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Abstract 

Azo dyes are a class of food dyes that are widely used in a variety of commercial industries. 

These synthetic colours are aromatic in nature and are characterised by one or more 

functional –N N– groups within its molecular structure. One example of an azo dye is 

tartrazine. It’s lemon-yellow shade lends a bright, appealing colour to food products and 

pharmaceuticals, and is one of the most popular artificial dyes in the food trade. Tartrazine 

has also long been associated with negative health effects such as ADHD like symptoms, 

allergic responses and tissue damage. Posing a risk to human health has led to the prohibition 

and removal of many azo dyes from consumer products. At present, despite a long history of 

investigation, the toxicity of tartrazine has not yet been established and is still authorised for 

use in many countries. 

Azoreductases are enzymes present in mammals, bacteria and yeast that are recognised for 

their ability to reduce azo-dyes which in turn generates metabolites such as aromatic amines, 

often with carcinogenic and toxic properties. It is well known that the human gut microbiota 

play an integral part in the reduction, activation and detoxification of xenobiotics, however 

the majority of these metabolic pathways remain uncharacterised.  

This study aims to help advance these efforts, by selecting a common gut bacterial strain that 

has already demonstrated azoreductase capabilities, yet the enzymes responsible remain 

uncharacterised. To identify the genes that code for an azoreductase enzyme, the full genomic 

DNA of Odoribacter splanchnicus, a bacterial strain common to the human gut, was selected 

and a blastp search was performed, using a library of already characterised azoreductase 

protein sequences. This generated one protein sequence result which bore 51% sequence 

similarity to AzoC, an azoreductase from the anaerobic bacteria Clostridium perfringens. To 

amplify this gene, PCR conditions were optimised by applying a range of annealing 

temperatures. The temperature at which gene amplification was highest allowed for the gene 

of interest to be cloned into a choice of two pET TOPO® vectors which was then transformed 

into E. coli BL21 Star™ (DE3) cells. Varying combinations of environmental conditions 

were applied during protein expression trials to optimise the expression of soluble protein. 

Time constraints prevented further experiments which would aid in the identification and 

subsequent characterisation of a putative azoreductase enzyme from the genome of O. 

splanchnicus. However, this study highlights the importance in uncovering the enzymatic 

properties of our gut microbiome, particularly in species that have not yet been identified. 
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Chapter 1 Introduction 

Microbial life is believed to have been the very first life on Earth, originating over 3.5 billion 

years ago (Schopf et al., 2002; Knoll, 2015). Their adaptable nature has allowed them to 

colonise all available ecological niches, transforming our once inhabitable planet into one 

that could support the evolution of multi-cellular life (Stal, 2007). Since then, microbes have 

continued to co-evolve with eukaryotic life in a way that allows them to inhabit, interact with 

and influence the development of humans and other complex organisms (McFall-Ngai et al., 

2013). The human body and it’s many microbial inhabitants share a fine-tuned, symbiotic 

relationship that has developed over the course of 15 million years (Moeller et al., 2016) 

where microbes form specialised communities that thrive in specific regions of the body, the 

largest of which resides in the intestine, with a population of up to 100 trillion (1014) 

microbes (Whitman, Coleman and Wiebe, 1998). This particular community, often referred 

to as the human gut microbiome (Liang, Leung, Guan and Au, 2018) is known to play a role 

in many vital human processes including metabolism (Li et al., 2008), digestion (Bergman, 

1990) and immunity (Mazmanian, Liu, Tzianabos and Kasper, 2005). 

Colonisation of the human gut begins at birth upon neonatal exposure to host maternal gut 

microbes (Korpela, 2021). This event is crucial in the early development of the immune 

system (Gensollen, Iyer, Kasper and Blumberg, 2016) where, for example, the establishment 

of commensal bacterial species can direct the maturation of T cells (Lathrop et al., 2011) and 

hinder the formation of invasive pathogenic communities, thereby preventing infection (Van 

der Waaij, Berghuis-de Vries and Lekkerkerk-van der Wees, 1971). 

Once established, the gut microbiome contributes to digestion by metabolising undigested 

compounds such as starch that is resistant to amylase digestion, oligosaccharides and sugar 

alcohols (Ramakrishna, 2013). In turn, many of these bacterial strains synthesise essential 

nutrients that the human body itself is unable to produce such as vitamin K which is essential 

for normal blood coagulation, and for supporting bone and cardiovascular health (Walther, 

Karl, Booth and Boyaval, 2013). Other microbial metabolites include short chain fatty acids 

that provide energy to the host (Smith et al., 2013), indoles and neurotransmitters that are 

thought to influence brain development and function (Heijtz et al., 2011), and bile acid 

metabolites which are involved in microbe-microbe and host-microbe interactions 

(Wahlström, Sayin, Marschall and Bäckhed, 2016). 
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The composition of an individual’s microbiome is as unique as their fingerprint (Cryan and 

O’Mahony, 2011) and studies examining this diversity have identified implications on host 

health resulting from a disruption to or a reduction of harboured microbial communities, 

which is also known as gut dysbiosis (Kriss et al., 2018). For example, the treatment of an 

acquired infection with antibiotics, can reduce microbial diversity, and in particular 

commensal bacterial strains, resulting in the potential increase of pathogenic bacterial strains 

including/especially those with already acquired antibiotic resistance (Stecher et al., 2010). 

The gut microbiome is frequently referred to as an essential or metabolic organ (Possemiers, 

Bolca, Verstraete and Heyerick, 2011), collectively encoding for an estimated 2 – 4 million 

microbial genes (Qin et al., 2010) and although its metabolic functions have yet to be fully 

established, it is widely accepted that its metabolic capacity exceeds that of its mammalian 

counterpart, the liver, (Possemiers, Bolca, Verstraete and Heyerick, 2011). Both the gut 

microbiome and the mammalian liver demonstrate an ability to reduce a wide array of 

xenobiotics in vivo, inclusive of pharmaceuticals, cosmetics and environmental pollutants 

(Patterson, Gonzalez and Idle, 2010), however, the methods used to reduce these compounds 

differ between hepatic and microbial enzymes (Koppel, Maini Rekdal and Balskus, 2017). 

The liver employs ‘Phase I’ enzymes to increase polarity of xenobiotics, followed by the 

addition of a functional chemical moiety by ‘Phase II’ enzymes to promote excretion (Figure 

1.1) (Dancygier, 2010).  However, microbial enzymes employ reductive and hydrolytic 

reactions which can essentially reverse this entire process, thereby encouraging the toxicity of 

these drugs (Figure 1.2) (Tuteja and Ferguson, 2019). 
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Figure 1.1 An example of host xenobiotic metabolism via hepatic biotransformation. 

An example of host xenobiotic metabolism via hepatic biotransformation.  

First, Phase I enzymes are employed to reduce foreign compounds, followed by conjugation of 
metabolites by Phase II enzymes. This increases their polarity and water solubility which 
subsequently promotes their excretion.  

Figure is adapted from Dancygier (2010).  

 

 

Figure 1.2 An example of host xenobiotic metabolism via hepatic biotransformation. 

An example of host xenobiotic metabolism via hepatic biotransformation.  

First, Phase I enzymes are employed to reduce foreign compounds, followed by conjugation of 
metabolites by Phase II enzymes. This increases their polarity and water solubility which 
subsequently promotes their excretion.  

Figure is adapted from Dancygier (2010).  

 

 

Figure 1.3 Mechanisms of gut microbiome modulation of host drug metabolism and 
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Figure 1.6 The methods of xenobiotic metabolism undertaken by the human gut microbiome 

(A) Gut microbial enzymes can metabolise drugs directly by employing enzymatic reactions 
such as acetylation, azoreduction, β-glucuronidation, deconjugation, dihydroxylation, 
denitration, hydrolysis and reduction, thereby altering the pharmaceutical effect of the drug. 

 (B) the gut microbiome can also indirectly influence host response to xenobiotics by 
competing with host enzymes and receptors, interfering with host signalling pathways and 
gastrointestinal environmental factors.Both direct and indirect metabolic pathways result in 
the activation/inactivation of therapeutic agents and the potential generation of toxic 
metabolites which can alter systemic delivery of the drug and promote subsequent toxicity. 

Figure is from Tuteja and Ferguson (2019). 

 

 

Figure 1.7 The methods of xenobiotic metabolism undertaken by the human gut microbiome 

(A) Gut microbial enzymes can metabolise drugs directly by employing enzymatic reactions 
such as acetylation, azoreduction, β-glucuronidation, deconjugation, dihydroxylation, 
denitration, hydrolysis and reduction, thereby altering the pharmaceutical effect of the drug. 

 (B) the gut microbiome can also indirectly influence host response to xenobiotics by 
competing with host enzymes and receptors, interfering with host signalling pathways and 
gastrointestinal environmental factors.Both direct and indirect metabolic pathways result in 
the activation/inactivation of therapeutic agents and the potential generation of toxic 
metabolites which can alter systemic delivery of the drug and promote subsequent toxicity. 

Figure is from Tuteja and Ferguson (2019). 

 

 

Figure 1.8 The methods of xenobiotic metabolism undertaken by the human gut microbiome 

(A) Gut microbial enzymes can metabolise drugs directly by employing enzymatic reactions 
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A 1983 study highlights an important example of this, where Dobkin et al., (1983) discovered 

that the metabolism and subsequent inactivation of the cardiac glycoside drug, digoxin, was 

dictated by the composition of an individual’s gut microbiome and in particular, by the 

organism Eubacterium lentum (now known as Eggerthella lentum) (Figure 1.3 A). Similarly, 

Chen et al., (2019) identified the ability of the gut microbial strain Morganella morganii, to 

metabolise L-phenylalanine into phenethylamine, a compound potentially fatal to those 

taking monoamine oxidase inhibitor drugs. 

Azo dyes are another example of a xenobiotic compound that the gut microbiome can 

efficiently reduce (Roxon and Ryan, 1967). They are classified by their complex aromatic 

structure alongside the presence of one or more azo bonds (–N N–) (Fatima, Farooq, 

Lindström and Saeed, 2017), which serve to strengthen its composition and provide stability 

(Lade, Waghmode, Kadam and Govindwar, 2012; Chengalroyen and Dabbs, 2012) These 

dyes are widely used across many industrial sectors including cosmetics, food, 

pharmaceuticals and textiles where their stable structure allows them to withstand heat, 

sunlight and varying pH, imparting a brighter, more permanent colour and requiring lower 

production costs (Llamas, Garrido, Nezio and Band, 2009; Przystaś, Zabłocka-Godlewska 

and Grabińska-Sota, 2011). The economic advantages of selecting synthetic dyes over their 

natural counterparts, saw a sustained rise in their popularity, dating back to the industrial 

revolution (Javaid and Qazi, 2019) and continuing today, where they account for more than 

70% of the 900,000 tons of synthetic dye produced annually (Sarkar et al., 2017). 

The metabolism of azo dyes has been extensively studied as far back as 1911, where Sisley 

and Porcher (1911) first observed the reduction of the azo dye Orange I to aromatic amines; 

sulphanilic acid and 4-amino-1-naphthol, but only when administered orally as opposed to 

subcutaneously. Similarly, Colebrook (1936) could demonstrate the antibacterial action of the 

azo prodrug prontosil against streptococcal infections in vivo (Figure 1.3 B). However the 

same effect could only be replicated in vitro when using it’s active metabolic product, 

sulphanilamide as opposed to the parent compound (Tréfouël, Nitti and Bovet, 1935). In 

response to these findings, Colebrook explained that the reduction of azo drugs in vivo first 

required enzymatic cleavage of their azo bonds, in order to release their metabolic products. 

Further investigation into the metabolic pathway of azo compounds revealed that the 

intestinal microflora was responsible for their degradation (Radmoski and Deichmann, 1956) 

and in 1967, following initial studies into the metabolism of tartrazine (Daniel, 1962), Roxon, 

Ryan and Wright (1967) finally discovered an enzyme capable of its reduction, which they 
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identified as an nicotinamide adenine dinucleotide (phosphate) (NAD(P)H) dependent, 

soluble flavoprotein bound to either a flavin mononucleotide  (FMN) or a flavin adenine 

dinucleotide (FAD). 

