
 

 

 
 
 
 
 
 
 
 
 
	

OREGANO: A POTENTIAL ALTERNATIVE TO ANTIBIOTICS 
AS GROWTH PROMOTER WITHIN THE BROILER 

INDUSTRY 
 
 

by 
 

Benjamin Warwick Bauer 
 
 
 
 
 
 
 
 
 
 
 
 

Thesis 
Submitted in fulfillment of the requirements for the degree of 

 
 
 
 
 
 
 
 
 
 
 
 

Master of Applied Science  
School of Health, Medical and Applied Sciences 

Central Queensland University 
 
 

November 2020 
	
	
	
	





 

i 
 

RHD	Thesis	Declaration	
	

	
CANDIDATE’S	STATEMENT	
By	submitting	this	thesis	for	formal	examination	at	CQUniversity	Australia,	I	declare	
that	it	meets	all	requirements	as	outlined	in	the	Research	Higher	Degree	Theses	Policy	
and	Procedure.		
	
STATEMENT	AUTHORSHIP	AND	ORIGINALITY	
By	submitting	this	thesis	for	formal	examination	at	CQUniversity	Australia,	I	declare	
that	all	of	the	research	and	discussion	presented	in	this	thesis	is	original	work	
performed	by	the	author.	No	content	of	this	thesis	has	been	submitted	or	considered	
either	in	whole	or	in	part,	at	any	tertiary	institute	or	university	for	a	degree	or	any	other	
category	of	award.	I	also	declare	that	any	material	presented	in	this	thesis	performed	by	
another	person	or	institute	has	been	referenced	and	listed	in	the	reference	section.	
	
COPYRIGHT	STATEMENT	
By	submitting	this	thesis	for	formal	examination	at	CQUniversity	Australia,	I	
acknowledge	that	thesis	may	be	freely	copied	and	distributed	for	private	use	and	study;	
however,	no	part	of	this	thesis	or	the	information	contained	therein	may	be	included	in	
or	referred	to	in	any	publication	without	prior	written	permission	of	the	author	and/or	
any	reference	fully	acknowledged.	
	
ACKNOWLEDGEMENT	OF	SUPPORT	PROVIDED	BY	THE	AUSTRALIAN	
GOVERNMENT	
This	RHD	candidature	was	supported	under	the	Australian	Poultry	CRC	Commonwealth	
Government’s	Research	Training	Program/Research	Training	Scheme.	I	gratefully	
acknowledge	the	financial	support	provided	by	the	Australian	Government.	
	
ACKNOWLEDGEMENT	OF	FINANCIAL	SUPPORT		
I	gratefully	acknowledge	the	funding	received	from	Australian	Poultry	CRC	through	the	
Masters	Scholarship	Scheme	which	has	supported	this	research.	
	
 	





 

i 
 

Abstract 

This thesis presents  the investigation of the effects of oregano supplementation on broiler 

microbiota and intestinal health presented as literature review (Chapter 1) followed by four 

published manuscripts (Chapters 2 to 5) and final conclusions (Chapter 6). The initial in vitro 

assay uses specially designed microbiological media that could sustain a large proportion of 

chicken intestinal ileal and cecal bacteria. 16S rRNA gene sequencing was used to investigate 

the overall changes to the microbial community as well as individual taxa.  

This was followed by in vivo effects of different concentrations of oregano on microbiota 

structure of broilers, including alpha and beta diversity, pathogen presence and abundance, 

effects on beneficial microbiota and dosage effects. Different sections of the gut were 

investigated for a complete understanding of where the oregano has significant effects due to 

the fast absorption of phytogens. Short-chain fatty acids and histological analysis of the 

different gut sections were also investigated. The investigation of the influence oregano on the 

development and maturation of intestinal microbiota followed. Surprisingly, even a high 

concentration of oregano did not result in very different mature microbiota; the differences 

were small and variable from week to week. 

Lastly, the change of functional abilities of microbiota from the gut of broilers supplemented 

with 2% oregano powder was investigated. The 16S amplicon sequencing was used in 

combination with PiCrust algorithm to predict the genes and functions present in microbiota of 

control and oregano. The data suggested significant changes in function rather than in 

microbiota. Oregano reduced the abundance of genes involved in the ability of bacteria to 

invade epithelia, make toxins and move. It also reduced a range of infection and disease-related 

genes and reduced abundance of genes involved in carbohydrate and lipid metabolism and 

steroid synthesis. 

Finally, in the last chapter, a discussion of the outcome of the thesis and the possibility of 

oregano and other phytogens causing and selecting for antimicrobial resistance on farms, which 

was absurdly the very reason the antibiotics were replaced with phytogens. And a proposition 

of future work and directions recommended from the outcomes of this thesis. 
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Chapter 1 

Oregano: a potential alternative to 

antibiotics as growth promoters within 

the broiler industry 

 

 

Abstract 

Antimicrobial Growth Promoters (AGPs) have been scrutinised for increasing microbial 

resistance. The removal of AGPs in the EU has added global pressure to their total abolition. 

Phytoadditives of plants that naturally produce antimicrobials have progressed as a replacement 

to AGPs, as they have shown to have similar antimicrobial effects to antibiotics. Oregano has 

been widely studied for the antimicrobial attributes of its two main volatile constituents, 

carvacrol and thymol. Oregano essential oil (OEO) has been the focus of the vast majority of 

previous studies. This study aims to investigate the efficacy of oregano in pathogen control, 

compare it activity to currently used AGPs and optimize the concentration of dried oregano for 

use in organic and other AGP free animal production. Delivering oregano as a dry spice with 

optimized particle size will resolve problems of volatility and rapid absorption that prevented 

the use of essential oils in the feed. Using whole oregano will also add dietary fibre which is 

known to promote the growth of beneficial bacteria. Here we provide a review of the literature 

supporting the benefits of oregano and phytogens generally, in livestock pathogen control.  
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Introduction 

There is increasing global pressure for the complete ban on antibiotic (AB) growth promoters. 

Media often release stories that enhance public support of the ban (Economist, 2017, Harvey, 

2017, Øistein, 2014) but fail to report that hospitals are the major source of AB resistance 

(Corbella X, 2000, Shlaes D M, 2016) and that the use of AGPs not only controls zoonotic and 

host pathogens but also assists in the increased feed conversion ratio (FCR) and body weight 

gain (BWG) of animals. The only poultry AGP that is also used in human health is the zinc 

bacitracin (ZnBac). The Australian poultry industry has voluntarily removed AGPs from the 

production. Despite the expectation that AGPs would devastate a healthy microbial 

community, their concentrations used in broiler feed were sub-therapeutic, and minimal 

disturbance to intestinal microbiota of birds was reported (Crisol-Martinez 2015). The industry 

is acting preemptively by creating organic and antibiotic-free products for pathogen control. A 

natural/organic products, capable of control of the host and zoonotic pathogens to the same 

degree as AGPs and without adverse effects on birds health and welfare are needed. This study 

aims to investigate oregano powder as a potential alternative to AGPs.  

The intestinal tract of any animal is home to diverse and dynamic transient populations of 

microbes. Antibiotic growth promoters controlled these microbial communities by reducing 

the chance of pathogen and zoonotic species presence (Phillips et al., 2004, Davies and Davies, 

2010, Theuretzbacher, 2013). After the ban of AGPs, the use of therapeutic drugs in Denmark 

increased by 21% between 1988-1994, due to their use in the agricultural industry. Farmers 

and the Danish government agreed to the removal of antimicrobial products in 1994. Between 

1994 and 2003 AGP use declined by 47% (Grave et al., 2006). A study conducted in Denmark 

indicated that the removal of AGPs in 1998 did not have any significant impact on weight gain 

or bird deaths; however, the feed conversion ratio increased marginally (Emborg et al., 2000). 

Another study also indicated that when selective pressure is restricted, microbial resistance 

becomes less prevalent (Aarestrup et al., 2001, Wegener, 2003). While these studies indicate 

that there is little need for AGPs to be used in the agricultural system, in the context presented, 

it does not highlight the costs to farmers/government (Jensen and Hayes, 2014). It is not clear 

how successfully other countries could replicate such changes. There are strong arguments that 

challenge the evidence that AGP use is a major cause of microbial resistance (Phillips et al., 

2004) and that the hospitals are the main source of antibiotic resistance (McGowan, 1983). It 

is also believed that necrotic enteritis has increased since the removal of AGPs in Europe 

(Timbermont et al., 2011, Du et al., 2016). Furthermore, resistance occurs naturally both by 
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organisms producing the antimicrobial agent and by the targeted organisms (Phillips et al., 

2004, Davies and Davies, 2010). The above demonstrates the need to efficiently replace AGPs 

with a viable alternative. 

