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Abstract 

Most foods represent a fertile environment for pathogenic bacteria growth. When the hygienic 

conditions are missing, the contamination caused by these microorganisms can result in 

foodborne diseases and outbreaks affecting public health. Also, this contamination can cause 

important economic losses to food industries in terms of recalls affecting their reputation in 

the market. For this reason, good hygienic practices have to be held and controlled from farm 

to fork. In other words, proper disinfection, careful manipulation and the respect of 

regulations have to be applied during production, processing, shipping, distribution, retail and 

consumption.  

Listeria monocytogenes and Salmonella Enteritidis represent two of the most challenging 

pathogens for food processing environments for different reasons. Listeriosis has a higher 

fatality rate than other foodborne illnesses and could be mortal for vulnerable groups. Another 

problem associated with L. monocytogenes, is its ability to grow at refrigeration temperatures, 

which poses a challenge to food manufacturers and consumers. Salmonella spp. have been 

predominant in food poisoning outbreaks with S. Enteritidis being the most reported serovar. 

Also, this microorganism can lead to mild to severe symptoms in humans. Both food 

pathogens can be introduced in the food chain through raw material, workers and other 

sources as they habit a wide range of niches. Added to that, they are able to form biofilms on 

different surfaces making their presence yet very challenging. 

Biofilms are complex microbial communities formed into an extracellular matrix and they are 

more resistant forms than their planktonic counterparts. They are formed usually in 

inaccessible parts of manufacturing plants, as these areas are not well cleaned. Therefore, they 

can persist for a long time causing problems and contamination. In order to get rid of 

biofilms, many different cleaning and disinfection protocols have been applied with the use of 

a wide range of commercial products. However, many of these products can be controversial 

as they can have various side effects. First, the repetitive use and especially the exposition to 

sub-inhibitory concentrations can generate resistance by modifying some genes and leading to 

an increased tolerance. Second, the environmental impact of this kind of chemicals makes 

them undesirable. Therefore, the investigation for natural alternatives has been increasing 

every year in order to respond to the consumer’s demands. Among these alternatives, essential 

oils (EOs) are considered as an eco-friendly and natural option. 



English 

 

The activity of these volatile and aromatic products has been widely described in literature. 

Among them, the essential oils of cinnamon, clove, onion and garlic have been used in 

different cultures, as well as in the food industry as natural flavorings and preservative agents 

against food spoilage. Also, they have been reported for their antimicrobial action against 

several foodborne pathogens. However, their anti-biofilm activity has not been fully 

investigated, which make them interesting to explore. 

The objective of this thesis was to explore the capacity of different essential oils to inhibit 

different stages of biofilm formation by L. monocytogenes and S. Enteritidis. To achieve this 

general aim, several goals were established: 1) evaluate the antibacterial activity of the four 

essential oils against L. monocytogenes and S. Enteritidis; 2) establish the minimal inhibitory 

concentration of every EO against both microorganisms; 3) assess the effect of MIC-related 

doses on the initial cell attachment; 4) assess the effect of the MIC-related doses on biofilm 

eradication; 5) perform the chemical analysis of the different EOs in order to characterize the 

bioactive compounds. 

The analysis of the EOs was done by gas chromatography - mass spectrometry (GC-MS) in 

order to identify the major components implicated. The antibacterial assays were performed 

by two experiments in order to assess the sensibility of the microorganisms to the EOs 

selected. The first one consisted in the disc diffusion assay where the inhibition zones (IZ) 

were measured. The second experiment was the determination of the MIC. During this step, 

the bacteria were incubated overnight with different concentration of the different EOs. So, 

the lowest concentration that prevented the pathogen growth was considered as the MIC. 

Afterwards, the antibiofilm assays were performed. Firstly, the effect of the EOs was 

experimented against the inhibition of the initial cell attachment. The EOs were pipetted 

together with bacterial cultures at different doses (0.5 MIC, MIC and 2MIC) into the 96- well 

plates. Then, they were incubated at 37°C for 24 hours. Secondly, the eradication assay was 

done in order to explore the effect of EOs on preformed biofilms. L. monocytogenes and S. 

Enteritidis were left to grow for initial cell attachment. Afterwards, the EOs were added at 

different doses (0.5 MIC, MIC and 2MIC) to the wells and left for 1, 5 and 20 hours. Finally, 

the biofilm’s biomass was assessed by the crystal violet assay. 
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The chemical analysis carried out revealed that thiosulfates were the major compounds 

present in the EOs of garlic and onion. Added to that, E-cinnamaldehyde and eugenol were 

the major compounds for cinnamon and clove respectively. Concerning disk diffusion assay, 

the EO of onion was the most inhibitory for L. monocytogenes, exhibiting the highest IZ (37.8 

± 0.4 mm) and the EO of clove for S. Enteritidis (IZ = 12.3 ± 0.4mm). For the MIC, in the 

case of L. monocytogenes, EO of cinnamon and EO of garlic displayed an identical value (0.1 

mg mL−1). On the other hand, EO of onion and EO of clove, had respectively a value of 0.025 

and 0.05 mg mL-1. For S. Enteritidis, EO of onion and EO of garlic displayed the same value: 

0.4 mg mL−1. On the other hand, the EO of cinnamon and the EO of clove showed a value of 

0.2 and 0.1 mg mL−1 respectively. 

The inhibition of initial cell attachment was high at MIC dose, ranging from 61% till 100% 

for L.monocytogene, while for S. Enteritidis ranged from 50% to 65%. At one hour incubation 

with the EOs, the inhibition of preformed biofilms at MIC ranged from 67.7% till 52.5% for 

L. monocytogenes while for S. Enteritidis ranged from 40.2% to 20.3 %. 

The most significant conclusions from this thesis were: 1) the effect of essential oils was 

higher on L. monocytogenes than in S. Enteritidis in all cases; 2) the antibiofilm effect was 

dose dependent; 3) the inhibition rate was high on initial cell attachment, but lower on 

preformed biofilms. This research has revealed the potential use of these essential oils as 

antibiofilm agents for the food industry.  

Keywords: Listeria monocytogenes; Salmonella Enteritidis; biofilm; essential oil; cinnamon; 

onion; garlic; clove. 
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Resumen 

La mayoría de los alimentos representan un entorno fértil para el crecimiento de bacterias 

patógenas. En condiciones poco higiénicas, la contaminación causada por estos 

microorganismos podría resultar en brotes de enfermedades de transmisión alimentaria que 

afecten a la salud pública. Además, esta contaminación puede causar importantes pérdidas 

económicas a las industrias al tener que retirar el producto del mercado, lo cual afectará 

notablemente a su reputación. Por esta razón, las buenas prácticas de higiene deben 

mantenerse y controlarse desde la granja hasta la mesa. En otras palabras, se debe aplicar una 

desinfección adecuada, una buena manipulación y se debe cumplir la normativa durante la 

producción, procesado, transporte, distribución, venta y consumo. 

Listeria monocytogenes y Salmonella Enteritidis son dos de los retos más importantes para la 

industria alimentaria por diferentes razones. La listeriosis tiene una de las tasas de mortalidad 

más alta respeto a  otros patógenos alimentarios y podría llegar a ser letal para los grupos más 

vulnerables. Otro problema asociado con L. monocytogenes, es su capacidad de multiplicarse 

a temperaturas de refrigeración. Salmonella spp. ha sido vinculada con la mayoría de los 

brotes de intoxicación alimentaria en la Unión Europea, siendo S. Enteritidis la serovariedad 

mas predominante. Además, la salmonelosis puede llegar a ser grave poniendo en peligro a 

los humanos. Ambos patógenos pueden introducirse en la cadena alimentaria a través de 

materias primas, trabajadores y otras fuentes, ya que viven en varios hábitats. Además de eso, 

pueden formar biofilms sobre diferentes superficies, lo que hace que su presencia sea muy 

preocupante. 

Los biofilms son comunidades microbianas complejas unidas entre sí por una matriz 

extracelular polimérica. Las células que forman parte de un biofilm son más resistentes que 

sus formas planctónicas. Por lo general, los biofilms se forman en zonas inaccesibles de las 

plantas de procesado, ya que estas áreas no siempre se  limpian bien. Por lo tanto, pueden 

persistir durante mucho tiempo provocando problemas y contaminación. Se ha aplicado 

protocolos de limpieza y desinfección empleando varios productos comerciales con el 

objetivo de eliminar los biofilms. Sin embargo, el uso de estos productos está cuestionado, ya 

que acarrea algunos problemas adicionales. Primero, su uso repetido y especialmente la 

exposición a concentraciones subletales pueden generar resistencia. En segundo lugar, este 
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tipo de sustancias químicas no son muy respetuosas con el medio ambiente, lo que las 

convierte en poco deseables. Así pues, la investigación y la búsqueda de alternativas naturales 

se ha ido incrementando año tras año para responder a las demandas del consumidor. Entre 

estas alternativas, los aceites esenciales (AE) se consideran una opción natural y ecológica. 

La actividad de estas sustancias volátiles y aromáticas se ha descrito ampliamente en la 

literatura. Entre los AE, los de canela, clavo, cebolla y ajo  han sido utilizados en diferentes 

culturas, en forma de aditivos naturales, para prevenir el deterioro de los alimentos. Además, 

varios estudios indican su actividad antimicrobiana frente a varios microorganismos. En 

cambio, su actividad anti-biofilm no ha sido completamente investigada, lo que los hace muy 

interesantes de explorar. 

El objetivo de esta tesis fue estudiar la capacidad inhibitoria de diferentes aceites esenciales 

sobre diferentes etapas de la formación de los biofilms por parte de L. monocytogenes y S. 

Enteritidis. Para lograr este objetivo general, se establecieron varios objetivos parciales: 1) 

evaluar la actividad antibacteriana de los cuatro aceites esenciales frente a L.monocytogenes y 

S. Enteritidis; 2) establecer la concentración mínima inhibitoria (CIM) de cada AE frente a 

ambos microorganismos; 3) evaluar el efecto de las diferentes dosis (0,5CMI, CMI y 2CMI) 

sobre la etapa inicial de formación del biofilm; 4) evaluar el efecto de las diferentes dosis 

(0,5CMI, CMI y 2CMI) sobre la erradicación de los biofilms; 5) realizar el análisis químico 

de los diferentes AE para caracterizar sus compuestos mayoritarios. 

Los AE se analizaron mediante cromatografía de gases-espectrometría de masas (GC-MS) 

para identificar los principales componentes presentes. La actividad antibacteriana se 

determinó mediante dos ensayos con el fin de evaluar la sensibilidad de los microorganismos 

a los AE seleccionados. El primero fue el método de difusión en agar, con el que se midieron 

los halos de inhibición (HI). El diámetro del HI se relacionó después con la susceptibilidad de 

la cepa al AE. El segundo experimento fue la determinación de la CMI. Para este ensayo, las 

bacterias se incubaron durante 18 horas con concentraciones decrecientes del AE. La 

concentración  más baja del AE que inhibió el crecimiento de las bacterias, se consideró como 

la CMI. 

 Posteriormente se investigó la actividad anti-biofilm. Para empezar, se efectuó el estudio del 

efecto de los AE sobre la adhesión inicial. Los AE se incubarona 37°C durante 24 horas junto 

con los cultivos a diferentes dosis (0,5CMI, CMI y 2CMI) en placas de poliestireno 
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de 96 pocillos. Luego, se realizó el ensayo de los mismos AE pero sobre los biofilms 

previamente formados. Para este ensayo, L. monocytogenes y S. Enteritidis se dejaron crecer 

previamente para obtener una adherencia,  más o menos fuerte. Posteriormente, se añadieron 

los AE a diferentes dosis (0,5CMI, CMI y 2CMI)  a los pocillos y se midió la densidad óptica 

tras1, 5 y 20 horas de incubación con los aceites esenciales. Finalmente, la biomasa de los 

biofilms se midió mediante tinción con cristal violeta. 

Los análisis cromatográficos realizados han mostrado que los tiosulfatos son los principales 

componentes presentes en los aceites esenciales de ajo y cebolla, mientras que el 

cinamaldehído fue el componente mayoritario del AE de canela y el eugenol el del AE de 

clavo. En el método de difusión en agar, el AE de cebolla fue el más inhibidor frente a L. 

monocytogenes, exhibiendo el HI más alto (37,8 ± 0,4 mm) y el AE de clavo para S. 

Enteritidis (HI = 12,3 ± 0,4 mm). Para la CMI, en el caso de L. monocytogenes, el AE de 

canela y el AE de ajo exhibieron el mismo valor (0,1 mg mL−1), mientras que el AE de 

cebolla y el de clavo tuvieron respectivamente valores de 0,025 y 0,05 mg mL-1. Para S. 

Enteritidis, el AE de cebolla y el de ajo mostraron el mismo valor: 0,4 mg mL−1. Por otro 

lado, el AE de canela y el de clavo mostraron un valor de 0,2 y 0,1 mg mL1 respectivamente. 

La inhibición de la adhesión inicial fue muy alta a una dosis CMI, oscilando entre el 61% y el 

100% para L. monocytogenes, mientras que para S. Enteritidis varió del 50% al 65%. Tras una 

hora de incubación con los AE, la inhibición de los biofilms preformados se encontró entre el 

67,7% y el 52,5% para L. monocytogenes, mientras que para S. Enteritidis estaba entre el 

40,2% y el 20,3%. 

Las conclusiones más significativas de esta tesis fueron: 1) el efecto de los aceites esenciales 

fue mayor sobre L. monocytogenes que sobre S. Enteritidis en todos los casos; 2) el efecto 

antibiofilm dependió de la dosis; 3) el porcentaje de inhibición fue más alto sobre la adhesión 

inicial que sobre los biofilms previamente formados. En definitiva, esta investigación ha 

revelado el potencial de estos aceites esenciales como agentes anti-biofilm, lo cual puede 

resultar de gran ayuda para la industria alimentaria. 

Palabras clave: Listeria monocytogenes; Salmonella Enteritidis; biofilm; aceite esencial; 

canela; cebolla; ajo; clavo. 
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األطروحة ملخص  

البكتيريا المسببة لألمراض. عندما تكون الظروف الصحية مفقودة، فإن التلوث الذي تمثل معظم األطعمة بيئة خصبة لنمو 

التي تؤثر على الصحة العامة. كما يمكن   المنتقلة عن طريق األغذية تسببه هذه الكائنات الدقيقة يمكن أن يؤدي إلى األمراض

يث تأثير عمليات سحب المنتوجات على سمعتها  أن يتسبب هذا التلوث في خسائر اقتصادية كبيرة للصناعات الغذائية من ح

. بمعنى  االستهالك من عملية اإلنتاج إلىفي السوق. لهذا السبب، يجب الحفاظ على الممارسات الصحية الجيدة ومراقبتها 

  يجب إحترام شروط النظافة الصحية أثناء اإلنتاج والتصنيع والشحن والتوزيع والبيع واالستهالك. آخر،

 ، )Salmonella  (Enteritidisالُمْلِهبَةُ لألَْمعاء السَّْلمونيَال و  )Listeria monocytogenes(لمستوحدة الليستيريا ا

 ،اوالتحدي كبير للصناعات الغذائية ألسباب عديدة. التي تعتبر من أكثر األمراض البكتيرية المنقولة بالغذاء اثنين  يمثالن 

الذين أن تكون مميتة لألشخاص  لها ويمكن ا غذائيالمنقولة  األمراض األخرى ب مقارنة معدل وفيات اعلى  لدى الليستريات 

لمصنعي األغذية  لكامش طرح عدةي ،على النمو خالل عمليات التبريد  قدرتها ،ثانيا. يعانون من ضعف في جهاز المناعة

  السَّْلمونيَال الُمْلِهَبةُ لألَْمعاء  و بكتيريا متسببة  في األمراض المنقولة باألغذيةهي أكثر ف ،اما بالنسبة للسالمونيال والمستهلكين.

لدى  الخطورة  ، يمكن أن تؤدي إلى أعراض خفيفة إلى شديدةالتسمم الغذائي في العالم. أيضا األكثر تفشيا في لنمطاهي 

 السلسلة الغذائية من خالل المواد النيئة و عن طريق العمال وغيرهاتمتلك هاته البكتيريا القدرة في التسرب إلى  .مستهلكال

  .مخطرمما يجعل وجودهم  عن قدرتهما على تكوين أغشية حيوية على أسطح مختلفة  ،. ايضامن المصادر

خارج   عبارة عن مجتمعات بكتيرية متجانسة و معقدة تشكلت في مصفوفة تتكون من المواد البوليميريةهي األغشية الحيوية 

جيدًا. لذلك، يمكن أن  هاال يتم تنظيف التي و  الوصول إليها في المصانع يصعب عادة في أماكن ذه االغشية خلوية. تتشكل ه

تم تطبيق العديد من بروتوكوالت  منها،متسببة في التلوث. من أجل التخلص  لفترة طويلة ه االمكنة ذ هفي  البكتيرياتستمر

ولها آثار جانبية   للجدل ، العديد من هذه المنتجات مثيرةكنالتنظيف والتطهير المختلفة باستخدام عدة منتجات التجارية. ل

متعددة. أوال، يمكن أن استخدامها  المتكرر وخاصة التعرض لجرعات ضعيفة يؤدي إلى توليد مقاومة عن طريق التعبير 

، تزايد البحث عن البدائل فبالتالي ثانيًا، التأثير البيئي لهذا النوع من المواد الكيميائية يجعلها غير مرغوب فيها.  الجيني.

 العطرية  المستهلك. من بين هذه البدائل، تعتبر الزيوت حاجيات من أجل االستجابة ل خالل السنوات االخيرةالطبيعية 

  . طبيعي و األساسية خيارا ايكولوجي

القرفة  مستخرجة منالزيوت الهذه الزيوت العطرية في عديد البحوث العلمية. من بينها،  نشطة و تركيبةأف تم وص

في صناعة المواد الغذائية للقضاء على  كمواد مضافة في ثقافات مختلفة ، وكذلك التي تم استعمالها والقرنفل والبصل والثوم

في   مكثف بحث بشكل ال، لم يتم لكن لالسفللميكروبات.  ةكمضاد وصفها األطعمة. كما تم  الفتبامكانها اللتي االبكتيريا 

  . مهم تأثيرها على هذه األغشية البحث عن نشاطها المضاد لألغشية الحيوية، مما يجعل

لتحقيق  تكوين األغشية الحيوية.من الزيوت األساسية على مراحل مختلفة  فعاليةكشاف است ،كان الهدف من هذه األطروحة 

  :هذا الهدف العام ، تم تحديد عدة أهداف

  . السَّْلمونيَال الُمْلِهبَةُ لألَْمعاءتقييم نشاط الزيوت االربعة ضد الليستيريا المستوحدة و   -1 
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  .  MIC  التركيز المثبط األدنى ويرمز لهتحديد  -2

  .الولى المتكونة في الغشاء الحيويالمثبط األدنى على الخاليا ا تقييم نشاط الجرعات المختلفة للتركيز -3 

  المثبط األدنى على االغشية الحيوية المتكونة. تقييم نشاط الجرعات المختلفة للتركيز -4

  . تعيين التركيب الكيميائي للزيوت العطرية األساسية لمعرفة مكوناتها  -5

التركيب الكيميائي للزيوت المستعملة في هذا العمل بواسطة جهاز كروماتوغرافيا غازية الكتشاف  اهم مركباتها.   تحليلتم 

اختبار الحساسية باستخدام األقراص   ،ى كانتثم، تم دراسة الفعالية الحيوية لهاته الزيوت العطرية بطريقتين مختلفتين. االول

. خالل هذا االختبار يقاس قطر التثبيط الذي سوف يحدد لنا ان كانت Disc diffusion assayو ما يعرف عنه ب  

ا االخير ذ ه يتمثل MIC.البكتيريا الممتحنة حساسة ضد الزيت العطري المستخدم ام ال. اما الطريقة الثانية هي، تحديد ال 

  ساعة على احتضانه.  24بشكل واضح بعد مرور   البكتيريامن المضاد الميكروبي الذي يمنع  نمو  األدنىالتركيز في 

على   (MIC, MIC, 2MIC 0.5) المثبط األدنى بالنسبة لالغشية الحيوية، قمنا باختبار جرعات مختلفة من التركيز

بئر.  96في لوحة متكونة من   درجة 37ساعة في  24 الزيوت األساسية عم يرياضن البكتذلك بحالخاليا االولى المتكونة و 

             ثم تمت إضافة جرعات مختلفة  لعدة ساعات تنمو وقع ترك الخاليا األولى لألغشية الحيوية ،االختبار الثانيخالل 

(0.5 MIC, MIC, 2MIC)  .من الزيوت األساسية و تركها في الحضانة لمدة ساعة، خمس ساعات و عشرين ساعة

  الكتلة الحيوية المتكونة تم حسابها باستخدام صبغة الكريستال البنفسجي.

