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ABSTRACT 

There is demand from the food industry for novel savoury seasonings based on 

low-cost food ingredients, sourced from within the EU. A nucleotide and protein 

rich spray dried powder which was derived from a Fusarium venenatum 

fermenter waste stream and food-grade Alphitobius diaperinus with potential as 

a savoury flavour enhancer was evaluated. 

Enzymatic digestion of these two raw materials as a source of flavour precursors 

was evaluated. Serial enzyme combinations, enzyme dosages, sequence of 

enzyme application, pH, temperature and length of digestion for the liberation 

of amino acids and nucleotides were optimised for the liberation of taste active 

compounds.  

For amino acids, free glutamine (GLN) and glutamic acid (GLU) could be 

enhanced using a combination of peptidases on both raw materials.  Digesting a 

spray dried powder derived from the fermenter waste stream of Fusarium 

venenatum with exopeptidase (1% FlavourzymeTM), resulted in an improved 

yield of GLN (from 0.1 mg/g to 28.9 mg/g powder) and GLU (from 1.71 mg/g 

to 5.98 mg/g powder). For milled Alphitobius diaperinus, mixed use of 

exopeptidase (1% FlavourzymeTM) and endopeptidase (2% AlcalaseTM) gains a 

1.4-fold increased yield of GLU (17.5 mg/g powder) and 1.7-fold increased yield 

of GLN (1.2 mg/g) as best production was obtained. 

For nucleotides, digestions of the waste stream with a yeast lytic enzyme (YL-

TLTM) followed by a nuclease (RP-1GTM) resulted in the highest 5’-guanosine 

monophosphate (GMP) and 5’-adenosine monophosphate (AMP) production. 

Specifically, a 2% and 0.05% treatment by YL-TLTM and RP-1GTM respectively 
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was shown to be optimal, followed by a 0.05% DeamizymeTM treatment for the 

conversion of AMP to 5’-Inosinic acid (IMP) of 38 mg/g. For the solid digestion 

of Alphitobius diaperinus, being treated with a nuclease tretment (2% RP-1GTM) 

followed by a 0.2% DeamizymeTM treatment for the conversion of AMP to IMP, 

resulted in the highest GMP yield, a 3.5-fold increased (2.6mg/g), and 7.8-fold 

increased IMP (4.7mg/g) production. 
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1. INTRODUCTION 

1.1 BACKGROUND 

1.1.1 Food waste in the UK 

Food waste has always been a serious issue in the UK. In 2013, 15 million tonnes 

of food and drink was wasted in the food chain, which is equivalent to around 

one third of the 41 million tonnes of food that is bought annually in the UK 

(Wrap.org.uk, 2016). The highest proportion of this waste in the food chain was 

wasted in households, with 7 million tonnes being thrown away in the UK in 

2013. Of the 7 million tonnes of household food and drink waste, 60% were 

avoidable, 17% were possibly avoidable and 23% were unavoidable 

(Wrap.org.uk, 2016). 

Among these three types of waste, avoidable waste is food and drink thrown 

away because it is no longer wanted or has been allowed to go past its best. 

Possibly avoidable waste is food that some but not all people would eat, and 

unavoidable waste is elements that are not suitable for consumption 

(Wrap.org.uk, 2016).  

Since the vast majority of avoidable food is composed of material that was prior 

to disposal, edible, there may be a significant decrease in this avoidable waste if 

people’s awareness of food waste is increased. In fact, the waste tonnage in 2014 

has been decrease by 0.6% since 2010. However, there is still huge amount of 

other waste awaiting to be taken advantage of (Wrap.org.uk, 2016).  

Apart from household waste, the second biggest food waste belongs to 

manufacturing, taking up near 26% of the total food waste in the food chain. In 

the UK, businesses generate approximately one quarter of all waste each year. 
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Levels of food and drink waste by commercial and industrial businesses in the 

food sector amount to around 2.8 million tonnes, with a value of over £4.3 billion 

(Wrap.org.uk, 2016).  