Today, these flavoproteins belong to a broader class of enzymes known as azoreductases, 

which have been identified in an ever-growing number of bacterial species (Misal and Gawai, 

2018) as well as in humans and plants (Ryan et al., 2014). They are characterized by their 

ability to metabolize azo compounds using a bi-bi ping pong mechanism where NAD(P)H is 

used to reduce the enzyme bound flavin; FMN or FAD ((Mueller and Miller, 1949. This 

allows the azoreductase to bind to an azo-dye, which receives a hydride from the reduced 

FMN, converting it into a hydrazine. In order to fully cleave the bond between azo groups, 

this cycle is repeated twice which in turn, converts both hydrazines into two amines, as 

illustrated in (Figure 1.4) (Misal and Gawai, 2018). 
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Figure 1.10 Mechanisms of gut microbiome modulation of host drug metabolism and response. 

(A) Activation is the conversion of a prodrug into its bioactive form. For example, 
biotransformation of the inactive prodrug prontosil produces the inactive metabolites 
triaminobenzene (inactive) and sulfanilamide, which is the active form of the prodrug used to 
treat infection (B) Inactivation is the conversion of an active drug into a bioactive metabolite 
with reduced activity. For example, the cardiac drug digoxin is converted into dihydrodigoxin 
by the gut bacterial strain E. lenta.  

Figure is adapted from Scher et al., (2020). 

 

Figure 1.11 Mechanisms of gut microbiome modulation of host drug metabolism and response. 

(A) Activation is the conversion of a prodrug into its bioactive form. For example, 
biotransformation of the inactive prodrug prontosil produces the inactive metabolites 
triaminobenzene (inactive) and sulfanilamide, which is the active form of the prodrug used to 
treat infection (B) Inactivation is the conversion of an active drug into a bioactive metabolite 
with reduced activity. For example, the cardiac drug digoxin is converted into dihydrodigoxin 
by the gut bacterial strain E. lenta.  

Figure is adapted from Scher et al., (2020). 

 



 17 

 

 

 

  

Figure 1.15 The enzymatic reduction of the azo dye amaranth by an azoreductase 
enzyme, taken from Misal & Gawai, (2018).  

The first cycle involves the oxidation of NADH to reduce the enzyme-attached co-
factor FMN. This allows for the transfer of a hydride to the azo dye which then binds 
to the azoreductase. The cycle is repeated twice in order to cleave the double bond 
between azo groups in the dye compound.  

 

 

 

Figure 1.16 The enzymatic reduction of the azo dye amaranth by an azoreductase 
enzyme, taken from Misal & Gawai, (2018).  

The first cycle involves the oxidation of NADH to reduce the enzyme-attached co-
factor FMN. This allows for the transfer of a hydride to the azo dye which then binds 
to the azoreductase. The cycle is repeated twice in order to cleave the double bond 
between azo groups in the dye compound.  

 

 

 

Figure 1.17 The methods of xenobiotic metabolism undertaken by the human gut 
microbiomeFigure 1.18 The enzymatic reduction of the azo dye amaranth by an 
azoreductase enzyme, taken from Misal & Gawai, (2018).  

The first cycle involves the oxidation of NADH to reduce the enzyme-attached co-
factor FMN. This allows for the transfer of a hydride to the azo dye which then binds 
to the azoreductase. The cycle is repeated twice in order to cleave the double bond 
between azo groups in the dye compound.  
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Azoreductase activity has been observed in a number of human gut microbial species 

including Clostridium, Pseudomonas, Bacillus, Enterococcus, Eubacterium and Escherichia 

(Misal & Gawai, 2018), however very few of these enzymes have been characterised 

(Morrison, Wright and John, 2012) and despite extensive research, their primary function has 

yet to be identified (Ryan et al., 2010). This is especially concerning as humans are 

consistently exposed to thousands of azo compounds contained in food, pharmaceuticals, 

textiles and cosmetics, and over 500 of these contain aromatic amines. The particular use of 

synthetic azo dyes as food colourings has long been implicated with the potentially toxic and 

carcinogenic properties of their amine metabolites (Rimington & Hemmings,1938; Franco et 

al., 2018). Table 1.1 describes the effects exhibited by a number of ingested azo dyes, that 

have been identified as hazardous to human health. In response to this, many countries have 

introduced legislation aiming to recognise, control and where necessary, ban the use of 

specific azo colourings. One notable example of this, is the ‘Southampton study’, funded by 

the UK Food Standard Agency (FSA) and undertaken by McCann et al., (2007) which 

focused solely on the consumption of the well-known ‘Southampton 6’ food colourings, five 

of which are azo dyes; Sunset yellow [E110], Carmoisine [E122], Tartrazine [E102], Ponceau 

4R [E124], and Allura red AC [E129]). Quinoline yellow [E110] is a quinophthalone dye 

(EFSA, 2009). 

The study suggested an association between the consumption of these dyes and an increase in 

hyperactivity and ADHD symptoms in children, however the study itself faced serious 

criticisms. The foods administered contained varying levels of food dyes and other 

ingredients capable of eliciting an allergic response, for example sulphites and monosodium 

glutamate. Additionally, the parents were left responsible for monitoring and reporting any 

noticeable side effects. Owing to the poor design of the study, these results were difficult to 

replicate and as a result, the use of these six synthetic colours was restricted as opposed to 

being prohibited  as is done in a number of other countries (Table 1.1). (Coultate and 

Blackburn, 2018). The list of restricted and banned food dyes tends to vary worldwide, with 

many guidelines appearing to contradict each other, evidencing our lack of understanding 

regarding the mechanism of azo dye toxicity. For example, studies on the oral administration 

of the red azo dye; amaranth (FD&C Red No. 2 or E123) found that it could induce allergic 

reactions, hyperactivity and notable DNA damage in organ tissues (Gičević, Hindija and 

Karačić, 2019; Šuleková et al., 2017). In response to these findings, the use of amaranth was 

prohibited in the USA, yet its consumption is still approved for use in the UK and Australia 
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(Bakthavachalu, Kannan and Qoronfleh, 2020). A more well-known example is tartrazine 

(E102 or FD&C Yellow 5), a synthetic yellow azo dye often found in foods such as flavoured 

crisps, sweets, sauces and cakes, in toiletries such as soap and shampoos and in 

pharmaceutical products including medicinal drinks, vitamins and the protective casing of 

some medications (Amin, Abdel Hameid and Abd Elsttar, 2010). Despite its ban in the UK, 

tartrazine remains to be one of the most widely used azo dyes in the global food industry 

(Esmaeili et al., 2016; Kobylewski and Jacobson, 2015). Where tartrazine is authorised for 

human consumption, its outlined acceptable daily intake (ADI) is 0-7.5 mg/ kg.bw/day 

(Walton et al., 1999). In response to its popularity, a considerable amount of research 

assessing the toxicological nature of tartrazine has identified an array of adverse effects 

associated with its consumption. Similar to amaranth, these effects include hyperactivity and 

ADHD symptoms in children (McCann et al., 2007); allergic reactions such as asthma, hives 

and eczema (Moutinho, Bertges and Assis, 2007); and tissue damage in the liver and kidney, 

the last of which is suggested to be a result of the improper reduction of this dye (Amin et al., 

2010; Himri et al., 2011). 
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Table 1.1 The names, codes, colour and chemical structure of the azo food dyes that are currently 
approved for use in the EU and the USA and the clinical manifestations found to have been associated 
with each dye. 

Table was adapted from Feketea and Tsabouri, 2017; Bakthavachalu, Kannan and Qoronfleh, 
2020; Yamjala, Nainar and Ramisetti, 2016; Corradini, 2019; Rovina, Siddiquee and 
Shaarani, 2016. 

Colour 
Name, 
Code 

(EU/USA) 

Colour 
description 

Approval in 
EU/USA 

Chemical structure Use Associated 
clinical 

manifestations 

Tartrazine, 
E102, 

Yellow No. 
5. 

Lemon 
yellow 

Banned in 
Norway and 

Austria, 
Permitted in 

the USA. 

 

 

Confectionary, 
cheese, wine, 
baked goods, 
soft drinks, 

pharmaceuticals, 
cosmetics. 

Asthma, hives, 
eczema, and 

ADHD 
symptoms. 

Sunset 
yellow, 
E110, 

Yellow No. 
6 

Orange-
Yellow 

Banned in 
Norway, 

Approved in 
the rest of 
EU and 
USA. 

 

 

Baked goods, 
soft drinks, 

confectionary, 
processed meats, 
pharmaceuticals. 

Asthma, hives, 
eczema, 

angioedema 
and ADHD 
symptoms. 

Allura red 
AC, E129, 
Red No. 40 

Red Banned in 
USA, 

Denmark, 
Belgium, 

Switzerland. 
Approved in 
rest of EU 

 
 

Soft drinks, 
confectionary, 
meat products, 

pharmaceuticals, 
soaps, cosmetics, 

tattoo inks. 

Hives, asthma 
and ADHD 
symptoms. 

 

Amaranth, 
E123, Red 

No. 2 

Red Banned in 
USA, 

Austria and 
Norway. 

Approved in 
the rest of 

EU.  
 

Soft and 
alcoholic drinks, 

cake mixes, 
confectionary, 

and fish roe 
 

Hives, asthma, 
ADHD 

symptoms, 
headaches, 
damage to 

human 
lymphocyte 

cells. 
Carmoisine, 

E122. 
Red Banned in 

USA, 
Sweden, 

Norway and 
Austria. 

Approved in 
rest of EU. 

 
 

Confectionary, 
marzipan, soft 

drinks, 
mouthwash, 
cosmetics, 

pharmaceuticals. 

Hives, asthma 
and ADHD 
symptoms. 

Ponceau 
4R, E124. 

Red Banned in 
USA, 

Norway. 
Approved in 
rest of EU. 

 
 

Soft drinks, 
jams, 

confectionary, 
canned fruits, 

processed meats. 

Hives, allergic 
reactions in 
those with 
asthma or 

aspirin 
sensitivity 

 



 21 

Despite these extensive studies, the enzymes responsible for the reduction of azo dyes like 

tartrazine, have not yet been characterised. However a very recent study by Zou et al., (2020) 

elegantly describes the identification of 22 human gut bacterial strains (Table 1.2) that were 

found to exhibit strong azoreductase activity against azo dyes similar to tartrazine, including 

Allura red (E129 or Red No. 40) and Sunset yellow FCF (E110 or Yellow No. 6) (Table 1.3). 

As the 2020 study did not go as far as to characterise these azoreductases, this project will 

focus on the identification of the genes that code for putative azoreductase enzymes from the 

genomic DNA of one the bacterial strains listed in Table 1.2. One strain in particular, 

Odoribacter splanchnicus has generated a lot of interest lately. In an effort to establish the 

role of O. splanchnicus in the gut microbiome, it’s presence is suggested to have an influence 

on some intestinal disorders, such as Crohn’s disease (Morgan et al., 2012) and more 

intriguingly, on some neurological disorders such as ADHD (Wan et al., 2020). As the 

enzymatic reduction of the azo dye tartrazine by O. splanchnicus has not yet been studied, 

both were chosen as the focus of this project. 
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Table 1.2 The 22 human gut bacterial strains isolated from stool samples that demonstrated an ability 
to metabolise azo dyes.  

Each isolate was assigned an ID number and once sequenced, was categorised into the correct 
phylum. Adapted from Zou et al., (2020). 

Phylum Species Isolate ID 

Actinobacteria Bifidobacterium adolescentis ADE1 
Bifidobacterium bifidum ADE2 

Bifidobacterium longum subsp. 
longum 

ADE3 

Bifidobacterium pseudocatenulatum ADE4 
Collinsella aerofaciens ADE5 
Collinsella aerofaciens ADE6 

Bacteroidetes Bacteroides fragilis ADE7 
Bacteroides ovatus ADE23 

Bacteroides uniformis ADE9 
Bacteroides uniformis ADE10 
Bacteroides vulgatus ADE11 

Odoribacter splanchnicus ADE12 
Firmicutes Blautia sp. ADE13 

Clostridium hylemonae ADE14 
Clostridium ramosum ADE26 

Dorea longicatena ADE16 
Dorea longicatena ADE17 
Eisenbergiella tayi ADE18 

Eubacterium cylindroides ADE19 
Faecalicoccus pleomorphus ADE20 

Fusicatenibacter saccharivorans ADE21 
Ruminococcus faecis ADE22 

 

Table 1.3 The 7 azo dye excipients that were incubated with and reduced by the bacterial 
strains listed in Table 1.2. 