.  ت الثيوكبريتا التركيبة الكيميائية للزيوت العطرية األساسية، كشفت ان زيوت الثوم و البصل يحتويان على نسبة عالية من

يتكون بنسبة  نفلو زيت القر ألدهيد القرفة او مايعرف عنه بالسينمالدهيد من بينما، زيت القرفة يحتوي على نسب عالية 

، الزيت العطري للبصل كان االقوى في القضاء على الليستيريا المستوحدة . بالنسبة الختبار األقراص االوجينول عالية من

بقطر تثبط السَّْلمونيَال الُمْلِهبَةُ لألَْمعاء مم. اما زيت القرنفل كان االقوى في القضاء على  0.4 ± 37.8 تقديره بقطر تثبط 

. بينما   لليستيريا مل / ملغ 0.1، اظهر زيت القرفة و الثوم نفس النتيجة و هي MICمم. بالنسبة لل 0.4 ± 12.3 تقديره

  ، سَّْلمونيَال الُمْلِهبَةُ لألَْمعاءل بالنسبة مل على التوالي.  / ملغ 0.05و  مل / ملغ 0.025كانت نتيجة زيت البصل و القرنفل 

 0.2على التوالي   MICمل. اما زيت القرفة و القرنفل فقد كانت  / ملغ 0.4زيت البصل و الثوم كانت لهما نفس النتيجة 

  مل. / ملغ  0.1و مل  / ملغ

              ل   100%و  61% تراوح  بينت ت نسبة التثبيطكان MICالمتكونة بتركيزمعادل لتثبيط الخاليا االولى بالنسبة ل

L. monocytogenes  بالنسبة ل   65%و  50%و بينS. Enteritidis  اخيرا، األغشية الحيوية للستيريا المتكونة مسبقا .

بالنسبة لسَّْلمونيَال الُمْلِهبَةُ . 52.5%و  67.7% بينكشفت نسبة تثبيط تتراوح  MICوالمحضونة لمدة ساعة  بتركيز ال 

 . 20.3% و  40.2% تراوحت بين،نسبة التثبيط لألَْمعاء

 : األطروحةمن هذه استنتاجها  تالتي تم النقاطأهم 

  في جميع الحاالت. S. Enteritidisمقارنة ب  L. monocytogenesكان تأثير الزيوت العطرية أقوى على  -1
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  التأثير على األغشية الحيوية كان يعتمد على الجرعة  -2

التي سبق على في األغشية الحيوية  تأثيرأقل  كان ولكنه المتكونة، األولىمرتفعًا عند الخاليا  كان معدل التثبيط -3

.لها و تكونت  

بشكل عام ، كشف بحث األطروحة، عن االستخدام المهم  لهذه الزيوت العطرية  األساسية كعوامل مضادة  

ائيا.ذ من االمراض المنقولة غ الحدّ من اجل  غذائيةالصناعات لله النتائج قيمة و مفيدة ذوقد تكون ه للغشاء الحيوي  

  ;زيت اساسي عطري  ;غشاء حيوي Salmonella Enteritidis ;Listeria monocytogenes; :الكلمات المفتاحية

  قرنفل.  ;ثوم  ;بصل ;قرفة 
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1.1. Listeria	monocytogenes	

1.1.1. History,	taxonomy	and	microbiological	characteristics	

In 1924, Murray et al. investigated a strange death in rabbits and Guinea pigs. An elevated 

number of mononuclear cells in the peripheral blood were observed when the bacteria was 

isolated. They realized that the causative organism either had not been described previously, 

or had been inadequately described, so it could not be traced (Murray et al., 1926). According 

to the literature, gram positive rods isolated from a person, who died from listeriosis probably, 

were seen by Hayem in France on 1891 and by Hentle in Germany on 1893. Other authors 

have supposed that the disease in rabbits recorded by Hulphers on 1911 was listeriosis 

(Weisbroth et al., 1974). Back then, Hulphers named the bacteria Bacillus hepatitis as it was 

isolated form a rabbit’s liver (Gray and Killinger, 1966). Murray et al. (1926) named the 

bacteria Bacterium monocytogenes as the production of a large mononuclear leukocytosis was 

observed. On 1927, the bacterium was isolated by Pirie from gerbilles and it was named 

Listerella hepatolytica in honor of Lord Lister. Afterwards, the disease reported by Pirie was 

reproduced in rabbits, guinea pigs and rats (Deshpande, 2002). So, he suggested that the 

bacterium was the same one described by Murry et al. (1926). Moreover, Pirie in 1940 

reported that the genus Listerella had already been given to a Mycetozoan by Jahn in 1906. 

Therefore, the name changed to Listeria monocytogenes (Pirie, 1940). Through the time, the 

infection by Listeria monocytogenes was reported as an animal disease and the first case of a 

reported listeriosis in man was published by Nylfeldt (1929). L. monocytogenes was 

considered as a foodborne pathogen for the first time after the findings of Schelech et al. 

(1983). They reported that the source of a listeriosis outbreak in Canada was the ingestion of 

contaminated raw vegetables and more precisely coleslaw. 

Listeria are gram-positive, rod-shaped, psychrotrophic, facultative anaerobic, non-spore-

forming bacteria that are widely distributed in nature (Akrami-Mohajeri et al., 2018). Their 

size is 0.4–0.5 µm in diameter by 1–2 µm long. Their peritrichous flagella contribute to their 

motility which is temperature dependent. Listeria spp. belong to the Firmicutes phylum and 

group, with a low G + C content (38%). This sub-group includes Clostridium, Bacillus, 

Enterococcus, Streptococcus and Staphylococcus genera (Ivy et al., 2010; Dortet et al, 2019). 

The genus Listeria is currently composed of 17 species (L. monocytogenes, L. seeligeri, L. 

ivanovii, L. welshimeri, L. marthii, L. innocua, L. grayii, L. fleischmanii, L. floridensis, L. 
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aquatic, L. newyorkensis, L. cornellensis, L. rocourtiae, L. weihenstepahnensis, L. 

grandensis, L. riparia  and L. booriae). The group that includes L. monocytogenes (Listeria 

sensu stricto) regroups six species (L. innouca, L. ivanovii, L. grayii, L. seeligeri, and L. 

welshimeri) that share between them phenotypic characteristics like the ability to grow at low 

temperature and flagellar motility. Numerous subspecies in the genus Listeria are harmless 

however some are virulent. The only ones which are considered pathogens are L. 

monocytogenes and L. ivanovii (Orsi and Wiedmann, 2016). 

To date, 13 serotypes of L. monocytogenes have been identified (Rees et al., 2017). Among 

these stereotypes, 1/2a, 1/2b, 1/2c and 4b are the ones responsible for more than 95% 

listeriosis disease in humans (Wu et al., 2015). Due to the difficulties in the production of the 

reagents required for serotyping, the identification is no more based on somatic and flaggellar 

antigens but on polymorphisms in genes using molecular methods, which are considered 

better for epidemiological and for tracing the source of contamination (Rees et al., 2017). 

Therefore, based on polymerase chain reaction (PCR) methods, the serotypes were divided 

into different lineages (I, II, III and IV), with lineage I and II being responsible for most 

disease cases (Reddy and Lawrence, 2014; Wu et al., 2015). Every group contains various 

serotypes as explained further. So, Lineage I (1/2b, 3b, 4b and 4e) is commonly isolated from 

various sources and causing human disease. Lineage II (1/2a, 1/2c, 3a and 3c) is isolated from 

food as well as natural environment. Serotypes 4a, 4b and 4c are grouped in lineage III and IV 

which most isolates are obtained from ruminants (Wang and Orsi, 2013; Rees et al., 2017). 

Others subtyping methods are also used nowadays like pulsed-field gel electrophoresis 

(PFGE), as they are can determine the possible routes of contamination in listeriosis outbreaks 

(Braga et al., 2017). Anyway, all strains of L. monocytogenes isolated from food have to be 

considered as a high risk affecting human health. 

L. monocytogenes is ubiquitously present in the environment (Drali et al., 2019). It is catalase-

positive, oxidase-negative and grows readily on blood agar, producing incomplete β-

hemolysis (Lorber, 2012).Growth characteristics of L. monocytogenes are mentioned in table 

1.1. The microorganism can survive harsh conditions like low pH (values ranging from 4.4 to 

9.6), high salt concentrations up to 12% and it is able to grow at refrigeration temperatures 

and at an extended range (from -1 to 45 °C). Finally, the optimum water activity (aw) value 
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reported is 0.99. All these characteristics make this pathogen a threat to food industries (Rees 

et al., 2017; FSAI, 2019, El-Hajjaji et al., 2020; Morandi et al, 2020; Paduro et al., 2020). 

Table 1.1. Growth limits of Listeria monocytogenes  
 

Limit T °C pH NaCl (%) aw 

Minimum -1.5 4.4 0.5 0.90 

Optimum 37 - - 0.99 

Maximum 45 9.6 12 - 

References El-Hajjaji et al., 
2020 

El-Hajjaji et al., 
2020

Morandi et al., 
2020

FSAI, 2019 

 

1.1.2. Listeriosis		

 

Listeriosis is an infection caused by L. monocytogenes that can go from non-invasive and self-

limited gastroenteritis to life-threatening and invasive disease primarily affecting the central 

nervous system (Jordan et al., 2018). The non-invasive form consists in a gastroenteritis 

accompanied with fever and flu-like symptoms (Halbedel et al., 2019). While L. 

monocytogenes in its invasive form, has the ability to cross the intestinal, the blood–brain and 

the feto-placental barrier (Jordan et al., 2018). The bacteria, in the majority of cases, are 

transmitted by the consumption of contaminated food. However, they can also be transmitted 

via contact with animal and cross-infection of new-born babies in hospital (Rees et al., 2017). 

According to EFSA and ECDC (2019b), the confirmed cases of invasive human listeriosis in 

2017 were almost the same as 2018. In 2018, 28 member states of EFSA confirmed 2,549 

cases. This means, 0.47 case per 100.000 populations compared with 0.48 cases per 100.000 

in 2017. The listeriosis case number has been in a significant increase from 2009-2018.  Also, 

it has been estimated to cause more than 23,000 illnesses and nearly 5,500 deaths worldwide 

each year. As a result, listeriosis is considered one of the most dangerous and serious 

foodborne disease under EU surveillance as it is the zoonotic infection with the higher 

mortality rate (15.6%).  

Unlike other microorganisms, L. monocytogenes incubation period can be long and cannot be 

easily determined. As this pathogen can contaminate a large variety of food, the identification 

of the incubation period is not always possible. Therefore, it results sometimes difficult to 
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track the source of contamination (Johnsen et al., 2010; Goulet et al., 2013). However, 

Johnson et al. (2010) reported that the incubation periods could be as early as 6 hours for the 

gastroenteritis which is the non-invasive disease of the listeriosis. The symptoms are generally 

diarrhea, arthralgia, myalgia, headache, nausea, vomiting, and abdominal pain. Usually these 

symptoms will disappear after 1 up to 3 days (Liu, 2011). For the invasive form of listeriosis, 

the incubation period can last long time ranging from 1 to 91 days with an average of 35 days. 

The most common symptoms are headache, altered sensorium and fever. The mortality rate 

for patients hospitalized due to meningitis and septicemia is very high (21%) (McNeill et al., 

2017).  

The more sensitive groups that can highly be affected by this bacterium are pregnant women 

and their newborns, the elderly and persons with weak immune systems (cancer, diabetes, 

kidney failure, liver disease, and HIV/AIDS) (Doganay, 2003; Maia et al., 2019). It was 

reported that the impact of the bacteria on humans depends on the host immunity system 

situation and depends also on how virulent is the strain (McNeill et al., 2017). Generally, 

children, young adults and adults can overcome the infection as they possess immune 

lymphocytes. However, at least one outbreak has been reported where the ingestion of high 

levels of this bacterium caused infection in healthy individuals, whose symptoms were 

vomiting and diarrhea (Rees et al., 2017). In immune-depressed and old adults, the disease 

evolves to the tissues surrounding the brain (meningitis) and infection of the bloodstream 

(septicemia). Pregnant women are reported to be 20 times more susceptible to get listeriosis 

than other healthy adults. Also, the infection occurs most frequently in the third trimester of 

pregnancy. In consequence, L. monocytogenes can lead to abortion, miscarriage, stillbirth, 

premature delivery or life-threatening infection of the newborn. Unfortunately, L. 

monocytogenes is one of the few bacteria that are capable to cross the placenta and acess 

directly to the fetus (Rocourt et al., 2000; Janakiraman, 2008).  

The mechanism of virulence in L. monocytogenes has been described in the literature as 

serotype and strain dependent (Reddy and Lawrence, 2014). In order to evaluate the potential 

impact of this microorganism on food safety and public health, the study of the virulence is 

important. Moreover, the virulence factors of L. monocytogenes have been attributed to 

several genes such as listeriolysin O (LLO), two phospholipases and a protein (ActA) which 

are located in  one well-determined gene cluster in the chromosome of the bacterium 

(Kathariou, 2002). The cell infection cycle is composed of 6 steps: (1) once L. monocytogenes 
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approaches the host cell, the first step is the adherence through the internalins, which are 

surface proteins and are encoded by inlA, inlB genes that interact with E-cadherin and Met 

receptors; (2) the internalization within phagocytic cells of the host; (3) the lyse of the 

vacuolar membranes by LLO which is considered a major virulence factor that along with 

phospholipases avoid intercellular killing; (4) the formation of a tail structure and the 

promotion of bacterial motility at one bacterial pole by actin filaments assembly. These actin 

filaments are induced by another virlence factor, which is the surface protein ActA; (5) the 

motility of the bacteria helps to spread the infection from cell to cell via the formation of 

plasma membrane protrusions; (6) finally, L. monocytogenes escapes from the membrane 

vacuole to repeat its life cycle (Bonazzi et al., 2009; Lorber, 2012; Šrajer Gajdošik et al., 

2020) 

 

1.1.3. Distribution	and	incidence	in	foods	and	food	industry	

 

L. monocytogenes is a ubiquitous microorganism that is present in different environments. It 

is a saprophyte, which is able to use plant sugars. Therefore, it can be found in soil, vegetation 

and silage (Gray et al., 2006). It has been reported by Linke et al. (2014), that L. 

monocytogenes present in dry soil can survive for 69 to 730 days and in humid soil for 295 till 

350 days. In fact, the factors contributing to growth and survival in soil are various like soil 

microbes, fauna, and composition of soil, temperature, humidity and strain motility 

(McLaughlin et al., 2011). Added to that, some healthy humans can be fecal carriers of 

Listeria along with wild and domesticated animals, birds and fish, which carry the 

microorganism in their gastrointestinal tract. As a consequence, it can be isolated from 

sewage, and from other water sources (Rees et al., 2017). Actually, L. monocytogenes can be 

isolated from products of animal and vegetal origin, as raw food in contact with soil and water 

(Talbit, 2018). Besides, Listeria can contaminate some type of insects, such as flies and 

beetles, which can be vectors of transmission in agriculture and in food production facilities 

(Rees et al., 2017). Other habitats where L. monocytogenes can be found are surfaces of 

slicers, counters, or cutting boards, due to the cross contamination, which can always occur at 

households or food industries (Mkhungo et al., 2018).  Apart of what has been mentioned, this 

microorganism can be found inside the food processing plants. It can invade inaccessible parts 

of industrial equipment and materials that result difficult to clean such as drains, cold rooms, 
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pipes and condenser coils, where water, humidity and organic surfaces are available (Taylor 

and Stasiewicz, 2019; Barria et al., 2020; Gholipour et al., 2020). 

 

L. monocytogenes is a microorganism that can survive harsh conditions such as different 

conditions of temperature or pH. For this reason, it is considered a threat for food industry and 

for public health. For instance, L. monocytogenes can multiply and survive refrigeration 

temperatures and the contamination can occur at any stage of production like during retail and 

home storage (Santos et al., 2019). All the suitable conditions mentioned in section 1.1.1 

promoting L. monocytogenes growth and survival, can lead to a cross contamination to the 

food products from the farm passing through retail till the consumer. Also, they can create a 

favorable environment for biofilm formation and persistence which will be discussed later 

extensively.  

 

L. monocytogenes is transmitted to the consumer mainly via contaminated ready-to-eat foods 

(RTE) as there is no heat treatment or other antimicrobial applications between production 

and consumption. Also, RTE foods present a great risk due to their intrinsic characteristics 

(pH and water activity) which facilates the survival and even growth of the pathogen (Linke et 

al., 2014; Jordan et al., 2018). Uncooked food, raw vegetables and unpasteurized dairy 

products can also be a source of infection (Lunden, 2004; Hernandez-Milian et al., 2014). 

Thus, refrigerated RTE foods with extended shelf-life such as produce, soft cheeses and deli 

meats along with a variety of raw foods like uncooked meats and vegetables can present a real 

concern (Di Pinto et al., 2010; Lianou, 2010) 

EFSA and ECDC (2019b) reported that in 2018, as in other years, the most sampled RTE 

food categories (detection and/or enumeration) for L. monocytogenes were, in first place, RTE 

meat and meat products (37.5%) and then RTE milk and milk products (36.6%) from total 

RTE food samples. L. monocytogenes was identified in 14 foodborne outbreaks (FBOs) 

affecting 158 people in seven member states of EU in 2018.  

The most susceptible RTE food categories that can get contaminated by L. monocytogenes are 

meat and meat products, fish and fish products, and milk and milk products. Also, food of 

plant-derived origin or frozen foods, such as cantaloupe, caramel apples, ice cream, etc., were 

reported in various outbreaks (Ricci et al., 2017). Within these RTE categories, some products 

like soft and semi-soft cheese can support the growth of the pathogen. For example, 
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Camembert and Gorgonzola could be invaded by L. monocytogenes during ripening (for 

Camembert) and portioning operation (for Gorgonzola). So, the bacteria can be transferred by 

cross contamination or by several tools such as wooden trays, where they are stored (Hof, 

2003; Lomonaco et al., 2008). Also, smoked salmon is considered a product of high risk for 

human listeriosis. In fact, the contamination can occur via various routes like the surface of 

the raw salmon, processing facilities, raw material from particular producers, transport and 

even people are considered vectors (Rorvik., 2000; Di Pinto et al., 2010). Ricci et al. (2017) 

and Endrikat et al. (2010) reported that deli meats are also considered supportive for Listeria 

growth, especially in retail stage, as 63% till 84% of human listeriosis cases attributed to deli 

meats are because of retail-sliced products. Actually, Kurpas et al (2018) highlighted that 

slicing machines can be a source of contamination for hygiene purposes.  

L. monocytogenes outbreaks caused important economic losses for the food industries 

implicated (Desai et al., 2019). For example, a listeriosis outbreak in South Africa was 

identified in a RTE processed meat product called “Polony” in 2017. Consequently, a recall of 

contaminated products from the manufacturer and three of its retailers led to huge economic 

losses (Smith et al., 2019; WHO, 2019). In 2019, the Netherlands and Belgium reported 18 

and 2 cases of listeriosis respectively. These outbreaks were related to RTE meat-based 

products. Therefore, the withdrawal and the recall of around 400 different types of the 

reported products were proceeded (EFSA and ECDC, 2019a).  

Disinfection and hygiene practices are the best way to maintain an unproper environment for 

L. monocytogenes, avoid cross contamination and lower the contamination risk (Carmago et 

al., 2017). Also, these practices have to be applied from farm to fork, as it is always difficult 

to determine at which stage the contamination has occurred (Castro et al., 2017). Added to 

that, the control about the presence of L. monocytogenes at retail is crucial because, at this 

level, the product goes directly to consumers (Jordan et al., 2018). Then, the food industries 

have to comply with regulations and to apply hazard analysis critical control point (HACCP) 

system (Shamloo et al., 2019).  

In conclusion, applying adequate control of temperature, pH, heat treatment, sampling and 

analysis for L. monocytogenes in the food processing plants helps to reduce the risk of 

contamination along with good cleaning habits and a careful manipulation of food  products ( 

Jordan et al., 2018; Kurpas et al., 2018) .  
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1.2. Salmonella	spp.	

1.2.1. History,	taxonomy	and	microbiological	characteristics	

 

In the early 1800’s and exactly in 1829, Pierre Louis identified lesions in the abdominal 

lymph nodes from patients who died from a gastric fever. Back there, the pathologist called it 

typhoid fever from the Greek word “smokey” (Barnett, 2016). However the illness was 

described by Pierre Louis, the organism was first discovered and recognized in 1880 by the 

German pathologist Karl Ebereth. He referred to it as Eberthella typhi (Brands and Alcamo, 

2006; Jajere, 2019). After four years, the organism was first cultured by the bacteriologist 

George Gaffky in 1884 (Barnett, 2016). Moreover, in 1885, the organism isolated by 

Theobald Smith and Daniel Elmer from the intestines of pigs infected with swine fever was 

called “hog- Cholerabacillus” because they thought that the bacteria isolated was the 

responsible agent for hog cholera (Jajere, 2019). Years later, it was demonstrated that the hog 

cholera reported by Smith and Salmon, was in fact a viral infection and the bacteria that they 

isolated was a secondary invader (Schultz, 2008). In 1900, the bacteria was named Salmonella 

by Joseph Léon ,who suggested that the entire swine group should be in one single genus  and 

chose the name “ Salmonella” in honor of Salmon (Brands and Alcamo, 2006). 

 

Concerning the taxonomy and nomenclature of the genus Salmonella, it belongs to the 

kingdom of Eubacteria, phylum of Proteobacteria, class of Gammproteo bacteria, order of 

Enterobacteriales and the family of Enterobacteriaceae (MacKenzie et al., 2017). Then, 

based on molecular methods, the genus was divided into two species which are Salmonella 

enterica and Salmonella bongori. S.enterica is subdivided into six subspecies that are 

represented by Roman numeral and name (I, enterica; II, salamae; IIIa, arizonae; IIIb, 

diarizonae; IV, houtenae; and VI, indica) (Figure 1.1). S. bongori was formerly classified as 

subspecies V. This division into species was based on biochemical characteristics and DNA-

DNA hybridization. Furthermore, the subspecies are split again into serovars, based on the 

surface antigens, according to the White-Kauffmann- Le Minor scheme (Issenhuth-Jeanjean et 

al., 2014; MacKenzie et al, 2017; Ryan et al., 2017). The subspecies I, which is S. enterica 

subsp. enterica, is the one responsible for almost all salmonellosis affecting humans with 

almost 2600 serovars. While the other five subspecies (II–VI) are found in the natural 

environment and are primarily infecting cold-blooded animals like reptiles (Dieckmann et al., 
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2008; Percival and Williams, 2014). Moreover, the S. enterica subsp. enterica is classified 

into two groups. The first one regroups typhoidal serovars which are S. Typhi and S. 

Paratyphi that cause enteric fever. On the other hand, the second group represents non-

typhoidal serovars such as S. Typhimurium and S. Enteritidis that cause gastrointestinal 

disease in humans (Saleh et al., 2019; Payen et al., 2020). Concerning the serovars, they are 

distinguishable by a unique combination of flagellar (H1 and H2), 

lipopolysaccharide/oligosaccharide (O) or capsular polysaccharide (K) antigens. Although S. 

enterica serovars do not differ genetically too much, they are different from each other by 

host-specifity, virulence and clinical symptoms (Hurley et al., 2014; Vencia et al., 2015; Rain 

and Bai, 2015; MacKenzie et al, 2017). Figure 1.1 shows the taxonomy of the genus 

Salmonella, considering the differentiation between species, subspecies and serovars. 

. 

 
 
Figure 1.1. Salmonella taxonomy and classification (adapted from Hurley et al., 2014 and MacKenzie et al., 
2017) 
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Salmonella group are characterized as facultative anaerobes, gram-negative and non spore 

forming rod bacteria. On average, they are 2-5 µm long and µm 0.5-1.5 microns wide. 

Although some isolated strains are reported non-motile, the Salmonella species are 

considered, in general, motile thanks to their peritrichous flagella. Their biochemical 

properties are catalase positive, oxidase negative, lactose fermenters and hydrogen sulfite 

producers, among others. They are also able to grow on citrate, to decarboxylate lysine and to 

hydrolyze urea, which can help in identifying them (Percival and Williams, 2014; Andino and 

Hanning, 2015; Ryan et al., 2017). Concerning growth characteristics (Table 1.2), Cox and 

Pavic (2014) mentioned that temperature range for Salmonella growth is within 2-54°C. 

