel cubes was carefully removed without damaging the cubes with narrow tipped 20 µl 

pipette tips (Bio-Rad). This type of pipette tip was utilized from now onward in the 

study. With this step, possible microscopic particles produced at gel excision and 

cutting step, which would otherwise plug up the column(s) of nanoLC-ESI-MS/MS, 

were also removed. Then, 20 µl of 10 ng/µl trypsin (Sequencing Grade from bovine 

pancreas, Roche) in 50 mM NH4HCO3 were added onto the gel cubes, for any gel piece 

protruding out of trypsin solution, additional plain 50 mM NH4HCO3 was added. The 

tubes were incubated overnight at room temperature under gentle shaking. Next day, the 

buffer containing trypsin-digested proteins were transferred into new tubes, and the pH 

was adjusted between 2-4 with 10% trifluoroacetic acid (measured with dropping 0.2 µl 
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of sample onto pH indicator paper) to render the samples compatible with the nanoLC-

ESI-MS/MS system.  

Following pH adjustment, the volume of samples was levelled to 50 µl via 

vacuum concentrator (Vacufuge, Eppendorf) at 30
o
C in vacufuge operation mode and 

aqueous application mode. Eighteen microlitres of the sample were uploaded and 

analyzed with LTQ-Orbitrap Nano, a liquid chromatography coupled to electrospray 

and tandem mass spectrometry system (nanoLC-ESI-MS/MS) at the 

Proteomics/Metabolomics Division in the Laboratory of Biochemistry, Wageningen 

University and Research Center (Wageningen, Gelderland Province, the Netherlands). 

 

3.4.6. Analysis of Mass Spectroscopy Results and Identification of   

          Proteins 

 

For the identification of proteins via peptide mass fingerprinting, bioinformatic 

toolkit MaxQuant and its database search engine Andromeda from Max-Planck-Institute 

(Max-Planck-Institute of Biochemistry, Germany) were utilized at the following steps. 

MaxQuant software was used to convert raw MS/MS data to the data format which is 

suitable for Andromeda. Then, the data were searched on the algorithm against suitable 

databases, such as KEGG, Swiss-Prot or NCBI. For the detection of common 

contaminants in mass spectrometry measurements such as trypsin and keratins, 

‘‘contaminants.fasta’’ database of MaxQuant was used. Also, Perseus module was used 

for the analyses of both MaxQuant/Andromeda work-flow output and the identified 

protein abundances. In order to determine the significantly upregulated and 

downregulated proteins, protein abundance ratio between test and control groups were 

needed. For that reason, t-test difference of LFQ intensities of experiment groups were 

calculated in logarithmic values and plotted against the sum of intensities a.k.a total 

peak intensity (again in logarithmic values) in Microsoft Office Excel. 

 

3.5. Sample Preparation for Scanning Electron Microscopy 

 

For the visualization of any possible detrimental effect of phenolic acids on the 

surface of cell envelope, L. monocytogenes cells were treated with MIC50 of phenolic 
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acids with a procedure quite similar to the one used for large-scale culture propagation. 

Then, phenolic acid-treated and untreated bacteria were processed into appropriate 

preparates, and visualized with scanning electron microscopy (Quanta 250 FEG-SEM, 

FEI). 

The propagation of culture with a bacterial load of 10
8
 cfu/ml was conducted as 

described at Section 3.3. To properly imitate the bacterial load in microtiter plate 

method, the cfu/ml amount is adjusted for 10 ml. As 100 µl of culture with 10
4
 cfu/ml 

bacterial load were delivered into a well of microtiter plate, the 10 ml-batch should also 

contain bacteria with the same ratio. To this end, 10 µl of culture with 10
8
 cfu/ml 

bacterial load were delivered into 9.9 ml of appropriate medium to obtain 10
5 

cfu/ml.  

For the generation of positive control batch, 10 µl of the starter culture were 

added into 4.95 ml of plain BHI broth, and then this mixture was combined with 5 ml of 

5% DMSO-containing BHI broth.  

For the generation of phenolic acid treatment batch, 10 µl of the starter culture 

were added into 4.9 ml of plain BHI broth, and then this mixture was combined with 5 

ml of double strength phenolic acid solution. 