There are several potential alternatives to AGPs that are being studied (Joerger, 2003, 

Bontempo et al., 2014, Puvaca et al., 2013). Probiotics are one such potential alternative to 

AGPs.  They are thought to function by exclusion, reduction of luminal pH and production of 

bacteriocins (Abdelrahman and Mohnl, 2014).  Prebiotics alone or in combination with 

probiotics have been used to control pathogenic populations with moderate success (Ferket, 

2004, Park and Floch, 2007, Schrezenmeir and de Verse, 2001). Other AGP alternatives 

include phytochemicals that contain phytobiotics which are most commonly found in dry herbs, 

spices and essential oils (EOs) (Brenes and Roura, 2010). Phytobiotics have shown to be of the 

broad-spectrum activity having anti-fungal, anti-parasitic and anti-bacterial properties. These 

alternatives aim to remove or control pathogens comparatively to AGPs. Most research has not 

investigated the total microbial communities and populations of their application in vivo.  

The Lamiaceae family include antimicrobial herbs such as mint, sage, thyme, marjoram, and 

oregano. Oregano EO (OEO) consists of over 30 compounds, of which carvacrol and thymol 

and their precursors equate to 80% of contents (Brenes and Roura, 2010, Giannenas et al., 

2003). Carvacrol and thymol, phytobiotics, are the known antimicrobial compounds in oregano 

and have shown to have high interaction with the cell membrane (Anjana Rao, 2010). 

Phytobiotics share characteristics with AGPs they affect a broad spectrum of organisms not 

only pathogens but probiotics, including some species of  Lactobacillus (Horosova et al., 2006). 

With such strong peer-reviewed literature, we propose a hypothesis that oregano powder could 

influence microbial community structure, control pathogens and have an impact on bird 

performance.  

The objectives of this project are to investigate if oregano can represent a viable alternative to 

AGPs, the following questions should be answered: 

i) Have the microbial communities been disturbed or otherwise affected? 

ii) Are the pathogens reduced in vitro and in vivo? 

iii) Are the probiotic and other known beneficial bacteria reduced by oregano? 

iv) Is there a difference in intestinal morphology? 

v) Are there variations in host epithelial gene immune expression? 

vi) Is there a difference in bird welfare and performance?  



 

4 
 

Notable factors 

Environment 

The environment that a broiler is exposed to will greatly impact on growth parameters (Ferket 

P R, 2004). Most important variables that must be considered include population density, feed 

type and adequate nutrition, exposure to the faecal waste, biosecurity and hygiene (van der 

Most et al., 2011, Mennerat et al., 2010). Farmers control the environment of their premises to 

maximise animal productivity. Some forms of animal husbandry can be referred to as 

industrialised farming. When industrialised farming first began, there were immediate 

problems with animal health, due to the high density of populations resulting in increased 

exposure to animal waste, enabling pathogen overgrowth. In the 1950’s, scientists observed 

that prophylactic sub-therapeutic antibiotic use improved animal health and farms’ yield 

(Emborg H. D, 2000). This was followed by improvements in biosecurity management 

strategies that have helped to elevate hygiene levels. Such management strategies decrease the 

stress that an animal endures and the chances of pathogen exposure rates. The role of AGPs is 

decreased as the environmental factors are optimised.  

Dietary influence 

During the process of consumption, nutrients, non-nutrients, beneficial or non-beneficial 

microorganisms are consumed (Yegani and Korver, 2008). The diet significantly impacts on 

intestinal flora and therefore the morphology of the intestinal tract. An animal that is 

undernourished will be more susceptible to disease and infection. Providing animals with 

appropriate levels of nutrients with the feed that is free of pathogens is essential. In the words 

of Anthelme Brillat-Savarin ‘Dis-moi ce que tu manges, je te dirai ce que tu es’ [tell me what 

you eat, and I will tell you what you are] (Brillat-Savarin, 1826) 

Key indicators to intestinal health 

In recent years the value and understanding of intestinal health has been growing and is now a 

major area of research (Stanley et al., 2012). The gut is the largest endocrine organ in an 

animal’s body system (Ahlman and Nilsson, 2001). There are many indicators to intestinal 

health; some key factors are located in the mucosa, which is the innermost layer of the intestinal 

tract. Intestinal health can be evaluated by examining microbial communities, the mucosa layer, 

mucus gel layer, epithelium layer, villi, crypt, and the cell types at specific locations along the 

gastrointestinal tract (GIT) such as the duodenum, jejunum, ileum and ceca.  
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Mucus Gel layer 

The epithelium of the GIT is covered with a mucus gel layer. The mucus gel layer has the first 

contact with the intestinal lumen as such; it facilitates the line of defence against lumen content. 

Goblet cells produce mucin glycoproteins which are the main component of the mucus gel 

layer (Klasing, 1999). Therefore, there is a consistent presence of antimicrobial peptides and 

secretory immunoglobulin A (SIgA) (Dharmani et al., 2009).  

The mucus gel layer can be produced by enterocytes; however, most of the mucin is produced 

by goblet cells (Tarabova et al., 2016). The mucus gel layer is comprised of approximately 

95% water and 5% mucin. Goblet cells are located throughout the entirety of the 

gastrointestinal tract; however, the morphology and function of the mucus gel layer differ 

dependent on location and exposure (Deplancke and Gaskins, 2001). The morphology of 

mucus is comprised of two layers, one tightly and the other loosely bound to the epithelia. The 

tightly bound layer proximal to the epithelial layer functions in preventing bacterial access to 

some epithelial receptors (Shokryazdan et al., 2017, Slomiany et al., 2001, Johansson et al., 

2013). The mucus gel layer is normally thinner in the small intestine, at times it may even not 

be present, and slowly thickens posteriorly being at its thickest throughout the large intestines 

(Slomiany, 2001, Atuma et al., 2001). 

Mucins are gel-forming glycoproteins. The mucin backbone contains alternating O-linked 

glycans and nonglycosylated domains (Frostner et al., 1995), as the term “glyco”  indicates 

they are a source of carbohydrate; as such it provides a food source for commensal and 

pathogenic bacteria and the attachment sites which facilitate niche environments (Sonnenburg 

et al., 2004). There are four main mucins associated in the gel layer being N-

Acetylglucosamine, N-acetylgalactosamine, fucose, and galactose (Frostner J F, 1995, 

Deplancke B, 2001). These niche communities of commensal and pathogenic bacteria are 

carried away from the GIT (Abdelrahman W H A (Editor-in-Chief), 2014). The production of 

mucins from the goblet cells fluctuates. This fluctuation may be induced by direct bacterial 

interaction or by host bioactive factors after interaction with GIT associated bacteria 

(Slomiany, 2001, Deplancke B, 2001).These niche communities ofThere are many innate 

immune functions and defenses present within the mucus gel layer.  

Villi 

The villi are numerous slender projections of the epithelium of the GIT. Villi are covered by 

the mucus gel layer and extend into the intestinal lumen. The structure of villi and its increased 

height allows for the greater intestinal surface area, which is associated with increased 
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absorption (Yegani and Korver, 2008). When the lumen has toxins present the villi shorten and 

thin, which decreases surface area and therefore, absorption of nutrients from the intestinal 

lumen is lower (Xu et al., 2015). Deeper crypts indicate faster tissue turnover, so longer villi 

and shallower crypts ratio are desirable (Awad et al., 2009). The villi height is measured by 

taking the measurement from its tip to the crypt-villus junction; villi width can be taken, using 

crosshair, at the midpoint of the villi length from the epithelial layer to its midpoint (Sarica et 

al., 2014). The epithelium that comprises the villi contains intraepithelial lymphocytes (IELs) 

(Vervelde and Jeurissen, 1993), natural killer cells (NK) and goblet cells. Below the epithelial 

layer of the villi is an area called the lamina propria. The lamina propria contains T cells, B 

cells, heterophils (Kogut et al., 2005), NK cells and dendritic cells. Heterophils produce 

cytokines which among many other functions is associated with decreasing muscle growth. 

The villi:crypt ratio and gene expression of the mucosa is an extremely important indicator of 

the hosts' immune responses and stress the host has been encountering as seen in many studies 

(Du et al., 2016). 

s'Tight Junctions 

The epithelial layer of the intestinal tract is a layer of consecutive cells mostly consisting of 

enterocytes which are considerably surrounded by tight junction (TJ) proteins within the 

cellular lipid bilayer (Anderson and Van Itallie, 2009, Furuse, 2010). Tight junctions are 

composed of cytoplasmic actin-binding proteins and adhesive transmembrane proteins most 

specifically claudins (comprising a multigene family) and occludins (Anderson and Van Itallie, 

2009, Applegate and Troche, 2014, Sonoda et al., 1999). According to Furuse (Furuse, 2010) 

a network of paired TJ strands generates a continuous belt that that established the diffusion 

barrier and controls the solute flow. The paracellular pathway is controlled by TJ’s and the pH 

of the extracellular environment, and the pathway accounts for 90% of the absorption of ions 

and nutrients (Furuse, 2010, Applegate T J, 2014).  