Nevertheless, the growth under 7°C is observed in laboratory not in food and growth over 

48°C is for mutants or tempered strains. The aw range is between 0.99 and 0.94 in laboratory 

media and down to 0.93 in foods (Yoon et al., 2013).  The optimum  pH value for Salmonella 

growth is 7.5 although it can grow  in a value range from 4 to 9.5 (Sarjit et al., 2021). Finally, 

NaCl concentration for the bacterial survival was reported to be between 5–7% w/w 

(Blackburn et al., 1997). 

 

Table 1.2. Growth limits of Salmonella spp. 

Limit T°C pH NaCl (%) aW 

Minimum 2 4 5 0.94 

optimum 37 7.5 - - 

Maximum 54 9.5 7 0.99 

 References Cox and Pavic, 
2014 

Yoon et al., 2013 Blackburn et 
al.,2017 

Sarjit et al., 2021 

 

 

1.2.2. Gastroenteritis	by	Salmonella	

Non-typhoidal salmonellosis is a foodborne gastrointestinal disease affecting humans, with S. 

Enteritidis being one of the serovars responsible for most of the outbreaks and threating 

public health (Mansour et al., 2020; Won et al., 2020). EFSA and ECDC (2019b) reported 

that Salmonella was the leading pathogen identified and causing the highest number of FBOs 

and waterborne outbreaks (30.7%) in EU during 2018. Also, Salmonella was responsible for 

the highest number of illness (23.9% of all outbreak-related illnesses) and hospitalizations 
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(50.1% of all outbreak-related hospitalizations). Among the salmonellosis FBOs, S. 

Enteritidis was the main serovar reported. This serovar was responsible for 84.1% of the 

salmonellosis FBOs and overall one in five of all outbreaks in 2018. During 2015 till 2018, 

the infections reported by S. Enteritidis have, unfortunately, increased which make this 

serovar a major concern to public health. 

The main symptoms of non-typhoidal salmonellosis are gastroenteritis which is an infection 

of the gastrointestinal tract happening after an incubation period of 6 to 12 hours according to 

Eng et al. (2015) and 18 to 48 hours according to Percival and Williams (2015). The most 

common symptoms are diarrhea, fever, abdominal pain, headache and nausea (Kurtz et al., 

2017). After recovery, the patient can remain a fecal carrier for a long time (Abulreesh, 2012). 

Moreover, the infection normally does not have extra complications and is self-limiting 

disappearing by itself within an average of one week. Some other complications can occur 

especially for the risk group mainly composed of young children, elderly people and immune-

compromised patients. Among these complications, cholecystitis, pancreatitis, appendicitis 

and bloodstream infection causing bacteriemia are the most revelant (Crump et al., 2015; Eng 

et al., 2015). 

 

Thus, studying and understanding the pathogenesis of this microorganism can lower the rates 

of human disease. Salmonella infection cycle starts with an initial attachment and adhesion to 

host intestinal cell surface, then the production of bacterial factors that lead to the invasion of 

the host cell and the collapse of its defense mechanisms (Wiedemann et al., 2015). 

 

Adhesive structures like fimbria are implicated in establishing the initial contact to the host 

intestinal mucosa, attaching to it to colonize the host cells. Salmonella has 13 predicted 

fimbrial loci. The most common for adhesion are type 1 fimbriae (T1F), which are important 

virulence factors and are composed mainly of FimA proteins. After the adhesion, the bacteria 

proceed to internalize into the host cells. For this step, the virulence factors of Salmonella, 

like adhesion,invasion, and toxin encoding genes are clustered in the chromosome and more 

specifically in the” Salmonella pathogenicity islands” SPI. To cause infection and replicate 

inside the host, Salmonella uses the key factors of pathogenesis encoded on two SPIs; SPI-1 

and SPI-2. SPI-1 helps in the invasion of non-phagocytic intestinal epithelial cells and in the 

elucidation of an inflammatory reaction in the intestines. On the other hand, SPI-2 supports 

the survival of the bacteria and its multiplication in phagocytic cells in case of extra 
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complications for risk group.  Besides, SPI-1 and SPI-2 encode two functionally distinct type 

III secretion systems (T3SS). T3SS are known as molecular syringes that are associated with 

at least 30 proteins. Then, T3SS transport effector proteins from bacterial cytoplasm into the 

target cell and invade both phagocytic and non-phagocytic cells. Moreover, the effector 

proteins encoded by the SPI-1 T3SS are the ones responsible for the host cell invasion, while 

the effector proteins encoded by SPI-2 T3SS are responsible for systemic virulence and 

intracellular pathogenesis. Apart from pathogenicity islands (SPI), other implicated structures 

in Salmonella pathogenesis are also reported, like ion transporters which allow growth and 

survival of the bacteria (Astena and Dijk, 200; Desin et al., 2009; Dieye et al., 200; Ibarra and 

Steele- Mortimer, 2009; Suez et al., 2013; Jaiswal et al., 2015; Wiedemann et al., 2015; 

Kolenda et al., 2019).  

1.2.3. Distribution	and	incidence	in	foods	and	food	industry	

The main natural habitat of non-typhoidal Salmonella serovars is in human and animal 

intestinal tract. It has been identified that soil, fecal materials and food provided for cattle and 

other livestock are a possible source of Salmonella contamination in farms (Andino and 

Hanning, 2012). As fecal materials are a source of contamination of the bacteria, they can be 

transported through insects or other animals to other places and can contaminate water. 

Furthermore, the consumption or the use of this contaminated water in agriculture leads to the 

shed of Salmonella through fecal material. Hence, it can cause the repetition of the cycle of 

contamination, as the bacteria are able to survive out of their natural habitat (Liu et al., 2018). 

 

Reptiles and bush mammals can also be a reservoir for non-typhoid Salmonella such as S. 

Enteritidis. In some regions, these animals can access to water resources and food and they 

could contaminate them. Moreover, the food washed or cooked in contaminated water can 

cause for Salmonella transmission as it adheres to sediment in water in order to survive and 

replicate (Post et al., 2019). Mermin et al. (2004) reported that the direct contact with reptiles 

and amphibians, which are carriers of several Salmonella serovars like S. Enteritidis, have 

caused Salmonella infections. Besides, it has been mentioned by Obukhovska et al. (2013) 

that wild birds can carry S. Enteritidis in their intestinal tract. They can transmit the pathogen 

to others in close contact especially during the migration season. Finally, animals like rodents, 

foxes, cats, and some insects can be carriers of S. Enteritidis as well (Whiley and Ross, 2015). 
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Additionally, S. Enteritidis can be transmitted to humans through animal-derived food such as 

eggs, some avian species like hens, pork, dairy products and also plant foods such as fruits 

and vegetables (Crump and Wain, 2017). ‘Shell eggs and egg containg products’ are the most 

common reported vehicles for transmission of S. Enteritidis in humans (Howard et al., 2012). 

Sometimes, the bacteria could be difficult to identify as livestock does not develop symptoms 

when their multiple organs are colonized with bacteria. Furthermore, the animal can be a 

carrier of the pathogen and transmit it to other food sources without any signs or symptoms 

(Paniel and Noguere, 2019). EFSA and ECDC (2019b) have reported that poultry and eggs 

and egg products the main sources of S. Enteritidis infection. In 2018, “eggs and egg 

products” was the most reported food vehicle and responsible for 135 out of 296 Salmonella 

FBOs. Also, they represent 47.2% out of FBOs caused by S. Enteritidis. De Reu et al. (2006) 

highlighted how eggs can get contaminated by S. Enteritidis. This contamination occurs by 

two forms: directly and indirectly (Long et al., 2016). The first way is the contamination of 

the egg in the infected reproductive organs during formation, which leads to the 

contamination of the yolk, albumen, eggshell membranes or eggshells. The second way is the 

penetration of the bacteria through the eggshell after oviposition due to a contaminated 

environment. Also, it was suggested that S. Enteritidis has intrinsic unique characteristics that 

allows its survival in shells from the egg antimicrobial molecules, cell protection wall and the 

ability to multiply inside eggs without inducing changes that can be noticeable (Gantois et al., 

2008).  

 

 Other reported food vehicle of Salmonella are bakery products, mixed food, meat products, 

cheese, chocolate, dairy products, vegetables, etc. (EFSA and ECDC, 2019b). Therefore S. 

Enteritidis is becoming one of the most challenging bacteria for food manufacturers, 

especially in term of recalls. Ricke and Gast (2014) reported that this impacts their reputation, 

the consumer confidence and their market access. 

 

Nowadays, Salmonella is difficult to manage due to several factors. First, the use of raw 

vegetable material in feeding during production process is considered as a threat, as some 

serovars have the ability to adapt perfectly. Second, different species in the same 

environment, such as chicken and pigs can lead to cross contamination. Also, the unproper 

management of the food cold chain (Pulido-Landinez, 2019). Another factor is the 

consumer’s attitude and lack of knowledge about food security practices, which has led to an 

increase on the consumption of food prepared with raw eggs, such as mayonnaise, some 
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sauces, tiramisu and ice-cream at a domestic level (Whiley and Ross, 2015). Food handling 

can also lead to cross contamination, such as an improper washing of kitchen utensils and 

surfaces like cutting boards after being in contact with raw eggs or raw chicken meat. It has 

been mentioned that the majority of Salmonella outbreaks have occurred in households due to 

unproper manipulation of food (Soares et al., 2012). 

 

Some solutions have been proposed in order to reduce the incidence of S. Enteritidis in eggs 

as it is the most reported food vehicle.Whiley and Ross (2015) suggested that post-collection 

measures can be effective in reducing Salmonella incidence: 1) keeping the eggs in a 

temperature of 4°C after collection can minimize the risk of infection by Salmonella; 2) cage 

systems in poultry are better than free range housing, as the egg is taken away quickly and the 

time contact between the egg and the hen is short; 3) eggs’ washing, pasteurization through 

heat treatment and irradiation can limit the multiplication and the survival of Salmonella; 4) 

hen vaccination; 5) implementing effective biosecurity measures in egg production housing 

against wild life vectors such as rodents, which can be carriers of Salmonella; 5) good 

practices and health education, since a good cleaning of utensils used to manipulate food 

helps to avoid cross contamination to other materials.  

 In conclusion, food industries have to monitor their production by preventive approaches. 

Namely, controlling and sampling the product in every stage in order to identify the source of 

contamination, in case of an outbreak. This monitoring is included in the process of   HACCP, 

which can really reduce the contamination during the process of food handling, preparation 

and storage. HACCP has to be led along with good manufacturing practices to ensure a safe 

product for consumers. Among these practices, cleaning and sanitation, pest management or 

hygienic design are reported (Motarjemi, 2014; Whiley and Ross, 2015; Paniel and Noguer, 

2019; Pulido-Landinez, 2019). 
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1.3. Biofilm	formation	by	Listeria	monocytogenes	and	Salmonella	Enteritidis	

1.3.1. Biofilms	:History,	definition	and	characteristics	

The Dutch Anthony van Leeuwenhoek saw for the first time by the mean of his primitive 

microscope an aggregation of microbes scraped from his teeth and tong, sometime between 

1683 and 1708 (Høiby, 2017). After years, Louis Pasteur observed the presence of aggregated 

bacteria during wine fermentation. In 1922, Angst reported that an assembly of bacteria was 

responsible for the invasion of the bottom of ships (Høiby, 2014). Then, it was in 1925 when 

scientists like Naumann, Hentschel and Thomasson mentioned that they observed by 

microscope the presence of sessile aquatic microorganisms in submerged glass slides. 

Moreover, Henrici used direct microscopy while studying biofouling in fresh water and 

observed biofilms as adhering bacteria instead of swimming planktonic cells in 1933 (Zobell 

and Allen, 1935). After two years, in 1935, ZoBell and Allen were studying the adherence and 

growth of bacteria on submerged glass slides in sea water when they observed films 

composed of bacteria and in a less quantity, other microorganisms. They observed as well, 

that after around 2 to 4 hours, aggregated bacteria were formed adhering to glass slides 

(Høiby, 2017). Although Zobell and Allen used the term “film” to describe sessile bacteria 

years before, it was in 1975 when the first publication by Mack and his team on biofilms was 

accepted. Afterwards, the two first medical reports by Swedish dentists about biofilms were 

published in 1981 (Mack et al., 1975; McCoy et al., 1981; Høiby, 2015; Høiby, 2017). In the 

past, they only used conventional light microscopy to study biofilms but nowadays, the 

advances in electron microscopy and fluorescence super-resolution techniques contributed to 

a better understanding of these sessile cells and proved that biofilms are, unlike planktonic 

cells, a complex structure engaged in a various different physiological behaviors (Surman et 

al., 1996; Franklin et al., 2015) 

 

Biofilms are defined as a complex structure as they change their behavior and composition 

depending on the environmental niche. This is the reason why various definitions exist. 

Costerton et al. (1999) defined biofilms as a structured community of bacterial cells enclosed 

in a self-produced polymeric matrix and adherent to an inert or living surface which is almost 

the same definition. Jamel et al. (2018) mentioned that biofilms are a community of 

aggregated bacteria inside an extracellular polymeric substance matrix that they produce. 

Percival et al. (2000) reported that biofilms can grow and attach to biological or non-

biological surfaces. Also, they can be defined as microbial cells immobilized in a matrix of 
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extracellular polymers acting as an independent functioning ecosystem, homeostatically 

regulated. However different definitions were attributed to biofilms, these general definitions 

have in common that biofilm is an aggregate of microorganisms. 

 

Some of the questions that have been asked since their relevance was considered are: why do 

microorganisms form biofilms? What are their characteristics? What is the difference between 

sessile cells and their planktonic counterparts?  

 

It was reported that biofilm are an ancient and integral form of prokaryotes to adapt to harsh 

conditions and to colonize new niches (Stoodley et al., 2013). It was in the context of 

evolution that biofilms presented homeostasis in order to face hostile conditions of primitive 

earth like extreme temperatures, pH and exposure to ultraviolet light. This homeostasis 

facilitates the formation of a favorable environment, which is dynamic and involves multiple 

regulatory networks that ensure survival (Hall-Stoodley et al., 2004). As a result, in order to 

adopt a sessile life, they change some of their properties and  gain multiple advantages like 

the expression of surface molecules, virulence factors, the increased expression of beneficial 

genes, phenotypic changes in colony morphology, acquisition of antibiotic resistance genes by 

plasmid transfer, the production of copious amounts of extracellular polymers, a better access 

to nutrients and the most important thing which is a synergy between cells offering protection 

against external aggressions (Percival et al., 2011; Kostakioti et al., 2013). On the other hand, 

Franklin et al. (2015) highlighted that biofilms are a complex of communities of 

microorganisms where the bacteria do not always cooperate between each other. In many 

cases, bacteria compete within the biofilm niche for space and nutrients to survive. So, they 

produce toxic chemicals to inhibit or kill neighboring cells. 

1.3.2.	Biofilm	components	and	formation	steps	

Biofilm formation happens often in humid environments (Percival et al., 2011). It is 

composed mostly of extracellular polymeric substances (EPS) that occupy approx. 90% of the 

biofilm biomass and it is also composed of microbial cells  that are clustered within this 

organic matrix (Saxena et al., 2019). EPS are an organic matrix composed mainly of water 

(97%), proteins, polysaccharides, extracellular DNA (eDNA), lipids, biosurfactants and 

surface adhesion structures like fimbriae (Bjarnsholt, 2013; Boudarel et al., 2018; Jamal et al., 

2018). Ramirez-Mora et al. (2018) reported that EPS structure and composition depend on 
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several factors like the bacteria species, external conditions, nutrients etc. This organic matrix 

can be cylindric or in a filamentous form as a mushroom structure (Percival et al., 2011).  In 

order to maintain the biofilm structure, every component of EPS has one or various functions. 

Water, being the major component of the biofilm, helps to maintain hydration and the nutrient 

flow inside the biofilm content (Jamal et al., 2018). Structures like flagella and fimbriae are 

essential for rigidity, attachement and interaction between bacterial species or between 

bacteria and surfaces (Jamal et al., 2018; Saxena et al., 2019). The most important class of 

fimbrae reported, are curli which are functional amyloid fibers that offer a lot of advantages 

for a biofilm (Kostakioti et al., 2013). They protect the biofilms from external stress such as 

desiccation and antimicrobial agents (Saxena et al., 2019). Produced by a lot of species of 

Enterobacteriaceae like Escherichia coli and Salmonella spp., curli have also a direct role in 

bacteria surface interactions and for pathogenesis and host cell invasion (Kikuchi et al., 2005; 

Saxena et al., 2019). Added to that, other components such as polysaccharides are essential 

for cohesion and adhesion interaction (Flemming and Wingender, 2010). Proteins are a source 

of carbon and energy, while eDNA are responsible for resistance gene transmission, 

intercellular connection for some species and stabilization of lipopolysaccharide and the 

bacterial outer membrane (Saxena et al., 2019). Biosurfactants have surface activity and they 

are responsible for initial microcolony formation, allowing surface associated bacterial 

migration and the formation of mushroom-shaped structures, preventing colonization of 

channels and contributing in biofilm dispersion (Flemming and Wingender, 2010). In brief, 

EPS, as a matrix of several components maintain a proper environment with the mean of 

chemical and physical proprieties like diffusion, adhesion cohesion, absorption of nutrients 

and, thermal conductivity and rheology in order to make the biofilm strong, elastic, hydrated 

and robust (Percival et al., 2011; Saxena et al., 2019). It also has other roles, like protection of 

inactive cells from environmental changes, ensuring an adequate medium for intercellular 

communication to keep the bacteria in sessile form, protection against external threats and 

formation of signalling network known as quorum sensing (QS) (Bjarnsholt, 2009; Stoodley 

et al., 2013; Seviour et al., 2019). 

Biofilm formation steps consist in four stages: the first step is the reversible- irreversible 

bacterial attachment to the surface; the second one is the microcolony formation known as 

sessile growth phase; the third step is biofilm maturation and finally the detachement or 

dispertion phase (Kostakioti et al., 2013; Crouzet et al., 2014). The first stage of biofilm 

formation is divided into two steps; the reversible and the irreversible attachment (Rabin et 
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al., 2015). The reversible process consists in the introduction of bacteria to a surface, where 

physical forces like electrostatic and Van der Waal’s forces take place along with surrounding 

hydrodynamic ones. These forces act in an attractive or repulsive way depending on a variety 

of conditions like pH, nutrients, ions, temperature, bacterial cell surface composition and 

motility. Owing to flagella and fimbriae, the bacteria gain strength and motility to attach 

better to surfaces. Otherwise, if the bacteria are perturbed, they can always separate to be back 

to planktonic state. Consequently, the reversible adhesion is characterized by the weakness of 

the bacterial attachement to surface (Beloin et al., 2008; Jamal et al., 2018). The more 

hydrophobic is the surface, the less repulsive will be the effect of electrostatic interactions. 

Therefore, microorganisms tend to attach more to hydrophobic and non polar surfaces such as 

plastics than to hydrophilic surfaces like metal and glass (Bedinger et al., 1993). Concerning 

the irreversible attachement, the production of EPS and/or specific ligands like fimbriae and 

the hydrophobicity of the surface determine the bacterial adhesion or not. It was reported that 

adhesive organelles like fimbriae have a key role for the irreversible adhesion. At the end of 

the irreversible stage, the attachement is so strong that physical or chemical forces like 

scrubbing or chemical sanitizers are necessary to remove the bacteria (Palmer et al., 2007; 

Beloin et al., 2008).  

The second stage of biofilm formation is microcolony formation. When reaching cell 

attachment stability, the bacteria start producing EPS where they will be assembled close one 

to other. After that, the bacteria start to multiplicate and a recruitement of additional 

microorganisms within or in the top of biofilm can occur. In fact, biofilms provide an 

adequate environment for different microorganisms to grow and interact together for 

physiological cooperation like nutrient gradients, exchange of genes and QS (Percival et al., 

2011; Jamal et al., 2018). 

After microcolony formation, a mature biofilm is developed. The maturation depends on 

various elements and provides protection from harsh conditions such as dessication and 

antimicrobials (Acemel et al., 2018). Thus, the three dimentsional structure of the biofilm is 

complete which allows the formation of channels within the matrix which separates the 

micro-colonies (Jamal et al., 2018). These channels ensure transportation of nutrients and 

gases as well as the removal of wastes by infusing fluid inside the biofilm.At this stage, a lot 

of microorganism species can join the community and therefore at a certain cell density, they 
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communicate between each others via signal molecules which are autoinducers. These 

autoinducers allow cell-to-cell communication or better known as QS (Toyofuku et al., 2016). 

Actually, QS is a key factor of virulence expression in biofilms, they proceed through 

chemical messages called autoinducers (AIs) whose concentration is correlated to population 

density (Paluch et al., 2020). Thanks to AIs, microbial cells know cell density of other 

microorganism inside the same matrix (Bjarnshorlt, 2013). These chemical signals play a 

major role in gene as well as in biofilm development, competence, nodulation, antibiotic 

production, motility, and virulence. This always is regulated depending on many factors like 

pH, nutrition and signal flow rates (Saxena et al., 2019). It has been reported by Lazar (2011) 

that the biofilm without the signal molecules is thin and uniform. Besides, thanks to them, the 

biofilm cells show difference from their planktonic form, especially in stress resistance. The 

QS cell-to-cell communication can be intraspecies and interspecies. Intraspecies means that 

the bacteria recognize themselves between within their own species, which allows, for 

exemple, modifying gene expression. QS communication can also be interspecies, meaning 

the detection of other species in the same environment which allow the bacteria to sense its 

ratio among the population. Therefore the pathogens change their behavior to take advantages 

such as modifying the level of infection (Jayaraman and wood, 2008). Signal molecules or 

autoinducers can be divided into two classes: LuxI/LuxR–type QS systems for gram negative 

bacteria and oligopeptide/two-component–type QS in gram positive bacteria. However, some 

molecule signals are used by both gram bacteria types. LuxS-encoded autoinducer-2 (AI-2) is 

reported and identified as used for both gram positive and negative bacteria (Federle and 

Bassler, 2003).  

The LuxI-like proteins are the enzymes responsible for producing specific acylhomoserine 

lactone (AHLs) signal molecules. Many different AHLs types are produced by gram negative 

bacteria controlling a lot of functions like for exemple, plasmid conjugation, virulence gene 

expression, antibiotic production, surface motility etc. Moreover, AHLs contribute into the 

transition from planktonic life mode to sessile one and facilitates the communication between 

bacteria inside the biofilm in order to organize the micro-communities. These signals are used 

by over 70 species of gram negative bacteria and they highly depend on cell density (Federle 

and Bassler, 2003; Lazar, 2011; Saxena et al., 2019). On the other hand, oligopeptides are 

signaling systems for gram positive bacteria.They are detected by a sensor protein when they 

have a certain concentration. Consequently, as soon as they are detected, bacterial cells 
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coordinate between each other to perform gene expression. These peptides control genetic 

competence and sporulation for various species like Bacillus subtilis for exemple (Monnet 

and Gardan, 2015; Verbeke et al., 2017). 