Colour Name, Code (USA) 

D&C Brown No. 1 

D&C Orange No. 4 

D&C Red No. 33 

D&C Red No. 6 

FD&C Red No. 4 

FD&C Red No. 40 

FD&C Yellow No. 6 
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Originally isolated from a human abdominal abscess in 1971 by Werner and Reichertz, O. 

splanchnicus is now a commonly recognised inhabitant of the healthy, human gut 

microbiome (Göker et al., 2011). It is a Gram-negative, rod shaped, strictly anaerobic 

bacteria, and the majority of isolated strains highlight it’s preferential colonization of the 

human intestine (Pike, 2019; Nagai et al., 2010) and the appendix (Werner and Reichertz, 

1975). However, more recent studies have identified isolates of O. splanchnicus that are 

capable of thriving in a variety of extreme environmental conditions, including regions of 

high salinity (Gulf of Mexico) (Escobedo-Hinojosa and Pardo-López, 2017), extreme cold 

(Antarctica) (Brambilla et al., 2001) and heavy metal contamination (arsenic-rich rice fields 

and waste battery dump soil) (Baba, Kimura, Asakawa and Watanabe, 2013; Ogbulie, Okore 

and Ejele, 2020). 

A number of secondary metabolic products generated by O. splanchnicus in the human gut, 

have already been examined in an effort to determine their effects on host health. The 

SCFAs, sphingolipids and amino acids produced by O. splanchnicus have demonstrated a 

range of beneficial effects within the intestinal environment, such as maintaining mucosal 

homeostasis (Hiippala et al., 2020), suppressing pro-inflammatory cytokines (Parada 

Venegas et al., 2019), inducing cytotoxicity in cancerous cells (Xing et al., 2021) and even 

strongly inhibiting the growth of the potentially opportunistic Candida albicans (Seelbinder 

et al., 2020). However, O. splanchnicus can also generate hydrogen sulfide and indoles, 

which have been strongly implicated with colorectal cancer (Wolf et al., 2020), and negative 

emotional responses (Jaglin et al., 2018) respectively. 

Examining the quantitative role of O. splanchnicus in a variety of diverse intestinal microbial 

communities also yielded contradictory results. Low levels of O. splanchnicus have been 

associated with the presence of disorders such as ileal Crohn’s disease, inflammatory bowel 

disease (IBD) and cystic fibrosis (Morgan et al., 2012; Burke et al., 2017). However, 

abnormally high levels of O. splanchnicus have been observed in individuals with ADHD, a 

disorder associated with deficiencies in dopamine and noradrenaline (Wan et al., 2020). 

Interestingly, the findings from Wan’s study may reinforce the hypothesis that altered levels 

of O. splanchnicus may contribute to abnormal dopamine metabolism (Quagliariello et al., 

2018; Maini Rekdal et al., 2019).  
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These recent studies illustrate a growing interest in O. splanchnicus and the efforts 

undertaken in order to better understand its function(s) in the gut. However as of now, the full 

metabolic capabilities of this strain continue to remain largely unknown. The genome of O. 

splanchnicus was sequenced in 2011 by Göker et al., 2011, but many of its annotated 

enzymes have yet to be characterised. It is important to shed some light on the role this 

microbial species plays in the gut and identify how its enzymes and subsequent metabolites 

can mediate xenobiotic metabolism. An understanding of these metabolic processes could 

allow for more accurately designed risk assessments of the foreign agents that humans are 

constantly exposed to. Likewise, these pathways could also be exploited to promote the 

microbial reduction and excretion of hazardous compounds already in the body. They could 

even to design microbe specific inhibitors of signalling pathways or enzymes that could 

control the population of opportunistic pathogens or prevent the toxic side effects often 

accompanying prodrugs (Morais, de Rosso, Estadella and Pisani, 2016; Bhatt et al., 2020). 

This project aims to identify and characterise putative azoreductases from the gut microbial 

strain O. splanchnicus to allow us a clearer insight into the metabolic ability of the gut 

microbiome in response to azo compounds, specifically the food dye tartrazine, which is still 

widely consumed across the world. It would also allow us to further hypothesise on the 

primary anaerobic function of microbial azoreductases in the human gut by identifying the 

interactions between these enzymes and synthetic food additives that could prove detrimental 

to human health.  
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Chapter 2 Materials and methods 

2.1  Chemicals and reagents 

The chemicals and reagents used in this study were provided by Sigma-Aldrich unless 

otherwise stated. DNA and plasmid purification and extraction kits were obtained from New 

England Biolabs (NEB). Champion™ pET100 Directional TOPO™ Expression Kit and 

BL21 Star™ (DE3) One Shot™ Chemically Competent E. coli were supplied by Invitrogen, 

Thermo Fisher Scientific. DNA primers were manufactured and supplied by Merck. 

2.2 Bacterial Strains and growth conditions 

The genomic DNA of the bacterial strain O. splanchnicus 22-5 was kindly provided by Dr. 

Emma Allen-Vercoe, University of Guelph, Canada.  

E. coli TOP10 and BL21 Star™ (DE3) cells were provided as part of the Champion™ 

pET100 and the Champion™ pET102 Directional TOPO™ Expression Kits from Invitrogen, 

Thermo Fisher Scientific.  

Growth medias used throughout this study were prepared according to the manufacturer’s 

guidelines and sterilised following standard sterilisation parameters of 121°C for 15 minutes. 

Details of growth medias are provided in Table 2.1. Overnight bacterial cultures were 

prepared in 50mL Falcons containing 5mL of Luria Bertani (LB) broth and 100 µg/mL of 

ampicillin (Fisher Scientific). Cultures were then incubated overnight at 37°C with a speed of 

120 rpm in an INFORS AG Incubator Shaker CH4103. For selection of E. coli BL21 Star™ 

(DE3) cells transformed with a pET TOPO® vector, cells were incubated on LB agar plates 

containing 100 µg/ml of ampicillin. 
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Table 2.1 Growth media 

Table illustrating the types of growth media used, their components and concentrations, and 
the company each media was supplied by. 

Medium Components Company 

Luria Bertani Broth 
10 g/L Tryptone 

5 g/L Yeast Extract 
5 g/L NaCl 

Fisher Bioreagents 

Luria Bertani Agar 

10 g/L Tryptone 
5 g/L Yeast Extract 

5 g/L NaCl 
15 g/L Agar 

Fisher Bioreagents 

Terrific Broth 

12 g/L Tryptone 
24 g/L Yeast Extract 
12.5 g/L K2HPO4 
2.3 g/L KH2PO4 

Fisher Bioreagents 

2x YT 
16 g/L Tryptone 

10 g/L Yeast Extract 
5 g/L NaCl 

Sigma-Aldrich 

S.O.C. Medium 
 

20 g/L Tryptone 
5 g/L Yeast Extract 

0.58 g/L NaCl 
2.5 mM KCl 

10 mM MgCl2 
10 mM MgSO4 
20 mM Glucose 

Invitrogen, Thermo Fisher Scientific 
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2.3 Genomic DNA quantification 

The concentration, yield and purity of the genomic DNA from O. splanchnicus was 

determined using NanoVue™ Plus spectrophotometers (VWR). 

2.4 Bioinformatics 

A BLASTp analysis was performed using a set of characterised azoreductase gene sequences 

against the genomes of all strains of O. splanchnicus 22-5 in the NCBI database. Two 

parameters most commonly used when selecting the most appropriate gene sequences, are the 

expectation or E-value and the sequence identity percentage, the former of which measures 

the significance of the match while the latter measures the percentage of identical residues 

between the two proteins (Rost, 1999). Homologous sequences with the lowest e-value, that 

were above a cut off of 30% sequence identity, were selected and primers were designed 

based on these sequences. Primer design requirements outlined in the Champion™ 

Expression kit manuals were adhered to as well as using the Integrated DNA Technologies 

Oligoanalyzer tool (Owczarzy et al, 2008) to analyse GC content, predicted melting 

temperatures and hairpin formation of the chosen primers. All primer sequences are listed in 

Table 2.2. 

2.5 Gene amplification 

Using the primers designed in Section 2.4, polymerase chain reaction (PCR) was performed 

using the genomic DNA of O. splanchnicus 22-5 as template to amplify the sequences of 

putative azoreductase genes. Table 2.3 lists the components used in each PCR reaction. The 

parameters for thermal cycling were specified in the manual for the Q5 High-Fidelity 

2X Master Mix (NEB) with the exception of the annealing temperature which was identified 

by carrying out PCR with annealing temperatures ranging from 55°C - 60°C. Thermocycling 

parameters are displayed in Table 2.4.  
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Table 2.2 Primers used for the amplification of putative O. splanchnicus 22-5 azoreductase gene 

The sequences of both the forward and reverse primers used to amplify putative azoreductase 
genes from the genome of O. splanchnicus 22-5. Sequence design differs slightly according 
to requirements outlined with each expression kit (Thermo Fisher Scientific). 

Expression Kit 
(Vector ID) 

Bacterial 
Strain Primer Sequence 

pET102/D-
TOPO® 

O. splanchnicus 
22-5 

 

2019 O.spp  
FWD CACCATGAAAGTCGTCTTAATAAATGG 

2019 O.spp  
REV TCGTATAAAATTAGTCATGACCC 

pET100/D-
TOPO® 

O. splanchnicus 
22-5 

 

2020 O.spp  
FWD CACCATGAAAGTCGTCTTAATAAA 

2020 O.spp  
REV TCATCGTATAAAATTAGCATGACCCG 

 

 

Table 2.3 PCR reaction mix 

The components of a 50µL PCR reaction mixture and the volumes and concentrations of 
each. 

Component Volume (µl) Final Concentration 

Genomic DNA 1 60-100ng 

Forward Primer 5 0.5µM 

Reverse Primer 5 0.5µM 

Q5 High-Fidelity 2X Master Mix 25 1x 

H2O 14 - 

 

 

Table 2.4 Thermocycling parameters used for the amplification of O. splanchnicus 22-5 

Thermocycling parameters for each stage of PCR that were followed to amplify putative 
azoreductase gene of O. splanchnicus 22-5. 

Step Temperature (°C) Time No. of cycles 

Initial denaturation 98°C 30 seconds 1 

Denaturation 98°C 10 seconds 

35 Annealing 55°C - 60°C 30 seconds 

Extension 72°C 30 seconds 
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2.5.1 Agarose gel analysis of PCR products 

Analysis of PCR products was carried out using gel electrophoresis on an agarose gel 

consisting of 1% w/v agarose (Fisher Biologics) in 1x Tris Borate EDTA (TBE) buffer, pH 8 

(Table 2.5) and SYBR safe (Life Technologies). Samples were prepared by adding Gel 

Loading Dye (6x) (NEB) to 10µL of PCR sample (5:1), reserving the remaining 40µL of 

PCR sample to be purified (Section 2.5.2). Ten microlitres of each sample was loaded into 

agarose gel wells accompanied by 6µL of Quick-Load 1 kb Plus DNA Ladder (NEB). Gels 

were run in a mini horizontal electrophoresis chamber (BIO-RAD) with 1x TBE as the 

running buffer. Electrophoresis was performed for 45 minutes at 80 volts (BIO-RAD 

PowerPac basic). Gels were analysed in a Molecular Imager® Gel Doc™ XR System (BIO-

RAD) and DNA ladder was referenced to estimate the size (or molecular weight) of DNA 

molecules that appeared in/as a band in the gel. 

2.5.2  Purification and quantification of PCR products 

PCR samples were purified using the Monarch® PCR & DNA Cleanup Kit (NEB) according 

to the manufacturer’s instructions. The concentration and purity of DNA in each sample was 

measured as described in Section 2.3. 