A study conducted by Zeissig et al., (2007) analysed TJ structure be freeze-fracture electron 

microscopy of intestinal biopsy samples of patients with active and inactive Chron’s disease; 

the results showed reduced and discontinuous TJ strands. Furthermore, occludin and sealing 

TJ proteins claudin 5 and claudin 8 were downregulated and redistributed off the TJ, whereas 

the pore-forming tight junction protein claudin 2 was upregulated (Zeissig et al., 2007). CPE 

is a protein that consists of a single ~35kDa polypeptide with a C-terminal receptor-binding 

region and N-terminal toxicity (McClane, 2001). The ~35kDa polypeptide is reported to 

connect claudin-3 and claudin-4 at their COOH terminal half (Sonoda N and Horiguchi Y, 
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1999). In 2000, C. perfringens was the third most commonly identified foodborne disease in 

the USA (McClane B A, 2001). Sonoda (Sonoda N and Horiguchi Y, 1999) study the effects 

of C. perfringens enterotoxin on TJ’s via a multitude of assays, including fluorescein 

isothiocyanate-dextran (FIT-C) dextran and freeze-fracture electron microscopy. The 

disruption of TJ formation is clearly visible in electron microscopy images taken time 0h, 4h 

and 8h. Likewise, the permeability of monolayers is evident by the FITC dextran assay 

(Sonnenburg et al., 2004, Sonoda N and Horiguchi Y, 1999). When the tight junction proteins 

are significantly disrupted the host can suffer from the leaky gut syndrome. If the leaky gut 

condition occurs in the host, large molecules and microbes can pass through the epithelial layer 

of the intestinal tract. This may lead to sever health issues/death of the host. 

Necrotic enteritis (NE) caused by C. perfringens is a major pathogen within the broiler industry 

that has a significant global economic impact (Lee et al., 2013, Du et al., 2016). The zoonotic 

nature of C. perfringens adds to the cost and impact, which increases the desire to control its 

prevalence. In another study (Du et al., 2016), C. perfringens challenged birds had 

downregulated claudin-1 and occludin mRNA expression and gut lesions increased.  

There are many other causes for leaky gut such as E. coli causing dephosphorylation of 

occludin via changes in intracellular [Ca2+] (Applegate T J, 2014) ions and restricted feed 

intake (Kuttappan et al., 2015). Evaluating the integrity of genes associated with TJ’s, cellular 

morphology, trans-epithelial electrical resistance (TEER) and FITC Dextran is a respectable 

assay that can be used to evaluate the permeability of the GIT. 

Microbiota 

The term microbiota includes all the microorganisms including bacteria, protozoa, fungi, 

archaea and arguably viruses. Gong et al. (2008) argued that intestinal microbiota plays an 

important role in the health and growth of animals through its effects on gut 

morphology/development, nutrition and immune functions. It is thought that the next step in 

the success of animal husbandry is no longer the selection of desirable genetic traits, but the 

selection of the microbial communities (Stanley et al., 2014). It was predicted that there are 

approximately 1012 microbes/ml of luminal content in the distal gut (Sonnenburg et al., 2004). 

The intestinal microbiota is collectively considered as a major organ in the body, capable of 

digesting otherwise indigestible nutrients and supporting the host wellbeing (Hooper et al., 

2002). Currently, plant compounds such as carvacrol and thymol are being studied by analysing 

their effects of microbiota modulation throughout the GIT (Du et al., 2016, Corduk et al., 2013, 
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Alali et al., 2013). In order to manage broiler gut health, it is important to manage their 

exposure to microbes, nutrients and water.  

Microbial Resistance 

It has been reported that animals and workers at farms using AGPs have a higher rate of 

resistant bacteria present in their intestines when compared to intestinal flora of similar 

establishments not using AGPs (Marshall and Levy, 2011, Turnidge, 1999). Resistance has 

been found in areas of the world that have not been exposed to antibiotics; however, those 

resistant genes are more prevalent in areas where antibiotics are in use (Chattopadhyay, 2014, 

Davies and Davies, 2010, Theuretzbacher, 2013). Bacteria with resistant genes will survive 

and proliferate during AB administration (Marshall and Levy, 2011). Bacteria in the presence 

of subtherapeutic antibiotic dose are more likely to have an optimal mutation for resistance 

(Hong et al., 2016, Kohanski et al., 2010a). Bacteria can also share the gene with other bacterial 

species via horizontal gene transfer. The bacteria carrying the gene is the facilitator to a 

potential uncontrollable outbreak via horizontal gene transfer (Kohanski et al., 2010a, 

Wegener, 2003). The modern phenomenon of global travel also allows microbial resistant 

genes to travel freely (Theuretzbacher, 2013). For that reason, regulations of antibiotics need 

to be accepted and implemented by all countries and their states.  

The role of AGPs 

Antibiotic growth promoters are used in industry to prevent host/zoonotic disease, control 

microbial populations and promote the growth of animals (Marshall and Levy, 2011). Common 

diseases controlled by AGPs are considered to be necrotic enteritis (NE) and Salmonella 

(Timbermont et al., 2011). Growth promotion is also aided by improved FCR, meaning that 

the animal needs less feed per 1kg weight gain (Chattopadhyay, 2014). This could be due to 

reduced immune response caused by lack of pathogens. Animals fed AGPs are also observed 

to have a higher protein and lower fat percentage (Chattopadhyay, 2014), with lower disease 

rate measures such as morbidity, mortality and inflammation reduced, which, evidentially all 

increase farm productivity (Chattopadhyay, 2014).  

Alternatives to Antibiotics 

The term antibiotics was originally used to describe a naturally occurring chemical substance 

that is produced by microorganisms’ that suppresses the growth of bacteria. Antibiotic growth 

promoters The modern use of the term antibiotics encompasses synthetic agents alongside 

naturally occurring substances (Turnidge J, 1999).  
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Herbal antimicrobial active ingredients such as carvacrol and thymol are not identified as 

antibiotics; they are referred to as phytobiotics and various other terms. The original definition 

of an antibiotic was a compound produced by a microorganism that acts against another 

microorganism (Waksman, 1947). One of the reasons that probiotics are administrated to 

animals is in the hope that they will produce bacteriocins. Bacteriocins inhibit the growth of 

similar or closely related microorganisms. Probiotics produce bacteriocins that have a narrow 

spectrum of antimicrobial activity (Dobson et al., 2012). Carvacrol and thymol are secondary 

plant metabolites, and in contradiction to probiotics they have a broad spectrum of 

antimicrobial, fungal and parasitic activity (Rao et al., 2010, Rosado-Aguilar et al., 2017, 

Abbaszadeh et al., 2014, Alali et al., 2013, Bajpai et al., 2012b, Betancourt et al., 2014). An 

added potential benefit for the use of these compounds is revealed in research where the 

presence of carvacrol and thymol increased the populations of L. crispatus and L. agilis and 

sustained Lactobacillus (Yin et al., 2017, Mohiti-Asli and Ghanaatparast-Rashti, 2017).  

Antibiotics have different modes of action; many of them work by disrupting cell wall 

formation or by the inhibitory process which affects bacterial cells growth (Brotz-Oesterhelt 

and Brunner, 2008, Kohanski et al., 2010b, Molitor and Graessle, 1950). Eukaryotic cells do 

not have a cell wall and the inhibitory factors mentioned are specific to bacteria. This means 

that mainstream antibiotics are presumed to be non-toxic to animal health (Molitor H, 1950). 

Antibiotics that interact with cell membranes have minimal use (topical application only) due 

to potential toxic effects (Molitor H, 1950, Neu and Gootz, 1996). Carvacrol and thymol 

function by disrupting the cell membrane. This allows the compounds to have an interaction 

with eukaryotic animal cells. Consumption of the natural concentrations of carvacrol and 

thymol found in oregano have shown to be non-toxic to animal health over the centuries that 

humans and animals have consumed the plant. It is, however, unknown what reaction may 

occur if their concentrations are increased over a prolonged period or animal’s entire productive 

life. The attributes above suggest that using phytobiotics as a low dose prophylactic treatment 

is optimal, saving the use of antibiotics as a high-dose curative treatment when outbreak occurs.  