To summarize, QS is a chemical signaling system that allows microorganisms to 

communicate within and between species by measuring the concentration of autoinducers 

secreted. Furthermore, gene expression and signaling molecules monitor a lot of functions 

within the biofilm coordinating between the microbial populations. The coordination between 

different microbial communities is expressed by different mechanisms such as  symbiosis, 

spore formation, antibioctic production, genetic competence, programmed cell death, 

pathogenesis, biofilm formation and other functions (Federle and Bassler, 2003; Li and Tian, 

2012). 

The final stage of biofilm life cycle is dispersion or also called detachment. In this phase, the 

cells multiply quickly and disperse to change from sessile to planktonic. It is a necessary step 

for bacteria to spread in new locations (Guilhen et al., 2017). Bacteria have evolved intrinsic 

characteristics and mechanisms to detect the environment changes like surface structure, pH, 

lack of nutrients and oxygen or increase of stress factors. Therefore, they act in their own 

benefits as a survival strategy staying inside the biofilm or changing to planktonic lifestyle to 

reinitiate the biofilm cycle (Petrova and Sauer, 2016). Clearly, the flagella proteins in this 

phase are regulated to enhance the motility of the bacteria to leave the biofilm to other sites to 

spread the colonization (Kaplan, 2010). In fact, this final stage is divided into three phases 

which are desorption, detachment and dispersion that are categorized into passive or active 

“way of escape” (Berlanga and Guerrero, 2016). The desorption phase starts with the passive 

transfer of bacteria from a substratum to the bulk liquid. Detachement is also a passive 

process that takes place when bacteria within the biofilm suffer from stressful conditions that 

threaten the biofilm structure. Finally, the last phase of cellular escape from biofilms is 

dispersion. It is an active phenotypic change through certain signals or conditions that allow 

the bacteria change some physiological mechanisms to escape from the biofilm. It most cases, 

that only some microcolonies or regions inside the biofilm will go through dispersion and not 

the entire biofilm (Berlanga and Guerrero, 2016; Petrova and Sauer, 2016). 
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1.3.3.	Biofilm	formation	by	Listeria	monocytogenes	and	incidence	in	food	products	

 

As a ubiquitous microorganism, L. monocytogenes can be found in inaccessible or hidden 

parts of industrial processing environment like pipes, slicers, wheels of food transport carts, 

refrigerated storage units, chilling chamber and preparation tables. This microorganism is not 

considered dangerous only for its survival under refrigeration temperatures but also for its 

ability to adhere to surfaces and form biofilms that can last for a long time (Lakicevic et al., 

2015). Biofilm adhesion of L. monocytogenes is supported by a variety of surfaces such as 

stainless steel, polypropylene, glass or rubber with a better adhesion on less hydrophobic 

surfaces (Colagiorgi et al., 2017). It was reported that L. monocytogenes biofilms in food 

processing environment (FPEs) have different cell densities and express various phenotypical 

changes depending on different factors such as temperature, salt and nutrients with 

temperature being the most influencing factor ( Lee et al., 2017). In fact, biofilm optimum 

growth is registered at 37°C. Nevertheless, growth under cold temperature was registered and 

it is explained by the induction of cell modification in order to preserve membrane fluidity 

homeostasis that leads to adhesion as a survival strategy against stress conditions (Colagiorgi 

et al., 2017). In regard to salt, it is known for its use as preservative in food industry and 

shown that at a concentration of 0.85% NaCl, it contributes in a biofilm formation increase 

(Lee et al., 2019). Finally, nutrients play a role in environmental adaptation adopted by L. 

monocytogenes biofilms. As cells were exposed to nutrient deprivation, it was found that 

adhesion step is enhaced. It means that Listeria biofilm formation is a response to adapt to 

harsh conditions by phenotype changes and gene expression in order to survive in FPEs. 

Consequently, the bacteria when adapted to a certain stress, it will adhere and easily 

multiplicate in final products leading to a further contamination during distribution and 

storage (Kadam et al., 2013). 

  

Thanks to its ability for biofilm formation, L. monocytogenes can resist difficult conditions 

and external stress like cleaning, disinfectant, desiccation, and UV light. However, it is not 

reported as a strong biofilm former as it does not produce a lot of extrapolymeric substances 

that form the complete three-dimensional matrix (Barbosa et al., 2013). Therefore, biofilm 

formation and resistance may be attributed to other extracellular substances like proteins or 

fatty acids. These substances have been reported to play an important role in cold temperature 

adaptation as well as cell surface hydrophobicity (Colagiorgi et al., 2017). Doijad et al. (2015) 

stated that by means of Scanning Electron Microscopy (SEM), the bacteria were observed to 
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adhere after 0-2 h. The growth of adhered cells occurred after 3-6 h, the two-dimensional 

structure was formed between 7-12h. Finally, the formation of a mature biofilm occurred 

between 12h and 24h. Guilbaud et al. (2015) reported that different biofilm architectures have 

been observed for Listeria such as monolayer of adherent cells, flat unstructured multilayers, 

a knitted-chain network, multilayers and honeycomb-like structures. 

 

In actuality, the relation between L. monocytogenes serotypes, lineages or origins and their 

ability to form biofilms is not clear according to literature. Conflicting results have been 

published and some authors attributed the different forms of adhesion, biofilm formation and 

stress resistance to the correlation with the difference of serotypes or lineages (Djordjevic et 

al., 2002; Borucki et al., 2003; Lee et al., 2019). While others stated that the correlation can 

be affected by some experimental parameters such as temperature and growth medium or 

stress factors such as disinfectants (Doijad et al., 2015; Lee et al., 2017). 

In FPEs, multispecies biofilms are present and they can increase or decrease the 

multiplication of L. monocytogenes as some bacterial species can be competitive and 

antagonistic for nutrients. It was observed that the coexistence of L. monocytogenes with other 

strains like Flavobacterium spp. increased its ability to form biofilms (Bremer et al., 2001). In 

such environments where the association is beneficial for L. monocytogenes, the cooperation 

can increase the resistance to antimicrobials depending of course on several factors like 

environmental ones and bacterial species involved (Van Der Veen and Abee, 2011; Pang et 

al., 2019). While the co-cultivation with species like Staphylococcus sciuri, Enterococcus 

durans, and Lactococcus lactis decreased Listeria population (Zhao et al., 2004; Leriche and 

Carpentier, 2000).  For this reason, competitive bacteria like Lactococcus lactis have been 

investigated for their potential to reduce the listerial population (Furtado et al., 2015; Samelis 

and Kakouri, 2018).  

As it was explained, L. monocytogenes is a microorganism capable of surviving harsh 

conditions. Also, it can form biofilms on different surfaces in food environements as a 

survival strategy. These biofilms present more resistance than their planktonic counterparts 

which can lead to more resistance and contamination through the food chain, threatening 

public health. Therefore, further studies on biofilm formation and the mechanisms involved 

along with preventive and curative measure must be held in order to control this foodborne 

pathogen (Barbosa et al., 2013). 
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1.3.4.	Biofilm	formation	by	Salmonella	Enteritidis	and	incidence	in	food	products	

	

S. Enteritidis is the leading serovar in foodborne diseases among Salmonella spp., being also 

the most detected serovar in food outbreaks. Thus, this pathogen is one of the most threating 

for food industry and public health (EFSA and ECDC, 2019b). 	

 

In fact, Salmonella attachment to food surfaces was the first reported and published on a 

foodborne bacterial biofilm (Duguid et al., 1966). While passing through unfavorable 

conditions like nutrient deprivation, antimicrobials, temperature and other harsh variations, 

Salmonella fight for their survival by means of biofilm formation adhering to surfaces to 

maintain their lifecycle in the food chain. As a consequence, they develop multiple 

adaptations to stress condition (Runkel et al., 2013). This survival from adverse conditions, 

make Salmonella spp. a versatile and adept pathogen. 

This biofilm formation by Salmonella spp. as a complex community depends on several 

factors like growth phase of the cells, growth medium composition, contact time, type and 

properties of the inert material, osmolarity, temperature, pH and motility (Speranza et al., 

2011). It was reported by De Oliveira et al. (2014) and Iñiguez-Moreno et al. (2018) that 

Salmonella spp. can attach to various abiotic materials including metal, plastic, rubber, glass, 

cement and stainless steel  in the food industry which can lead to cross contamination through 

the food chain. While Beshiru et al. (2018) reported that these bacteria can attach also to food 

surfaces such as melons, cantaloupes, tomatoes, grains and almonds. They also reported that 

this attachement to surfaces is done through components of Salmonella spp. biofilm such as 

surface proteins like curli fimbriae or lipopolysaccharides. Then, the cellulose production 

allows them to be aggregated into a hydrophobic atmosphere colonizing the surface. The 

presence of curli fimbriae and cellulose is detected by rdar (red, dry, and rough) colonies, 

producing a characteristic phenotype and morphology on Luria-Bertani agar plates (De 

Oliveira et al., 2014).  

It is obvious that the bacteria posses a regulated network to survive and to adopt the sessile 

form by the mean of different components and genes. These genes related to the biofilm 

formation in Salmonella strains are mainly csgD which controls biosynthesis system of curli 

fimbriae. Moreover, this gene regulates adrA gene encoding the AdrA protein that controls 
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cellulose biosynthesis and curli production as well. Added to that, another gene agfD is 

responsible for biofilm maturation and regulates the expression of the main components of the 

matrix (De Oliveira et al., 2014; Lamas et al., 2018). Furthermore, EPS afford protection and 

resistance of Salmonella biofilms to face stress conditions like high temperature, disinfectants 

and antibiotics (Steenackers et al., 2012). Consequently, this could be problematic for food 

industries since the bacteria could resist cleaning process and remain on installation causing 

contamination that can cause health problems and economic losses. That is why, along with 

the preventive protocols adopted to lower foodborne pathogens impact, the presence of 

Salmonella biofilms have to be taken into account (Joseph et al., 2001). 

1.4. Biofilm	methods	of	control 

1.4.1. Conventional	sanitizers		

Due to the colonization and persistence on biotic and abiotic surfaces, microorganisms can 

persist in food processing environments. Thus, they cause health problems for consumers and 

economic losses for food industries. Therefore, the combination of cleaning and disinfection 

are the main procedures held to get rid of contamination. For that, a wide range of sanitizers 

are used to control biofilm formation of L. monocytogenes, S. Enteritidis and other spoilage 

microorganisms as well. Among these sanitizers, the most used are chlorine-based 

disinfectants, iodophors, oxidizing agents, alcohols, surfactants, quaternary ammonium 

compounds, organic and inorganic acids (Skowron et al., 2019). 

For example, quaternary ammonium compounds (QACs) are reported to be one of the most 

common and economic disinfectant performing a biocide action against a wide range of 

microorganisms. They are cationic surfactants known for their stability, low toxicity, surface 

activity, compatibility with cleaner formulation ingredients and the lack of odor (Fu et al., 

2007). Although they are reported for their antimicrobial activity, some gram negative and 

gram positive bacteria like L. monocytogenes exhibit a genotypic resistance problem 

regarding the repeated use of QACs (Martínez-Suárez et al., 2016). This resistance of L. 

monocytogene sis due probably to the tolerance mechanism by active efflux pumps which are 

linked with multiple drug resistance. It is also documented that these efflux pumps can be 

induced by benzalkonium chloride in some strains of L. monocytogenes (Jiang et al., 2019). 

Moreover, the most common genes related to efflux pumps that code for multidrug 

transporters are located on the chromosome and this resistance is an overexpression of them 

(Romanova et al., 2006). 
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These multidrug resistance efflux pumps are selected by the bacteria in order to protect 

themselves from toxic compounds and to reinforce their adaptation by acquiring the resistance 

through the selection of new genetic elements (Martínez-Suárez et al., 2016). Rodríguez-

López et al. (2018) highlighted that biofilm formation of L. monocytogenes is caused by the 

increased tolerance to QACs. This is explained by the significant increase in saturated fatty 

acids which make the cell surface more anionic and hydrophobic. Thus, QACs could not pass 

through the membrane and the cell. Pang et al. (2020) reported that previous studies showed 

that the repeated treatement with QACs can contribute to a cross resistance regarding 

Salmonella. S. Enteritidis biofilm cells are more likely to develop higher resistance to 

benzalkonium chloride than planktonic ones thanks to their EPS protecting matrix. So, the 

microorganisms are always exposed to sub-inhibitory doses of QACs which is considered as a 

repeated exposure that can enhace the resistance over time. This resistance can change some 

genes in the bacteria leading to an increased oxidative stress (Long et al., 2016).  

Another common sanitizers used in FPEs are chlorine based compounds such as sodium 

hypochlorite, chlorine dioxide gas, aqueous chlorine dioxide and acid compounds. Chlorines 

are cheap and they can eliminate a wide range of microorganisms. Although they are reported 

as good biocides, they are not always effective on sessile form (Folsom and Frank, 2006). The 

resistance of L. monocytogenes to chlorines depends on the substrate and can be linked to the 

increased cell density which enhances their resistance (Pan et al., 2006). While Yang et al. 

(2016) stated that the increased resistance of S.Enteriditis is positively correlated with 

cellulose production which provides the biofilm a better protection from stress agents. 

Regarding acid compounds, they are strong oxidizers that cause cell death. As L. 

monocytogenes can adapt to low pH, it can easily survive and increase its virulence in acidic 

environment. So, the adherence of L. monocytogenes as biofilm is a form of a survival 

strategy adopted by the microorganisms by the expression of different genes (Rodríguez-

López et al., 2018). It was also reported by Skowron et al. (2018) that the lack of effectiveness 

of desinfectants on the biofilms is due to the EPS matrix, which protects the cells from harsh 

conditions such as antimicrobials inhibiting their diffusion. 

Multiple factors can also increase the microbial resistance of biofilms in food plants. Among 

these factors, the lack of cleaning before disinfection, dosage problem, treatement time, 

environmental conditions like pH and temperature, the strain used, the age or growth stage of 
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the biofilm and surface type are the most reported (Martínez-Suárez et al., 2016; Korany et 

al., 2018;  Rodríguez-López et al., 2018). 

Furthermore, the emergence of tolerant (or resistant) strains, the impact of sanitizers on 

human health and the consciousness of the consumer about natural products, have led to the 

emergence of low cost, not toxic and eco-friendly strategies for biofilm biocontrol such as 

essential oils (EOs) (Essaidi et al., 2014; Gray et al., 2018; Rodríguez-López et al. 2018). 

Other natural alternatives are also reported. For example, bacteriophages are viruses that 

infect bacteria and kill them from within the biofilm by dissolving them (Chan and Abedon, 

2014). Also, enzymes have the ability to decompose the extracellular matrix. Hence, this 

causes the liberation of planktonic cells and its constituents which are more vulnerable to 

desinfectants (Saggu et al., 2019). 

1.4.2. Essential	oils		

1.4.2.1.	Definition	and	market	

EOs are natural, volatile and aromatic oily liquids, extracted from different part of the plants 

such as flowers, buds, fruits, roots, seeds, rhizomes, leaves and bark (Čabalová et al., 2019). 

As secondary metabolites of volatile plants, the EOs are extracted from more than 17,500 

different aromatic plants belonging to various Angiospermic like Rutaceae, Lamiaceae, 

Myrtaceae, Asteraceae and Zingiberaceae (Wińska et al., 2019). They are generally a mixture 

of terpenes and derivates such as monoterpenes, sesquiterpenes, and diterpenes (Can Başer 

and Özek, 2012). Moreover, they can contain different substances such as alcohols, 

aldehydes, esters, ketones, acids and hydrocarbons. In addition, other volatiles that may be 

encountered in EOs are phenylpropanoids, fatty acids and their esters (Can Başer and Özek, 

2012; Hashemi et al., 2017). Although, EOs are a mixture of different components which are 

synergetic between each other, the biological proprieties of an EO is generally determined by 

the major components (Hashemi et al., 2017). They are soluble in alcohol, ether, and fixed 

oils, but not in water. Also, they are generally present in a liquid and colorless form at room 

temperature and they have a density less than 1 except for some EOs such as sassafras and 

vetiver (Dhifi et al., 2016). 

 Zhu et al. (2020) reported that depending on the characteristics of plant material, various 

methods are used to extract EOs. These methods of extraction are mainly steam distillation 

extraction, heating reflux extraction, cold pressing, soxhlet extraction, hydro distillation, 
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supercritical carbon dioxide extraction and dual-cooled solvent free microwave extraction 

with steam distillation being the most commercially used technique for its simplicity and low 

cost characteristics. In fact, the method of extraction is linked or correlated to the variation of 

the chemical composition along with other factors that can influence the composition like the 

place from where the vegetal material has been harvested, the part of the plant used for 

extraction, botanical origin, genetics, climate and bacterial endophytes (Snoussi et al., 2011; 

Firenzuoli et al., 2014; Hashemi et al., 2017). Dhifi et al. (2016) divided the factors 

contributing in the qualitative and quantitative variability of the EOs composition into two 

groups: intrinsic factors which are correlated to the plant, and interaction with the 

environment (soil type and climate, etc.), as well as the maturity of the plant selected and their 

harvest time during the day; and extrinsic factors related to the extraction method chosen and 

the environment. Also, they stated that these factors can influence each other. 

 

After extraction, several techniques are used to analyze the volatile components of EOs. The 

most promising and used technique is gas chromatography–mass spectrometry (GC–MS) 

which is known for its high sensitivity, time-saving, detection of tiny amounts of substances, 

and the possibility to analyze qualitatively and quantitatively a large number of the sample 

components (Wu et al., 2010; Tajadadi et al., 2017). GC-MS technique merges the features of 

gas chromatography and mass spectrometry and it is composed of two blocks. These two 

blocks are the gas chromatograph which separates the analytes and the mass spectrometer that 

can detect them (Medeiros, 2018). GC separate the substances based on their polarity and 

introduces them by injection into a MS system.  Afterwards, the chromatographic column is 

brought to heat thermostatically or is program-controlled to separate each component by its 

thermodynamic features (the difference of boiling points and the difference of selective 

absorption in the stationary phase) and the distribution difference in stationary phase and 

mobile phase (Stauffer et al., 2008; Xue et al., 2015). Finally, the substances are ionized into 

gaseous ions to be separated and retained by the column at different retention times according 

to their mass-to-charge ratio in order to reach the electron multiplier, generating electrical 

signal and the 3D information of the target substances, making qualitative analysis more 

accurate by using ion fragment information. Added to that, helium is the most commonly used 

gas in GC-MS (Xue et al., 2015). 

 

About 3000 different EOs have been well described in literature and 300 of them are 

commercialized in the market (Ríos, 2016). Barbieri and Borsotto (2018) reported that in 
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2020, the world production will get to 370,000 tonnes and will be valued at more than $10B 

US dollars which increase the EOs sustainability and availability. Almost 60 % of EO 

production is destinated to the food industry in order to use these volatile products as 

additives (Cook and Lanaras, 2016). The main producers, by continent are: China and India in 

Asia, Morocco and Tunisia in Africa, the USA, Canada and Mexico in America, and France 

and Germany in Europe (Barbieri and Borsotto, 2018). Carrubba and Catalano (2009) 

highlited, that many EOs are produced in an ecofriendly environment. For this reason, they 

are considered environmentally compatible. Moreover, their chances to be included among 

natural products in the market are enhaced. This is definitely, suitable with the consumer’s 

demands. 

1.4.2.1. Application	for	food	safety	and	mode	of	action		

EOs are nowadays requested in different fields as they are generally recognized as safe 

(GRAS) by the U.S Food and Drug Administration (Ali et al., 2015). They can be applied in 

various sectors such as food industries for antioxidant, flavoring or for antibacterial use 

(Hashemi et al., 2017). It has been reported that they are applied as preservatives in all types 

of foods such as fruits and vegetables, meat, fish, dairy production and bakery. This use is 

associated to their antimicrobial properties in order to extend shelf-life of products and they 

can be used by their application into packaging materials and coated films, as well as directly 

into the food matrix as emulsions, nanoemulsions, and coating (Fernandez-Lopez and Viuda-

Martos, 2018). 

As surfaces in FPEs can favor the development of biofilms and with the increasing resistance 

to antiobiotics and chemical products, many researchers have used EOs to inhibit biofilm 

growth and the results were promising. Therefore, EOs can be also used as natural sanitizers 

(Gray et al., 2018; Kerekes et al., 2018). Added to that, they are reported biodegradable and 

effective in inhibiting pathogenic bacteria without adaptation or acquisition of resistance 

(Kerekes et al., 2018). 

EOs have different biological activities such as antiviral, antifungal, insecticidal and 

antibacterial activity (Bhavaniramya et al., 2019). They have been reported effective against a 

broad range of Gram positive and negative bacteria even the pathogenic ones like L. 

monocytogenes, Salmonella spp. and E.coli. Nevertheless, Gram negative bacteria are less 
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susceptible to EOs than Gram positive bacteria because of their outer membrane that 

surrounds the cell wall restricting the EOs diffusion (Dhifi et al., 2016). 

The antibacterial activity of EOs is reported to be influenced by their chemical composition. 

Namely, phenol and aldehydes compounds are reported to have a great antibacterial activity 

followed by terpene alcohols which have moderate inhibitory activity .While ketones or esters 

have been classified as weak and finally, terpene hydrocarbons have almost no antibacterial 

activity (Dormans and Dens, 2000). Elshafie and Camile (2017) reported that the 

antimicrobial activity of an EO can be influenced not only by their chemical composition, but 

also by the test carried out, the microorganism tested or the solubility of the oil, among others. 

Obviously, the antimicrobial activity of EOs is not related to a single mechanism but to 

different biochemical and structural ones. Generally, the EOs and their components affect 

mostly the membrane and cytoplasm, leading to chemical modifications that can completely 

alter the morphology of the cells (Nazzaro et al., 2020). Furthermore, the bacterial inhibition 

is carried out thanks to the EOs hydrophobicity, allowing them to attack the lipids of bacterial 

cell membrane disrupting the structure and enzyme systems (A. Shaaban, 2020). Thus, the 

cells become more permeable. This permeability barrier provided by cell membranes is 

responsible for many functions that can affect the bacterial mechanisms such as electron 

transport, nutrient assimilation and enzyme activity (Nazzaro et al., 2013). Also, as cells 

become permeable, the leaking of the inner cell components and metabolites such as  

cytochrome C , proteins and calcium ions conduct to cell death despite the increase of the 

expression of the stress-response proteins by part of the bacteria to repair the damaged 

proteins .Added to that, it was also reported that EOs can affect the percentage of unsaturated 

fatty acids and alter their structure and synthesis causing membrane structural alterations. 