After the combination processes, phenolic acid and DMSO concentrations were 

levelled by half, and the final state of the batches was incubated for 18 hours at 37
o
C 

without shaking. Following the incubation, the bacterial cultures were transferred into 2 

ml centrifuge tubes (Isolab, Germany), and the cells were harvested in five steps via 

centrifugation at room temperature, 7,500 g for 5 minutes. Bacterial cells were then 

resuspended with sterile, unbuffered 0.1% (w/v) peptone water (Peptone from meat, 

Sigma), centrifuged with same conditions mentioned above. This washing step was 

repeated twice to remove any other undesired particles and cell debris from the rest of 

the living cells, which would otherwise reduce the quality of image. After the last 

washing step, three head-full loops of cell suspension were spread onto corresponding 

individual 10x10 cm
2
 aluminium foil leaflets to increase the distribution rate of the 

single cells over the leaflets for the sake of better visualization. These leaflets were then 

air-dried under a Class II biohazard safety cabinet (Esco) for approximately 10 minutes. 

At this stage, the leaflets can be kept in a common desiccator at room temperature for 

maximum one day.  

The dried leaflets were cut with a clean scissor to produce 1x1 cm
2
 squares 

which can fit on the platform apparatus of SEM. These squares were placed on the 
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apparatus via two-sided sticky carbon tapes, and covered with gold particles under 

vacuum for one minute. Following this procedure, ready-to-use preparates were 

uploaded into sample receiver section of SEM. Their images were visualized and 

photographed with different resolutions and magnifications. FEI Quanta 250 FEG-SEM 

is a property of Center for Material Research at Izmir Institute of Technology, SEM 

device and all other accessory equipment for SEM were utilized with the courtesy of the 

center. 
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CHAPTER 4 

 

RESULTS AND DISCUSSIONS 

 

This study aimed to analyse the response of L. monocytogenes serotype 4b to the 

stress induced by two phenolic acids with a proteomic approach, and support the 

possible discoveries with scanning electron microscopy. To this end, first, the MIC50 of 

the phenolic acids were determined, and then the cellular proteins of bacteria that 

treated and untreated with the phenolic acids were isolated and analysed with nanoLC-

ESI-MS/MS. The mass spectroscopy results were processed with MaxQuant/Perseus 

programs, and the isolated proteins were identified. By comparing the proteomic 

profiles of the phenolic acid-treated bacteria (test groups) with the untreated bacteria 

(control group), significantly up- and down-regulated proteins were determined. In 

addition, the test groups and the control group were visualized with scanning electron 

microscopy for any possible morphological anomalies. 

 

4.1. Analysis of Antibacterial Activity of Individual Phenolic Acids 

 

The results of spectrophotometric microtiter plate method showed that both 

phenolic acids were able to inhibit the growth of L. monocytogenes serotype 4b (Figure 

2 and 3). As it can be seen from the growth curves, both phenolic acids delayed the 

beginning of exponential phase about four hours. Due to the reasons specified at 

Materials and Methods Section, the goal of the concentration scanning via microtiter 

plate method was the discovery of MIC50 at 18
th

 hour of growth (7.5 mM for o-

coumaric acid and 8 mM for ferulic acid), but during the scanning, minimum 

bactericidal concentration (MBC) of o-coumaric acid on L. monocytogenes serotype 4b 

was also found and determined as 12 mM (Table 2). The MBC value for o-coumaric 

acid was then further confirmed via viable colony plate count method, and no survivors 

detected. The slightly more antimicrobial activity of o-coumaric acid against ferulic 

acid can be ascribed to their hydroxyl group substitutions and the methoxyl group 

presence in ferulic acid.  
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Figure 2. Growth of L. monocytogenes in the presence and absence of o-coumaric acid. 

                 The average standard deviations of curves are between 0.0027 and 0.0058. 

 

 

 

 

Figure 3. Growth of L. monocytogenes in the presence and absence of ferulic acid. 

                     The average standard deviations of curves are between 0.0047 and 0.0057. 
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Table 2. Percent inhibition rates of phenolic acids upon 18 and 24 hours of treatment. 