Microbial Management 

Hygienic management strategies such as pest control manure management, biosecurity 

protocols, hazard control at critical control points and quality assurance (Turnidge J, 1999, 

Ferket P R, 2004). The quality of feed, significant changes in nutrients and feeding mistakes 

can compromise the normal healthy microflora (Abdelrahman W H A (Editor-in-Chief), 2014). 
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These management systems aim to have broilers achieve a state of eubiosis. Eubiosis refers to 

the state when the host and its microflora are living in a symbiotic relationship. Dysbiosis is a 

state when the host and its microflora are living in an antagonistic relationship (Abdelrahman 

W H A (Editor-in-Chief), 2014). While farmers do their best to ensure the best possible 

conditions for their animal’s health creating a sterile environment is not possible, and dysbiosis 

can occur followed by even minimal disturbance (Zhuang et al., 2015, McDougal, 2018). 

AGP’s are the current defence against potential dysbiosis; however, phytobiotics appear to be 

strong potential candidates, and further research is warranted. 

Feed Additives 

Feed additives such as enzymes, probiotics, minerals, biochar and phytoadditives have been 

trialled in broilers with evidence of beneficial results. Enzymes have shown to increase 

digestion of protein, fat, cholesterol and alter microbial populations in the small intestine and 

ceca (Ferket P R, 2004, Chen et al., 2016). Dietary fibres are polysaccharides and present a 

mixture of soluble and insoluble fibre. The soluble component is completely fermented by 

bacteria to produce fatty acids, while the insoluble portion is only partially fermented and 

excreted in the stool (Park and Floch, 2007). Dietary fibre was shown to improve nutrient 

digestion and gizzard function, however, this is highly dependent on the fibre source (Mateos 

et al., 2012). There is potential for symbiosis between dietary fibre and probiotics. Probiotics 

are live microorganisms added to feed, which are known to beneficially assist a healthy 

microbial gut flora (Boostani et al., 2013). The term probiotic is from the Greek pro (for) bio 

(life) was first used by Lilly and Stillwell in 1965 who observed growth promotion produced 

by microorganisms (Ghadban, 2001). Probiotics have many modes of action and are still being 

widely studied. Current evidence indicating that they are beneficial as feed additive include the 

ability of competitive pathogen exclusion, improving feed digestion, improving 

histomorphology of GIT, altering bacterial metabolism, reduced cholesterol and reduced 

immune modulation (Ghadban G S, 2001, Boostani et al., 2013, Shokryazdan et al., 2017, 

Karimi Torshizi et al., 2010, Yang et al., 2009) 

Probiotics 

Probiotics have been associated with human health for centuries. Health benefits of consuming 

fermented milk products are recorded in the Book of Genesis and by Roman historian Plinius, 

who recommended it for the treatment of gastroenteritis (Schrezenmeir J, 2001). There have 

been many definitions for what the term probiotics means, the most recent of which is given 

by Schrezenmeir and de Verse “a viable mono-or mixed culture of microorganisms which 
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applied to animal or man, beneficially affects the host by improving the properties of the 

indigenous microflora” (Abdelrahman W H A (Editor-in-Chief), 2014, Schrezenmeir J, 2001).  

The functions of probiotics are diverse and complexed. There have been many studies that 

suggest that microflora play key roles in the GIT and immune development (Abdelrahman W 

H A (Editor-in-Chief), 2014). It is hypothesised that probiotics are able to maintain a healthy 

GIT by filling niches, therefore excluding other bacterial species and by actively producing 

antimicrobial compounds known as bacteriocins (Stanley et al., 2012). Improved FCR, BWG, 

immune system function can be expected, and current research endeavours to find the most 

elite forms of probiotics (Stanley et al., 2014).,  

Probiotics are often considered a potential replacement to AGPs, either on their own or in 

combination with other potentially pathogen-controlling agents (Park and Floch, 2007). 

Although there is an abundance of published investigations of the ability of probiotics to 

control pathogens in vitro, and in vivo animal trial settings, general use in birds in a farming 

environment has not always lived up to expectations (Abdelrahman W H A (Editor-in-Chief), 

2014, Dobson et al., 2012, Lilly and Stillwell, 1965, Park and Floch, 2007).  

Phytoadditives 

Phytoadditives, also known as phytobiotics, may be considered as alternatives to the use of 

prophylactic sub-therapeutic use of AGPs. Many plants produce secondary substances that are 

used for either attracting or deterring foreign organisms (Fraenkel, 1959). Plants that produce 

compounds that defend against pathogenic bacteria, fungi and parasites could have a benefit 

from natural selection. Oregano produces the highest concentrations of carvacrol and thymol 

in the flowering time (Grevsen K, 2009, Ozkan et al., 2010). Carvacrol and thymol are naturally 

produced compounds that reduce or inhibit the growth of bacteria (Bajpai et al., 2012a). 

Phytobiotics are produced by the plant as antibacterial, antiviral, antifungal and insecticides 

(Bakkali et al., 2008, Hyldgaard et al., 2012, Bajpai et al., 2012a). Phytoadditives have almost 

exclusively been used as essential oils and oleoresins and studied for their antimicrobial 

activities by in vitro and in vivo assays (Viuda-Martos et al., 2011, Lee et al., 2013). EOs are 

extremely variable in compound concentration (Bokov et al., 2015, Toncer et al., 2009, Alloui 

et al., 2014). Essential oils are generally comprised of terpenes, terpenoids, phenol derived 

aromatic and aliphatic components (Bakkali et al., 2008, Bajpai et al., 2012a). The volatile 

nature of these compounds leads to evaporation, and further inconsistencies of dosage may be 

encountered.  The lipophilic nature of essential oils allows them to readily interact with the 

cellular membrane (Knobloch et al., 1989, Burt et al., 2007). That can lead to various further 
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interaction such as disrupting cell membrane potential due to loss of ions, the collapse of the 

proton pump and depletion of the ATP pool (Bakkali et al., 2008, Burt et al., 2007).  

Oregano 

Origanum vulgare L. essential oil (OEO) has been widely studied as a phytoadditive. OEO 

generally contains monoterpenes carvacrol and thymol and their biosynthetic precursors p-

cymene and y-terpinene as the dominant components at approximately 80% (Lagouri et al., 

1993, Grevsen K, 2009). Currently, research is conclusive that carvacrol and thymol have 

antimicrobial effects against bacteria and fungi. Research has also shown an additive effect of 

the two compounds (Nostro et al., 2007). However, the application has not been optimised, and 

in vivo, results have been inconsistent (Puvača et al., 2013). A reason for such inconsistencies 

could be the variability of carvacrol and thymol. It is possible to predict harvest quality by 

harvesting at times that have shown to have higher oil, carvacrol and thymol content (Ozkan et 

al., 2010). In the future hand-held NIR devices may also be used by farmers so as they can 

ensure they harvest at a time that provides a quality product (Camps et al., 2014). In vivo trials 

may also be affected by the lack of knowledge within the scientific community of how this 

molecule interacts with the host. Some projects show microbial shifts and others have shown 

no effect on microbial communities. A hypothesis for this divergence is that the molecules are 

absorbed early within the digestive tract limiting microbial interaction (Michiels et al., 2010, 

Mohiti-Asli and Ghanaatparast-Rashti, 2017).  

Mediterranean (mostly Greek and Turkish) oregano oil concentration varies and is highest after 

flowering at the beginning of the fruiting stage. The antioxidant activities of OEO are mainly 

due to flavonoids and phenolic acids. Carvacrol has shown to have the highest values at July 

harvest (Grevsen K, 2009). Oregano contains the highest oil content, while the plant is budding 

(Ozkan et al., 2010). 

Currently, research is focused on using oregano essential oil (OEO) and its photoactive 

ingredients as the feed additive. There is considerable in vivo research using OEO to modulate 

the growth of bacteria and improve intestinal health (Du et al., 2016, Mohiti-Asli and 

Ghanaatparast-Rashti, 2017). However, there have been inconsistencies in vivo application 

noted in reviews (Thacker, 2013, Zeng et al., 2015). Some examples of this are discrepancies 

in FCR where some (Roofchaee et al., 2011) noted an increase and others (Kırkpınar et al., 

2011) observed decreased FCR.  
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Carvacrol and thymol modes of action have been widely studied and have shown to be a 

potential replacement to AGPs due to their antimicrobial activities (Nostro et al., 2007, Burt et 

al., 2014, Michiels et al., 2010, Lambert et al., 2000). The hydroxyl group found on both 

compounds is believed to be the mechanism that causes a decrease in the cytoplasmic 

membrane potential (∆pH), the collapse of the membrane potential and the inhibition of ATP 

synthesis (Ultee et al., 2002). Carvacrol and thymol have shown an additive effect (Du et al., 

2015, Rivas et al., 2010), while p-cymene has shown to have a synergistic relationship with 

carvacrol. It is assumed that p-cymene does not have antimicrobial activity when used alone 

due to the lack of a hydroxyl group (Ultee et al., 2002).  