Besides, EOs disrupt the cell membrane and alter ATP balance (Nazzaro et al., 2013; Sharifi-

Rad et al., 2017; Nazzaro et al., 2020). 

 

In fact, the combined use of different bioactive components of an essential oil can have a 

synergetic effect and can enhace the antimicrobial activity more than the use of the major 

compounds only. Hence, the tiny amounts of some components can enhance the EO activity. 

Similarly, the use of different EOs together can lead to more effectiveness and less resistance 

of pathogenic bacteria (Bassolé and Juliani, 2012; Elshafie and Camile, 2017). As an 

example, carvacrol 𝛾- terpinene, and p-cymene are reported to be more inhibitory when used 

together than separately,  degrading the microbe plasma membrane which leads to the lysis of 
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the cell (Elshafie and Camele, 2017). On the other hand, Gallucci et al. 2009 and Lambert et 

al. (2001) reported antagonistic and additive effect of EOs’ combinations respectively. 

 

Regarding the anti-biofilm effect, Kerekes et al. (2019) reported that EOs can affect the three-

dimensional structure of biofilms, with the disruption of cell permeability because of 

electrolytes escape which leads to the rupture of almost all treated cells and cell death. Khan 

et al. (2009) and Nazzaro et al. (2013) reported that a wide range of EOs can have an anti-

quorum sensing effect inhibiting cell to cell communication which can affect the development 

and resistance of the biofilm. Also, they act on the inhibition of AHL synthesis controlling the 

QS- phenotypes.  

Nowadays, many EOs and/ or their components have been selected and also reported in 

literature by their high antibacterial activity. Among these EOs, garlic, onion, cinnamon and 

clove are used to inhibit bacterial growth (Singh et al., 2019) and they will be discussed 

further. 

1.4.2.2. Cinnamon	essential	oil	

The genus Cinnamomum belongs to the family of Lauraceae and contains more than 300 

plant species in Asia, China and Australia. Among the genus, three species are the most 

important and used as EOs which are C. zeylanicum, C.cassia and C.camphora (Nabavi et al., 

2015; Cardoso-Ugarte et al., 2016). The cinnamon essential oil composition is extracted 

mainly from the barks. However, other parts of the plant such as leaves, twigs and seeds have 

been used also to produce EOs (Li et al., 2013). 

C. cassia, known as Chinese cinnamon, is one of the most important economic plant resources 

in tropical and subtropical regions (Liu et al., 2014). Mainly extracted from bark, the major 

component of its essential oil is cinnamaldehyde which is a phenylpropanoid known for its 

antibacterial effect. It has been also reported that this herb has been used since decades in 

traditional medicine against various diseases that is why the essential oil extracted from this 

plant seemed interesting and therefore investigated in various fields (Huang et al., 2014). 

Reported as GRAS and free from harmful side effects, C.cassia nowadays is used in food 

sectors as additive and preservative (Muhammad and Dewettinck, 2017). Added to that, its 

essential oil has different properties such as antioxidant, anti-inflammatory, anti-cancer and 

antimicrobial (Chang et al., 2013). 
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The antibacterial activity of C. cassia EO against a wide range of food borne pathogens has 

been documented (Nabavi et al., 2015). For instance, Yang et al. (2012) reported that the 

mentionned EO extracted from the bark exhibited an inhibitory activity against Acinetobacter 

baumannii, Staphylococcus aureus and Pseudomonas aeruginosa affecting the cell membrane 

with leakage of the cellular content which conducted to cell death. Dussault et al. (2014) 

reported that C.cassia EO was effective against Gram positive bacteria such as S. aureus, L. 

monocytogenes, and Bacillus cereus. Also, it had an antimicrobial effect against Gram 

negative bacteria such as E. coli and S. Typhimurium. Moreover, The EO acted as 

antimicrobial disrupting the bacterial membrane, making the cell membrane more permeable 

and reducing the intracellular pH (Oussalah et al., 2006). Other researchers have investigated 

and confirmed the antibacterial effect of the EO of C.cassia (Fraňková et al., 2014; Huang et 

al., 2014; Mith et al., 2014). Also, the antibiofilm activity of cinnamon EO was reported by 

several authors against various pathogens such as S. aureus, P. aeruginosa, L. monocytogenes 

and E. coli by exhibiting morphological changes in the biofilm structure and cell damage (De 

Oliveira  et al., 2012; Kavanaugh and Ribbeck, 2012;  Almeida et al., 2016; Feng et al., 2017; 

Firmino et al., 2018). 

1.4.2.3.  Clove essential oil 

Clove is the name of the dried buds from the tree Syzygium aromaticum. It belongs to the 

family of Myrtaceae and is cultivated mostly in Indonesia, India, Madagascar, Zanzibar, 

Pakistan, and Sri Lanka (Goñi et al., 2016). The EO of clove is extracted from the buds and 

reported to have as a major phenolic compound eugenol with lesser amounts of β-

caryophyllene and other components (El-Saber Batiha et al., 2020). These components’ 

percentage depends on various conditions such as extraction and place of cultivation. Also, it 

was reported for its antimicrobial, antioxidant, antifungal, antiviral activity, insect repellent 

and anti-inflammatory effect especially in oral infections (Chaieb et al., 2007). Clove EO is 

considered GRAS and used in FPEs as flavouring and preservative (Khalil et al., 2017). Its 

antibacterial and antibiofilm activity against several pathogens such as E.coli, S.aureus , 

P.aeruginosa, L. monocytogenes and S. Enteritidis have been studied and reported by various 

authors (Smith-Palmer et al., 2001; Chaieb et al.,2007; Kavanaugh and Ribbeck, 2012; Nuñez 

and Aquino, 2012, Kim et al., 2016). 
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1.4.2.4. 	Onion	essential	oil	

Onion, Allium cepa, is a member of the Alliaceae family. The Allium genus has more than 700 

species cultivated around the world. They are known for their characteristic and strong odor 

and flavor (Mnayer et al., 2014).This strong flavor is emitted by its sulfur compounds, which 

are present in the volatile fraction as major components (Gîtin et al., 2014). Onion was 

considered as a treatement for various diseases for a long time ago for its anti-cholesteremic, 

hypolipidemic, anti-diabetic, anti-inflammatory, antibiotic, and anti-cancer effects. The onion 

EO has been used in foods, as a flavoring, antioxidant, antibrowning, and antimicrobial 

component in order to improve the food safety and quality as it is GRAS (Hyldgaardet al., 

2012; Vazquez-Armenta et al., 2016).Ye et al. (2013) mentioned that the sulfur compounds 

are responsible for the antibacterial activity which is attributed to the physicochemical 

interaction between sulfur compounds and sulfur residues in key enzymes of the microbial 

metabolism. The antibacterial effect against many pathogens has been reported by various 

authors, among them, Benkeblia (2004), Ye et al. (2013), Mnayer et al. (2014) or Sharma et 

al. (2018). On the other hand, few researchs have been found on their antibiofilm effect (Al-

Yousef et al., 2017; Sharma et al., 2018; Di Onofrio et al., 2019; Quecan et al., 2019).  

 

1.4.2.5. 	Garlic	essential	oil		

Garlic, Allium sativum, belongs to the Alliaceae family (Baliga et al., 2013). It has 

very strong flavor potency thanks to organosulfur ccompounds which are found in 

its chemical composition such as diallyl thiosulfonate (allicin), diallyl sulfide, diallyl 

disulfide, diallyl trisulfide and alliin (Kuete, 2017). Nevertheless, other bioactive 

compounds in garlic composition than organosulfur have been reported. Namely, 

saponins, phenolic compounds, and polysaccharides (Shang et al., 2019). Garlic has 

been used since the ancient time for treating several diseases. Also, it was 

investigated for numerous properties such as antibacterial, antithrombotic, 

antioxidant, immunomodulatory, and antidiabetic (Leyva et al., 2016). Its 

antibacterial and antioxidant activity has been attributed to its sulfur compounds. 

Also, their variability, structure and concentration in an EO influence their 

mechanism of action (Mnayer et al., 2014). Being able to destroy the structure and 

the metabolic pathway of bacterial cells, the EO of garlic has been of use in food 

science to extend the shelf life of products and control different pathogens that 
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threaten the public health (Shang et al., 2019). Also, garlic EO is reported as GRAS 

by the FDA which makes it a natural and suitable component to use in FPEs as an 

additive (Saltmarsh, 2013). To understand and to highlight the antibacterial effect of 

the EO of garlic, several studies reported its efficiency to control pathogens and their 

biofilms which make it an interesting substance to explore and to use against biofilm 

formation of several foodborne pathogens in food sectors (Lu et al., 2011; Mnayer et 

al., 2014; Mohsenipour and Hassanshahian, 2015; Farrag et al., 2018).
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Listeria monocytogenes and Salmonella Enteritidis have been always a threat for food safety 

due to their infectious potential. The problems posed by these two foodborne bacteria can be 

linked to various factors influencing their incidence on public health. The first point is the 

hygiene, safety procedures and practices in food processing environments, which include all 

production steps from farm to fork. Also, the consumer attitude and habits that are changing 

by demanding more ready to eat food and meals prepared with raw food such as salads, which 

can be a source of contamination. Besides, the unproper manipulation and storage of food 

products in households have been reported as one of the major causes of outbreaks reported. 

Another important fact is that the hazard of L. monocytogenes and S.Enteriditis does not 

reside only in their ubiquity and their adaptation to various environmental conditions, such as 

high salinity or acid pH, but in their capacity to form and develop biofilms on surfaces or in 

hidden parts of the manufacturing plants. Cells within these biofilms have a higher resistance 

than their planktonic counterparts and can hardly be removed. Furthermore, they develop 

different mechanisms to survive in different areas and on different type of surfaces for a long 

time, causing food spoilage.  

 

Different conventional sanitizers such as acid based products, chlorine, etc., have been used 

for cleaning, disinfection and to get rid of formed biofilms. Unfortunately, different 

conditions can affect their effectiveness such as dosage, exposure to sub-inhibitory 

concentrations and insufficient contact time. As a consequence, cells within biofilms develop 

resistance by the modification of the gene expression, being then even more difficult to be 

eliminated. Unfortunately, the problem does not reside only in the resistance, but also in the 

issues related to the toxicity and biodegradation of the detergents and disinfectants. For this 

reason, the consumers’ preferences have shifted towards natural, low cost, not toxic and 

environmentally friendly substances such as plant based extracts, namely essential oils. 

 

Responding to consumers’s demands and respecting their awareness about the environment, 

researchers in the last decades have increased the research about EOs, since the majority of 

them are generally recognized as safe (GRAS). These investigations have identified 

interesting bioactive compounds from various plants. They also, have studied their potential 

and mode of action to inhibit pathogenic bacteria. These compounds can be added to food as 

GRAS natural additives, as preservatives in order to ensure food safety and to extend the shelf 

life of several products. They can be used as natural sanitizers as well. 
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Therefore, the objective of this work was to explore the capacity of different essential oils to 

inhibit different stages of biofilm formation by Listeria monocytogenes and Salmonella 

Enteritidis. To achieve this general aim, several goals were established: 

 

 To test their antibacterial activity on L. monocytogenes and S. Enteritidis in order to 

study their susceptibility to these EOs. 

 To determine the minimum inhibitory concentration (MIC) of every essential oil on 

these microorganisms as a quantitative method of susceptibility testing. 

 To test the antibiofilm effect of different MIC-related doses of every essential oil 

against the initial cell attachment. 

 To test this same antibiofilm effect on preformed biofilms  

 To perform the chemical analysis of the essential oils under research, in order to 

identify the bioactive compounds implicated in their inhibitory and antibiofilm effect. 

 

 
Figure 2.1. A scheme of the thesis’ objectives
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3.1. Chapter I: Garlic, Onion, and Cinnamon Essential Oil Anti-

biofilms’ Effect against Listeria monocytogenes 

This chapter was published as a paper in Foods and cited as following: 

Somrani, M., M. C. Inglés, H. Debbabi, F. Abidi, and A. Palop.2020. Garlic, onion, and 

cinnamon essential oil anti-biofilms’ effect against Listeria monocytogenes. Foods 9:567. 

https://doi.org/10.3390/foods9050567



 
 

Summary 

 The antimicrobial effect of essential oils has been long and deeply researched. However, their 

anti-biofilm activity is much less known. The purpose of this manuscript was to test the 

antibiofilm effect of garlic, onion and cinnamon essential oils on L. monocytogenes biofilms. 

To fulfil this objective, the chemical composition of these essential oils was first 

characterized, in a trial to relate their antimicrobial and/or antibiofilm effects to any major 

compound present. Then, the antimicrobial effect of these essential oils was analyzed through 

two different methods. Once these preliminary steps were achieved, the antibiofilm effect was 

tested both on the initial attachment stage and on mature biofilms, in an effort to eradicate 

them. 

All the essential oils showed promising antimicrobial effects. Also, an important effect was 

seen on the initial cell attachment, while this effect decreased when they were applied on 

preformed biofilms. These results point out the possible application of essential oils to fight L. 

monocytogenes biofilms, at least at their early stages of their development. 



Results : Chapter 3. 1 

66 
 

 

 



Results : Chapter 3. 1 

67 
 



Results : Chapter 3. 1 

68 
 



Results : Chapter 3. 1 

69 
 



Results : Chapter 3. 1 

70 
 



Results : Chapter 3. 1 

71 
 



Results : Chapter 3. 1 

72 
 



Results : Chapter 3. 1 

73 
 



Results : Chapter 3. 1 

74 
 



Results : Chapter 3. 1 

75 
 



Results : Chapter 3. 1 

76 
 



Results : Chapter 3. 1 

77 
 

 



 

 
 

 

 

 

 

 

 

 

 

 

3.2. Chapter II: Antimicrobial activity of cinnamon, garlic and 

onion essential oils against foodborne Salmonella Enteritidis 

biofilms 

This chapter is the subject of a publication submitted to a journal indexed in the Journal of 

Citation Reports (JCR) 
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Summary 

Gram-negative bacteria are more resistant to chemical agents than Gram-positive ones 

because of the structure of their cell wall. Once the essential oils had been successfully tested 

against the biofilms of a Gram-positive bacterium, such as L. monocytogenes, the next 

purpose of this research was to try these same essential oils against a relevant foodborne 

Gram-negative bacterium, such as S. Enteritidis. 

Results were not so impressive as those found for L. monocytogenes, but still some 

antibiofilm effect was observed, both for initial stages and for eradication of biofilms. 

Moreover, the hierarchy of antibiofilm effect changed from those results obtained with L. 

monocytogenes, with cinnamon essential oil showing higher antibiofilm effect than garlic or 

onion. Hence, our results revealed that the effect depended on the nature of the 

microorganism and brought out the need for extensive research in order to find the most 

suitable essential oil for each bacterial species biofilm. 
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Abstract 

Salmonella spp. are one of the most frequently reported pathogens for causing foodborne illness. It is 

also considered a serious threat for the agri-food industries because of their capacity in forming 

biofilms on a wide range of biotic and abiotic surfaces. In this work, the objective was exploring the 

antibacterial, as well as the antibiofilm effect of natural antimicrobials such as the essential oils (EO) 

of cinnamon, garlic and onion EOs on Salmonella Enteritidis (SE). The antibacterial activity of the 

three EOs was tested by disc diffusion assay and minimum inhibitory concentration (MIC). Then, the 

antibiofilm activity was assessed by crystal violet assay on initial attachment and preformed biofilms. 

Growth of planktonic SE was significantly inhibited by studied EOs. MIC value was 0.2 mg/mL for 

cinnamon EO and 0.4 mg/mL for both onion and garlic EOs. Concerning the antibiofilm activity, 

initial cell attachment inhibition at MIC ranged between 50 and 65% for the three oils, while inhibition 

rate on preformed structures was lower than 40% for all EOs at this MIC concentration. In all cases, 

cinnamon EO showed the highest anti-biofilm effect on SE. The effect of the three EOs was dosage 

and time dependent (p < 0.05). This study revealed that EO of cinnamon and to a lesser extend EOs of 

onion and garlic can be considered natural and effective strategies for combating Salmonella biofilms 

on industrial surfaces and extending the shelf-life of the processed foods. 

Highlights 

 Growth of S. Enteritidis was inhibited by the essential oils. 

 Initial attachment was inhibited at MIC of all 3 essential oils. 

 Inhibition rate was lower in preformed biofilms for all e essential oils. 

 The antibiofilm effect was dosage and time dependent. 

 Cinnamon essential oil showed the highest antibiofilm effect 
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Introduction 

Salmonella are Gram negative, rod shaped, non-spore forming bacteria with a facultative anaerobe 

metabolism, responsible for food-borne salmonellosis in humans (41). This foodborne disease is the 

second most reported gastrointestinal infection in humans in Europe (16). The genus Salmonella is 

divided into two species which are enterica and bongori. Based on biochemical differences, S. 

enterica is divided into 6 subspecies (enterica, salamae, arizonae, diarizonae, houtenae, and indica) 

where the subspecies enterica is responsible for the majority of the disease (26). Furthermore, the 

subspecies enterica is split again into various serovars. Among them Salmonella enterica subspecies 

enterica serovar Enteritidis (SE), is the most common non-typhoidal Salmonella serotype causing food 

borne diseases such as self-limiting gastroenteritis. Moreover, this is the causative agent of the 

majority of Salmonella outbreaks (about 60% out of the total outbreaks) reported in the European 

Union (EU) in 2018 (16, 26). In fact, many food producing animals represent a reservoir for 

Salmonella, such as cattle, chicken and pigs, being transmitted through fecal contamination to food 

such as eggs, poultry, milk, meat and fresh products, which can be a common vehicle for the bacteria 

to humans (1, 26). Besides, SE is characterized by its ability to contaminate the internal contents of 

eggs, which could happen during its formation inside the reproductive tract of hens (58). This seems 

coherent with what has been reported by EFSA and ECDC (16), stating that eggs and egg products 

represent 47.2% of the total outbreaks reported by SE in 2018. Furthermore, SE constitutes a serious 

threat to agri-food industries and public health for contaminating a wide range of food products and 

persisting in food chain thanks to its ability to adapt to various environmental changes and external 

stress (28). As a survival strategy, Salmonella in food processing environments form biofilms on 

different surfaces such as glass, rubber, metal, and plastic to adapt to harsh conditions (45). Thus, 

theircapability for environmental dispersion and persistence makes biofilms a possible reservoir of 

contamination in food industries and (re)contamination of processed foods (7). In case of 

contamination of food products, recalls are compulsory, leading not only to large economic burden to 

agri-food industries but also to brand damage (19). 
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Biofilms are aggregated microorganisms into a polymeric matrix, communicating between each other 

through chemical signals. Thus, biofilms create a niche, in which the microorganisms within are more 

resistant to antimicrobials and other stressful factors than their planktonic counterparts (40, 52). In 

order to control microbial biofilms, many commercial sanitizers, such as quaternary ammonium, 

chlorine-based disinfectants and acid compounds are used in food-related industrial environments 

(51). The repeated and widespread use of disinfectants has contributed to the adaptation and the 

increase of tolerant strains to disinfectants (40). Consequently, researchers investigated other strategies 

to inhibit biofilm formation. Moreover, in response to the consumer’s demands, these strategies should 

be based on the use of natural, non-toxic and ecological sanitizers such as essential oils (EOs) (24).  

EOs are aromatic, volatile and complex mixtures of different substances such as terpenes and 

derivatives. They are extracted from different parts of a plant, like flowers, roots, bark, leaves, seeds, 

peel, fruits, wood, and the whole plants (9, 44). EOs are generally recognized as safe (GRAS) 

substances, which makes them a promising alternative to be used in foods and food industry for their 

antioxidant and antibacterial characteristics (42). Moreover, many EOs obtained from various species 

have been reported for their strong antimicrobial activity against a wide range of bacteria. Among 

these plants, cinnamon (Cinnamomum cassia), garlic (Allium sativum) and onion (Allium cepa) EOs, 

have been reported in literature for their strong antimicrobial activity against a wide range of 

foodborne bacteria, including planktonic SE (6, 36, 57). In a previous study by our research group, the 

antimicrobial and anti-biofilm effect of these EOs against Listeria monocytogenes was reported, with 

promising results (53). Gram  negative bacteria are, in general, more resistant to antimicrobials, due to 

the presence of the outer membrane in their cell wall (42). Therefore, it was interesting to determine 

whether these EOs could be effective against SE biofilm formation as well as on their removal. 

As a result, the objective of the present study was to investigate the antibacterial and specifically anti-

biofilm potential of cinnamon, garlic and onion EOs against SE. The effect on different formation 

stages was explored. 
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Materials and methods 

Bacterial strain, inoculum preparation and standardization. Salmonella enterica 

subspecies enterica serovar Enteritidis CECT 4300 (SE), provided by the Spanish Type Culture 

Collection (CECT, Valencia, Spain), was used in this study. S. Enteritidis was selected because it is 

usually considered as a reference strain for analyzing this species. This strain was maintained at −80°C 

in 30% glycerol until use. For all experiments, a fresh culture of SE was subcultured in Tryptone Soya 

Agar (TSA, ScharlauChemie, Barcelona, Spain). Then, it was incubated at 37 °C for 24 h. Prior to 

each experiment, a colony of the TSA plate was inoculated in Tryptone Soya Broth (TSB, Scharlau) 

and incubated at 37°C for 24 h. 

To standardize the inoculum, an overnight culture was prepared. Then, the culture was diluted 

in sterile TSB to achieve the desired cell concentration. This step was done spectrophotometrically at 

600 nm to reach a cell count of 108 log CFU/mL. For further confirmation, the culture was inoculated 

in TSA and incubated for 24h at 37°C for colony enumeration. 

Essential oils. The EOs of cinnamon (C. cassia, EOC), garlic (A. sativum, EOG) and onion 

(A. cepa, EOO) were provided by Iberchem (Murcia, Spain). Stock solutions were prepared in 95% 

(v/v) ethanol and stored at 4 °C until used. 

Agar disk diffusion assays. In order to screen the antimicrobial activity of the three EOs 

against SE, the disc diffusion assay was performed. This method, with some modifications, was 

adopted from The European Committee on Antimicrobial Susceptibility Testing (EUCAST) (18). 