  

 

The reason for choosing the 18
th

 hour of growth as a keypoint lies beneath the 

diauxie of L. monocytogenes. As it can be noticed on the growth curve of the control 

group, L. monocytogenes serotype 4b entered into diauxic shift at the 18
th

 hour of 

growth, and this situation indicates a change in the protein expression of bacteria. As 

mentioned before, there was four hour delay between the beginning of exponential 

phases of the control group and the test groups. This means the test groups were still in 

the middle of their exponential phase at the 18
th

 hour, which is, actually a widely-

preferred time period for protein isolation (Görg, Drews and Weiss 2006). 

The situation may first seem as an undesired one, but, on the contrary, the 

compilation of these conditions made this situation the most favoured one among other 

timepoints. Because, it was shown that even if there is an immediate genetic response to 

change in the predominant carbon source in the medium, there is still a delay between 

the induction of responsive genes and the accumulation of the protein products of these 

genes. For that reason, at the beginning of diauxic shift -the 18
th

 hour of growth in this 

case- the concentration of recently-synthesized proteins could be omitted in comparison 

with the concentration of already-present and abundant proteins (Mostovenko, Deelder 

and Palmblad 2011). 

When the adjacent timepoints are evaluated as would-be-candidates, it can be 

understood from the growth curves that the test groups were in a premature state for the 

cell harvest at the 15
th

 hour, while at the 21
st
 and 24

th
 hours, the control group has 

already passed the diauxic shift, and growing with another set of proteins different than 

test groups. Even in this case, the time delay was due to the presence of phenolic acids, 

but the comparability became debatable as it was stated that the expression of listerial 

http://www.ncbi.nlm.nih.gov/pubmed?term=Mostovenko%20E%5BAuthor%5D&cauthor=true&cauthor_uid=21631920
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virulence proteins alters with the switch of carbon source (Gilbreth, Benson  and 

Hutkins 2004). 

 

4.2. Proteomic Analysis of Phenolic Acid Treated Bacteria 

 

The effects of phenolic acid stress on L. monocytogenes cells were aimed to be 

analyzed via a proteomic approach. To achieve this aim, cellular proteins of both 

phenolic acid-treated and untreated cells were required. As it can be seen from Table 3, 

the inhibition rate of phenolic acids did not change when the cultivation volumes were 

upscaled. 

 

Table 3. Percent inhibition rates of phenolic acids at upscaled cultivation volumes. 

  

 

Results showed that, 17 proteins were upregulated and 15 proteins were 

downregulated in the presence of o-coumaric acid. For the ferulic acid, this rate was 9 

upregulated proteins to 13 downregulated proteins. Also, 8 of the upregulated proteins 

and 9 of the downregulated proteins were mutual among individual o-coumaric acid and 

ferulic acid stress conditions.  

Furthermore, it can be noticed that both phenolic acids induced oxidative stress 

response in L. monocytogenes cells. Other than this response, biosynthesis of many 

proteins associated with substrate metabolism and metabolite transport was altered. 

Detailed profiles of the stress regulated proteins in the presence of phenolic acids were 

listed; in Table 4 and 5 for upregulated and downregulated proteins in the presence of o-

coumaric acid, respectively; and in Table 6 and 7 for upregulated and downregulated 

proteins in the presence of ferulic acid, respectively. 

 

http://www.ncbi.nlm.nih.gov/pubmed?term=Gilbreth%20SE%5BAuthor%5D&cauthor=true&cauthor_uid=15297913
http://www.ncbi.nlm.nih.gov/pubmed?term=Benson%20AK%5BAuthor%5D&cauthor=true&cauthor_uid=15297913
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4.2.1. Stress Response to o-Coumaric Acid 

 

When the effect of phenolic acids were investigated individually, it was seen that 

o-coumaric acid induced an oxidative stress to some extent along with other detrimental 

effects. Significantly upregulated and downregulated proteins were shown in Figure 4. 