Some recent research has begun the exploitation of the protein in the toufu 

wastewater with various proteases for savoury flavour enhancement (Sun, Zhao 

and Guo, 2016). The commercial and industrial manufacturers should also pay 

more attention to the treatment of certain waste such as fermentation waste from 

brewery and fungi processing, improving the productivity of the waste re-usage 

and generate new opportunities such as brand-new product or energy derived 

from waste.  

1.1.2 Trend of edible insect 

1.1.2.1 Background 

Because of the growing demand for meat and the declining availability of 

agricultural land, there is an urgent need to find alternative protein sources. By 

2050, the world’s population is expected to exceed 9 billion people, adding more 

than 2 billion individuals to an already crowded planet. Coupled with expanding 

economic wealth and purchasing power, Food and Agriculture Organization 

(FAO) estimates indicate that global food production will need to expand by an 

estimated 60 percent from current levels to meet global food requirements in 

2050 (FAO, 2017). Meeting this massive additional demand for food will require 

concerted action on a number of fronts. Part of this will focus on increasing the 

production and consumption of currently under-utilized and under-appreciated 

foods. Although the increased consumption of these foods is constrained by 

production, processing and trade, often it is simply a lack recognition and 

appreciation of their potential value to future food security. Edible insects 
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comprise one such category of under-utilized foods that offer significant 

potential to contribute to meeting future global food demands. 

1.1.2.2 Edible insect farming 

Insect farming has been suggested as a good alternative to conventional livestock 

farming for future food production. Livestock production accounts for 70% of 

all agricultural land use and is a major contributor to global warming (Jansson 

and Berggren, 2015) while edible insects can be produced with a smaller 

environmental footprint than livestock. Insects have a high feed conversion rate, 

which in a rearing system limits the demand for land for feed production. Edible 

insects can also alleviate waste disposal problems by growing them on organic 

by-products. Moreover, insects can potentially emit less greenhouse gases (GHG) 

than 12% anthropogenic GHG emissions of conventional livestock. It has also 

been suggested that the volume of water required to produce edible insects is 

low compared with that needed in conventional livestock production such as beef 

at 22,000 litre/kg water usage (van Huis et al., 2013). 

1.2.2.3 Nutrition value of edible insect 

Insects are a good source of nutrients and are comparable to conventional animal 

sources with a high protein content. Their nutritional values vary according to 

the species and how they are prepared for consumption. In general, insects can 

supply protein (20-70% of raw protein), amino acids (30-60%), fats (10-50%), 

minerals and vitamins important for human health. This is comparable to 

conventional meat products in terms of protein content (Yi et al., 2013). There 

are adequate protein quantity and quality with a high content of unsaturated fatty 

acids and minerals like iron and zinc in some certain insects, which can even 

replace scarce fishmeal. Thus, entomophagy (eating of insects) has been 
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proposed to tackle the deficiencies of these minerals in developing countries 

(Christensen et al., 2006), in particular in view of the fact that the percentage of 

the world population at risk for these deficiencies is more than 17 % for zinc 

(Gibson, 2015) and 25 % for iron (McLean et al., 2008). 

1.2.2.4 Edible insect as foodstuffs 

Although about 2000 insect species are eaten worldwide, but mostly in tropical 

countries such as Cambodia, Thailand, Mexico where insects are regarded as an 

important protein source (Jansson and Berggren, 2015), food safety issues have 

been addressed by a number of authors with immediate impact on legislative 

issues (van der Spiegel, Noordam and van der Fels-Klerx, 2013, Rumpold and 

Schlüter, 2013, Charlton et al., 2015, Amadi and Kiin Kabari, 2016). 