The anti-oxidant abilities of carvacrol and thymol have been widely studied for their 

preservative (Olmedo et al., 2014, Llana-Ruiz-Cabello et al., 2015, Lagouri et al., 1993, Bajpai 

et al., 2012a, Hyldgaard et al., 2012) and inflammatory benefits (Silva et al., 2012, Ocana-

Fuentes et al., 2010, Arigesavan and Sudhandiran, 2015). Pro-oxidant and antioxidant 

properties of carvacrol, thymol and a representative of the natural carvacrol thymol mixture 

(10:1), found in oregano, were shown in several assays conducted by Llana-Ruiz-Cabello 

(Llana-Ruiz-Cabello M, 2015).  2,2-diphenyl-1-picrylhydrazyl DPPH and 2,2’-azinobis-(3-

ethyl-benzothiazoline-6-sulphonic acid) ABTS assay was used to show antioxidant activity and 

dichlorofluorescein (measuring reactive oxygen species) and fluorescent probe 

monochlorobimane (measuring glutathione levels).  

These assays showed that a mixture of both carvacrol and thymol 10:1 at high concentrations 

induced oxidative stress. At lower concentrations, the mixture had a protective role against 

induced oxidative stress. Dagli Gul (Dagli Gul et al., 2013) demonstrated that 20mg/kg/day 

was more effective at reducing oxidative stress than doses of 40mg and 80mg in protecting 

pancrease isolates from H2O2 induced cellular injury, where the mechanisms of inhibition of 

the ATP cycle were revealed. This disruption in the electron chain can produce free radicals 

which oxidise and damage lipids, proteins and DNA (Bakkali et al., 2008) dependent on the 

metal ions present (Stadler et al., 1995). This could explain why carvacrol and thymol are 

stronger antioxidants at lower concentrations.  Thymol is the stronger antioxidant in lipids due 

to steric hindrance of its phenolic group (Yanishlieva et al., 1999). The antioxidant activity of 

carvacrol has also shown to decrease inflammation response in colitis-associated colon cancer 

induced by 1,2 dimethylhydrazine (DMH) and dextran sodium sulphate (DSS) in male Fischer 

344 rat model (Arigesavan and Sudhandiran, 2015). The study revealed that carvacrol induces 

the endogenous antioxidant system by significantly increasing the presence of enzymes such 
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as GSH. Suppression of pro-inflammatory mediators such as nitric oxide synthase (iNOS) and 

interlukin-1 beta (IL-Ib) was observed, which led to the restoration of histological lesions. 

Lima et al., (2013), also found a reduction in the production of pro-inflammatory mediators 

and attributed that to carvacrol possibly by inducing the release of interleukin-10 (IL10). Others  

(Ocana-Fuentes et al., 2010), also revealed a decrease in pro-inflammatory cytokines and 

increase of anti-inflammatory cytokines using an enzyme-linked immunosorbent assay 

(ELISA). The study also demonstrated that a concentration of OEO higher than 30µg/ml 

decreased THP-1 derivated macrophages viability using a 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide) MTT assay. 

Oregano essential oil has been studied as a potential replacement to AGPs in various studies. 

OEO increased weight gain (Peng et al., 2016) compared to avilamycin (broiler AGP) and a 

non-supplemented diet. The jejunum morphology of OEO treatment had significantly lower 

crypt depths and improved crypt to villus height ratios.  

Yin et al., (2017), conducted a challenge experiment, using Clostridium perfringes to induce 

NE disease and blend of 25% thymol and 25% carvacrol as a prophylactic treatment. The 

manuscript observed decreased mortality, gut lesions and virulence factors of pathogenic 

bacteria (VF 0073-ClpE, VF0124-LPS, andVF0350-BSH). Thymol-carvacrol blend modulated 

ileum microbial populations by increasing L. agilis and L. crispatus, and decreasing L. 

salivarius and L. johnsonii. A study (Zou et al., 2016) revealed that pigs treated with OEO had 

significantly lower TNF-a, IL-Ib, IL-6, and INF-g, and the villi height was significantly higher.  

Mathlouthi et al. (2012), compared supplementary effects of rosemary essential oil, OEO, 

thymol-carvacrol blend and avilamycin. Rosemary essential oil had an antibacterial effect on 

Escheria coli, Salmonella Indiana and Listeria innocua shown by disk diffusion. OEO had an 

increased antibacterial effect compared to rosemary essential oil effect on pathogens, 

Staphylococcus aureus and Bacillus subtilis. In this study, all treatments out-performed the 

control, and there were no significant differences in growth between treatments. These findings 

highlight the need to clarify in vivo efficacy, as in vitro results are indicative but not necessarily 

a true reflection of activity in a complex microbial community. To improve the bioavailability 

of carvacrol and thymol when using whole herb, it is recommended to reduce particle size, 

thereby increasing surface area.  

Based on the literature above, in this thesis, we present the investigation that aims to answer 

the following scope:  
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• Can oregano herb control pathogens while sparing beneficial bacteria  

• Is there already existing natural resistance to oregano among pathogenic or beneficial 

genera 

• What is the minimum concentration that provides microbial inhibition, and maximum 

concentration before the oregano starts casing intestinal inflammation 

• Can oregano, if given from hatch, influence the development of microbiota 

• How is microbiota changed in different gut sections and what functional capabilities 

microbiota gained or lost 
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gene was used to investigate the overall changes to the microbial community as well as 
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the first day post-hatch, on development and maturation of intestinal microbiota was 

investigated. Surprisingly even high concentration of oregano did not result in very different 

mature microbiota; the differences were small and variable from week to week.   
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Chapter 5 

 
Functional analysis of changes in gut 

microbiota genetic potential in broilers 

supplemented with 2% oregano 

 

Here we present the investigation into the change of functional abilities of microbiota from the 

gut of broilers supplemented with 2% oregano. The 16S amplicon sequencing was used in 

combination with PiCrust algorithm to predict the genes and functions present in microbiota of 

control and oregano. The data suggested significant changes in function rather than in 

microbiota per se. Oregano reduced the abundance of genes involved in the ability of bacteria 

to invade epithelia, make toxins and move. It also reduced a range of infection and disease-

related genes and reduced abundance of genes involved in carbohydrate and lipid metabolism 

and steroid synthesis.   
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Chapter 6 

Discussion, implications, future work 

and directions 
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The data presented in this thesis brings new knowledge to understanding the effects of 

prolonged oregano supplementation to the broiler chicken. All of the research presented in the 

literature review is based on the classic culturing methodology where only single species were 

cultured and investigated separately from the community. With the emergence of sequencing 

technology and the rising popularity of 16S microbiota sequencing methodology, an 

understanding has been developed that those same species behave very different when grown 

in a single culture as opposed to the growth in the complex microbial community. Classic 

bacterial culturing does not take into account complex microbiota interactions with each other 

and with the metabolites present in the gut as well as with the host produced factors. This is 

emphasised with an inability to culture most of the species from the gut, despite all of the 

modern technology at one's disposal as it is seemingly impossible to reproduce the complexity 

of the intestinal environment in vitro.  

The data showed that oregano did not change microbiota as much as could be expected based 

on the literature review grounded on single species inhibition data. The same taxa were much 

more resilient when grown in the community than when grown on their own, presumably due 

to a very different intestinal chemistry compared to media optimised for perfect growth. The 

same taxa had ample more metabolites produced by all of the collective community members 

at their disposal, some of which could provide beneficial effects in mounting a response to the 

phytogens from oregano. This emphasises the importance of in vivo data.  

Interestingly, this translated to a minor influence of oregano on the development of intestinal 

microbiota, to the level that could be called almost negligible. This is surprising as such potent 

antimicrobial phytogenic product should remodel colonisation of naïve chicks intestinal tract, 

however, even at doses as high as 2%, there were no significant differences in the final 

developed community. On the one hand, this could be disappointing as it was expected that 

oregano would fully prevent the pathogens from colonising. Even the species with an 

abundance of literature showing that they are strongly inhibited by oregano did manage to 

colonise. On the other hand, this emphasises the level of the irrelevance of single strain data to 

the behaviour in vivo and gives confidence that oregano will not cause significant disruption 

of normal chicken microbiota.  

Instead of bringing chaos to the microbial community, oregano selectively reduced certain 

species and increased others. Some Lactobacillus sp. were strongly induced, and others 

strongly inhibited. This opens another major question: is there antimicrobial resistance (AMR) 
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associated with phytogenic products and will they also contribute to the rise of AMR in poultry 

sheds? 