Two oxidative stress response proteins, thiol peroxidase and organic peroxidase 

resistance protein, were upregulated. In addition, MarR, a transcriptional regulator 

which controls the response to various antibiotics, oxidative stress and aromatic 

compounds (Alekshun et al. 2001), and lactoylglutathione lyase, a glyoxalase that 

eliminates the reactive carbonyls (Kim et al. 2012), were upregulated. Free radical 

scavenging potential of oxidoreductases and their subgroup aldo/keto reductases in 

higher organisms were previously reported (Turóczy et al. 2011, Pattanayak and 

Tripathy 2011), for that reason the putative aldo/keto reductase family protein 

Lm4b_02559, which was also upregulated, can be included in oxidative stress response. 

Two other upregulated proteins that might be indirectly associated with oxidative stress 

were phosphoglycerate mutase, a glycolysis protein that provides energy to 

microorganism independently from the presence of oxygen, and Lm4b_01882, a 

phosphoenolpyruvate synthase regulator-like protein which might be a possible 

glycolysis regulator. As the oxidative stress may lead to halt of oxygen consumption, 

the organism may acquire a tendency towards anaerobic respiration. 

Another side of the oxidative stress is the downregulation of proteins that 

arrange manganese uptake. Most of the enzymes that require manganese as a cofactor 

are strongly associated with oxidative stress response via detoxification of superoxide 

radicals (Culotta and Daly 2013). These transporters are also somehow associated with 

the increase in virulence (Papp-Wallace and Maquire 2006). As Table 5 presents, at 

least three manganese active transporters were downregulated.  

Aside from the paralysis of manganese uptake, other active transporters of 

extracellular nutrients and/or solutes, such as trehaloses, aminoacids and oligopeptides, 

were also downregulated. Bacteria might have intentionally crippled these transport 

systems to reduce further phenolic acid uptake into the cytoplasm.  

A hypothetical membrane protein which is considered as an ABC transporter 

permease and YitT family protein was also upregulated. YitT family proteins are known 

as general stress proteins that regulated by RNA polymerase sigma factor SigB. 
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Considering aforementioned information, this hypothetical membrane protein might be 

an ABC exporter involved in drug –in this case, phenolic acid- efflux. 

Another important point is the possible reduction of the infamous acid resistance 

of L. monocytogenes due to the downregulation of glutamate decarboxylase and 

aminoacid antiporter. The acid resistance increases the virulence by enabling L. 

monocytogenes to survive from both gastric fluids and phagocytosis (Francis et al. 

2007). 

Interestingly, o-coumaric acid also induces bacterial growth proteins. GpsB, 

which controls cell cycle, division, and cell shape via regulation of cell pole and 

divisome maturation; D-alanyl-D-alanine carboxypeptidase, which catalyses 

peptidoglycan synthesis; and last but not least, putative membrane and/or membrane-

associated proteins and lipoproteins were upregulated in response to o-coumaric acid. 

These actions might be a result of recovery mechanism against extensive ravage 

inflicted upon cell envelope by o-coumaric acid.  

On the level of monomer -aminoacid and nucleotide- synthesis and metabolism; 

enzymes such as phosphoglycerate mutase, carbamoyl-phosphate synthase and 5-

formyltetrahydrofolate cyclo-ligase were upregulated, while two enzymes of aminoacid 

anabolism and one enzyme of pyrimidine anabolism -namely homoserine 

dehydrogenase, threonine synthase and pseudouridine-5-phosphate glycosidase, 

respectively- were downregulated. Phosphoglycerate mutase, a glycolysis-associated 

enzyme, might also have roles in aminoacid anabolism. Similarly, carbamoyl-phosphate 

synthase plays roles in both aminoacid catabolism and pyrimidine anabolism, which 

indicates that the intermediate products of these enzymes belong to more than one 

pathways. 5-Formyltetrahydrofolate cyclo-ligase is an enzyme of folate-based 

coenzyme metabolism that catalyzes reactions associated with “one carbon pool by 

folate”.  