Mueller-Hinton agar plates (MH, Scharlau) were inoculated on surface by 100 μL of the 

bacterial solution containing a cell count of approximately of 108 CFU/mL. Afterwards, the inoculum 

was left to dry for 15 min. Due to the volatility of the EOs, one EO was tested in each plate. So, the 

plate was divided into three sections where we placed three sterile disks of 6 mm (BDsensi-disc, 

Becton Dickinson GMBH, Heidelberg) impregnated respectively with 10 μL of one of the EOs (which 
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corresponds to a concentration of  50 mg/mL), 10 μL of ethanol as a negative control and 15 μg/disc of 

erythromycin (95% w/v ethanol) (DuchefaBiochemie, The Netherlands) as a positive control.  The 

plates were left in a cabinet of a laminar flow in a sterile environment for 15 min in order to facilitate 

the EOs diffusion into the agar. Then, they were incubated at 35±1°C for 24 h. Finally, the inhibition 

zone (IZ) was measured, in millimeters, considered as the area surrounding the disk that was marked 

by the absence of a bacterial growth. IZ was an indicator of the EOs efficacy. The experiments were 

carried out in triplicate. 

Assessment of Minimal Inhibitory Concentration (MIC). MIC is defined as the lowest 

concentration of an antimicrobial that inhibits the growth of a tested microorganism (23). Macro-broth 

dilution was used in order to determine the MIC (4). Briefly, EOs were serially diluted in 2-fold steps 

ranging from 0.8 mg/mL until 0.025 mg/mL in 5 mL of TSB dispensed in test tubes. The bacterial 

inoculum, prepared overnight, was adjusted in sterile TSB to a concentration of 106 CFU/mL and 0.1 

mL of the inoculum was afterwards added to those tubes containing a range of EOs concentrations. 

The tubes were incubated at 37°C for 24 hours and the MIC of each EO was chosen as the lowest 

concentration that inhibited the visible growth of SE after overnight incubation. Growth inhibition was 

further checked spectrophotometrically by measuring optical density of the overnight cultures at 595 

nm (OD595). The experiments were carried out in triplicate. 

Antibiofilm initial attachment assays. The first and essential step in biofilm development is 

the initial attachment, where the bacteria adhere to a surface (30). Therefore, in these experiments, the 

effect of the EOs was evaluated on this step of biofilm formation. The methodology was assessed as 

described by Sandasi et al. (47) with slight modifications, as described elsewhere (53). Briefly, the 96 

well microtiter plates, were filled with 100 μL of different EOs at double of the intended 

concentration, so when the bacterial culture was added, the appropriate concentration (0.5 MIC, 1 MIC 

and 2 MIC) was reached. Then, a standardized culture of 106 CFU/mL (prepared as described above) 

was added into each well to reach a total volume of 200 μL. Sterility and growth controls were also 

included, in order to verify that sterile conditions during the experiment were maintained and that 

bacterial growth occurred, respectively. Afterwards, the plates were sterile sealed and incubated for 24 
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h at 37°C without shaking to guarantee the initial cell attachment. The experiments were carried out in 

triplicate. 

After an overnight incubation, the biofilm biomass was assessed by modified crystal violet 

assay as explained below. The results were expressed as percentage of inhibition as given by Equation 

(1): 

PI = [(ODgc – ODexp)/ODgc] × 100; (1) 

where PI is the percentage of inhibition, ODgc is the optical density of the growth control culture 

measured at 595 nm, and ODexp represents the optical density of the cultures incubated with different 

EOs.  

Eradication of preformed biofilm assays. The methodology has been adopted from Sandasi 

et al. (46) with some modifications, as described elsewhere (53). Briefly, biofilms were grown by 

adding 100 μL of the standardized culture of the 106 CFU/mL (prepared as explained above) into the 

microtiter wells. Then, the plates were incubated at 37°C for 24 hours to allow biofilm irreversible 

attachment to the surface and growth. After this time, 100 μL of each EO at double of the intended 

concentrations were added to each well to achieve a final volume of 200 μL at the appropriate 

concentrations (0.5 MIC, 1 MIC, 2 MIC). The long incubation time of the plates (24 h) at high 

temperature (37°C) and the addition of the EOs on top of the planktonic bacteria were applied in order 

to mimic a worst cleaning scenario. Equal volumes of ethanol were added as negative controls, while 

erythromycin was added as a positive control. Sterility and growth checks were also included. After 

the treatment of the preformed biofilms with the antimicrobials, the microtiter plates were incubated 

over a series of time intervals (1, 5 and 20 h) to evaluate the correlation between contact times and EO 

efficacy. At each time interval, the plates were taken out from the incubator to assess biofilm biomass 

by crystal violet assay. The results were expressed as percentage inhibition (Equation (1)). The 

experiments were done in triplicate. 

Crystal violet (CV) assays. In order to assess the biofilm biomass, the method of Djordjevic 

et al. (14) was adopted with minor changes. After performing the antibiofilm experiments, the 
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microtiter plates were washed five times with distilled water to remove non-adhered cells and dried at 

room temperature for one hour. Then, one 150 μL of 1% crystal violet was added to the wells to stain 

sessile cells for another hour. Afterwards, the plates were washed five times with distilled water to 

remove the excessive crystal violet. 200 μL of 95 % ethanol were added to the stained wells and 

incubated at room temperature for 15 min. Finally, 100 μL from each well was transferred to a new 

plate to read the optical density at a wavelength of 595 nm. 

Statistical analyses. During the experiments, data were obtained from three independent 

repetitions. These data were analyzed by one way- and two ways-analysis of variance (ANOVA) to 

compare between different EOs, concentrations and contact times adopting a 95% confidence level. 

Therefore, the difference is considered statistically significant at p < 0.05. 

Results 

Antibacterial activity assays. The antibacterial effect of different EOs was evaluated by the 

size of the inhibition zone (IZ) measured in the disc diffusion assays and by the minimal inhibitory 

concentration (MIC) values obtained for each one. According to the results in Table 1, the essential oil 

of cinnamon (EOC) exhibited the highest IZ (12.2 ± 0.4 mm), followed by the essential oil of garlic 

(EOG) (11.2 ± 1.6 mm), although there were no significant differences among these values. The 

lowest value was for the essential oil of onion (EOO) (10.3 ± 1.0 mm), although it was not 

significantly different from that of EOG. The IZ for erythromycin was of 20.9 ± 0.5 mm. 

Regarding MIC, EOC had MIC of 0.2 mg/mLwhile EOG and EOO showed similar higher 

values (0.4 mg/mL) (Table 1).  
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Table 1. Minimal inhibitory concentration (MIC) (mg/mL) and zones of growth inhibition 

(mm) of cinnamon, garlic and onion essential oils on S. Enteritidis. Zones of growth inhibition values 

are represented as mean ± standard deviation (including the disc diameter, 6 mm). 

 

Essential oil 
MIC 

(mg/mL) 

Inhibition zone 

(mm) 

Cinnamon 0.2 12.2 ± 0.4a 

Garlic 0.4 11.2 ± 1.6ab 

Onion 0.4 10.3 ± 1.0b 

a-b Different superscript letters in a column indicate significant differences (p < 0.05). 

Antibiofilm initial attachment assays. In order to understand the anti-biofilm action of EOC, 

EOG and EOO, their effects were tested on both the initial cell attachment by planktonic SE cells as 

well as on preformed biofilms. 

As shown in Table 2, tested EOs inhibited theinitial SE cell attachment in a dose-dependent 

manner (p < 0.05).Inhibition of biofilm formation was highest by EOC (48.2% at 0.5 MIC, 65.7% at 1 

MIC, 75.0% at 2MIC) followed by EOG (37.5% at 0.5 MIC, 51.3 % at 1 MIC and 68.2% at 2 MIC). 

In contrast, EOO had the lowest inhibition rate (35.5% at 0.5 MIC, 50.6% at 1 MIC and 61.5% at 

2MIC). At MIC, all three EOs could inhibit at least 50% of the cell attachment. However, inhibition of 

cell attachment was not complete despite using 2 MIC of any of the EOs. 
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Table 2. Percentage of inhibition of different concentrations of cinnamon, garlic and onion 

essential oils on initial cell attachment of S. Enteritidis. MIC: Minimal Inhibitory 

Concentration. Values are represented as mean ± standard deviation. 

Essential oil 0,5 MIC 1 MIC 2 MIC 

Cinnamon 48.2 ± 0.7 a,C 65.7 ± 0.6 a,B 75.0 ± 0.4 a,A 

Garlic 37.5 ± 0.7 b,C 51.3 ± 1.4 b,B 68.2 ± 0.7 b,A 

Onion 35.5 ± 0.3 c,C 50.6 ± 0.7 b,B 61.5 ± 0.4 c,A 

a-c Different lower-case letters in a column indicate significant differences between different EOs at the 

same concentration (p< 0.05). 

A-C Different upper-case letters in a line indicate significant differences between different 

concentrations of the same incubation time and EO (p< 0.05). 

 

Eradication of preformed biofilm assays. Inhibitory effects of EOs were significantly 

reduced on preformed biofilms, compared to initial cell attachment stage. As indicated in Table 3, the 

effect of EOs decreased significantly with incubation time, being the most effective after one hour of 

incubation. After one hour of incubation, only 40.2%, 35.5% and 32.5% eradication occurred at 1 MIC 

levels respectively for EOC, EOG and EOO. In addition, the eradicative effect was higher at 2 MIC 

for all EOs. As for initial cell attachment, EOC displayed the highest rate of eradication among the 

EOs used in this study while EOG had the lowest percentage of eradication. 

Two ways-analysis of variance (ANOVA) indicated significant differences for dose and 

incubation time for all EOs (p < 0.05), as well as significant interaction between both factors. A 

negative correlation was found between EO antibiofilm activity and incubation time (R2 values 

ranging from 0.73 to 0.96 for the different EOs and doses tested). However, the dose and the 

antibiofilm effect were positively correlated; increasing doses from 0.5 MIC to 2 MIC, induced a 

higher eradication rate for EOC, EOG and EOO. 

 



Results : Chapter 3. 2 

90 
 

Table 3. Percentage of inhibition of different incubation times and different concentrations of 

cinnamon, garlic and onion essential oils on preformed biofilms of S. Enteritidis. MIC: Minimal 

Inhibitory Concentration. Values are represented as mean ± standard deviation. 

Incubation 

time (h) 

Essential oil 
0.5 MIC 1 MIC 2 MIC 

1 Cinnamon 25.4 ± 0.3 a,C 40.2 ± 0.3 a,B 56.3 ± 0.1 a,A 

 Garlic 20.7 ± 0.3 b,C 35.5 ± 0.4 b,B 50.8 ± 1.4 b,A 

 Onion 18.0 ± 0.2 c,C 32.5 ± 0.4 c,B 46.4 ± 0.3 c,A 

5 Cinnamon 20.3 ± 0.7 b,C 35.1 ± 0.9 b,B 45.6 ± 0.7 c,A 

 Garlic 16.5 ± 0.5 d,C 23.3 ± 0.5 e,B 35.1 ± 0.3 d,A 

 Onion 13.1 ± 0.7 e,C 21.5 ± 0.4 f,B 32.9 ± 0.3 e,A 

20 Cinnamon 12.4 ± 1.1 e,C 27.5 ± 0.2 d,B 36.6 ± 0.4 d,A 

 Garlic 11.4 ± 1.1 e,C 16.4 ± 0.6 g,B 28.4 ± 0.2 f,A 

 Onion 8.1 ± 0.2 f,C 12.6 ± 0.3 h,B 26.5 ± 0.3 g,A 

a-h Different lower-case letters in a column indicate significant differences between different 

incubation times and EOs at the same concentration (p< 0.05). 

A-C Different upper-case letters in a line indicate significant differences between different 

concentrations of the same incubation time and EO (p< 0.05). 

Discussion 

The antibacterial activity of EOC, EOG and EOO has been tested previously on a wide range 

of Gram-positive and Gram-negative bacteria (27, 38, 63). In our study, the three EOs exhibited an 

inhibitory action on SE. These results agree with those of Raybaudi-Massilia et al. (43) showing that 

EOC was effective in planktonic SE inhibition. However, the reported MIC of 1 μL/mL was lower, 

compared to our findings. Moreover, Ebani et al. (15) indicated that EOC exhibited a high 

antibacterial effect. Besides, IZ ranged between 7 to 17 mm for different strains of SE, in agreement 

with our data, although MIC values, which ranged between 0.63 mg/mL to 1.26 mg/L, were much 
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higher than in our research. According to literature, the EOC antibacterial activity can be attributed to 

E-cinnamaldehyde which is the most abundant component of the essential oils of the Cinnamomum 

species (21) and it is also known for its broad spectrum of antimicrobial activities (8). Regarding the 

analysis, E-cinnamaldehyde represented more that 75% of the composition of our EOC, as shown in a 

previous study of our research group (53). EOC has been shown to alter the bacterial membrane 

morphology and to disrupt it, which leads to cell death (21, 64). 

Al-Turki (2) reported a higher IZ value than the one reported in our research for EOG against 

SE (35.3 mm), related to different experimental conditions. In contrast, Benkeblia (6), at a similar 

concentration (50 mL/L), observed a lower inhibitory effect of the EOG and various onion extracts on 

SE. They obtained an IZ of 8.3 mm with EOG and an IZ ranging from 7.1 to 7.8 mm with the different 

onion species. However, at higher concentrations, higher IZ of EOG (11.3 mm for 300 mL/L and 13.1 

mm for 500 mL/L) and of the extract of red onion (10.3 mm for 300 mL/L and 11.3 mm for 500 

mL/L) were observed. The antibacterial activity of the Alliaceae family, including garlic and onion, 

was probably conferred to organosulfur compounds found in their chemical composition, which alter 

the structure of the cell membrane and inhibit metabolic processes in bacterial cells (49). These 

compounds, regarded as thiosulfates, were the major components of EOG and EOO, as previously 

reported (53), and can react with the sulfhydryl groups (SH) of microbial proteins, generating mixed 

disulfides able to cause cell damage. Allyl groups present in the EOG are also responsible for its 

antimicrobial activity (17). Additionally, the differences in IZ and MIC values reported by various 

authors for SE might be associated to different strains used, species resistance, the methodology 

applied or to the chemical structure of each EO (13, 43). 

In this work, the inhibitory effect of EOs on the formation steps of SE biofilms, starting on the 

initial cell attachment as a preventive measure, was established. A large number of adhesive structures 

play a critical role in the initial stages of biofilm formation, as well as to the adhesion to various host 

cell surfaces. Moreover, this is a factor of virulence of SE (62). Ferreira et al. (20) found that a 

concentration of 0.78% of cinnamon oil completely inhibited the adhesion of Salmonella enterica to a 

polystyrene surface. The activity of different EOs on cell attachment of SE was discussed by 
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Čabarkapa et al. (10), pointing out a reduction of bacterial adhesion by EOs such as Origanum 

heracleoticum, Origanum vulgare, Thymus vulgaris and Thymus serpyllum. In addition, an important 

inhibition activity of SE attached cells when treated with disinfectants formulated with peppermint and 

lemongrass EO was reported by Valeriano et al. (59). In spite of the wide variety of research 

performed on the antimicrobial effect of different EOs, to the best of our knowledge, this is the first 

report on the effects of EOC, EOO or EOG on SE biofilm formation. The inhibitory effect of these 

EOs on adhering bacteria can be explained by the weakness of the bacterial attachment on surfaces (5). 

In fact, the first step of biofilm formation is the reversible attachment, where the cells are associated 

with a surface (3). In this stage, forces like Van der Waal’s take place and can act in an attractive or 

repulsive way depending on a variety of conditions of pH, temperature, ions, etc. Added to that, the 

attachment during the reversible stage is so weak that, if the bacteria go perturbed by physical forces 

or antimicrobials, they can even separate and get back to planktonic state (5, 30). Therefore, treating 

surfaces with natural solutions such as EOs can be an interesting anti-adhesion procedure for food 

environments (29). 

Regarding biofilms formed by other microorganisms, from previous research in our group [20] 

we found that 0.05 mg/mL of EOO and 0.1 mg/mL of EOC and EOG were able to inhibit completely 

the initial cell attachment of L. monocytogenes. In this case, none of the EOs reached complete biofilm 

inhibition at even much higher concentrations (75.0% inhibition at 0.4 mg/mL for EOC, and 68.2% 

and 61.5% inhibition at 0.8 mg/mL for EOG and EOO, respectively). The lower effect found in this 

research for SE is probably related to the Gram negative nature of this bacterium and the external 

lipidic bilayer of its cell wall, which protects it against chemical substances more than in Gram 

positive bacteria. Another interesting point is the stronger effect of EOC over EOO or EOG in SE, 

which differs from the one observed in L. monocytogenes, for which EOO showed the stronger effect. 

The composition of these EOs and, mainly, the major compounds found in each of them (E-

cinnamaldehyde in EOC, in front of thiosulfates in EOO and EOG) could also help to explain this 

different behavior. Also, Szczepanski and Lipski (55) reported that EOC completely inhibited biofilm 
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formation by another Gram negative bacterium, such asAcinetobacter F-fü-04 Ibca strain at a 

concentration of 0.016%. 

As biofilms are more resistant to antimicrobials than their planktonic counterparts (54), the 

EOs used in this study exhibited less inhibitory effect against preformed biofilms than initial cell 

attachment. In fact, planktonic cells are exposed to uniform environmental conditions while cells 

within biofilms are exposed to a gradient of nutrients and waste products. Added to that, these two 

lifestyles are associated to phenotypic differences in transcriptomes and proteomes, which may help to 

explain why they do not exhibit the same response against antimicrobials (25). Venkatesan et al. (61) 

stated that the exopolysaccharide (EPS) matrix offers protection to biofilm from harsh conditions and 

stress, including antimicrobials. The protection is ensured by limiting the transportation of drugs due 

to the saturation of the negatively charged EPS matrix by the positively charged antimicrobials. The 

activity of different EOs has been tested on SE preformed biofilms. Čabarkapa et al. (10) found that 

EOs rich in carvacrol and thymol such as Origanum heracleoticum, Origanum vulgare, Thymus 

vulgaris and Thymus serpyllum, could inhibit a 48 h preformed biofilm of SE. Lira et al. (34) stated 

that, at a concentration of 2.5 μL/mL and 40 μL/mL, corresponding respectively to oregano and 

rosemary, these EOs were effective in eradicating a SE preformed biofilm on stainless steel surfaces. 

Also, antibiofilm activity of EOs against other Salmonella serovars has been published in literature. 

For instance, Miladi et al. (37) in their work concluded that winter savory and thyme EOs were able to 

inhibit Salmonella Typhimurium biofilms. Oh et al. (39) reported that thymol, carvacrol and oregano 

EO inhibited Salmonella biofilms. Similarly, Trevisan et al. (58) found that carvacrol is a good 

alternative for Salmonella Typhimurium biofilm eradication.  On the other hand, the extracts from 

cinnamon, garlic and onion plants were investigated for their antibiofilm activity against other 

bacteria. Garlic extract nanoparticles were efficient against multi drug Staphylococcus aureus biofilms 

(22). Sharma et al. (50) obtained interesting results about the antibiofilm activity of extracts from four 

varieties of onion against S. aureus and Pseudomonas aeruginosa. In a previously published 

manuscript from our research group working with L. monocytogenes(53), it was reported that 

preformed biofilms were reduced by 53% with EOO at a concentration of 0.025 mg/mL and by more 
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than 60% with EOC and EOG at a concentration of 0.1 mg/mL after 1h incubation. Furthermore, 

Condò et al. (12) reported that EOC was successful in disrupting biofilms of Gram negative bacteria 

such as E. coli, Proteus mirabilis, Klebsiella pneumonia and P. aeruginosa. Firmino et al. (21) 

reported that Cinnamomum zeylanicum and C. cassia were able to reduce biofilm biomass by almost 

100% in Streptococcus pyogenes, P. aeruginosa, and E. coli. The antibiofilm activity of plant extracts 

can be attributed to different causes. For example, Kerekes et al. (31) reported that EOs can cause 

structural changes during biofilm development, affecting the three-dimensional structure. Topa et al. 

(56) found that cinnamaldehyde affected biofilm dispersion of P. aeruginosa by eliminating their 

swarming motility. Additionally, Cady et al. (11) showed that organosulfur compounds are quorum 

sensing antagonists and are implicated in P. aeruginosa biofilm inhibition. Also, Lagha et al. (32) 

explained that EO diffusion through the polysaccharide matrix of the biofilm could cause its 

destabilization due to strong intrinsic antimicrobial activities. 

In this work, the inhibitory effect was found to be dose dependent, so at higher EO 

concentrations, the effect on preformed biofilms was greater. However, even with 2 MIC we did not 

reach complete eradication of preformed biofilms for any of the EOs tested. Still, higher 

concentrations than those tested in this research, could eradicate them completely. These results agree 

with the finding of Vázquez-Sánchez et al. (60), who suggested that higher concentrations of 

Lippiasidoides, Thymus vulgaris and Pimenta pseudochariophyllus EOs were required for total 

eradication of S. aureus biofilms. Besides, they attributed this need of a higher amount of 

antimicrobials to the reduced susceptibility to EOs of the cells in the inner biofilm layers, which 

present a low metabolic activity. Finally, the strongest effect on preformed biofilms was seen after 1 h 

of incubation at all concentrations and the effect was lower when the incubation time was higher. The 

reduced sensitivity to antimicrobials over time could be attributed to the reduced penetration of the 

agent due to binding to the biofilm matrix or quenching of the agent at the surface of the biofilm. It 

can also be due to novel phenotypical expressions by bacteria and/or the reduced and slow growth rate 

of sessile cells within the biofilms (35). Lewis (33) reported that antimicrobials act better on rapidly 

dividing cells than on slow growing ones, as it is the case for cells in biofilms. Also, the retardation of 
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diffusion combined with active degradation of compounds can effectively protect the biofilm from 

disinfectants. 