Antimicrobial resistance refers to bacteria becoming resistant to antibiotics that are designed 

to kill that particular species. AMR is recognised by the World Health Organization (WHO) as 

a priority research area with growing public awareness of the danger it represents to human 

health. The Review on Antimicrobial Resistance, a project commissioned in July 2014 by the 

UK Prime Minister, predicted that “the death toll of AMR could be one person every three 

seconds”, amounting to 10 million per year and cost over 100 trillion USD by 2050. Although 

hospitals and human overuse of antibiotics are the major sources of AMR pathogens, the use 

of antibiotics in livestock, mainly pig and poultry, came under the magnifying glass with 

growing AMR awareness. Leaking AMR genes from farm manure into the soil and waterways 

are considered a more significant issue then AMR in poultry products.  

Recently our understanding of AMR changed significantly. The scientific community now 

knows that AMR is a natural progression which occurs in response to microbial stressors. 

Metagenomic analysis of archeological samples showed that thousand years old mummies had 

AMR genes to all of today’s antibiotic classes, even those discovered most recently. This 

means that AMR is a natural phenomenon that predates the modern era of antibiotics and that 

some members of the collective of global bacteria are adapted to just about anything 

antimicrobial that nature has to offer. The modern environment is enriched in mutagenic 

chemicals, which resulted in some species that have a very high mutation, and hence adaptation 

rate. Any type of selective antibacterial pressure would, therefore, select for the most 

mutagenic and most adaptive species, thus increasing total AMR genes. It is quite possible that 

phytogens will also gradually increase AMR on farms returning the industry few steps back to 

revisit other ways of pathogen control. 

To conclude, the investigation provided some answers and opened many questions warranting 

further research into the effects of phytogens and their long term AMR interactions. The data 

also opened several exciting topics that should be investigated further. For example, the 

functional data analysis pointed out to the ability of oregano to reduce the presence of genes 

involved in prostate and urinary cancer, as well as indicated possible reduction of sex hormones 

which can be the reason of reduction of these specific types of cancer. Based on functional 

analysis, oregano interferes with the digestion of lipids and carbohydrates, the functional 
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analysis, however, cannot be more specific. Is oregano reducing the ability to absorb or to store 

the fat and carbohydrates?  

Finally, this study focused on microbiota and microbiota function as well as behaviour and 

maturation of the total microbial community where the number of animals that were used is 

acceptable. This study did not focus on evaluating performance on an industrial scale, but 

instead, it focused on microbiota, metabolites and histology. However, the next stage of the 

project are the trials in layers in an industry setting using n=20,000 investigating resistome and 

gene expression changes as well as performance. Since these trials follow the layers from hatch 

to the end of production, they exceed the scope of this thesis and are timing restrictive; 

however, it was the work presented here that set up the scene and provided information need 

for optimising the industrial-scale trials.   
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Table 1: Concentrations of vitamins and trace elements in enhanced LYHBHI media. 

Ingredient	 Origin	 Conc	µg/L	

Calcium	(carbonate)	 Cenovis Multivitamin 2.10E+01	

Riboflavine	(Vit	B2)	 Cenovis Multivitamin 4.00E-01	

Thiamine	Nitrate	(B1)	 Cenovis Multivitamin 4.00E-01	

Cyanocobalamin	(B12)	 Cenovis Multivitamin 5.00E-03	

Pyridoxine	Hydrochloride	(B6)	 Cenovis Multivitamin 8.00E-01	

Nicotinamide	(B3)	 Cenovis Multivitamin 4.00E+00	

Calcium	Panthonenate	(B5)	 Cenovis Multivitamin 2.20E+00	

Zinc	(Oxide)	 Cenovis Multivitamin 1.50E+00	

Ascorbic	acid	 Cenovis Multivitamin 4.50E+00	

Cod-liver	oil	 Cenovis Multivitamin 1.75E+01	

Magnesium	(oxide	heavy)	 Cenovis Multivitamin 1.50E+00	

Total	Vit	A	 Cenovis Multivitamin 5.93E-02	

dl-alpha-Tocopherol	(Vit	E	20IU)	 Cenovis Multivitamin 1.82E+00	

Iron	(Ferrous	Fumarate)	 Cenovis Multivitamin 5.00E-01	

Folic	acid	 Cenovis Multivitamin 3.00E-02	

Betacarotene	 Cenovis Multivitamin 1.20E-01	

Cholecalciferol	(Vit	D3	154IU)	 Cenovis Multivitamin 3.85E-04	

Citrus	Bioflavonoids	Extract	 Cenovis Multivitamin 2.00E-01	

Biotin	(Vit	H)	 Cenovis Multivitamin 1.50E-02	

Phytomenadine	(Vit	K1)	 Cenovis Multivitamin 1.50E-03	

Iodine	(Potassium	Iodide)	 Cenovis Multivitamin 1.50E-02	
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Copper	(Cupric	Sulfate	Anhydrous)	 Cenovis Multivitamin 1.00E-01	

Chromium	(Picolinate)	 Cenovis Multivitamin 2.50E-03	

Manganese	(Sulfate	Monohydrate)	 Cenovis Multivitamin 1.00E-01	

Selenium	(Selenomethionine)	 Cenovis Multivitamin 2.50E-03	

Boron	(Boric	acid)	 Cenovis Multivitamin 3.00E-01	

Menaquinone	7-MK7	 Caruso's 9.00E+00	

 

Table 2: Differentially abundant OTUs.  

Positive Fold Change indicates fold higher in oregano, negative fold change represents fold 

reduced in oregano.  

Multiple genera hits text in the table indicate blast hits with species from different genera with 

the same %ID, impossible to resolve on the current amplicon size. 

Multiple sp. hits text in the table indicate blast hits with different species within the same genera 

that have the same %ID, impossible to resolve on the current amplicon size. 

Uncult. bact. clone text in the table indicates number of hits to uncultured 16S bacterial gene 

sequences. 

OTUs 

(GreenGenes taxonomy) 

p-val 

(DESeq2) 

Blastn hit Blast 

% ID 

Fold 

Change 

Lactobacillus OTU 152229 2.70E-05 L. ingluviei  100 34.14 

Lactobacillus OTU 272449 3.20E-05 L. acidophilus  100 12.3 

Lactobacillus OTU 104484 6.10E-05 L. ingluviei 100 113100 

Lactobacillus OTU 119821 1.10E-04 L. johnsonii 100 8.123 

Lactobacillales OTU 33472 3.40E-04 Multiple genera hits 100 6.034 

Lactobacillus OTU 155425 4.90E-04 L. crispatus 100 5.313 

Lactobacillus OTU 27332 9.70E-04 Uncult. bact. clone 98 73.79 

Streptococcus OTU 207140 1.00E-03 Uncult. bact. clone 99 -6.339 

Pediococcus OTU 284103 1.10E-03 Uncult. bact. clone 98 310100 

Lactobacillus OTU 251983 1.20E-03 Uncult. bact. clone 98 -6.113 

Lactobacillus OTU 266421 1.30E-03 Uncult. bact. clone 97 7.378 
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OTUs 

(GreenGenes taxonomy) 

p-val 

(DESeq2) 

Blastn hit Blast 

% ID 

Fold 

Change 

Lactobacillus OTU 170328 2.00E-03 L. ingluviei 96 6.261 

Lactobacillaceae OTU 101791 2.40E-03 Multiple genera hits 99 159300 

Lactobacillus OTU 17603 2.70E-03 L. ingluviei 100 5.941 

Lactobacillus OTU 80381 3.50E-03 Uncult. bact. clone 97 17.24 

Lactobacillus OTU 85290 4.00E-03 L. reuteri 97 -9.651 

Enterobacteriaceae OTU 

263876 

4.30E-03 Uncult. bact. clone 95 7.036 

Lactobacillus OTU 169080 5.20E-03 Uncult. bact. clone 95 29700 

Lactobacillus OTU 76087 5.20E-03 Multiple genera hits 99 6.504 

Lactobacillus OTU 116794 6.10E-03 Uncult. bact. clone 97 26820 

Streptococcus OTU 136500 6.20E-03 Uncult. bact. clone 97 -16.13 

Carnobacteriaceae OTU 9724 6.70E-03 Multiple genera hits 98 4.884 

Streptococcus OTU 167252 6.80E-03 Uncult. bact. clone 98 -8.999 

Lactobacillus OTU 213664 7.40E-03 Uncult. bact. clone 98 9.258 

Streptococcaceae OTU 

180394 

7.60E-03 Uncult. bact. clone 96 30660 

Lactobacillus OTU 98212 8.50E-03 Uncult. bact. clone 96 36270 

Enterococcus OTU 123391 9.20E-03 Multiple genera hits 95 21240 

Streptococcus OTU 214315 9.20E-03 Uncult. bact. clone 98 -5.219 

Streptococcaceae OTU 19535 9.80E-03 S. anginosus 97 5.146 

Lactobacillaceae OTU 21754 0.010 Uncult. bact. clone 97 55700 

Lactobacillus OTU 211163 0.010 Uncult. bact. clone 97 3.497 

Lactobacillus OTU 238976 0.010 Uncult. bact. clone 97 -16.66 

Lactobacillaceae OTU 186446 0.011 Multiple genera hits 98 52220 

L. manihotivorans OTU 

159388 

0.011 Uncult. bact. clone 97 4.376 

Lactobacillus OTU 300049 0.011 Uncult. bact. clone 98 113.9 

Streptococcaceae OTU 

182884 

0.012 Uncult. bact. clone 96 9.836 

L. coleohominis OTU 224518 0.013 L. coleohominis 100 2.939 
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OTUs 

(GreenGenes taxonomy) 

p-val 

(DESeq2) 