2.6  Cloning of putative azoreductase gene 

Purified PCR products were TOPO® Cloned into a pET TOPO® vector following the 

procedure recommended by the supplier. Table 2.6 lists the components of each cloning 

reaction and their concentrations. Each reaction was performed using a 1:1 molar ratio of 

PCR product:TOPO® vector. Samples were incubated for 5 minutes at room temperature. 
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Table 2.5 The reagents used to prepare a 1x TBE buffer for agarose gel electrophoresis 

The components of the 1x TBE buffer used in the preparation of a 1% w/v agarose gel and as 
a running buffer during electrophoresis, the concentration of each reagent and the company 
they were supplied by. 

Buffer Reagent Concentration 

1x TBE 
pH 8 

Tris Base 130 mM 

Boric Acid 45 mM 

EDTA (disodium salt) 2.5 mM 
 

 

 

 
Table 2.6 TOPO® cloning reaction mix. Adapted from (Thermo Fisher Scientific) 

The reagents used in a 6µL TOPO® cloning reaction mix, their components and 
concentrations, and the company they sourced from. 

Reagent Components Concentration Volume Manufacturer 

Purified PCR 
product - 3 ng/µL 1 µL - 

Salt solution 
NaCl 1.2 M 

1 µL Invitrogen, Thermo 
Fisher Scientific MgCl2 0.06 M 

Sterile H2O - - 3 µL - 

TOPO® Vector 

Plasmid DNA 15-20 ng/μL 

1 µL Invitrogen, Thermo 
Fisher Scientific 

Glycerol 50% 
Tris-HCl 50 mM 

EDTA 1 mM 
DTT 2 mM 

Triton X-100 0.1% 
BSA 100 μg/mL 

Bromophenol blue 30 μM 
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2.7  Transformation 

All ligation samples (see Section 2.6) were transformed into competent E. coli. One Shot® 

TOP10 cells using the heat shock method outlined in the supplier’s protocol (Thermo Fisher 

Scientific). Three microlitres of a TOPO® Cloning reaction was added to a vial of chemically 

competent E. coli TOP10 cells that had been defrosted on ice. Transformation mixtures were 

then incubated on ice for 15 minutes. A negative sample was always prepared, containing 

E.coli cells only. Cells were then heat shocked for 30 seconds at 42°C. Following this, cells 

were recovered by adding 250µl of warmed S.O.C medium and incubating for an hour at 

37°C, shaking horizontally at 200 RPM in an INFORS AG Incubator Shaker CH4103. Two 

hundred microlitres of each transformation sample was spread onto a pre-warmed selective 

LB agar plate (Section 2.2) and incubated at 37°C overnight. For each bacterial strain, four 

colonies were picked and each immersed in 10µl of elution buffer from the Monarch® PCR 

& DNA Cleanup Kit (NEB). Colony samples were then stored at 4°C to be used either as a 

template for colony PCR (Section 2.7.1) or for plasmid extraction (Section 2.7.2). 

2.7.1 Analysing successful transformants 

Colony PCR was performed with 2.5µl of resuspended colony sample (Section 2.7) to 

identify positive clones. The primers used were designed and supplied by Thermo Fisher 

Scientific (Table 2.7). PCR reaction mix components and their volumes are listed in Table 

2.8 and thermocycling conditions are described in Table 2.9. PCR products were then 

analysed as described in Section 2.5.1. Colonies that contained the pET TOPO® vector with 

gene insert were grown in 5ml of LB Broth inoculated 100 µg/mL ampicillin, until early/mid 

stationary phase was reached. Eight hundred and fifty microlitres of each culture sample was 

diluted with 150µL of Sterile 99% Glycerol (Alfa Aesar) to give a final concentration of 15% 

(v/v). Cultures were stored at -80ºC. 
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Table 2.7 The primers used to identify successful transformants 

The forward and reverse primers used to confirm that the pET TOPO® vector contains the 
gene insert. Forward primers were chosen according to the vector that was used in the 
transformation process. All primers were supplied by Thermo Fisher Scientific. 

Vector Primer Sequence Concentration 

pET100/D-TOPO® T7 TAATACGACTCACTATAGGG 

10µM 
pET102/D-TOPO® TrxFus Forward TTCCTCGACGCTAACCTG 
pET100/D-TOPO® 

and 
pET102/D-TOPO® 

T7 Reverse TAGTTATTGCTCAGCGGTGG 

 

 

Table 2.8 Colony PCR reaction mix 

The components of a 25µL colony PCR reaction mix and the volume and concentration of 
each. 

Component Volume (µL) Concentration 

Template DNA 2.5 Unknown 

Forward Primer 1.25 10µM 

Reverse Primer 1.25 10µM 

Q5 High-Fidelity 2X Master Mix 12.5 1x 

H2O 7.5 - 

 

 

Table 2.9 Thermocycling parameters used during colony PCR 

Thermocycling parameters for each stage of PCR that were followed to confirm colonies had 
been successfully transformed with pET TOPO® containing the gene of interest. 

Step Temperature (ºC) Time No. of cycles 

Initial denaturation 98°C 30 seconds 1 
Denaturation 98°C 10 seconds 

25 Annealing 58°C 30 seconds 
Extension 72°C 60 seconds 
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2.7.2  Plasmid extraction 

Overnight cultures inoculated with successfully transformed E. coli. One Shot® TOP10 cells 

(Section 2.7.1) were prepared as described in Section 2.2. Plasmids were purified from 

overnight cultures using the Monarch® Plasmid Miniprep Kit (NEB) and following the 

instructions supplied with the kit. Plasmid samples were then analysed as described in 

Section 2.3. 

2.7.3 DNA sequencing 

Purified plasmid samples combined with corresponding primers used in Table 2.7 were sent 

to Genewiz for DNA sequence analysis. Sequencing results of each bacterial strain were then 

aligned against the original gene sequence that the primers had been designed to amplify 

(Figure 3.5). ClustalW multiple alignment (Hall, 1999) was performed using BioEdit, on 

sequencing results to confirm that the plasmid contained the correct sequence. Jalview 

(Waterhouse et al., 2009) was used to generate visual images of multiple alignment sequence 

results. 

2.8 Transformation 

Purified plasmid template from Section 2.7.2 was transformed into BL21 Star™ (DE3) cells 

following the relevant transformation protocol outlined in the supplier’s manual. The 

protocol was slightly modified so that the transformation reaction could be plated instead of 

inoculating into medium for subsequent expression. In order to do this, the method outlined 

in section 2.7 was adhered to once BL21 had undergone the heat shock process. This allowed 

successful clones to be cultured and stored as described in section 2.7.1. Glycerol stocks 

could then be used for repeated protein expression trials.  

2.9 Recombinant protein expression 

Starter cultures to be used for all protein expression trials were inoculated with transformed 

BL21 Star™ (DE3) cells (Section 2.8) and then prepared as described in Section 2.2. 
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2.9.1 Small scale recombinant protein expression 

Starter culture was expanded by using 500µL of starter culture (Section 2.9) to inoculate 5ml 

of LB broth containing 100 µg/mL ampicillin in three sterile 50mL Falcon tubes. These were 

then incubated with shaking at 37°C with a speed of 180 rpm in an INFORS AG Incubator 

Shaker CH4103 until an OD600 of between 0.5 – 0.8 was reached. To induce protein 

expression, isopropyl β- d-1-thiogalactopyranoside (IPTG) was then added, with each falcon 

containing a different IPTG concentration (0.1mM, 0.5mM or 1M respectively) to determine 

optimal IPTG induction concentration. 

After induction, a 500µl aliquot was removed from each culture every hour for 4 hours and 

then once more after overnight incubation. This was used to determine the optimal induction 

time. To collect the cells, each aliquot was immediately centrifuged at 16,000 x g in a 

microcentrifuge for 30 seconds at 4°C, the supernatant discarded, and the remaining cell 

pellets stored at -20ºC until ready to lyse. 

The above method was repeated, using 500µl of starter culture to inoculate all growth media 

listed in Table 2.1, to also determine optimal growth media. 

After centrifugation, cells were lysed by resuspending pellets in 300 µl of 

BugBuster® Protein Extraction Reagent (Millipore). The cell lysate was subsequently 

centrifuged for 20 minutes at 16,000 x g, 4°C to pellet the insoluble proteins. Fifty microlitres 

of the supernatant was then transferred to a fresh tube stored on ice and mixed together with 

an equal amount of 2x Laemmli sample buffer (LSB) (Table 2.10). Insoluble pellets were 

dissolved in 300 μL of 1x LSB. All samples were then boiled at 95°C for 5 minutes to 

denature proteins before analysing via SDS-PAGE (Section 2.9.3). 
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2.9.2 Large scale recombinant protein expression 

Once optimal growth media, induction time and IPTG concentration had been determined 

and soluble protein was successfully acquired, recombinant protein expression was then 

carried out using larger culture volumes. The method employed was similar to that in Section 

2.9.1 with the following modifications: 100mL of growth media containing 100 µg/mL 

ampicillin was inoculated with 1ml of starter culture in a bevelled Erlenmeyer flask. 

Incubation parameters for starter expansion remained the same. Protein expression was 

induced using the optimal IPTG concentration, time and temperature measurements that had 

been determined in section 2.9.1. 

Cells were collected by centrifuging the full volume of bacterial culture using the RC6 plus 

centrifuge (Sorvall) at 6000 x g for 20 minutes at 4°C. Collected cells were then lysed with 3 

ml of BugBuster® Protein Extraction Reagent (Millipore), followed by a 20 minute period of 

centrifugation at 16,000 x g, 4°C, and the soluble fraction was separated from the insoluble 

fraction and prepared for analysis as described in Section 2.9.3. 

2.9.3 SDS-PAGE analysis of all recombinant proteins 

All soluble and insoluble fractions obtained from the protein expression trials (Sections 2.9.1 

and 2.9.2) were analysed by SDS-PAGE on a 12% SDS gel (Table 2.10). 

Ten microlitres of the soluble fraction and 5 μl of the insoluble fraction were loaded onto an 

SDS-PAGE gel. 5 µl of Thermo Scientific™ PageRuler™ Prestained Protein Ladder, 10 to 

180 kDa was also loaded onto each gel. Electrophoresis was applied by running gels in a 

MiniProtean Tetra system (BIO-RAD) with a 1x-SDS running buffer, applying 60 V for 30 

minutes and then 180 V for 45 minutes. 

Gels were then stained in 100 ml of Coomassie staining buffer (Table 2.10) by heating for 10 

second intervals until just boiled and then incubating for 30 minutes with rocking at 120 

RPM in room temperature. Destaining was carried out by discarding staining buffer and 

adding 125 ml of destaining buffer, heating for 10 second intervals until just boiled and 

incubating with rocking at room temperature for 45 minutes. Destaining was repeated once 

more. All materials used in SDS-PAGE are specified in Table 2.10. 
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Table 2.10 Materials used for SDS-PAGE and the staining and de-staining of SDS gels. Part 
adapted from (Holland, 2017) 

The materials used to prepare, run, stain and destain a 12% SDS gel, the reagents and their 
concentrations and the companies that supplied them. 

Material Reagent Concentration 

Resolving gel 

Acrylamide:bis acrylamide (29:1) 12% v/v 
SDS 0.125% w/v 

Ammonium persulphate 0.05% w/v 
Tetramethylethylenediamine 

(TEMED) 0.002% v/v 

Tris HCl 390 mM 

Stacking gel 

Acrylamide:bis acrylamide (29:1) 6% v/v 
SDS 0.125% w/v 

Ammonium persulphate 0.05% w/v 
Tetramethylethylenediamine 

(TEMED) 0.002% v/v 

Tris -HCl 116.6 mM 

2x Laemmli sample buffer 
(LSB) 

Tris -HCl 277.8 mM 
Glycerol 22.2% v/v 

SDS 2.2% w/v 
Bromophenol blue 0.01% w/v 

Beta-mercaptoethanol 10% v/v 

SDS running Buffer 
Tris- HCl 0.25 M 
Glycine 1.95 M 

SDS 1% w/v 

Staining buffer 

Coomassie brilliant blue 0.024% w/v 
Methanol 50% v/v 

Acetic Acid 10% v/v 
H20 40% v/v 

Destaining buffer 
Methanol 10% v/v 

Acetic Acid 10% v/v 
H20 80% v/v 
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Chapter 3 Cloning of putative azoreductases genes from the 

genomic DNA of O. splanchnicus. 