Protein synthesis and stability were other targets of phenolic acid stress by o-

coumaric acid. Elongation factor 4 a.k.a LepA and glycosyltransferase, an enzyme that 

plays role in glycosylation step of protein folding were downregulated; while a 

hypothetical Yqey-like protein which is thought to be related with tRNA metabolism 

was upregulated. An interesting downregulated stress protein was CspB which is a 

major cold-shock protein that regulates gene expression. It was known that this protein 

regulates translation, the termination of transcription and mRNA degradation by binding 
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to DNA at low temperatures (Yamanaka 1999). This protein is responsible from the 

cold-resistance of L. monocytogenes. As this bacterium can replicate at refrigeration 

temperatures just like at bodily temperatures, L. monocytogenes cells might require and 

synthesize this protein in a constitutive-expressive manner for immediate temperature 

decreases. Under these circumstances, the cold resistance might have supressed as the 

acid resistance, however further research should be done about this hypothesis to prove 

its validity.  

One last but major crippling effect seemed to be landed on DNA synthesis, 

DNA conformation and also possibly DNA repair systems. DNA topoisomerase III 

which has a role in the regulation of DNA conformation by decatenating daugher 

chromosomes upon replication, and DNA polymerase III PolC which plays important 

roles in DNA replication, repair and recombination were among the downregulated 

proteins. Bacteria seemed to have arrested DNA replication, and directed the energy 

towards other biochemical pathways to ensure the survival.  

 

 

Figure 4. The abundance plot of proteins of o-coumaric acid treated and untreated L.  

               monocytogenes serotype 4b cells. Significantly upregulated proteins were  

               enveloped in the blue circle, while significantly downregulated proteins were  

               enveloped in the red circle. Both groups were featured as pink dots. 
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4.2.2. Stress Response to Ferulic Acid 

 

Ferulic acid induced many stress responses that also induced by o-coumaric 

acid, which was an expected result due to their structural similarities as both of them are 

hydroxycinnamic acids. But, of course there were still some differences in protein 

profiles. Functions of newly introducted proteins were explained at the following 

paragraphs, but the functions of mutual proteins with o-coumaric acid stress can be 

found at Section 4.2.1. Significantly upregulated and downregulated proteins were 

shown in Figure 5. 

Proteins that are directly or indirectly associated with oxidative stress, such as 

thiol peroxidase, organic peroxidase resistance protein, oxidoreductase, 

lactoylglutathione lyase were upregulated, while two of the manganese uptake proteins 

mentioned at Section 4.2.1. were downregulated. Beside phosphoglycerate mutase, one 

another glycolysis protein -dihydroxyacetone kinase- was upregulated, too. The latter 

one also plays a role in glycerolipid metabolism, and its reason for upregulation was 

most probably for the recovery process of membrane phospholipids which were 

damaged via ferulic acid stress. 

Among the downregulated DNA repair proteins; MutL, a DNA mismatch repair 

protein, has joined DNA polymerase III PolC. 

Same sugar uptake and acid resistance proteins that downregulated in o-

coumaric acid stress response, were also downregulated in the presence to ferulic acid.  

Serine hydroxymethyltransferase, another enzyme associated with “one carbon 

pool by folate” and replenishes this “pool” via its reactions, was downregulated just like 

aforementioned homoserine dehydrogenase; while carbamoyl-phosphate synthase and 

phosphoglycerate mutase were upregulated as in o-coumaric acid stress response. 

Protein synthesis and stability proteins, LepA and glycosyltransferase 

respectively, were once again found among the downregulated proteins. In addition, the 

putative Yqey-like protein, which is thought to be associated with tRNA metabolism, 

was also upregulated as in o-coumaric acid stress response. 

Finally, tributyrin esterase, an enzyme that catabolise lipids was downregulated 

in the presence of ferulic acid. Most probably, the extensive damage inflicted upon 

membrane phospholipids and following lipid shortage have prompted the cells to 

downregulate lipid catabolism genes. 
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Figure 5. The abundance plot of proteins of ferulic acid treated and untreated L.  

               monocytogenes serotype 4b cells. Significantly upregulated proteins were  

               enveloped in the blue circle, while significantly downregulated proteins were  

               enveloped in the red circle. Both groups were featured as pink dots. 