Blastn hit Blast 

% ID 

Fold 

Change 

Lactobacillus OTU 228314 0.013 Uncult. bact. clone 96 10.44 

Lactobacillus OTU 25404 0.013 Multiple genera hits 96 4.216 

Lactobacillus OTU 225126 0.014 L. KC45b 97 44720 

Lactobacillus OTU 88490 0.014 L. ingluviei 97 12.64 

Lactobacillus OTU 71614 0.015 Uncult. bact. clone 96 8.038 

Streptococcus OTU 97924 0.015 Uncult. bact. clone 98 -6.752 

Lactobacillus OTU 286390 0.016 Uncult. bact. clone 97 20270 

Lactobacillus OTU 708 0.016 L. ingluviei 97 8.157 

Lactobacillus OTU 123426 0.017 Uncult. bact. clone 97 -20.05 

Enterococcus OTU 38024 0.019 Uncult. bact. clone 97 2.222 

Lactobacillus OTU 61159 0.019 L. ingluviei 96 21750 

Lactobacillus OTU 145258 0.021 Uncult. bact. clone 97 6.821 

Lactobacillus OTU 250410 0.021 Uncult. bact. clone 99 11.34 

Streptococcus OTU 159558 0.021 Uncult. bact. clone 97 -5.26 

Lactobacillus OTU 192829 0.023 Uncult. bact. clone 99 -4.384 

Lactobacillus OTU 86477 0.024 Uncult. bact. clone 98 -8.162 

Lactobacillus OTU 151770 0.025 L. ingluviei 97 2.977 

Lactobacillus OTU 158017 0.025 Uncult. bact. clone 95 31060 

Lactobacillus OTU 269761 0.025 Uncult. bact. clone 96 30260 

Streptococcus OTU 106153 0.025 S. macedonicus 100 -3.892 

Lactobacillaceae OTU 147775 0.026 Uncult. bact. clone 96 29460 

Lactobacillales OTU 278065 0.026 Uncult. bact. clone 98 44.97 

Lactobacillus OTU 174211 0.027 L. ingluviei 97 16530 

Streptococcus OTU 82525 0.027 Uncult. bact. clone 97 -5.678 

Lactobacillus agilis OTU 

261200 

0.028 L. agilis 99 -5.439 

Lactobacillus OTU 56616 0.028 Uncult. bact. clone 99 3.656 

Streptococcus OTU 237114 0.029 Uncult. bact. clone 97 -8.107 

Lactobacillus OTU 109663 0.030 Uncult. bact. clone 98 6.144 

Lactobacillus OTU 258257 0.030 Uncult. bact. clone 99 -20030 
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OTUs 

(GreenGenes taxonomy) 

p-val 

(DESeq2) 

Blastn hit Blast 

% ID 

Fold 

Change 

Lactobacillus OTU 275395 0.030 Uncult. bact. clone 97 6.727 

Streptococcus OTU 144009 0.030 Uncult. bact. clone 98 -12.45 

Streptococcus OTU 61448 0.030 Uncult. bact. clone 98 -26380 

Enterococcus OTU 187731 0.031 Uncult. bact. clone 98 2.284 

Lactobacillus OTU 174201 0.032 Uncult. bact. clone 98 2.526 

Lactobacillus OTU 207893 0.033 Uncult. bact. clone 98 -24070 

Lactobacillus OTU 52161 0.033 Uncult. bact. clone 98 2.42 

Lactobacillus OTU 60926 0.033 Uncult. bact. clone 98 12780 

Enterobacteriaceae OTU 

92136 

0.033 Uncult. bact. clone 96 4.642 

Streptococcus OTU 264005 0.037 Uncult. bact. clone 99 -6.379 

Lactobacillus OTU 192558 0.038 Uncult. bact. clone 96 6.253 

Streptococcus OTU 4154 0.038 Uncult. bact. clone 97 -4.859 

Lactobacillus OTU 184772 0.039 Uncult. bact. clone 92 11220 

Enterococcus OTU 175058 0.040 Multiple genera hits 99 11420 

Lactobacillus OTU 34587 0.040 Uncult. bact. clone 99 4.445 

Lactobacillus OTU 136182 0.041 Multiple sp. hits 

(Lactobacillus) 

97 4.301 

Lactobacillus OTU 263116 0.041 L. reuteri 97 -4.942 

Enterococcus OTU 170058 0.042 Multiple genera hits 96 5.834 

Lactobacillus OTU 154837 0.042 Uncult. bact. clone 96 11030 

Streptococcus OTU 293956 0.042 Uncult. bact. clone 98 -5.861 

Enterobacteriaceae OTU 

253114 

0.042 Multiple sp. hits 

(Enterobacteriaceae) 

97 13740 

Lactobacillus OTU 226170 0.043 Uncult. bact. clone 99 2.021 

Lactobacillus OTU 207731 0.044 Uncult. bact. clone 99 10390 

Streptococcus OTU 122385 0.044 Uncult. bact. clone 96 -4.077 

Lactobacillus OTU 284267 0.045 Uncult. bact. clone 95 7.555 

Lactobacillus OTU 126939 0.046 Uncult. bact. clone 97 5.421 

Lactobacillus OTU 3668 0.046 L. ingluviei 97 13770 
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OTUs 

(GreenGenes taxonomy) 

p-val 

(DESeq2) 

Blastn hit Blast 

% ID 

Fold 

Change 

L. agilis OTU 116383 0.048 L. agilis 96 11300 

Lactobacillus OTU 9908 0.048 Uncult. bact. clone 95 20080 

Lactobacillus OTU 264260 0.049 Uncult. bact. clone 96 -15460 
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Table 3: Genera and OTUs Spearman correlated to acetic acid. 

Significant correlations for top 100 most abundant OTUs are shown. 

Multiple genera hits text in the table indicate blast hits with species from different genera with 

the same %ID, impossible to resolve on the current amplicon size.  

Uncult. bact. clone text in the table indicates number of hits to uncultured 16S bacterial gene 

sequences. 

 

OTUs 

(GreenGenes taxonomy) 

p-val R Blastn hit Blast  

% ID 

Enterobacteriaceae OTU 271191 1.70E-04 0.88 Uncult. bact. clone 96 

Enterobacteriaceae OTU 261461 5.00E-04 0.85 Uncult. bact. clone 97 

Lactobacillus OTU 200355 6.30E-04 0.84 Uncult. bact. clone 98 

Enterococcus OTU 15749 1.00E-03 0.82 E. faecium 100 

Enterococcus OTU 55837 1.70E-03 0.80 Uncult. bact. clone 98 

Enterococcus OTU 11689 1.80E-03 0.80 Uncult. bact. clone 97 

Enterobacteriaceae OTU 267130 3.40E-03 0.77 Uncult. bact. clone 99 

Enterococcus OTU 187731 4.70E-03 0.75 Uncult. bact. clone 98 

Lactobacillus OTU 17603 5.30E-03 -0.75 L. ingluviei 100 

Enterobacteriaceae OTU 146685 5.30E-03 0.75 Uncult. bact. clone 98 

Enterobacteriaceae OTU 224864 6.60E-03 0.73 Uncult. bact. clone 99 

Lactobacillus OTU 35668 0.010 -0.71 L. marseille 98 

Enterobacteriaceae OTU 135153 0.011 0.70 E. coli 100 

Lactobacillus OTU 203797 0.014 -0.69 Uncult. bact. clone 96 

Streptococcus OTU 154406 0.014 -0.68 Uncult. bact. clone 98 

Lactobacillus OTU 708 0.015 -0.68 L. ingluviei 97 

Lactobacillus OTU 109663 0.020 -0.66 Uncult. bact. clone 98 

Enterococcus OTU 264003 0.021 0.66 Uncult. bact. clone 98 

L. manihotivorans OTU 159388 0.021 -0.66 Uncult. bact. clone 97 

Enterobacteriaceae OTU 183643 0.023 0.65 Uncult. bact. clone 100 

Lactobacillus OTU 76947 0.024 0.64 Uncult. bact. clone 97 

S. alactolyticus OTU 147828 0.024 0.64 Uncult. bact. clone 99 
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OTUs 

(GreenGenes taxonomy) 