3.1 Introduction 

The identification and characterisation of gut bacterial enzymes allows for further insight into 

their function, metabolic pathways and subsequent products, which allow us to understand 

the type of relationship microorganisms share with their host. It is widely accepted that the 

mammalian intestinal environment has a heavy influence on the metabolism of many 

xenobiotic compounds (Pfeiffer and Sonnenburg, 2011). Harboured here are a considerable 

number of enzymes, encoded by microbial genes so diverse and widespread that they 

outnumber our own by a factor of over 100 (Qin et al., 2010). One such enzyme that 

catalyses the reduction of the azo bond, the gut bacterial azoreductase, has long been 

recognised and exploited in the design of various pro-drugs (Colebrook,1936). However, 

since its discovery, knowledge on the genomics, evolutionary history and function of 

azoreductases has advanced slowly, evident by the limited number of enzymes that have been 

isolated and characterised to date (Table 3.1). Even fewer again have been characterised 

specifically from the human gut microbiota.  

Owing to its natural residence in the human gut (Werner and Reichertz, 1975), we did not 

have the facilities to anaerobically culture O. splanchnicus. Thus, in order to identify putative 

azoreductases from its genome, a homology-based genome-wide bioinformatics approach 

was used, followed by a combination of molecular cloning techniques to further isolate and 

amplify genes. Finally, an appropriate cloning kit enabled the insertion of genetic material 

into a suitable vector that could be transformed into a host cell selected for its ability to 

efficiently express the protein of interest. 

The Champion™ pET Directional TOPO™ Expression Kit employs a cloning strategy that 

eliminates the use of restriction enzymes and ligases. Instead, the enzyme Vaccinia virus-

isolated topoisomerase I is exploited to first digest the primers on the amplified gene of 

interest at specifically designed overhangs before finally ligating the gene to the vector 

(Shuman, 1994). The overhangs are specifically designed as outlined by the manual supplied 

by Thermofisher (pBAD/Thio His TOPO manual, 2010), to ensure directional cloning of the 

gene in the correct orientation, with a success rate of over 90%. (Studier, 1991). The kit is 



 38 

specifically designed to ensure a more rapid process of cloning putative azoreductase genes, 

with the entire process amounting to less than 5 minutes, all the while maintaining its ability 

to yield a high number of successful clones, establishing this kit as an attractive, highly 

efficient choice for this procedure. 
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Table 3.1 A compilation of the bacterial azoreductases that have been characterised to date. 

Adapted from Misal et al., 2018. 

Organism 
Aerobic/ 

Anaerobic 
Co-Factor Molecular mass 

(kDa) 

Pseudomonas KF46 Aerobic NAD(P)H 32 

Escherichia coli Aerobic FMN/NADH 23 

Bacillus sp. OY1-2 Aerobic NAD(P)H 20 

Xenophilus azovorans KF46F Aerobic NAD(P)H  30 

Pigmentiphaga kullae K24 Aerobic NAD(P)H 20.6 

Rhodobacter sphaeroides AS1.1737 Aerobic NADH/NADPH 18.7 

Enterococcus faecalis Aerobic FMN/NADH 23 

Pseudomonas aeruginosa Aerobic NADH 29 

Staphylococcus aureus Aerobic FMN/NADPH 85 (tetramer) 

Bacillus sp. Aerobic NADH 23 

Pseudomonas aeruginosa PAO1 Aerobic NAD(P)H 23 (tetramer) 

Pigmentiphaga kullae K24 Aerobic NADPH  22 

Geobacillus stearothermophilus Aerobic FMN/NADH 23 

Bacillus badius Aerobic NADH 43 

Bacillus lentus BI377 Aerobic NAD(P)H 32 

Aquiflexum sp. Aerobic NADH/NADPH 80 

Pseudomonas putida MET94 Aerobic NAD(P)H 21 

Brevibacillus laterosporus TISTR1911 Aerobic FMN/NADH 23 

Lysinibacillus sphaericus Aerobic NADH  29 

Shewanella xiamenensis BC0 Aerobic NAD(P)H 26 

Halomonas elongata Aerobic NADH 22 

Rhodococcus opacus 1CP Aerobic NAD(P)H 25 

Clostridium perfringens Anaerobic FMN/NADH 90.4(monomer) 

Shewanella oneidensis MR-1 Anaerobic NADH 27 
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3.2  Results 

3.2.1 Bioinformatics 

The protein sequence of the identified bacterial azoreductase AzoC from C. perfringens was 

blasted against the genome sequence of O. splanchnicus DSM 20712 strain using NCBI’s 

Basic local alignment search tool (BLAST). 

This generated one protein result with 51% sequence identity (accession number 

WP_013611494). The nucleotide sequence of this result was obtained, upon which the 

primers for PCR amplification were designed upon. 

3.2.2  Amplification of putative azoreductase genes 

Using the genomic DNA of O. splanchnicus 22-5 strain and its corresponding designed 

primers (Table 2.2), putative azoreductase genes were amplified by PCR. Annealing 

temperature trials were screened to determine the optimum temperature so that primers may 

bind specifically to the template strand.  

The first annealing temperature trial using primers designed for annealing with pET102 

(Figure 3.1) was successful, where annealing temperatures of 60°C (lane 2) and 55°C (lane 3) 

produced significant PCR product with the expected  molecular weight of 0.66 kB.  

Similarily, the primers designed to anneal to the pET100 vector, did so under all applied 

annealing temperatures (Figure 3.2 A) however, bands were noticeably blurry so, PCR with 

an annealing temperature of 58ºC was repeated to confirm successful amplification (Figure 

3.2 B).  

All PCR products were then purified and quantified prior to cloning into a pET TOPO® 

vector. 
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Figure 3.2 PCR amplification of putative azoreductase genes from O. splanchnicus 
using varying annealing temperatures and pET102 designed primers. 

1% w/v agarose gel displays PCR products in lane 2 (60ºC annealing temperature) 
and lane 3 (55ºC  annealing temperature) with an expected size of 0.66 kB. 1 kb Plus 
DNA Ladder was used as a reference (lane 1). 
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Figure 3.7 PCR amplification of putative azoreductase genes from O. splanchnicus using varying annealing 
temperatures and pET100 designed primers. 

1% w/v agarose gels display PCR products with an expected size of 0.66 kB. 1 kb Plus DNA Ladder was 
used as a reference (lane 1). (A) Annealing temperature trials yielded PCR product at all temperatures. 
Annealing temperatures of 60°C (lane 2), 58°C (lane 3) and 55ºC (lane 4) were applied.). (B) Confirmation 
that an annealing temperature of 58°C (lane 2), successfully produced PCR product of expected size during 
PCR amplification.
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3.2.3 Cloning and transformation of putative azoreductase gene 

Successfully purified PCR products were inserted into either a pET102 or pET100 vector 

before being transformed into competent E. coli. One Shot® TOP10 cells. A negative 

transformation sample where both vector and PCR product were omitted, was also prepared 

and used as a control. LB agar plates prepared with 100 μg/mL ampicillin were used to 

incubate each transformation overnight to allow for selection of positive transformants. 

Colonies were picked to undergo colony PCR to confirm successful transformation and 

products were analysed on a 1% w/v agarose gel. PCR amplicons with an expected size of 

0.9 kB were identified in lane 4 and 5 of Figure 3.3 and in lane 2 of Figure 3.4, confirming 

effective cloning of PCR product into the pET102 vector and pET100 vector respectively. 

Successfully transformed E. coli. One Shot® TOP10 cells were cultured overnight, from 

which plasmids were purified and sequenced. The resulting nucleotide sequences provided by 

Genewiz were aligned against the original gene sequence (Table 2.2) using the Clustal W 

software provided by BioEdit (Hall, 1999). The resulting alignment revealed correct 

orientation of insert and no point mutations (Figure 3.5), demonstrating that the cloning 

procedure was successful. 
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Figure 3.12 Colony screening for the successful transformation of ligated PCR product and 
pET102 vector into E. coli. One Shot® TOP10 cells. 

1% w/v agarose gels indicate successful ligation and subsequent transformation in lane 4 and 
lane 5, where PCR product with an expected size of 0.9 kB can be observed. 1 kb Plus DNA 
Ladder was used as a reference (lane 1). 
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Figure 3.17 Colony screening for the successful transformation of ligated PCR product and 
pET100 vector into E. coli. One Shot® TOP10 cells. 

1% w/v agarose gels indicate successful ligation and subsequent transformation in lane 1, 
where PCR product with an expected size of 0.9 kB can be observed. 1 kb Plus DNA 
Ladder was used as a reference (lane 1). 
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Figure 3.22 Alignment of the forward (T7) and reverse (T7REV) nucleotide sequences of a 
putative azoreductase gene cloned from the O. splanchnicus 22-5 strain, against the original 
genomic sequence of O. splanchnicus DSM 20712. The forward and reverse nucleotide 
sequences were provided by Genewiz. The genomic sequence of O. splanchnicus DSM 20712 was 
obtained from the NCBI database. 
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3.3  Discussion 

As previously mentioned, the total number of characterised azoreductases is very minute. 

From the enzymes listed in Table 3.1, only three have been fully characterised from bacterial 

strains originating in the GI tract; AzoR from E. coli (Nakanishi et al, 2001), AzoA from 

Enterococcus faecalis (Chen et al, 2004) and AzoC from C. perfringens (Morrison et al, 

2012). As the bacterium O. splanchnicus had similarly been isolated from the human 

intestine, it is not surprising to observe a sequence similarity of 51% when the protein 

sequence of AzoC is aligned against the genomic DNA of the DSM 20712 strain of O. 

splanchnicus as both strains are strictly anaerobic. Azoreductases are often classified into two 

major groups based on their oxygen tolerance (Rafii and Coleman 1999), whereby it is 

hypothesised that the sequence and structure of these enzymes could be influenced by a 

bacterium’s sensitivity to oxygen (Misal and Gawai, 2018) 

PCR amplification is a powerful molecular technique that is still widely used for the 

detection and quantification of DNA fragments (Garibyan and Avashia, 2013; Mullis, 1990). 

As its success depends on the specific binding between primers and its targeted DNA 

sequence, the design of suitable primers and optimization of the annealing temperature (Ta) 

are the two most crucial factors to consider before performing this technique (WU et al., 

1991). An unsuitable Ta can result in poor yield of PCR product, either due to amplification 

of non-specific DNA fragments where the Ta is too low or a decrease in purity of product 

resulting from a Ta that is too high (Rychlik, Spencer and Rhoads, 1990). 

The primers used in this study were designed upon the gene hypothesised to code for an 

azoreductase from the genomic DNA of O. splanchnicus DSM 20712. The Ta was optimised 

by applying temperatures of between 55 °C and 65 °C to identify the temperature at which the 

highest amplification was achieved. The combination of primers designed to anneal to either 

the pET100 or the pET102 vector (Table 2.7) with an annealing temperature of 58ºC (Figure 

3.2B) and 60ºC (Figure 3.1) respectively, successfully amplified a gene from the genomic 

DNA of an unknown strain of O. splanchnicus, generating a PCR product of 0.66 kB. As 

such, these results outline the optimal PCR conditions required specifically for amplification 

of a putative azoreductase gene from O. splanchnicus. 
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Subsequent cloning of this gene into expression vector pET100 or pET102 and its 

transformation into the host E. coli. One Shot® TOP10 cell was equally successful, where the 

resulting construct was identified as a 0.9 kB amplicon under the application of 

confirmational colony PCR.  

Finally, this construct was purified and its nucleotide chain/structure was sequenced in both a 

forward and reverse direction by Genewiz. A ClustalW alignment of the translated amino 

acid sequence revealed an absence of point mutations and further confirmed the uptake of the 

target gene sequence in the correct orientation, demonstrating the success of the selected pET 

directional TOPO cloning kit and of the modified amplification and cloning procedures. 