Sanitizing solutions based on natural compounds with a broad spectrum activity such as EOs 

seem a promising tool to lower the contamination by pathogenic bacteria such as Salmonella in food 

processing environments. The essential oils of cinnamon, garlic and onion have proved antibacterial 

activity against foodborne SE. Also, they were effective to avoid bacterial adhesion and in a lower 

percentage, biofilm removal. Moreover, cinnamon EO has shown the highest inhibitory effects among 

all three EOs studied in this research and can be considered as a promising tool for reducing 

Salmonella contamination and colonization of food processing surfaces. The use of natural 

antimicrobial agents could constitute complementary or alternative methods for effective disinfection 

of food processing environments and surfaces contaminated with bacteria. Further research on the 

mechanism of action of EOs on target genes and their anti-quorum sensing activity could point out for 

new strategies in combating biofilms. Combining other natural products with EOs, such as competitive 

bacteria or bacteriocins could be also an option. 
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3.3. Chapter III: Essential oil of clove: The anti-biofilm activity 

against Listeria monocytogenes and Salmonella Enteritidis 

This chapter is the subject of a publication submitted to a journal indexed in the Journal of 

Citation Reports (JCR) 
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Summary 

Clove essential oil has been always used as flavouring, preservative and natural sanitizing 

agent. Its antibacterial and antibiofilm activity against several foodborne pathogens have been 

widely reported by several authors.  

The previous chapters showed the different behavior of L. monocytogenes and S. Enteritidis 

against the same essential oils. The last piece of this research was the test of another essential 

oil (clove) against biofilms of both microorganisms, in an effort to find better effects than 

those previously reported. 
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Abstract  

The antibacterial and antibiofilm activity of clove essential oil (EOCL) against Listeria 

monocytogenes (L. monocytogenes) and Salmonella Enteritidis (S. Enteritidis) were 

investigated. The chemical composition of clove essential oil was characterized by gas 

chromatography–mass spectrometry. The antibacterial assays were performed by disk 

diffusion assay and minimal inhibitory concentration (MIC). The antibiofilm activity was 

evaluated by crystal violet in order to know the biomass reduction of cell adhesion as well as 

of the preformed biofilms. Eugenol was the major bioactive compound of EOCL, accounting 

for 78.85% of the total composition. The MIC values for L. monocytogenes and S. Enteritidis 

were 0.05 mg/mL and 0.1 mg/mL respectively. Moreover, inhibition of adhered cells at MIC 

was important for both bacteria. The intial cell adhesion at MIC was inhibited by 50% or 

more for both bacteria although it was higher for L. monocytogenes than for S. Enteritidis. 

However the effect was lower on biofilm eradication. At MIC and within 1 hour of incubation 

with the EO, the inhibition rates were 30.2% and 20.3% for L. monocytogenes and S. 

Enteritidis respectively. These results suggest that EOCL-based sanitizers could be a potential 

strategy to control biofilms in food-related environments. 

Keywords: essential oil; clove; biofilm; Listeria monocytogenes; Salmonella Enteritidis. 

1. Introduction 

A biofilm is a community of bacteria surrounded by a self-produced extracellular polymeric 

substance (EPS), including polysaccharides, DNA, protein, and lipids that attach to a surface. 
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It can be composed of a single species or several ones [1]. Bacteria in a biofilm are relatively 

resistant environmental changes, antimicrobial agents and to host immune responses. 

Moreover, the sessile cells are able to survive adverse and tough conditions [2]. The biofilm 

development consists in four stages by [3] which are: (1) bacterial attachment to a surface; (2) 

cells aggregation and microcolony formation; (3) biofilm maturation; and (4) detachment 

which consists in the formation of a critical mass and the dispersion of planktonic bacteria, 

ready to colonize other surfaces. The bacteria within biofilms are a serious problem for food 

safety because they are more resistant and protected from stressful conditions like heat and 

disinfection than in their plancktonic form [4]. Among the species that can form biofilms, 

Listeria monocytogenes and Salmonella spp. could be found on produced food, and also in 

processing areas such as walls, floors, pipes, and drains, and in contact surfaces like metal, 

glass or rubber surfaces [5-7].  

L. monocytogenes is a gram-positive and facultatively anaerobic rod. It is frequently isolated 

from waste water and food plant material [8, 9]. It grows over a neutral to slightly alkaline pH 

and is capable of growth at a wide range of temperature even at refrigeration which makes 

this bacterium a real problem for food-processing industry [10, 11]. The main concern of food 

industries is in the pathogens ‘persistence on food-processing plants and subsequent cross or 

recontamination of food products caused by the formation of biofilms as a response to 

unfavourable conditions [11]. This contamination could lead to the listeriosis which could be 

a lethal foodborne disease [12]. In 2018, EFSA and ECDC [13] confirmed 2,480 cases with 

225 deaths from listeriosis causing the highest case fatality and proportion of hospitalised 

cases of all zoonoses with a percentage of 13.8% and 98.6% respectively.  

Salmonella, is a genus of rod-shaped, gram-negative bacteria of the family Enterobactriaceae 

[5]. Non-typhoidal Salmonella include more than 2500 serovars belonging to the 

species Salmonella enterica. They present a real danger for public health and food industry 

[14]. Salmonella enterica serovar Enteritidis (S. Enteritidis) is the most frequently non-

typhoidal isolated serotype causing foodborne salmonellosis [15]. The main sources of 

infection are contaminated food and water [16]. Among the salmonellosis foodborne 

outbreaks (FBOs), S. Enteritidis was the main serovar reported. This serovar was responsible 

for 84.1% of the salmonellosis FBOs in 2018 [13]. For these reasons, measures should be 

taken to control pathogenic bacteria and avoid food contamination.  
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 Natural antimicrobial materials like essential oils (EOs) have been a quite good alternative to 

chemicals which could be harmeful due to their potential side effects [17]. EOs are aromatic 

oily liquids and complex mixtures of volatile compounds isolated by pression or distillation 

from the roots, seeds, flowers, fruits, and leaves of plants. They are also known by their broad 

spectrum antimicrobial effects [17-19]. Among the different EOs , clove essential oil (EOCL)  

is extracted from the dry floral bud of Syzygium aromaticum, a member of Myrtaceae family. 

EOCL is reported as showing an antimicrobial and antioxidant effects [20, 21]. EOCL is 

generally recognized safe (GRAS) [22]. Various studies have been reported about the 

effectiveness of EOCL on L. monocytogenes [12, 23-26] and on S. Enteritidis [23, 27, 28]. 

However, these investigations were more focused on planktonic cells. 

Therefore the objective of this research was to explore EOCL and its potential antibiofilm 

effect on L. monocytogenes and S. Enteritidis planktonic and sessile cells. 

2. Materials and Methods 

2.1. Bacterial strains and culture conditions 

Listeria monocytogenes CECT 4032 and Salmonella enterica serovar Enteritidis CECT 4300 

were used in this study and they were provided by the Spanish Type Culture Collection 

(CECT, Valencia, Spain).These strains were maintained at −80C in 30% glycerol until use. 

For the experiments, a fresh culture of L. monocytogenes was subcultured on brain heart 

infusion agar (BHIA, Scharlau, Barcelona, Spain) and another one of S. Enteritidis was 

subcultured en tryptone soya agar (TSA, Scharlau, Barcelona, Spain). Then, they were 

incubated at 37 °C for 24 h. Before testing, a colony of L. monocytogenes from BHIA and 

another one pf S. Enteritidis from TSA were inoculated in two different tryptone soya broth 

(TSB, Scharlau, Barcelona, Spain) tubes and incubated at 37°C for 24 h.  

2.2. Essential oil 

EOCL (Syzygium aromaticum) was used in this work (Parachimic, Tunisia). It is 100% pure, 

natural and with no added synthetic compounds. Stock solutions were prepared in 95% (v/v) 

ethanol and stored at 4ºC until their use.  

 

 



Results : Chapter 3.3 

109 
 

2.3. Essential Oil chromatography 

The identification of the EO components was operated through  a  gas chromatography-mass 

spectrometry (GC-MS, Agilent Technologies, Palo Alto, CA, USA) fitted with a HP-5MS 

column (30 m × 0.25 mm × 0.25 μm film thickness, 5%-diphenyl-95%-phenyl methyl 

siloxane, Agilent Tech.).  

Samples of 1μL were injected in the split mode at a ratio of 1:25. The oven temperature was 

programmed as follows ; 60 ºC hold for 1 min, then 3°C/min to 90 °C and finally, 30 °C/min 

to 210°C with 15 min hold time. The carrier gas used during this analisis was helium at a flow 

rate of 1.3 mL/min. The injector and transfer line temperatures were 250 and 280 °C, 

respectively. The source and quadrupole temperatures were set at 230 and 150°C.  

Aditionnaly, The mass spectra was used at 70 eV ionization voltage and the mass range was 

m/z 40-400 amu. The acquisition was carried out in full scan mode. 

In order to integrate and identify the peaks, GC/MSD ChemStation Software (G1701FA 

F.01.03.2365 Agilent Technol.) was operated. For individual qualitative peak identification, 

the experimental mass spectra were compared with reference mass spectra of National 

Institute of Standards and Technology (NIST 11) and Wiley 9th Ed. 

2.4. Antimicrobial assays 

2.4.1.  Kirby-Bauer disk diffusion susceptibility test 

In order to test the resistance of the bacteria to the EOCL, the agar disk diffusion assay was 

used during this experiment and adopted from the European committee EUCAST [29] with 

some modifications. A 100 µL of bacterial suspension of approx. 1–2×108 CFU/mL was 

inoculated on the surface of Mueller-Hinton agar plates (MH, Scharlab, Barcelona, Spain). 

Three sterile disks of 6 mm (BDsensi-disc, Becton Dickinson GMBH Heidelberg) were 

placed on the inoculated agar surface after letting the inocula dry for 15 minutes. One was 

impregnated with 10 µL of EO, another with 10 µL ethanol which represented the negative 

control and the last one with erythromycine (Duchefa Biochemie, The Netherlands), which 

represented the positive control. The plates were left 15 min at room temperature to allow EO 

diffusion and then they were incubated for 24 h at 37°C. After incubation, the zones of growth 

inhibition (IZ) around each of the disks were measured in mm with the dic included. The 

experiments were carried out in triplicate. 
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2.4.2. Broth dilution method for Minimal Inhibitory Concentration (MIC) 

determination   

The macrobroth dilution method as described by Balouiri et al. [30] was adopted in order to 

determine the MIC. Overnight cultures of bacteria were diluted to achieve a concentration of 

106 CFU/mL. Different increasing concentrations (serial two-fold dilutions) of the extract 

were made with sterile TSB to yield final concentrations ranging from 0.2 to 0.00625 mg 

/mL. 0.1 mL of each standard bacterial suspension and different concentrations of the EO 

were added to tubes containing 5 mL of TSB. These tubes were incubated at 37 °C for 18 h. 

Turbidity was the proof of the microorganism growth. Also, this operation was checked by 

the mean of a spectrophotometer. Therefore, The MIC was determined as the lowest 

concentration of antimicrobial agent that completely inhibited growth of the organism in tubes 

as detected. 

2.5. The antibiofilm activity 

2.5.1. Initial adhesion  

    This experiment was performed following Sandasi et al. [31] procedure, in order to evaluate 

the effect of the EO on initial formation of the biofilm as a preventive treatement. Different 

concentrations of the EOCL were prepared (equivalent to 0.5 MIC, 1 MIC and 2 MIC). 100 

µL of the EO at a specific concentration were pipetted into the wells of a sterile microtiter 

plate (Honeycomb II plates; Labsystems). Then, another 100 µL of the inoculum of 

106CFU/mL (prepared from an overnight culture and diluted in TSB to reach the desired cell 

concentration) was added to the wells to reach a final volume of 200 µL. In the microtiter 

plate, a steril medium was added as a test of sterility. Also, positive control and negative 

control were prepared by adding erythromicine and ethanol respectively. The plates were 

covered and incubated for 24 h at 37°C under sterile conditions to allow cell attachment.  

2.5.2. Biofilm eradication  

The effect of EOCL on preformed biofilms was evluted as a curative treatement, and was 

processed as reported by Sandasi et al. [32] with slight modifications. After addition of 

100mL of bacterial culture into the wells of the polystyrene microtiter plate, they were 

incubated for 6 h to allow biofilm formation in case of L. monocytogenes and those of S. 

Enteritidis for 24h, before adding EOCL. The incubation of the microtitre plates was carried 
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out in order to achieve cellular attachment and biofilm formation. After incubation, 100 mL of 

the EO was added to the different wells to reach a total volume of 200 mL/ well. The same 

volumes of ethanol were added as negative controls while erythromycine was added as a 

positive control. After the exposure of preformed biofilms to EO, the plates were incubated 

for different times (1, 5 and 20 h). Following incubation, the biofilms’ biomass was evaluated 

by cristal violet assay. 

2.5.3.  Cristal violet assay  

This method was adopted from Djordjevic et al. [33] with some modifications. The removal of 

culture medium and planktonic bacteria microtiter was done by an intense washing of the wells. 

The plates were submerged in distilled water for five times, shaking them vigorously to remove 

all the liquid in the plates in order to take out the remaining planktonic cells. Then, the plates 

were let to dry on air for 45 min. After that, 100 µL of 1% crystal violet were added to each 

well to stain the adhered bacteria, and the plates were stored at room temperature for additional 

45 min. Each microtiter plate was then cleaned five times with distilled water. The addition of 

125 µL of 95% ethanol to the wells was carried out. Afterwards, the plates were incubated 15 

min at room temperature to solubilize the remaining crystal violet. 100 µL of the destaining 

solution from every well was transferred to another one and the optic density (OD) was assessed 

at a wavelenghth of 595 nm using a microplate reader. The biofilm inhibition rate was 

calculated for every EO concentration as explained in Equation (1). 

Equation 1: %Inhibition = [(OODgc – ODexp) / ODgc] × 100 

ODgc is the optical density of the growth control culture and ODexp represents the optical 

density of the cultures incubated with the EO. 

2.6.Statistical analysis of the quantitative data  

The data were analysed by the mean of Analysis of variance (ANOVA) in order to compare 

the values and P < 0.05 means that the differences are significant. 

3. Results 

3.1. Clove essential oil chromatographic profile 

The composition of the EOCL is detailed in Table 1. The GC-MS analysis showed that the 

EOCL was mainly composed by eugenol (78.85%) which is a phenol compound.  
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Table 1. Chemical composition of essential oils of clove (EOCL) 

NO. compound Concentration (% Peak 
Area) 

1 Eugenol 78.85 
2 Eugenyl acetate 13.66 
3 β-caryophyllene 7.49 

 

3.2. Antimicrobial susceptibility tests 

 According to the results summarized in Table 2, EOCL showed antimicrobial activity against 

both microorganisms investigated. A higher IZ for L. monocytogenes was observed with 

14.46 mm. While S. Enteritidis exhibited a diameter of 12.33 mm including the diameter of 

the disc (6 mm) for both values. 

 

Table 2. Minimal inhibitory concentration (MIC) (mg/mL) and inhibition zone (mm) of clove essential oils 

against Listeria monocytogenes and Salmonella Enteritidis. 

 

 

 

* Different letters indicate significant differences 

3.3. The antibiofilm activity  

3.3.1. Initial cell attachment  

Figure 1 shows the percentages of inhibition of biofilm formation or eradication by L. 

monocytogenes (A) and S. Enteritidis (B) when different concentrations of EOCL were added 

to the wells. The initial cell attachment inhibition was high and dose dependent (p < 0.05) for 

both microorganisms. The effect at MIC was higher against L. monocytogenes (61.8%) than 

against S. Enteritidis (49.8%). At 2MIC, L. monocytogenes reached the highest inhibition 

percentage 77, 2%, while S. Enteritidis adhered cells were inhibited by almost 60%. 

Microorganism MIC Inhibition zone 

Listeria monocytogenes  0.05 14.46 ± 0.4 a 

Salmonella Enteritidis 0.10 12.33 ± 0.4b 
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3.3.2. Preformed biofilms 

The effect of EOCL was reduced when tested on preformed biofilms (figure 1). At MIC, 

within 1 h of incubation with the oil, the inhibitory effect was reduced by more than half 

compared to the initial cell attachment. The values were, respectively 30.2% and 20.3% for L. 

monocytogenes and S.Enteritidis. The highest effect obtained was at 2MIC within 1h of 

incubation for both microorganisms and it reached 52.0% for L. monocytogenes. However, 

the effect of EOCL was even more reduced when the contact time was longer as it is shown in 

the figure 1. The effect was again dose dependent and, in this case, also contact time 

dependent, although in a reverse relationship (p < 0.05). L. monocytogenes biofilms showed 

more sensitivity to the EOCL than S. Enteritidis ones in all conditions tested. 
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Figure1. Effect of different concentrations of clove essential oil on Listeria monocytogenes (A) and Salmonella 

Enteritidis  (B) on initial adhesion (blue column) and preformed biofilms incubated with the clove essential oil 

for 1 h (red columns), 5 h (green columns), and 20 h (purple columns). MIC: Minimum Inhibitory Concentration 

(mg/ m). Standard deviation is presented by error bars.  

4. Discussion  

The chromatographic analysis revealed that eugenol (78.85%) was the predominant 

compound in the EOCL used in this work followed by eugenyl acetate (13.66%). Many 

authors reported similar results but the proportions vary widely. For instance, Jirovetz et al. 

[34] reported that the major component of EOCL used in their work was eugenol with a peak 

area of 75.8% followed by β-caryophyllene (17.4%). Also, Rajkowska et al. [36] found that 
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the EOCL investigated was characterized by a high content of phenolic compounds with 

eugenol’s content being the highest one (85.2%) followed by (E)-β-Caryophyllene (9.9%). 

However, Pawar and Thaker [37] reported another chromatographic profile and found that the 

percentage of eugenol and benzyl alcohol were respectively 47.64% and 34.10%. On the other 

hand, Han and Parker [35] reported almost a similar composition, as found in this work, with 

eugenol (81%) and eugenol acetate (10%). The polymorphism exhibited by the chemical 

composition between different essential oils from the same species can be attributed to 

different factors. Namely, climate, location, growth stage of the harvested plant, genetics, soil, 

elevation, topography and also the interaction of various elements could affect the analytical 

results [38, 39].  

EOCL showed a broad spectrum of activity and induced inhibition zones against the studied 

bacteria. The effect on S. Enteritidis was lower than on L. monocytogenes which can be 

explained by the fact that S. Enteritidisis is a gram-negative bacterium [40]. According to 

Nazzaro et al. [41], gram-negative bacteria are more resistant to EOs than gram-positive 

bacteria because of the presence of the outer membrane. However, this outer membrane is not 

always impermeable to antimicrobials and they can sometimes pass through the porins [40, 

41]. The antimicrobial susceptibility of S. Enteritidis and L. monocytogenes has been 

extensively described in literature. For exemple, El Maati et al. [42] reported that the ethyl 

acetate extract of clove exhibited an IZ of 12 mm against S. Enteritidis which agrees with our 

findings (12.33 mm). Besides, they found MIC values of 50 µg/mL and 100 µg/mL for L. 

monocytogenes and S. Enteritidis respectively using ethanol extract of clove. These values 

agree with our results as we found the same MIC values for both bacteria. Mith et al. [43] 

tested EOCL against two different strains of L. monocytogenes. They reported that both 

strains exhibited IZs of 14.49 and 14.4 mm, which is approximately the same as we found. 

However, the MIC values they reported were was 1 µL/mL for both strains which is different 

from our findings. Regarding S. Enteritidis, Ebani et al. [44] tested EOCL against various 

strains of S. Enteritidis and obtained different results with IZ ranging from 9 to 13 mm, whilst 

MIC values were 0.322 and 0.644 mg/mL. The discrepancy between the findings of 

previously published studies with our results could be related to the methods used to assess 

the antimicrobial activity, the chemical composition of each EO, bacterial strains and their 

sensitivity, inoculum volume, incubation time and/or temperature [44]. 
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The antibacterial activity of EOCL was explained by Liu et al. [45]. They reported that clove 

oil acts by destroying cell walls and membranes of microorganisms. It can also enter the cells 

and then inhibits the normal DNA synthesis and proteins. Added to that, its antibacterial 

potential has been linked to their phenolic compounds and specifically eugenol which can 

inhibit the amylase and proteases production in several bacterial species. 

Grigore-Gurgu et al. [46] described L. monocytogenes and Salmonella spp. as biofilm formers 

and highlighted their capacity to adhere to various surfaces in food plants. Besides, their 

ability to adhere to food contact surfaces forming biofilms has major involvments in the food 

industry. So, the activity of EOCL on biofilm formation and development on S. Enteritidis 

and L .monocytogenes was assessed for its anti-adhesion and anti-biofilm properties. The 

intial cell adhesion at MIC and 2 MIC was inhibited by 50% or more for both bacteria 

although it was higher for L. monocytogenes than for S. Enteritidis. This could be explained 

by the difference of surface attachment response between bacterial species [47]. The anti-

adhesion assets of clove phenolic compounds such as eugenol, on Salmonella spp. have been 

outlined by Upadhyaya et al. [49]. They found that 1.2 mM eugenol was effective in reducing 

S. Enteritidis adhesion to hens’ oviduct epithelial cells by a 3 log CFU/mL. Also, Walmiki 

and Ravishankar Rai [49] found that EOCL inhibited cell attachment of Salmonella spp. by 

65.67%.  Sandasi et al. [31] reported that EOCL at concentration of 1 mg/ mL inhibited initial 

adhesion of two strains of L. monocytogenes by almost 30%. However, in our work we found 

a higher value of inhibition (61.8%) when using a lower concentration (0.05 mg/mL). This 

difference might be attributed to the origin and sensitivity of the strains used as well as the 

chemical composition of the EO [12]. On the other hand, various researchers reported EOCL 

and eugenol for their anti-adhesion proprieties against a wide range of microorganisms [50-

55]. Walmiki and Ravishankar Rai [49] explained that biofilm forming ability might be 

reduced due to the presence of eugenol which affects the cytoplasmic membrane. Added to 

that, it was also pointed out in literature [56, 57] that EOCL can attenuate the swarming 

motility. This can also be a reason for the reduction of initial cell attachment obtained when 

the EO was applied. 

Biofilms are more resistant to anitmicrobials than planktonic cells. Also, they exhibit specific 

mechanisms and structures such as the presence of an extracellular matrix which limits 

antimicrobial penetration and favours genomic variability that allows a quick emergence of 

beneficial mutations [58]. This agrees with our findings that EOCL proved that inhibition of 
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preformed biofilm was lower than the cell attachment inhibition. The effect was dosage-

dependent, so maybe higher doses are needed to disrupt completely the biofilm structure. 

Purkait et al. [59] reported that eugenol reduced preformed biofilms of L. monocytogenes 

(62.24%) and Salmonella Typhimurium (55.46%) at a concentration of 66.66 µg/mL and 

75µg/mL repectively. Liu et al [60] found that eugenol alone or combined with antibiotics 

reduced the biofilms biomass of L. monocytogenes and S. Typhimurium. The results 

published by Walmiki and Ravishankar Rai [49] agree with our findings. They reported a 

reduced activity of EOCL against gram-positive and gram-negative bacteria on preformed 

biofilms when compared on initial cell attachment. Oh et al. [61] also found that eugenol has 

an intresting antibiofilm activity when used against Salmonella spp. Additionally, Leonard et 

al. [12] found that 1 mg/ mL of EOCL inhibited L. monocytogenes preformed biofilms. 