 

4.2.3. Proteomic Analysis of the Phenolic Acid Stress in L.  

           monocytogenes 

 

Studies based on the proteomic analysis of bacteria under stress induced by 

phenol or phenolic compounds are increasing year by year on a logarithmic scale. And 

unsurprizingly, acquired results were quite similar with each other. This study was no 

exception, but a first. The stress response generated against phenolic acids by L. 

monocytogenes, was analyzed with a proteomic approach for the first time. 

According to the results of previous studies, phenol-like compounds primarily 

targeted cell envelope integrity and induced oxidative and sometimes other general 

stress responses in cytoplasm. Contrary to common belief, modus operandi of the 

compounds known as “antioxidants” is actually versatile; while they operate as 

antioxidants in healthy eukaryotic cells, they act as prooxidants in cancerous cells 

(Casciari et al. 2001). Actually, this is not a surprising case, because there is a balance 

in almost every biochemical reaction and/or pathway in nature. As it was stated in one 
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of our previous studies; while the phenolic acid concentrations found in unprocessed 

food have beneficial potential for eukaryotic cells with their antioxidant activity, they 

also act as toxins for pathogenic prokaryotes (Karaosmanoglu et al. 2010). From this 

point of view, we can deduce that the biochemical activity of these compounds in 

prokaryotic cells may mirror their method of operation in the cancerous cells. This 

might be due to a circumstance of the physiological and biochemical differences 

between the eukaryotic and the prokaryotic cells. 

The secondary targets of phenolic compounds were usually among proteins 

and/or enzymes related with protein synthesis and stability, energy production, and 

metabolic pathway enzymes such as lipid biosynthesis, amino acid and nucleotide 

metabolisms. Sometimes, DNA replication and repair systems also joined these 

secondary targets (Duy et al. 2007, Santos, Benndorf and Sá-Correia 2011). Our 

findings strongly supported the previous researches. In the light of this information, the 

basic metabolic response of bacteria against phenolic acid stress can be simplified as the 

augmented expression of genes in demand and the suppression of pathways that became 

a “burden” for the microorganism. 

Guilbaud et al. (2008) found some clues towards the attenuation of bacterial 

virulence factors when the bacteria are exposed to phenolic compounds. Our findings do 

not contain any direct information about the virulence factors, but they indicated that 

due to downregulation of manganese transporters and acid resistance proteins, virulence 

of L. monocytogenes might also have been decreased or attenuated in the presence of 

phenolic acids. 

While some bacteria are capable of adapting to or overcoming phenolic acid 

stress with the help of PADs or efflux proteins, L. monocytogenes does not possess any 

of these, so its stress response can not be considered as “adaptive”, as previously stated 

by Guilbaud et al. (2008). For more detailed insight and confirmation of 

aforementioned issues, further analyses and experiments are needed. Transcriptomic 

analysis of bacteria under same conditions comes at the top of the list which would 

reinforce and expand the findings of this study. 

Another one is the complementation analysis of proteins of which expressions 

were altered. This analysis will help to discover whether the bacterium commands gene 

expression per se against phenolic acid stress, or the phenolic acid stress “dictates” the 

bacterium which genes to be upregulated or downregulated. 



 

 

 37 

There is still a lot way to go and this study is just a flagstone on that road, but if 

we could unravel the possible action mechanisms of these phenolic compounds and 

obtain more data about their biochemical nature in both eukaryotic and prokaryotic cells 

with the aforementioned methods or any other techniques that was not mentioned here, 

we could better understand and interpret the utility and the potential of these 

phytochemicals as new antimicrobials in the medicine. 

 

4.3. SEM Images of Phenolic Acid-Treated and Untreated Bacterial   

       Cells 

 

L. monocytogenes is a rod-shaped bacterium with the proportions of 1-2 µm 

length and 0.5 µm width (Low and Donachie 1997), however when treated with MIC50 

of o-coumaric acid or ferulic acid, cell morphology changed to some extent. 

In Figure 6, untreated L. monocytogenes can be seen with ~1.5 µm length. 