The next chapter will detail the methodology undertaken in order to optimise expression of 

this protein.  
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Chapter 4 Optimising the accumulation of soluble recombinant 

protein by performing expression trials. 

4.1  Introduction 

In order to verify that the gene that was amplified and cloned could heterologously express an 

enzyme with azoreductase activity, a recombinant protein expression system was designed. 

Once optimised, this system can be a highly efficient, inexpensive method of acquiring 

recombinant protein, however it is not without its challenges. The most important aims 

include achieving a high protein yield, and obtaining an amount of soluble protein suitable 

for its subsequent purification and characterisation. Several factors can limit the production 

of both, such as choice of expression vector, host cell line and culture conditions (Baneyx and 

Mujacic, 2004). 

E. coli is the most well characterised and widely used expression host for the overexpression 

of heterologous proteins (Samuelson, 2010). Its popularity is defined by the ease and speed at 

which this bacterium can be cultured and expressed, alongside the wide range of genetic 

modifications it offers, and the low costs that are involved. (Francis and Page, 2010). The 

most attractive advantage this expression system offers is the variety of modified strains and 

complementary expression vectors & fusion tags that are specifically designed to increase the 

potentiality of successful soluble protein expression (Costa, Almeida, Castro and Domingues, 

2014). 

For this study, the DE3 strain of E. coli BL21 was selected, accompanied by the pET 

directional TOPO expression kit, an equally popular expression vector system designed to 

improve the synthesis and accumulation of soluble recombinant protein (Sockolosky and 

Szoka, 2013). In this study, both the pET100 and pET102 vectors were specifically selected 

to trial the expression of the purified, putative azoreductase gene. Additionally, the 6x His tag 

and the His Patch thioredoxin (TRX) protein were utilised to further increase soluble protein 

accumulation. The TRX protein in particular, has demonstrated great success in improving 

protein solubility, sometimes maintaining up to 250 fold of soluble protein in E. coli’s 

cytosolic environment, achieved by allowing for the proper formation of disulphide bonds in 

newly expressed proteins (Lee et al., 2008). 
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4.2  Results 

4.2.1 Expression of putative azoreductase enzymes using the pET102 and pET100 

expression vectors. 

Purified plasmid that yielded the desired gene sequence in Section 3.2.3 was transformed into 

BL21 Star™ (DE3) cells from which a starter culture was prepared, scaled up, induced with 

IPTG and incubated in a growth media of choice, selected from Table 2.1. IPTG 

concentration, induction times and temperature also varied, and are explored in more detail 

below. The cell lysates obtained from each test culture were then analysed via SDS-PAGE to 

evaluate the proportion of protein present in both the soluble and insoluble fractions. 

4.2.2 Comparison on the efficacy of the pET102 and pET100 expression vectors in 

obtaining soluble protein. 

Upon induction of cultures, a high level of expression was observed in E. coli BL21 (DE3) 

cells transformed with either pET vector. This is represented by prominent bands at roughly 

24 kDa for cultures containing the pET100 vector, while cultures containing the pET102 

vector were represented by bands with an increased molecular mass of 37 kDa, in order to 

account for the addition of the TRX tag. (Figure 4.1A and 4.1B.).  

Recombinant protein expressed from the pET102 vector was present in both the insoluble and 

soluble fractions of most expression cultures. Protein in the latter fraction however, is 

noticeably lower, illustrated by fainter bands at the parallel 37 kDa weight marker. 

Inversely, all samples that utilised the pET100 expression vector displayed an absence of 

bands of the appropriate weight in the lanes containing soluble fractions. Thus, the 

recombinant protein in these samples was primarily insoluble. 

As the pET100 vector failed to express soluble protein, Sections 4.2.3 – 4.2.6 will analyse the 

effects of the remaining environmental factors exclusively on samples that utilise the pET102 

expression vector, unless otherwise stated. Expression of soluble protein in these samples 

was affirmed by bands located at the 37 kDa weight marker outlined in the relevant SDS-

PAGE figures, indicating the presence of the protein of interest. 
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Figure 4.2 SDS-PAGE analysis of protein expressed from the pET100 and pET102 vectors. 

Expression was carried out with (A) LB or (B) LB Sorbitol with an IPTG concentration of 0.2mM and an 
overnight induction at 16ºC.  

Lane M: Protein molecular weight standards. Insoluble fractions (IF) were loaded into lanes 2 and 6 of both 
gels , while the soluble fractions (SF) are in lanes 3 and 7. The protein of interest is visible, with a MW of 
37kDa when expressed by the pET102 vector and a MW of 24kDa expressed from the pET100 vector.  

 

 

Figure 4.3 SDS-PAGE analysis of protein expressed from the pET100 and pET102 vectors. 

Expression was carried out with (A) LB or (B) LB Sorbitol with an IPTG concentration of 0.2mM and an 
overnight induction at 16ºC.  

Lane M: Protein molecular weight standards. Insoluble fractions (IF) were loaded into lanes 2 and 6 of both 
gels , while the soluble fractions (SF) are in lanes 3 and 7. The protein of interest is visible, with a MW of 
37kDa when expressed by the pET102 vector and a MW of 24kDa expressed from the pET100 vector.  

 

 

Figure 4.4 SDS-PAGE analysis of protein expressed from the pET100 and pET102 vectors. 

Expression was carried out with (A) LB or (B) LB Sorbitol with an IPTG concentration of 0.2mM and an 
overnight induction at 16ºC.  

Lane M: Protein molecular weight standards. Insoluble fractions (IF) were loaded into lanes 2 and 6 of both 
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4.2.3  Identifying the optimum length of expression time 

A time course analysis was performed by removing 500µl aliquots of cell culture from IPTG 

induced samples after 1, 2, 3 and 4 hours of incubation, with a final aliquot removed after a 

period of overnight incubation. 

In samples inclusive of both pET expression vectors, a steady increase in protein expression 

was observed in line with an increase in incubation time. This can be interpreted by the 

increased intensity and thickness of corresponding bands in Figures 4.2A and 4.2B. Samples 

that were allowed to incubate overnight, demonstrated an increase in soluble product (Figures 

4.3B, 4.3D, 4.3F) except for overnight samples incubated at 16ºC (Figure 4.1A). 

Within the 1 - 4 hour period post induction, the length of incubation did not affect the amount 

of soluble protein product expressed from the pET102 vector (Figures 4.2A & 4.2B). As 

such, further analysis of these samples will now be focused solely on those that were 

incubated for three hours, to allow for a more efficient interpretation of results. 
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Figure 4.7 SDS-PAGE analysis of protein expressed in TB media from the pET100 and pET102 vectors. 

Expression was induced from either the (A) pET102 vector or (B) pET100 vector using an IPTG 
concentration of 0.1mM and an incubation temperature of 37ºC. 500µl aliquots were removed after a 
1 hour (lanes 2, 3), 2 hour (lanes 4, 5), 3 hour (lanes 6, 7) and 4 hour (lanes 8, 9) incubation periods. 

Lane M: Protein molecular weight standards. Insoluble fractions (IF) were loaded into lanes 2 and  6 
of both gels , while the soluble fractions (SF) were in lanes 3 and 7. Soluble protein is visible only in 
figure A, with a MW of 37kDa as indicated by the green arrow.  

 

 

Figure 4.8 SDS-PAGE analysis of protein expressed in TB media from the pET100 and pET102 vectors. 
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Figure 4.11 SDS-PAGE analysis of the effect of varying growth medias, IPTG concentrations and induction 
temperatures on the expression of soluble protein from the pET102 expression vector. 

Concentrations of 0.2mM, 1mM and 2mM IPTG, combined with an incubation temperature of 16ºC and 
37ºC were applied to samples in A, C and E, while B, D and F depicts samples induced with 0.2mM IPTG 
and an overnight incubation temperature of 37ºC  only. 

To culture cells, the following growth medias were selected; LB broth (A, B), 2xYT (C, D) and TB (E, F). 

 

Figure 4.12 SDS-PAGE analysis of the effect of varying growth medias, IPTG concentrations and induction 
temperatures on the expression of soluble protein from the pET102 expression vector. 

Concentrations of 0.2mM, 1mM and 2mM IPTG, combined with an incubation temperature of 16ºC and 
37ºC were applied to samples in A, C and E, while B, D and F depicts samples induced with 0.2mM IPTG 
and an overnight incubation temperature of 37ºC  only. 

To culture cells, the following growth medias were selected; LB broth (A, B), 2xYT (C, D) and TB (E, F). 

 

Figure 4.13 SDS-PAGE analysis of the effect of varying growth medias, IPTG concentrations and induction 
temperatures on the expression of soluble protein from the pET102 expression vector. 

Concentrations of 0.2mM, 1mM and 2mM IPTG, combined with an incubation temperature of 16ºC and 
37ºC were applied to samples in A, C and E, while B, D and F depicts samples induced with 0.2mM IPTG 
and an overnight incubation temperature of 37ºC  only. 

E F 
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4.2.4 Identifying the optimal growth medium type 

E. coli BL21 cells were cultivated in one of the following four growth media; LB medium, 

Terrific broth, 2x YT medium or LB supplemented with 1M sorbitol 2.5 mM betaine medium 

(Oganesyan, Ankoudinova, Kim and Kim, 2007). Cultured cells were then subjected to lysis, 

followed by a period of centrifugation as outlined in Section 2.9.1 before analysing the 

insoluble and soluble fractions via SDS-PAGE.  Soluble protein expression was observed in 

three out of the four media under a variety of incubation times, temperatures and IPTG 

concentrations as seen in Figure 4.3. However, similar to samples obtained using the pET100 

vector, samples cultured in LB sorbitol yielded entirely insoluble recombinant protein, which 

is highlighted in Figure 4.1B. 

Protein migrating to 37 kDa was observed in the soluble fractions obtained from the cultures 

of the three remaining growth media in Figure 4.3. Although the yield of protein could not be 

determined solely by the type of media used, samples obtained from three hour LB cultures 

(Figure 4.3A) have yielded almost identical quantities of soluble protein, regardless of other 

external factors. In contrast, there was a very slight reduction in band intensity amongst most 

2xYT growth media samples incubated for three hours (Figure 4.3C). Overall however, a 

notable increase was observed in samples from all three, once an overnight period of 

incubation was applied (Figures 4.3B, 4.3D, & 4.3F). 

4.2.5 Identifying the optimal IPTG concentration 

IPTG concentrations of 0.2mM, 1mM or 2mM were used to induce cell cultures once an 

OD600 of between 0.6 – 0.8 had been reached. Again, analysing the SDS-PAGE results in 

Figure 4.3, recombinant protein of varying quantities, could be detected in the soluble 

fraction of samples induced with each concentration. The volume of IPTG did not appear to 

influence the amount of soluble protein produced, with the exception of samples that had 

been induced with 0.2mM and once again incubated overnight, as previously highlighted in 

Figure 4.3.  
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4.2.6  Identifying the optimal expression temperature 

Incubation temperatures of both 37ºC and 16ºC were chosen to incubate samples after IPTG 

induction. Recombinant protein can be observed in the soluble fractions of most samples that 

have been incubated at either temperature (Figure 4.3). 

Similar to IPTG concentration analysis, the level of soluble protein expression does not 

appear to be influenced? dictated by either temperature. The exceptions to this are samples 

that underwent an overnight incubation period. Those that did so in a 16ºC environment 

(Figure 4.3A) produced marginally less soluble protein than those that were incubated at 

37ºC. 

4.2.7 Determining the overall environment best suited for the production of soluble 

recombinant protein 

Analysing the overall results achieved upon the application of expression parameters 

described above, it can be concluded that further trials are needed in order to accumulate 

enough soluble protein that would allow for its subsequent purification and characterisation.  