Contaminants of insects such as mycotoxins, pathogens, heavy metal and 

pesticide residues are questioned as possible hazards. However, the information 

available shows that insect pathogens are specific for invertebrates and do not 

harm vertebrates (Eilenberg et al., 2015). In terms of legislation, in the EU, at 

the time the legislation was made, very few people considered insects as either 

food or feed, and when in the legislation the word “animal” is used, insects are 

often automatically part of that legislation. Regarding insects as food, it has not 

been decided yet in the EU whether a product made from insects is considered a 

novel food (definition: not consumed “in a significant degree” in the EU before 

May 15, 1997) or not (van Huis, 2015). If so, the producer can follow the 

conventional food regulations otherwise they have to provide a Novel Food 

Dossier to prove the product is safe for consumers. 

There is increasing number of people consuming insect in the EU such as in 

Belgium (House, 2016) and the Netherlands (Caparros Megido et al., 2013). 
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They adapted insects as a protein source, strongly influenced by motivations 

towards sustainable food consumption. Eating insects is still however an enigma 

in most of the western world and people are reluctant to use insects as food. 

Almost a hundred years ago, Bequaert attributed the aversion of western people 

to include insects in their diet to ‘prejudice’, and cultural conditioning: “What 

we eat and what we do not eat is, after all, a matter of custom and fashion rather 

than anything else”. Take consumers in Thailand for example, where insects are 

part of the local food culture, considered insects more in terms of their taste than 

Dutch consumers. Thai consumers are strongly repulsed by mealworms due to 

the association with larvae often seen in decaying matter. However, this 

association was absent among Dutch consumers who are familiar with 

mealworms as food. Therefore, the development of strategies to overcome the 

psychological and cultural barriers to entomophagy is the priority task. 

1.2  UMAMI FLAVOUR 

1.2.1 Introduction: food preferences and umami taste 

One of the effective approaches to make individuals more easily accept under-

appreciated food such as insects is to explore and develop more satisfying 

flavour. But before further discussion of flavour modification, we need to be 

clearly aware of the mechanism behind our taste sensation.  

Our sense of taste arises from the contact of chemical compounds, including 

those in foods, with taste receptors on the surface of their cells that are located 

mostly within the taste buds on the tongue (Figure 1.1), which are embedded in 

papillae located mainly on the top of the tongue and distributed over the soft 

palate, pharynx, epiglottis, and the entrance to the esophagus. There are two 

principal types of taste receptors: receptor protein and ion channels.  The first 
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type is called the G-protein-coupled receptor and are sensitive to sweet, bitter, 

and umami taste, which cross the membrane of the receptor cell. When such a 

receptor on the surface of the cell has interacted with a taste molecule for which 

it is adapted, a G-protein on the other side of the membrane adopt a new shape 

and charge. This charge sets in motion a cascade of biochemical processes which 

ultimately cause particular sodium channels in the cell membrane to open. 

Sodium ions flow through the channel, resulting in a drop in the electrical 

potential across the membrane. This generates an electrical signal that passes 

through efferent neurons system to the cell (Chaudhari and Roper, 2010). The 

other type of taste receptors is sensitive to sour and salty tastes, especially 

hydrogen (sour), sodium (salt) and potassium ions. These receptors are ion 

channels that cut across the cell membrane. A change in the concentration of 

these ions leads to a change in the electrical potential across the membrane, and 

if over a threshold difference, resulting an electrical impulse is sent to the brain 

(Chaudhari and Roper, 2010). 

 

Figure 1.1 Schematic illustration of a receptor (hinge-like structure in red) embedded in 

the cell membrane (oval linkage in grey) of a sensory cell.  
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Sweetness, saltiness, sourness and bitterness have been traditionally recognized 

as fundamental taste in all foods and drinks. However, these qualities are 

insufficient to describe our experiences from eating foods. Compared to the rich 

inventory of thousands of different odourant that contribute to the flavours in our 

diet, the range of taste qualities seems remarkably limited (Keller et al., 2014). 