However, in Figure 7 and 8, it was noticed that upon phenolic acid treatment, the cells 

were either abnormally elongated (up to 3 µm) or shortened (<1 µm). This was probably 

due to unequal cell fission, which might have been promoted by the upregulation of cell 

envelope biosynthesis and cell growth regulator proteins, and the downregulation of 

DNA replication proteins. As Santos, Benndorf and Sá-Correia (2004) mentioned in 

their study, upon stress inducement, the cell might favor the repression of DNA 

replication proteins to minimize the possibility of mutant offsprings in the next 

generations. When coupled with the elevated synthesis of cell envelope constituents, 

this occurence might have led to cell surface enlargement and volume increasement 

without any possibility of fission. Resulting undivided cells might have contributed to 

the growth suppression. Another possibility regarding this situation is the errorneously 

maturation of the divisome due to abnormally elevated levels of GpsB, which might 

have led to aforementioned unequal cell fission. 
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Figure 6. SEM image of untreated L. monocytogenes cells. The scale bar is 4 µm. 
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Figure 7. SEM images of L. monocytogenes cells treated with MIC50 of ferulic acid.     

                From top to bottom, the scale bars are 3 µm and 4 µm, respectively. 
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Figure 8. SEM images of L. 

monocytogenes cells treated 

with MIC50 of o-coumaric acid. 

From top to bottom, the scale 

bars are 2 µm, 3 µm and 5 µm, 

respectively. 
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CHAPTER 5 

 

CONCLUSION 

 

In this reseach, we highlighted potential targets of phenolic acid stress in a 

Gram-positive foodborne human pathogen, L. monocytogenes, with a proteomic 

approach. In addition, we discovered MIC50 of two phenolic acids, o-coumaric and 

ferulic acids; and MBC of o-coumaric acid on L. monocytogenes as 7.5 mM, 8 mM and 

12 mM, respectively. 

Our results revealed that phenolic acids appeared to trigger an oxidative stress 

response in L. monocytogenes. Besides, the data indicated that solute uptake systems 

and DNA synthesis and repair systems heavily suffered from phenolic acid stress, while 

biosynthetic pathways of biological macromolecules and their monomers were mostly 

effected in a negative manner. In response to phenolic acid stress, the bacteria seemed 

to tend towards cell envelope generation for the recovery of possible membrane 

damages. Coupled with the previous statement about DNA synthesis, side effect of this 

tendency might be a reason for the abnormally elongated and shortened cells visualized 

with SEM. Moreover, when viewed from the proteomic aspect, it can be speculated that 

the virulence of the treated cells were most likely reduced, however further tests should 

be conducted for the confirmation. 

The similarity between our data and previous studies proved that phenolic 

compounds act on some particular targets, and our findings further expanded our view 

on the possible applications of phenolic acids. However, there were still several 

hypothetical proteins that up- or downregulated in the presence of phenolic acids. These 

proteins might have key roles in cellular processes and/or the stress response of L. 

monocytogenes. Discovering the functions of these proteins are a focal point for the 

future studies. And, ultimately, the discovery of modi operandi of these phytochemicals 

may enlighten and fortify their path to become alternative commercial antimicrobials 

against the developing threat of antibiotic resistant pathogenic bacteria. 
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APPENDIX A 

 

STANDARD CURVE FOR BCA ASSAY 

 

The protein concentration measurement via BCA assay requires the standard 

curve of a specific protein series with known concentrations. Therefore, ovalbumin 

series with the concentrations of 0 µg/ml, 10 µg/ml, 20 µg/ml, 30 µg/ml, 40 µg/ml and 

50 µg/ml were applied to the assay. To this end, 1 mg/ml of the ovalbumin stock was 

prepared in 50 mM NH4HCO3, and by complementing with ultrapure water to achieve 

1:20 (v/v) ratio; 0 µl, 10 µl, 20 µl, 30 µl, 40 µl and 50 µl of the ovalbumin stock were 

mixed with 950 µl of BCA working solution (50X Reagent A + 1X Reagent B) in 

individual tubes, respectively. After the incubation at 21
o
C for one hour, the OD of 

standards was measured at 562 nm, and the measurement was repeated twice for 

statistical accuracy. Finally, with the obtained data, the standard curve of ovalbumin 

series was plotted via Microsoft Office Excel. 

 

 
 

Figure 9. Standard curve of ovalbumin series for BCA assay. 