Although the total soluble protein expressed in this study was insufficient, there were some 

expression parameters that appeared more effective in comparison to others. The application 

of an overnight incubation appeared to be the most effective length of time for the incubation 

of cell culture, when combined with each variety of growth media. Unfortunately, due to time 

constraints, this overnight incubation was only carried out at a temperature of 37 ºC, 

excluding the application of a 16ºC incubation temperature. The same can be said when 

analysing the most optimal IPTG concentration, where inducing cell cultures with a much 

lower concentration of 0.2mM appeared to yield the most soluble protein, especially when 

combined with an overnight incubation period. Once again however, this particular trial was 

not repeated with the implementation of additional IPTG concentrations. Overall, the 

combination of incubating cell culture induced with 0.2mM IPTG at 37 ºC appeared to be the 

most favourable combination of expression parameters. The use of a richer growth media 

such as TB or 2x YT appeared marginally more effective compared LB broth and so a scale 

up of protein expression incorporating these factors was performed and the results detailed in 

the next section. 
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4.2.8  Scale up of protein expression. 

Using the environmental parameters determined to favour the expression of soluble protein 

that are outlined above, a 100ml scale up was performed. At the time, samples from TB 

culture had not yet been analysed and owing to limited lab access time, a scale-up was 

instead performed with 2xYT media which had previously delivered similar results.  

Samples were induced with 0.2mM of IPTG and incubated at 37ºC overnight. Once cultures 

had been lysed and centrifuged, a two-fold dilution was performed to address the predicted 

increase in protein concentration that would affect the reliable interpretation of results. As 

expected, excess protein can clearly be observed in lanes 2-5 of Figure 4.4. Dilutions of 1 in 

4 and 1 in 8, (lanes 6-9) successfully address this issue, however bands identified at the 37 

kDa weight marker are noticeably fainter compared to those using the small-scale expression. 

Thus, the combination of environmental parameters hypothesised to aid in expression of 

soluble protein proved unsuccessful, for reasons that will be discussed in Chapter 5.  
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Figure 4.16 SDS-PAGE analysis of protein expression from the pET102 vector, scaled up to 100ml 
with the application of specific expression parameters. 

Conditions determined to favour the greatest yield in soluble protein comprise of E. coli BL21 
(DE3) cells cultured in 2xYT media and induced with 0.2mM of IPTG followed by a 37ºC 
incubation overnight. 

Lane M depicts the molecular weights of protein markers. Insoluble fractions (IF) and soluble 
fractions (SF) are indicated above the image. A two-fold dilution was performed on samples in 
lane 2 and 3 which resulted in samples diluted 1 in 2 (lanes 4 and 5), 1 in 4 (lanes 6 and 7) and 
1 in 8 (lanes 8 and 9). 
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4.3  Discussion 

Following the successful cloning of putative azoreductase genes from the genome sequence 

of the O. splanchnicus 22-5 strain into a BL21 (DE3) host cell line, a variety of molecular 

and environmental conditions were applied during overexpression of recombinant protein. 

This would allow for the identification and optimisation of the expression parameters 

necessary for procuring a satisfactory volume of soluble protein, allowing for its subsequent 

purification and characterisation. Solubility is usually the most common encountered obstacle 

when optimising heterologous expression systems for the production of recombinant protein. 

Obtaining soluble proteins is desirable as they are typically correctly folded, functional and 

much easier to purify than their insoluble counterparts (Costa, Almeida, Castro and 

Domingues, 2014) 

In the past, recombinant expression of novel azoreductases has proven to be challenging, 

evident by the variation of environmental conditions reported to best suit accumulation of 

soluble protein. A standard expression protocol had originally been established for the 

successful expression and characterisation of azoreductases paAzoR1 (Wang et al., 2007) and 

paAzoR2 and paAzoR3 (Ryan, 2016) from the bacterial genome of Pseudomonas aeruginosa 

PAO1 strain. An additional four azoreductases; PA2280, PA2580, PA1204 and PA0949, also 

from the same strain were later characterised by Crescente and colleagues (2016) who had 

utilized the same expression method, and had similarly adopted the pET expression vector 

and BL21 host cell line. This protocol detailed the use of LB supplemented with 1M sorbitol 

2.5 mM betaine, an IPTG concentration of 0.5mM and an incubation time of 16 hours at 

16ºC. However Holland (2017), utilised the same expression techniques to characterise a 

further three azoreductases from this strain; PA1224, PA1225 and PA4945. Interestingly this 

protocol only proved successful in the overexpression of PA1224. Subsequent variations in 

culture conditions including the elimination of sorbitol and a reduced IPTG concentration and 

temperature were required to successfully express the latter enzymes and procure an 

acceptable volume of protein in the soluble fraction. As demonstrated here by Holland and 

Crescente, the identification of optimum expression parameters are crucial to the success in 

expressing proteins of interest.  

Predictably, in this study, the volume of recombinant protein expressed and it’s degree of 

solubility was indeed dependent on molecular factors and culture conditions. In order to 

observe the influence of these elements, SDS-PAGE was performed on samples subjected to 
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varying expression parameters and ImageJ software was employed to observe protein levels 

in both soluble and insoluble fractions of expression cultures. 

High level expression can be observed amongst all samples, however most of the protein was 

contained within the insoluble fraction. 

A high level of expression in E. coli is a common cause of aggregating expressed protein into 

inclusion bodies with high incubation temperature, IPTG concentrations etc. reported to be 

the most common causes (Baneyx and Mujacic, 2004). A similar observation can be made in 

Figures 4.1 – 4.4, however the measure of soluble protein proportional to the total volume of 

protein expressed does not appear to be greatly affected when incubation time or temperature 

are reduced. Other factors influencing the formation of insoluble aggregates include poor 

post-translational mechanisms and molecular chaperones, and the highly reducing 

environment of the bacterial cytosol (Carrió, Cubarsi and Villaverde, 2000). SDS-PAGE gel 

image analysis demonstrates that the TRX tag of the pET102 vector rescues a small amount 

of soluble protein. Conversely, a complete absence of soluble protein is observed when 

expression is performed with the pET100 vector, whose structure lacks the TRX tag as 

evident in SDS-PAGE analysis, where it is identifiable as a smaller 24 kDa band in 

comparison to the 37 kDa band of the pET102 vector. 

As discussed earlier in this chapter, the TRX tag is thought to aid protein solubility by 

maintaining a more stable cytoplasm environment, allowing proteins to fold correctly. 

Hence, the use of the TRX tag in this study may indicate that the cytoplasm of BL21 DE3 

cells is unsuitable for the formation of this target protein. Indeed, Derman et al., (1993) 

details similar difficulties where specific proteins were unable to properly fold due to the 

naturally reducing environment of the cytoplasm in BL21 DE3 cells. Additionally, these 

studies observed an increase in soluble protein yield when using an altered form of this E. 

coli strain, where modifications such as mutations or inactivation of cytoplasmic reductases 

contribute to a more oxidative environment (Lamark et al., 2001; Xiong, 2005). 

 

Out of all the samples that utilised the pET102 vector, two in particular displayed a notable 

increase in soluble recombinant protein evident by bands at the 37 kDa marker. Interestingly, 

both samples had been induced with 0.2mM of IPTG and had undergone an overnight 

incubation of 37ºC. The idea that these specific parameters could contribute to an 
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ideal/optimal expression environment is strengthened by the observed reoccurrence of results 

in two different growth media; 2xYT and TB, however the latter yielded slightly more 

protein. 

Both media are rich in nutrients, but high concentrations of tryptone, yeast and potassium 

phosphate in TB help maintain a higher cell density for an increased period of time in 

comparison to LB (Tartoff and Hobbs, 1987) This would explain why the above parameters 

were not as successful when repeated with LB growth medium.  

 

Where the supplementation of LB with sorbitol 1M, a proposed solubility enhancer 

(Blackwell and Horgan, 1991) had achieved success for Ryan et al., (2010), Crescente et al., 

(2016) and Holland (2017), it had, by contrast resulted in the production of entirely insoluble 

protein in this study. 

Evaluating all other gradients of IPTG concentration, incubation temperature and time, an 

increase in each appeared to have a direct correlation with the volume of total protein 

expressed and all had procured some level of this protein in the soluble fraction, but notably 

less than the two samples discussed above. Thus, it would be reasonable to assume that the 

environment best suited for successful protein solubility mainly requires cultivation in a rich 

media, preferably TB or 2xYT, combined with an IPTG concentration of 0.2mM and an 

overnight incubation period at 37ºC. 

Due to time constraints, performing a scale up with TB was not possible, and was instead 

performed using 2xYT medium. Results were not as successful, an occurrence similarly 

experienced by Holland and by Peng and colleagues (2004) who notes that this most likely a 

result of insufficient oxygen levels influenced by an increase in cell density.   

Similar to Holland’s solution, the most appropriate follow up strategy would have warranted 

the repeat of a small scale protein expression trial using the same cultivation conditions 

outlined in Figure 4.4, only this time, a single 50ml 2x YT culture would be exchanged for 

duplicates of samples containing TB growth media. Unfortunately, time restraints prevented 

the development of any further laboratory work. Instead, using the results accomplished in 

Chapters 3 and 4, a hypothesis regarding the identity and function of protein of interest and of 

the bacterium O. splanchnicus, will be discussed in the following chapter. 
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Chapter 5 Final discussion and conclusion 

The first aim of this project was to screen the genome of a representative gut bacterial strain, 

more specifically, that of O. splanchnicus in order to identify one or more putative 

azoreductase genes. To do this, the amino acid sequences of all characterised and accessible 

azoreductases were compiled and blasted against the genomic sequence of O. splanchnicus. 

(Table. 5.1). Considering the environmental preferences of O. splanchnicus, it made sense 

when AzoC, a well characterised azoreductase in the bacteria C. perfringens was the only 

protein to successfully align. Both O. splanchnicus and C. perfringens are anaerobic and are 

recognised as normal components of the human intestinal tract. Additionally, many reports 

detail the azoreductase ability of AzoC in reducing azo compounds including amaranth 

(Mcbain and Macfarlane, 1998), methyl red and most importantly tartrazine (Morrison, 

Wright and John, 2012; Morrison and John, 2016). Thus, the alignment of AzoC, yielded a 

potential candidate in the form of a 202 amino acid protein with 51% sequence identity 

(Table. 5.2). Generally, a cut-off above 30% sequence identity is recommended when 

identifying homologous proteins (Rost, 1999). However, although the sequence identity is 

lower than desired it should be noted that many characterised azoreductases share a low 

sequence homology (Misal and Gawai, 2018). In response to this, azoreductases have been 

subsequently categorised based on their oxygen tolerance, their expression (intra/extra-

cellular) and their co-factor preference (Chen, Hopper and Cerniglia, 2005; Nakanishi, 

Yatome, Ishida and Kitade, 2001; (Bafana and Chakrabarti, 2008). 

Recently, Zou and colleagues (2020) performed an identical blast search, aligning AzoC 

against the same strain of O. splanchnicus. Likewise, upon generating a protein with 51% 

sequence identity, they also hypothesised that the protein in question would possess 

azoreductase properties/qualities. As mentioned in Chapter 1, Zou and her colleagues further 

elaborated their investigation by demonstrating the enzymatic abilities of O. splanchnicus, in 

particular its ability to reduce a variety of azo dyes (Table 1.2 and 1.3). Similarly, these 

findings help reinforce the hypothesised azoreductase properties of the protein identified in 

this project. 
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Table 5.1 The amino acid sequences of the azoreductases that had been characterised to date, 
alongside their amino acid length and ID and accession numbers.  

These were used in a Blastp search against the full genome sequence of O. splanchnicus in 
order to identify a hypothetical azoreductase protein with a similar sequence identity. 

Scientific Name Protein description Protein ID Acc. Len Accession 

Enterococcus 
faecalis Azoreductase AzoA 208 aa AAR38851.1 

Shewanella 
oneidensis 

FMN-dependent 
NADH-azoreductase soAzoR 198 aa WP_011074045.1 

Enterococcus 
faecium 

FMN-dependent 
NADH-azoreductase AzoEf1 206 aa WP_125190802.1 

Clostridium 
perfringens B str. 

ATCC 3626 
Azoreductase AzoC 206 aa AGH15624.1 

Pseudomonas 
aeruginosa PAO1 

FMN-dependent 
NADH-azoreductase 1 PaAzoR1 212 aa AAG04174.1 

Bacillus sp. B29 Azoreductase AzrA 208 aa BAF02597.1 

Escherichia coli 
str. K-12 substr. 