Being responsive to a small set of basic tastes does suggest that each of the 

qualities must be significant in some way. In contrast to our preferences for 

odours or flavours, which are molded by exposure and learning from an early 

age, preferences for pure tastes are remarkably fixed. Distinct, and unambiguous, 

facial expressions to sweetness and bitterness are present at birth in humans, 

monkeys, and rats, and are essentially the same response that we have as adults 

(Figure 1.2). Both in terms of willingness to ingest, and also in the quality of 

these characteristic facial expressions, sweetness is highly liked and bitterness 

rejected in infants (Desor, Maller and Turner, 1973) (Steiner et al., 2001). 

Sourness is also disliked, especially at high levels. A preference for saltiness, on 

the other hand, develops in the first few post-natal months (Getchell, 1991). 

Liking for pure tastes also seems to be relatively independent of culture or diet. 

Comparisons between cultures whose diets are very different, such as Japan, 

Taiwan and Australia, have found remarkably similar patterns of likes and 

dislikes for basic tastes (Prescott, 1998). 

 

 
Sweet Sour Bitter Umami 
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Figure 1.2 The reactions of a four-month-old boy after tasting sweet, sour, bitter and 

umami (Keller et al., 2014). 

The explanation for these responses to taste qualities lies in their ability to signal 

nutrients and toxins. The palatability of sweetness is thought to signal the 

presence of energy in the form of calories provided by sugars and other plant 

carbohydrates. Consistent with this interpretation, animal such as cats that are 

solely carnivores are indifferent to sweetness. Saltiness signals the presence of 

the sodium ion (Na+), crucial for maintaining the body’s fluid balance. The 

strong dislike that animal naturally have to bitterness is thought to be protective 

mechanism as many plants manufacture bitter toxins as a defense against 

predators, and many of these toxins are bitter. The significance of the dislike for 

high levels of sourness is not as clear-cut. It may be a signal for unripeness or 

spoilage in foods, or the fact that concentrated, and thus extremely sour, acids 

can cause tissue damage. One way of looking at our sense of taste to the flavour 

is that there is a balance between the external and internal environment of the 

body whose function is to ensure that ingested substances maximize our survival. 

In addition to these four well-known qualities, we now recognize the existence 

of another basic taste. In the early twentieth century, Umami was defined as the 

fifth basic taste and was described as meaty and broth-like. This was first 

discovered by Kikunae Ikeda in 1908 through his investigations on konbu 

(Kurihara, 2009). The choice of konbu was based on its availability as a soup 

base in Japanese cuisine and Ikeda originally found that the taste was a 

significant factor in konbu broth (Ikeda, 1909). He is also the first person who 

synthesized glutamate from the seaweed kombu. He used the term umami to 

describe the quality that glutamate produced when added to savoury foods. Ikeda 

described umami as the “peculiar taste which we feel as ‘umai’ (meaning brothy, 
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meaty or savory), arising from fish, meat and so forth (Ikeda, 2002).” The 

Japanese word umami, translated approximately as “savory deliciousness”, 

refers to the quality of foods containing significant amounts of naturally 

occurring glutamate (a derivative of glutamic acid, a non-essential amino acid), 

its sodium salt, monosodium glutamate (MSG), or 5’-ribonucleotides such as 

guanosine monophosphate (GMP) and inosine monophosphate (IMP). If the 

glutamate is simply dissolved in water, is not particularly palatable, and it is hard 

to define its quality. Some people may even be confused it with saltiness. It is 

often described as “mouth-filling”, suggesting a texture. One of the common 

forms of glutamate, the flavour-enhancer mono-sodium glutamate (MSG), is 

somewhat salty (because of the sodium component), but it also has an additional 

quality.  

Nevertheless, by adding MSG is one of the simplest ways to impart umami. 

Increase in food acceptability are clearly mediated by changes in the sensory 

properties of the foods produced by added MSG (Figure 1.3 ).  