Eugenol was reported for its anti-biofilm activity against other biofilm forming 

microorganisms as well as a broad range of EOs has been reported for its efficacy against 

preformed biofilms of Salmonella spp. and L. monocytogenes [62-67]. 

Furthermore, the best effect on preformed biofilms was observed at one hour of incubation 

with EOCL for both microorganisms. The effect was time dependent which means that when 

the contact time was higher (5h and 20 h), the inhibition was lower. These results agree with 

what havs been reported by our research group [67] that the EO of garlic, onion and cinnamon 

against preformed biofilms of L. monocytogenes decreased during the incubation through the 

time. The same effect was reported by Jadhav et al. [68] against preformed biofilms of L 

.monocytogenes but with the EO of yarrow. On the other hand, Condo et al. [69] found that 

the antibiofilm activity at 72 h of EOCL incubation was better when compared to 18, 24 and 

48 h incubation time which means that the biofilm biomass reduced with increasing contact 

time. Others, such as Sandasi et al. [32] found different and unexpected results. They reported 

that five EO components enhanced growth of a 6h preformed biofilm of L. monocytogenes.  

These differences in results could have been influenced by strain types, EO concentration and 

contact time with the EO, the surface material and nature and the growth stage of biofilm 

[12]. 

The increased resistance or tolerance over incubation time with EOCL could be attribuated 

persister cells. In fact, they are cells that are phenotypically modified (not mutants) that do not 

die or grow in the presence of antimicrobials. In addition, they present a survinving strategy to 

harsh and stress conditions [70]. Also, Bowen and Koo [71] stated that the biofilm matrix 
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structure and architecture can be modified due to challenging conditions which can change 

enzymes’ location, peptides or receptors over time therefore leading directly to resistance.  

In conclusion, EOCL seems promising for its anti-adhesion and its anti-biofilm against 

Listeria monocytogenes and Salmonella Enteritidis. Therefore, EOs and their active 

compounds seem a good and natural strategy in food processing environments to reduce the 

impact of biofilms. These bioactive molecules could be designed for their use as an eco-

friendly disinfectant. Besides, the information about clove EO in literature against foodborne 

pathogens including L. monocytogenes and S. Enteritidis is limited. Therefore, amplifying the 

research about EOCL and studying its anti-biofilm mechanisms could be helpful. Finally, the 

combination of other natural treatments along with EO could also be a worth to try control 

strategy.   
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Food contamination and foodborne outbreaks do not only lead to severe health issues but also 

to important economic losses for food companies due to recalls. Biofilms containing spoilage 

and pathogenic bacteria have been identified as a threat and a possible source of cross-

contamination and toxins that can reach the food matrix. Besides, the persistence of biofilms 

due to their extracellular matrix, their ability to adhere to various biotic and abiotic surfaces, 

their development in hard to access places and their resistance to antibiotics and chemical 

protection, make them difficult to remove. Thus, other control strategies have been taken in 

place for their eco-friendly and natural origin such as essential oils. 

In order to improve and to develop more efficient control strategies, the focus of this work 

was on preventing the biofilms’ formation or even its eradication when they are already 

formed. For this purpose, several essential oils, such as onion (EOO), garlic (EOG), cinnamon 

(EOC) and clove (EOCL) were tested against two of the most important and impacting 

foodborne pathogens, which are L. monocytogenes and S. Enteritidis. In the previous result 

chapters, separate comparisons were applied for individual microorganisms (chapter 3.1 for L. 

monocytogenes; chapter 3.2 for S. Enteritidis) or EOs (chapter 3.3 for clove). Therefore, the 

purpose of this section was to perform a global evaluation of all microorganisms and EOs. 

4.1.	Antimicrobial	susceptibility	assays		

Figure 4.1 shows the inhibition zone diameters, measured with the disk diffusion assay with 

the different essential oils for both microorganisms under research. According to the 

classification of Sfeir et al. (2013), a bacterial strain is not sensitive for a diameter smaller 

than 8 mm, moderately sensitive for 8–14 mm, sensitive for 14–20 mm, and very sensitive for 

a diameter larger than 20 mm. Therefore, L. monocytogenes is classified as very sensitive to 

EOG and EOO, sensitive to EOCL and moderately sensitive to EOC. On the other hand, S. 

Enteritidis was moderately sensitive to all EOs.  

The strongest antibacterial effect against L. monocytogenes was observed for EOO. However, 

EOO was the least inhibitory EO for S. Enteritidis. The antibacterial activity of all EOs 

significally depended on the microorganism under research, being L. monocytogenes more 

susceptible to all EOs except for EOC, for which no significant differences were found among 

the IZ of both microorganisms. 
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In the case of L. monocytogenes, the EOG presented a higher IZ than EOC or EOCL in disk 

diffusion assay (figure 4.1) but its MIC was the same as EOC and higher than EOCL (figure 

4.2). Regarding S. Enteritidis, the EOCL had almost the same IZ as EOC (figure 4.1) but they 

exhibited different MICs (figure 4.2). EOG and EOO required the same MIC to inhibit the 

bacterium.  

 

 
Figure 4.1. Inhibition zone diameters (including the disc diameter, 6mm) obtained with the various essential oils 
against L. monocytogenes and S. Enteritidis (error bars represent the standard deviation). 
a–d, different lower-case letters represent significant differences between the EO effect within the same bacterial 
species. A–B, different upper-case letters mean significant differences within the same EO between different 
bacterial species (p < 0.05). 
 
 

 
Figure 4.2. Minimum Inhibitory Concentrations of the selected essential oils against L. monocytogenes and S. 
Enteritidis. 
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 Lopez et al. (2015) reported that EOCL was more inhibitory (23 mm) than EOC (18mm) 

against L. monocytogenes, while they had almost the same effect (16 mm) against Salmonella 

enterica, which agrees with our results. The results of Mnayer et al. (2014) are not consistent 

with ours as they found that EOG produced a higher IZ (23 mm) compared to EOO (15mm) 

against L. monocytogenes and that the EOO (12 mm) was more effective against Salmonella 

Typhimurium than EOG (9mm). Mith et al. (2014) found that EOC was more effective 

against L. monocytogenes than against for S.Typhimurium. Also, the IZ of EOCL was higher 

for Salmonella spp. than for L. monocytogenes, which was not the same as we found.  

This sensitivity variation between both bacterial species against the EOs tested in our work, 

and also the differences found with the results of other researchers, might be linked to various 

factors. For exemple, Thaker et al. (2009) reported that gram-positive bacteria are more 

sensitive to EOs than gram- negative bacteria, because the outer membrane and its lipid 

bilayer, which acts as a barrier for hydrophobic substances such as EOs. Besides, Lopez-

Romero et al. (2015) mentioned that, at physiological conditions, the presence of anionic 

groups such as carboxyl and phosphate in the membrane, confer negative surface charge to 

the bacterial cells. However, the magnitude of the charge can vary with the species, the age of 

the culture, ionic strength, and pH, can consequently affect the microbial balance and 

resistance to antimicrobials. Additionally, Nazzaro et al. (2013) stated that the antimicrobial 

activity of EOs depends on their chemical composition and the amount of the single 

components, and that they act in different ways to result in the loss of microbial viability. 

Also, the effectiveness of essential oils differs from one plant species to another, as well as 

against different target bacteria (Swamy et al., 2016). This may explain why the EOs in our 

work did not act the same way against L. monocytogenes and S. Enteritidis. It is reported that 

their antibacterial activity depends on the selected microbial strains, the kind and number of 

substituents on the aromatic ring, and experimental parameters such as temperature and 

medium chosen for growth (Sonam Chouhan et al., 2017). On the other hand, Kyung and Lee 

(2001) reported that when using thiosulfinates, the carbon chain length increase, thus the 

activity against gram-negative bacteria decreased, while against gram-positive bacteria the 

effect was reversed.  
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Koeth et al. (2017) indicated that susceptibility testing methods can be significantly 

influenced by slight changes in testing conditions and the variation can be related to some 

factors such as the drug used and the microorganism. Also, the method chosen can be 

modified to a great extent by changes in assay conditions, including the test format and the 

time of reading (Milici et al., 2017). Added to that, Gould (2000) highlighted that the 

reproducibility of disk diffusion assay could be altered by inoculum size, media composition 

and depth, delay between application of the disc and incubation, temperature, atmosphere, 

duration of incubation, generation time, the drug concentration and the method of reading the 

zone size. Mann and Markham (1998), Hood et al. (2003) and Başer and Buchbauer (2010) 

reported that the possibility of delay between application of the antimicrobial molecule disc, 

incubation and the generation time of the test bacterium can lead to an excess of the drug 

diffusion from the disc into the agar which could generate errors in reading. They mentioned 

that other possibilities could be the loss of certain active compounds due to volatitization of 

EOs during incubation. Also, the absorption into the plastic of the Petri dish or the oil 

components may separate through the agar according to their affinity with water. So, there are 

many possibilities that might explain the different results obtained between disk diffusion and 

MIC. 

 

4.2.	The	anti‐biofilm	assays	
 

Starting with the initial cell attachment (Figure 4.3), the EOO at 0.5 MIC was the most 

effective against attached cells of L. monocytogenes, followed by garlic, then cinnamon and 

the last one was clove. However at MIC, EOG was the best one to reduce the initial cell 

attachment and at 2MIC all the EOs except EOCL reached almost 100% of inhibition. EOO 

and EOCL were dosage-dependent (p< 0.05). 

 

Regarding S. Enteritidis, the EOC was the most effective against initial cell attachment, 

followed by EOG, EOO and the EOCL. Besides all the EOs used in this experiment against S. 

Enteritidis were dosage-dependent (p< 0.05). Therefore maybe a higher dose is needed to 

eliminate the initial cell attachment completely.  
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Figure 4.3. Percentage of inhibition rate of cinnamon, garlic, onion and clove essential oils on initial cell 
attachment of Listeria monocytogenes (A) and Salmonella Enteritidis (B) 

 

When testing these EOs on the preformed biofilms, the effect of EOs varied widely according 

to the EO concentration, the type of microorganism used and the time of incubation. Figure 

4.4 shows these effects on L. monocytogenes. EOG was the most inhibitory against L. 

monocytogenes at 1h of incubation and 0.5 MIC (figure 4.4A). However, at 5h of incubation, 

also at 0.5 MIC, EOC was the most effective one. Furthermore, the EOG was again leading 

all the EOs in reducing preformed biofilms at 20h of incubation. EOO followed closely the 

percentage of inhibition in third place. by the EOCL were the least inhibitory for all 

incubation times.  Finally, EOCL was, by far, the least inhibitory for all incubation times, 

with percentages of inhibition around 10% or less 
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At MIC (figure 4.4B), the EOG was the one that mostly reduced the preformed biofilms 

followed by EOC, then EOO and lastly by EOCL. Surprisingly, at 2MIC (figure 4.4C), the 

EOO reached the highest percentage of biofilms inhibition while EOG was the second one, 

EOO the third one, again, EOCL the last one. The effect of the EOs was dose-dependent 

(p<0.05). 
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Figure 4.4. The effect of the EO of cinnamon (blue column), garlic ( red column), Onion (green column) and 
clove (purple column) on preformed biofilms of Listeria monocytogenes at 1h, 5h and 20h at 0.5 MIC (A), MIC 
(B) and 2 MIC (C) 

 
Regarding the preformed biofilms of S. Enteritidis (Figure 4.5), the EOC was the most 

inhibitory followed by EOG, then the EOO and finally the EOCL at all concentrations and all 

time points. The effect of the EOs on S. Enteritidis was dose and time dependent (p<0.05). 
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Figure 4.5. The effect of the EO of cinnamon (blue column), garlic (red column), onion (green column) and 
clove (purple column) on preformed biofilms of Salmonella Enteritidis at 1h, 5h and 20h at 0.5 MIC (A), MIC 
(B) and 2 MIC (C) 

Overall, the results obtained in this work showed a higher susceptibility to EOs of L. 

monocytogenes compared with S. Enteritidis biofilms. This may be attributed to the 

superiority of gram- negative bacteria to form biofilm on inert surfaces and that biofilm 
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formation of Salmonella spp. is greater than L. monocytogenes (Stepanovic et al., 2004). 

Therefore, an increased cell number in biofilms could lead to more survivability to 

antimicrobials and cell density has a role in the phenotypic resistance of the biofilm to harsh 

environments (Norwood and Gilmour, 2001; Perumal et al., 2007). Added to that, structure 

like curli fimbriae and cellulose are major components of extracellular matrix of the 

Enterobacteriaceae such as Salmonella spp. The expression of these structures is linked with 

Salmonella resistance to stress conditions and biofilm formation (Castelijn et al., 2012; Tan et 

al., 2016). Austin et al. (1998) reported that fimbrae enhanced the attachment of S. Enteritidis 

to different surfaces. On the other hand, Doijad et al. (2015) stated that L. monocytogenes is 

known to form three dimensional structures but it does not produce enough extra polymeric 

substances which may, as well, explain the higher resistance of S. Enteritidis.  

During our experiments, the effect of all EOs varied widely between each concentration and 

each time of incubation especially for L. monocytogenes. Besides, the EOs which had the best 

antibacterial effect against planktonic cells were not, necessarily, the best in reducing adhered 

cells and biofilm formation. Becker et al. (2001) stated that while the bacteria are adhering to 

a surface, they can express a pattern of genes completely different from their planktonic 

counterparts. Also, growth rate plays an important role in the response of bacteria against 

antimicrobials which could explain why some oils were more effective than others during the 

antibacterial assay and even during the different stages of biofilm formation (Li et al., 2017). 

In our findindgs, the EO having the best anti-biofilm effect at one concentration is not 

necessarily the best one in other concentrations. This also could be due to experimental 

conditions (as it was discussed in section 4.1) that could influence the results. Additionally, 

Donaldson et al. (2015) reported that the 96-well plates could carry over the activity of 

volatile EOs across the wells which may confound the results. In microtiter plates, loosely 

attached biofilm may not be measured correctly as they can be detached during washing steps. 

Also, a possible interference with liquid–air pellicle could probably occur (Azeredo et al., 

2017). This could have happened in certain phases of the experiments and caused differences 

in the lecture of the antimicrobial results. Additionally, the dispersion of hydrophobic 

components of essential oils into the growth medium should be taken into account as well, as 

it can affect the readings (Kalemba and Kunicka, 2003). Aljaafari et al. (2020) stated that the 

concentration of an antimicrobial could affect its action against pathogens. Therefore, at low 

concentrations, the phenolic compounds will work with enzymes to produce energy, while at 
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high concentration they will denature proteins which may be related to the dose-dependent 

effect of the EOs found in our work. Bilia et al. (2014) reported that EOs as volatile 

compounds could easily decompose when exposed to heat, humidity, light, or oxygen. 

Besides, EO constituents degrade due to oxidation, isomerization, cyclization, or 

dehydrogenation reactions triggered either enzymatically or chemically. Also, they are highly 

influenced by several conditions as storage and handling. So, these factor mentionned could 

have influenced EO activity during the whole experiment. Another important fact is that 

biofilm formation in itself is influenced by different factors such as bacterial strain, 

temperature, relative humidity, pH and media composition. Even the same bacteria can create 

different types of biofilms and produce different biomass when exposed to different 

conditions (Fysun et al., 2019).  

In summary, the mechanism of action of EOs and the bacterial response in every stage cannot 

be attributed to one particular impact but might rather be the result of several interacting 

factors and reactions (Nazzaro et al., 2013). 

4.3.	Future	perspectives		

Our findings seem as promising approaches for food industry. However, other complementary 

work could probably afford more data on control strategies of pathogenic bacteria. For 

example, the EOs used in our study have been tested on few bacterial biofilms according to 

literature ( Budri et al., 2015; Firmino et al., 2018; Li et al., 2019; Quecan et al., 2019; 

Condòet al., 2020). As a consequence, their effect could be screened against other foodborne 

pathogens and explore their effect on biofilm formation. Little work has been done on the 

effect of EOs against biofilms of S. Enteritidis. So, other EOs could be experimented against 

these important enteric bacteria which might be beneficial for food safety (Valeriano et al., 

2012; Čabarkapa et al., 2019; Lira et al., 2020). Also our future investigations could aim at 

novel approaches such as nanotechnology. Bilia et al. (2014) reported that nanoencapsulation 

of EOs might be an efficient method  to achieve a better physical stability of the bioactive 

compounds, protect them from environmental interactions, reduce their volatility and enhance 

their biological activity. Ferreira and Nunes, (2019) affirmed that EO encapsulation can avoid 

the degradation of the compounds. Several authors reported the antimicrobial and anti biofilm 

activity of encapsulated EOs. For exemple, Radünz et al. (2019) reported a better antibacterial 

effect against Salmonella spp. and L. monocytogenes with encapsulated EOCL compared to 

the unencapsulated oil. Additionally, Hasssanzadeh et al. (2018) found that nanoemulsified 
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garlic oil was effective against E.coli and S.aureus. Garlic extract loaded nanoparticles were 

useful in inhibiting S.aureus biofilms (Girish et al., 2019). As a result, nanotechnology might 

be a promising candidate to the EOs we used and compare their activity with what we found. 

As Salmonella spp. and L. monocytogenes are reported to adhere to several biotic and abiotic 

surfaces such as stainless steel and glass (Colagiorgi et al., 2017; Webber et al., 2019), 

investigating other surfaces would be valuable to compare the ability of both microorganisms 

to attach to different materials. The activity of combinated EOs or their active components 

against biofilms of foodborne pathogens could be also an alternative. Purkait et al. (2020) 

found that a combination between cinnamaldehyde and eugenol exhibited synergistic 

antibiofilm activity against L. monocytogenes and S. Typhimurium. Additionally, other 

researchers reported the synergism between other EOs against other pathogens forming 

biofilms as well. Namely, Peruč et al. (2019) described how a blend of Juniperus communis 

and Helichrysum italicum EOs reduced bacterial adhesion and biofilm formation of 

mycobacteria. A mix of Allium sativum, Cinnamomum cassia and Mentha piperita was found 

more effective than single EOs against multidrug-resistant Pseudomonas aeruginosa biofilm 

(Lang et al., 2016). The synergism between different components influences several 

biochemical processes in the bacteria, producing a plethora of interactive antibacterial effects. 

Also, it was suggested that the different phytochemicals generate a global activity targeting 

different mechanisms, which increase the activity spectrum (Bassolé and Juliani, 2012; Lang 

et al., 2016).  

Nowadays, vapors of EOs have been given an interest for numerous advantages over the 

liquid phase. It was reported that they perform an increase of the EO activity, they can be used 

at lower concentrations, could be reproduced in a range of environments and they are volatile 

and able to preserve sensory properties (Laird and Phillips, 2012). In fact some publications 

highlighted that the antimicrobial effect of vaporized EO can have more inhibition rate than 

the liquid phase (Nostro et al., 2009; Laird et al., 2012). Researchers have been also searching 

and combining various natural methods along with bioactive molecules in order to achieve an 

additive effect to control pathogens and their biofilms. Silva‐Espinoza et al. (2020) 

investigated the combination of EOCL and UV-C light. They achieved a reduction of 

Salmonella Typhimurium adhered cells. Added to that, EOs combination with lactic acid 

bacteria or bacteriophages could be very interesting as they are reported as antibacterials and 

antibiofilms (Fu et al., 2010; Gómez et al., 2016; Kumar et al., 2017). Besides, bacteriophages 
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can infect persister cells in biofilms and remain within them till their reactivation. Then, when 

persister cells switch to normal growth, the bacteriophages proceed to their lysis (Harper et 

al., 2014). In fact, this could be a very suitable and compatible method with ours as we 

supposed that the decrease of the EOs’ effect through incubation time was due to persister 

cells. 

Finally, we suggest the study of a mixed biofilm composed of S. Enteritidis and L. 

monocytogenes in order to explore their behavior sharing the same niche in term of 

competition, cooperation or exclusion. Some investigations reported that multispecies 

biofilms can increase the formation of L. monocytogenes as stated Bremer et al. (2001). They 

found that the association between L. monocytogenes and Flavobacterium spp was beneficial 

for the pathogen. Therefore the cooperation can increase the resistance to antimicrobials. That 

is why it is interesting to know how both species will cohabitate and how they will behave 

with the presence of EOs. 
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1. Thiosulfates were the major compounds present in the essential oils of garlic (with 

diallyl trisulfide (25.13%) and diallyl disulfide (22.74%) accounting for almost half of the 

total composition) and onion (with trisulfide dipropyl (35.46%) and dipropyl disulfide 

(31.11%) accounting for two thirds of the total composition), while E-cinnamaldehyde 

(76.54%) and eugenol (78.85%) accounted for more than three quartes of the essential oils 

of cinnamon and clove, respectively.  

 

2. All the essential oils tested displayed antibacterial activity against both Listeria 

monocytogenes and Salmonella Enteritidis, as assessed by both the disk diffusion assay and 

the macro-broth dilution methods. L. monocytogenes was more sensitive to all essential oils 

than S. Enteritidis attending to the minimum inhibitory concentration (MIC) values, and 

attending also to the disk diffusion assay, except for the essential oil of cinnamon, where no 

significant differences were found among their inhibition zones. The essential oil of onion 

was, by far, the most inhibitory for L. monocytogenes in both assays, while differences in the 

inhibitory effect of the essential oils were much less marked for S. Enteritidis. 

3. All the essential oils tested displayed a dose dependent antibiofilm effect on both 

Listeria monocytogenes and Salmonella Enteritidis, being the effect higher on L. 

monocytogenes than on S. Enteritidis in all cases. 

4. All the essential oils prevented biofilm formation. The inhibition of initial cell 

attachment was high at MIC ranging from 61% till 100% for Listeria monocytogenes while 

for Salmonella Enteritidis ranged from 50% to 65%.The essential oils of cinnamon, garlic and 

onion inhibited completely cell attachment of Listeria monocytogenes at 2MIC. 

5. All the essential oils also reduced preformed biofilms, although at lower percentages 

of inhibition than for initial attachment. The inhibition of preformed biofilms at MIC 

ranged from 67.7% till 52.5% for Listeria monocytogenes while for Salmonella Enteritidis 

ranged from 40.2 % to 20.3% at 1 hour of incubation. 

6. The inhibition of preformed biofilms for both bacterial species was more effective at 

one hour of incubation with the all the essential oils and decreased with increasing 

incubation times. 
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