MG1655 

FMN dependent 
NADH:quinone 
oxidoreductase 

AzoR 201 aa NP_415930.1 

 

 

 

Table 5.2 A hypothetical protein identified from the genome of O. splanchnicus using protein 
sequences from characterised azoreductases in a blastp search. 

The name, description and sequence similarities of the protein identified from O. 
splanchnicus using a blastp search with the azoreductase amino acid sequences listed in 
Table 5.1. 

 

  

Scientific Name Protein description Query 
Cover 

E 
value 

Per. 
ident 

Acc. 
Len Accession 

Odoribacter 
splanchnicus 

flavodoxin family protein 
[Odoribacter splanchnicus] 100% 3.00E

-73 50.72 202 WP_0136
11494.1 
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The second aim of this project involved selecting a cloning kit that would effectively clone 

the gene of interest and transform it into an appropriate/suitable host cell line. While the pET 

TOPO® vector successfully enabled cloning of this gene, as confirmed by sequencing results 

provided by Genewiz, it appears that the transformation process could be improved. 

In this study, a number of molecular and culture conditions were modified to determine 

conditions optimal in generating recombinant protein in the soluble fraction. 

Applying varying combinations of environmental factors during cell culture incubation, and 

protein expression, with a selection of expression vectors were effective in generating 

recombinant protein product. In particular, the combination of using a nutrient-rich media 

such as TB or 2xYT, inducing with 0.2mM IPTG, followed by an overnight incubation at 

37°C appeared to be the most effective in yielding recombinant protein. Attempts to procure 

protein in the soluble fraction however, were not as successful.  

The conditions commonly used to induce a high level of protein expression can often cause 

the expressed protein to become aggregated and subsequently insoluble (Chrunyk et al., 

1993). An increase in post expression temperature and inducer concentration are conditions 

often relied on to accelerate the translation and expression of a desired protein. This steep rise 

in expression however, predictably increases cell density while at the same time exhausting 

cell resources resulting in limited oxygen, a decrease in pH and ultimately generating 

damaged and misfolded proteins (Jia and Jeon., 2016; Carrió et al., 2000). These issues can 

indeed be observed in Figure. 4.3, where increased inducer concentration and temperature 

yielded a high level of recombinant protein yet the majority was insoluble. Mild 

improvements can be seen when using rich media types as their high nutrient and phosphate 

levels help maintain pH levels and prolong cell growth (Tartoff and Hobbs, 1987). Likewise, 

a lower IPTG concentration also appears to slightly improve protein solubility as suggested 

by Baneyx and Mujacic, (2004). 

It would have been interesting to observe the effects of combining an overnight incubation 

with a reduced temperature such as recommended by Mogk, Mayer and Deuerling, 2002. If a 

reduction in temperature failed to improve protein solubility, similar to what was observed in 

Figure 4.3 when it was combined with a 3 hour incubation period, then a number of 

additional modifications could be considered in future experiments. To combat the depletion 

of chaperones whose expression and activity is often reduced in colder temperatures, the use 

of the ArticExpressTM expression host cell line could prove particularly useful. Ferrer, (2003) 
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describes the high folding abilities of the chaperonins it possesses, which are derived from 

the psychrophilic bacterium Oleispira antarctica. 

Other host cell lines that could prove advantageous include E. coli BL21 Rosetta-

gami2(DE3) cells which have been engineered to counter potential codon bias by introducing 

rare codons (Tegel, Tourle, Ottosson and Persson, 2010). Origami or SHuffle cells can also 

combat the issue of E.coli’s naturally oxidising cytoplasm that can otherwise prove 

unfavourable when expressing some heterologous proteins (Xiong, 2005; (Lobstein et al., 

2012). Another modification for future experiments would be the consideration of an 

alternate fusion tag such as the maltose-binding protein (MBP) or SUMO tags. Like the TRX 

tag used in this study, both tags are highly regarded for their effective solubilising 

capabilities. These tags all employ different mechanisms to improve protein solubility, for 

example the SUMO tag creates a detergent like effect on insoluble proteins (Butt, Edavettal, 

Hall and Mattern, 2005) while the MBP protein binds to and inactivates intramolecular 

proteins that are susceptible to aggregation (Raran-Kurussi, Keefe and Waugh, 2015). 

Finally, a newly introduced method of protein expression known as microexpression, offers 

several attractive benefits. It allows many more combinations of expression parameters to be 

carried out in 500 μL culture samples, without compromising time constraints or budgeted 

costs (Page et al., 2004). Hence, microexpression would allow for rapid screening and the 

development of a more effective expression protocol. 

It is clear that there is no universal protocol for expressing novel proteins. Instead, the most 

common method undertaken is the ‘trial and error’ approach, as described above. These 

methods can prove to be tedious, requiring a great degree of improvisation, patience, and 

often resulting in considerate delays and increased strain on costs and resources.  

In conclusion, the results here demonstrate the difficulties encountered in increasing 

solubility of the protein of interest. Subsequent purification and characterisation could not be 

carried out, preventing the identification of this protein and its function, and as a result the 

second aim of this project could not be accomplished. 

Irrespective of these unconcluded aims, it is still possible to further hypothesise on the 

classification and function of the protein that was successfully expressed in this study. An 

unpublished report by Gao and her colleagues describe identifying AzoC homologs in many 

species of gut bacteria belonging to/from all major phyla (Guo, Lee and Jeong, 2020). 

Likewise, from the protein sequence of AzoC, Zou et al., (2020) identified a protein of 
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identical sequence similarity to the protein expressed in this project. More significantly, they 

were able to first demonstrate the azo reducing abilities of a strain of O. splanchnicus isolated 

from the human gut. While these results strengthen the hypothesised function of the protein 

in question, they also necessitate the need for further understanding the primary role of these 

gut microbial azoreductases. 

It could simply be that these gut microbial strains have developed defensive 

enzymes/metabolic pathways upon exposure to environmental stressors such as ingested 

xenobiotics or to the toxins or antibiotics produced from neighbouring gut pathogens. 

Furthermore, it is also possible that the potentially harmful by-products of azoreduction may 

be degraded even further before they reach the liver or kidney. Zhang and colleagues (2019) 

demonstrated an interesting example of this. They highlighted the ability of certain gut 

bacterial strains in metabolising carcinogenic heterocyclic aromatic amines that are normally 

obtained through diet. The resulting metabolites displayed significantly reduced cytotoxicity 

towards human intestinal cells. 

To date, many studies concerning tartrazine consumption appear to omit important factors 

that would have otherwise created a more accurate representation of human conditions, 

allowing for better reproducibility of results. Reports of its genotoxic and cytotoxic effects 

were mostly observed when tartrazine had been administered systemically, a process that 

avoids exposure to the intestinal microflora (Zhang et al., 2013). As tartrazine is widely 

consumed via food products, its metabolism is mainly concentrated in the digestive tract, and 

so the results of these reports are not an accurate portrayal of the metabolic route of tartrazine 

in humans. Studies where the dye had been orally administered suggest a potential to induce 

inflammation and DNA damage in hepatic and colonic cells. However in these cases, the  

dose of tartrazine used was well over its outlined ADI (Sasaki et al., 2002; (Meyer et al., 

2017). 

Another important consideration is that many of these studies were performed using murine 

models. This is significant because the gut microbiome of a mouse does not accurately 

represent that of a human, and so the use of murine models would likely impact the 

reproducibility of results. Hugenholtz and de Vos (2017) discuss this concern in great depth, 

broadly illustrating the differences in the abundance of gut bacterial genera in murine vs 

human (Figure 5.1). They also note that the murine gut microbiome can be heavily influenced 
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by many factors that differ greatly from our own such as environmental, diet and genetic 

factors (many mice strains are inbred and raised on a restricted diet in captivity). 

 

 

 

 

 

  

Figure 5.1 Major quantitative differences between human and murine intestinal genera.  

A comparison between the metagenomic datasets of the human and murine intestinal 
microbiota. This figure illustrates strong similarities at the genus level but large deviations on 
a quantitative level. Figure is taken from (Hugenholtz and de Vos, 2017) 

 

 

Figure 5.2 Major different human and murine intestinal genera. Only genera are shown that 
showed consistent differences in relative abundance between humans and mice 

Figure is taken from (Hugenholtz and de Vos, 2017) 

 

 

Figure 5.3 A heatmap demonstrating the abundance of (A) O. splanchnicus and (B) other 
identified gut bacterial strains, in faecal samples that were collected from 16 healthy adults. 
Each strain is graded by it’s ability in reducing the azo dye Brilliant Black.Figure 5.4 Major 
different human and murine intestinal genera. Only genera are shown that showed consistent 
differences in relative abundance between humans and mice 

Figure is taken from (Hugenholtz and de Vos, 2017) 
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Even if these studies were repeated using a human microbiome model, it would still be 

difficult to accurately predict the metabolic pathway of tartrazine. The human digestive tract 

is extraordinarily complex, with its metabolic capability being heavily dictated by a) the 

intricate relationship shared with the unique composition of resident microflora it harbours 

and b) by individual human factors of the host such as diet, age and genetics. 

Zahran, Ali-Tammam, Ali and Aziz, (2021) provide a good illustration of this in their very 

recently published pilot study. With the faecal samples of 16 healthy adults, they isolated 

bacterial species that demonstrated an ability to reduce the azo dye Brilliant Black. Then, for 

each sample the relative abundance of each species was calculated and its efficiency in 

reducing the dye. By doing this, they were able to show that the rate at which an azo 

compound is reduced can be dictated by the abundance of azo reducing species in the human 

gut. This in turn is inversely proportionate to the abundance of other species present. Species 

in the phylum Firmicutes demonstrated a higher azoreductase ability as opposed to the 

phylum Bacteroides, to which O. splanchnicus belongs, which reduced the azo dye at a much 

lower rate. As displayed in Figure 5.2, the bacterial population of each stool sample varied. 

Typically, samples with a low population of Firmicutes exhibited lower azo-reducing 

activity. These findings are extremely important as they clearly demonstrate that the 

composition of one’s gut microbiome can influence the fate of xenobiotics, in this case those 

containing an azo compound such as pro-drugs like prontosil or food colourings like 

tartrazine. 

  

Figure 5.12 A heatmap demonstrating the abundance of (A) O. splanchnicus and (B) other 
identified gut bacterial strains, in faecal samples that were collected from 16 healthy adults. Each 
strain is graded by it’s ability in reducing the azo dye Brilliant Black. 

The heatmap colour denotes the relative abundance of each strain across 16 collected faecal 
samples. The colours above the heatmap represent the total azo-reducing capacity of each 
species where Grade 0 indicates partial decolourisation and Grade 2 indicates near to or 
complete decolourisation. The sex and BMI classification of each subject is also represented in 
colour above. Adapted from Zahran et al., 2021. 

A 
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This study also allows us to further speculate on the azoreductase properties specific to O. 

splanchnicus. The first observation is that despite the localized diversity and small scale of 

the sample population (Egyptian participants that likely share a similar diet and 

environment), the abundance of O. splanchnicus in each individual stool sample is highly 

variable. This suggests that the composition of one’s intestinal microflora could be highly 

sensitive and easily influenced by other factors such as antibiotic treatment and regular 

exposure to xenobiotics including azo compounds. 

The second observation is that O. splanchnicus may possess better azo-reducing abilities in 

some individuals compared to others. Many factors may be responsible for influencing this. If 

the azoreductases in question functioned primarily as a defensive mechanism, then it’s 

expression and activity could be dependent on exposure to dangers such as oxidative stress or 

the toxins and antibiotics produced by neighbouring species. 

To conclude, the metabolic capability of the gut microbiota has become an important issue of 

concern in recent years. These findings highlight the potential sensitivity of an individual’s 

gut microbiome and suggest that exposure to environmental, xenobiotic or otherwise toxic 

conditions may disrupt the balance of the gut bacterial community which could inherently 

influence the fate of these substances. While it is imperative that a more comprehensive 

understanding into the functioning of the gut microbiome is needed, it is equally important to 

appreciate the individuality of each microbiome where variations in the abundance of species 

such as O. splanchnicus can dictate the metabolic pathway of everyday xenobiotic 

compounds such as tartrazine. 
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