p-val R Blastn hit Blast  

% ID 

Lactobacillus OTU 148643 0.025 -0.64 L. johnsonii 100 

L. manihotivorans OTU 198669 0.026 0.64 Uncult. bact. clone 98 

Lactobacillus OTU 151770 0.027 -0.63 L. ingluviei 97 

Lactobacillus OTU 52161 0.035 0.61 Uncult. bact. clone 98 

Lactobacillus OTU 92052 0.035 -0.61 Uncult. bact. clone 99 

Lactobacillus OTU 1550 0.038 -0.60 L. KC45b 97 

Streptococcaceae OTU 233731 0.040 -0.60 Uncult. bact. clone 99 

L. coleohominis OTU 224518 0.040 -0.60 Uncult. bact. clone 100 

Lactobacillus OTU 287135 0.041 -0.60 Uncult. bact. clone 100 

Lactobacillus OTU 44522 0.042 -0.59 Uncult. bact. clone 99 

Lactobacillus OTU 1270 0.050 -0.58 Uncult. bact. clone 98 

GENERA     

Enterococcus 2.20E-04 0.87 - - 

Ruminococcus 4.00E-04 0.85 - - 

Unclassified Coriobacteriaceae 8.20E-04 0.83 - - 

Unclassified Burkholderiales 4.50E-03 0.75 - - 

Proteus 5.50E-03 0.74 - - 

Unclassified Betaproteobacteria 5.70E-03 0.74 - - 

Coprobacillus 8.50E-03 0.72 - - 

Bacteroides 9.60E-03 0.71 - - 

Unclassified Enterobacteriaceae 0.011 0.70 - - 

Sutterella 0.012 0.69 - - 

Clostridium 0.015 -0.68 - - 

Unclassified Enterococcaceae 0.017 0.67 - - 

Unclassified Erysipelotrichaceae 0.019 0.66 - - 

Bifidobacterium 0.025 0.64 - - 

Collinsella 0.028 0.63 - - 

Unclassified Ruminococcaceae 0.032 0.62 - - 

Unclassified Pseudomonadaceae 0.040 0.60 - - 

  



 

78 
 

Table 4: Genera and OTUs Spearman correlated to butyric acid. 

Significant correlations for top 100 most abundant OTUs are shown. 

Multiple genera hits text in the table indicate blast hits with species from different genera with 

the same %ID, impossible to resolve on the current amplicon size.  

Uncult. bact. clone text in the table indicates number of hits to uncultured 16S bacterial gene 

sequences. 

OTUs 

(GreenGenes taxonomy) 

p-val R Blastn hit Blast 

% ID 

Enterobacteriaceae OTU 261461 3.20E-04 0.86 Uncult. bact. clone 99 

Enterobacteriaceae OTU 271191 5.80E-04 0.84 Uncult. bact. clone 96 

Lactobacillus OTU 200355 1.10E-03 0.82 Uncult. bact. clone 98 

Enterococcus OTU 55837 1.30E-03 0.81 Uncult. bact. clone 98 

Enterococcus OTU 187731 1.60E-03 0.80 Uncult. bact. clone 98 

Enterococcus OTU 15749 1.80E-03 0.80 E. Faecium 100 

Enterococcus OTU 11689 4.30E-03 0.76 Uncult. bact. clone 98 

Enterobacteriaceae OTU 267130 6.30E-03 0.74 Uncult. bact. clone 99 

Lactobacillus OTU 76947 6.90E-03 0.73 Uncult. bact. clone 95 

Enterobacteriaceae OTU 146685 7.00E-03 0.73 Uncult. bact. clone 98 

Lactobacillus OTU 17603 9.00E-03 -0.71 L. ingluviei 100 

Enterobacteriaceae OTU 224864 0.011 0.70 Uncult. bact. clone 99 

Enterococcus OTU 264003 0.012 0.70 Uncult. bact. clone 98 

Enterobacteriaceae OTU 135153 0.014 0.69 E. coli 99 

Lactobacillus OTU 35668 0.015 -0.68 Multiple sp. hits 

(Lactobacillus) 

98 

S. alactolyticus OTU 147828 0.018 0.67 Uncult. bact. clone 99 

Lactobacillus OTU 109663 0.021 -0.65 Uncult. bact. clone 99 

Enterobacteriaceae OTU 183643 0.021 0.65 Uncult. bact. clone 98 

L. manihotivorans OTU 198669 0.028 0.63 Uncult. bact. clone 98 

Lactobacillus OTU 52161 0.028 0.63 Uncult. bact. clone 98 

Lactobacillus OTU 203797 0.034 -0.61 Uncult. bact. clone 96 

Lactobacillus OTU 151770 0.034 -0.61 L. ingluviei JCM 12531 97 
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OTUs 

(GreenGenes taxonomy) 

p-val R Blastn hit Blast 

% ID 

Enterococcus OTU 93226 0.035 0.61 L. ingluviei 97 

Lactobacillus OTU 708 0.036 -0.61 Uncult. bact. clone 97 

L. manihotivorans OTU 159388 0.038 -0.60 Multiple genera hits 100 

Lactobacillus OTU 148643 0.040 -0.60 Uncult. bact. clone 97 

Streptococcaceae OTU 233731 0.041 -0.60 Uncult. bact. clone 99 

Lactobacillus OTU 92052 0.043 -0.59 Uncult. bact. clone 99 

Lactobacillus OTU 66484 0.044 0.59 Uncult. bact. clone 97 

Lactobacillus OTU 1550 0.046 -0.58 L. KC45b 97 

Lactobacillus OTU 44522 0.046 -0.59 Uncult. bact. clone 99 

GENERA     

Enterococcus 5.00E-04 0.85 - - 

Ruminococcus 1.50E-03 0.81 - - 

Unclassified Coriobacteriaceae 2.70E-03 0.78 - - 

Unclassified Burkholderiales 5.20E-03 0.75 - - 

Proteus 5.90E-03 0.74 - - 

Coprobacillus 6.50E-03 0.73 - - 

Sutterella 6.80E-03 0.73 - - 

Bacteroides 0.012 0.69 - - 

Unclassified Betaproteobacteria 0.013 0.69 - - 

Unclassified Enterobacteriaceae 0.014 0.69 - - 

Clostridium 0.017 -0.67 - - 

Unclassified Enterococcaceae 0.023 0.65 - - 

Unclassified Ruminococcaceae 0.032 0.62 - - 
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Table 5: OTUs Spearman correlated to carvacrol. 

Significant correlations for top 100 most abundant OTUs are shown. There were no genera 

significantly correlated with carvacrol. 

Multiple genera hits text in the table indicate blast hits with species from different genera with 

the same %ID, impossible to resolve on the current amplicon size.  

Uncult. bact. clone text in the table indicates number of hits to uncultured 16S bacterial gene 

sequences. 

OTUs 

(GreenGenes taxonomy) 

p-val R Blastn hit Blast 

% ID 

Lactobacillus OTU 192829 6.30E-04 -0.84 Uncult. bact. clone 99 

Lactobacillus OTU 152229 1.20E-03 0.82 Uncult. bact. clone 97 

Streptococcus OTU 214315 1.60E-03 -0.80 Uncult. bact. clone 98 

Lactobacillus OTU 251983 5.20E-03 -0.75 Uncult. bact. clone 98 

Streptococcus OTU 207140 6.40E-03 -0.74 Uncult. bact. clone 99 

Streptococcus OTU 230511 0.011 -0.70 Uncult. bact. clone 99 

L. manihotivorans OTU 

159388 

0.012 0.69 Uncult. bact. clone 97 

Lactobacillus OTU 119821 0.014 0.68 L. KC38 99 

Lactobacillus OTU 85290 0.016 -0.67 Uncult. bact. clone 97 

Streptococcus OTU 52564 0.019 -0.66 Uncult. bact. clone 98 

Lactobacillales OTU 33472 0.019 0.66 Uncult. bact. clone 99 

Streptococcus OTU 122385 0.023 -0.65 Uncult. bact. clone 96 

Lactobacillus OTU 272449 0.026 0.64 Uncult. bact. clone 99 

Streptococcus OTU 159558 0.035 -0.61 Uncult. bact. clone 99 

Lactobacillus OTU 92052 0.038 0.60 Uncult. bact. clone 99 

Lactobacillus OTU 1550 0.039 0.60 L. KC45b 97 

 

 

 