 

Figure 1.3 Effects of adding MSG (dark bars) to three savoury foods on ratings of liking, 

richness, sweetness, saltiness and natural taste. (* indicates significant increase in ratings 

by adding MSG) (Keller et al., 2014) 

Although adding MSG to a food does influence its saltiness, it is clear that the 

effect on other sensory properties and on palatability are not just an effect of salt 

on flavour. For example, if one equates the amount of sodium in two savoury 

products of the same type, the one that contains the added glutamate will always 



17 

 

be preferred (OKIYAMA and BEAUCHAMP, 1998). Alternatively, other 

glutamate compounds, such a calcium glutamate, do not add saltiness but still 

increase the palatability of foods to which it is added (Bellisle, Dartois and 

Broyer, 1992).  

Ikeda was convinced that umami represented a new, distinct taste. However, it 

is only during the past two decades that there has come to be general agreement 

with Ikeda’s proposition from within the scientific taste community. A 

considerable amount of recent research has shown that human has glutamate 

receptor and hence that ended the argument.  

1.2.2 How do we perceive umami? 

1.2.2.1 Receptor mGluR4 and mGluR1 

Although Ikeda has already determined umami flavour could be elicited by 

glutamate in 1908, a few researches in 2000 were finally in a position to 

investigate the molecular basis of umami that the specific receptor known as 

taste-mGluR4 for umami taste (Chaudhari, Landin and Roper, 2000). This taste-

mGluR4 shows us that it is related to the already known mGluR4 in the brain, 

which is sensitive to glutamate when it acts as a neurotransmitter. The difference 

between taste-mGluR4 and mGluR4 is that the former is a truncated version of 

the latter; the part of the taste receptor that projects from the taste cell is only 

about half as big as that of brain-mGluR4. As the outermost part of the receptor 

molecule is exactly the site where glutamate is bound, the consequence is that 

the taste-mGluR4 is more than 100 times less sensitive than its larger counterpart 

in the brain brain-mGluR4. Having said that, it is not important for the taste 

receptors to be nearly as sensitive as those in the brain because the concentration 
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of glutamate in food is much greater than the concentration of glutamate in the 

neural cells.  

Another mGlu glutamate receptor in human, related to taste-mGluR4, has been 

identified by a few researchers in 2009 (Raliou et al., 2009). The new receptor 

is a truncated variant of glutamate receptor in the brain: mGluR1. 

1.2.2.2 Receptor T1R1/T1R3 

A big breakthrough followed the discovery of mGluR4 in 2002, when two 

research groups in the United States found another glutamate receptor (Li et al., 

2002). It is a combination of T1R1 and T1R3, which are two different receptors 

from the T1R family of receptors that are present only in sensory cells. Members 

of the T1R family of receptors assemble into heterodimer, forming two related 

complexes, T1R1/T1R3 and T1R2/T1R3, which are sensitive to umami and 

sweet taste, respectively. This can also indicate that the biochemical pathways 

for the recognition of sweetness and umami are very closely connected. In fact, 

they may be so intimately related that not only would it explain why rats 

experience umami as a sweet taste and stop eating sugar when they have ingested 

too much glutamate (San Gabriel et al., 2007), but also may explain why umami 

can enhance the perceived sweetness of some food (Fuke and Ueda, 1996). The 

T1R1/T1R3 pair in human is most sensitive to glutamate and aspartate and the 

binding site for glutamate in the T1R1/T1R3 receptor is found in the T1R1 part 

that has the same molecular structure as in the mGluR4 and taste-mGluR4 

receptors. In contrast to taste-mGluR4, T1R1/T1R3 is not sensitive to L-

aspartate that confers only a little umami taste. Moreover, the interference of 

substances binding to T1R3 will also supress both sweetness and umami. 

Lactisole, a commercial sweet inhibitor that binds itself to T1R3 and block the 
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taste of sweetness things, also suppresses the umami flavour. This important 

receptor reveals the nature of umami and how the perception of this taste is 

possibly related to that of sweetness.  

1.2.3 Synergy effect of ribonucleotide on umami 

Beside glutamate as umami taste active amino acid, the presence of 5’-

nucleotides have been shown to have a synergistic relationship with GLU and 

presence of nucleotides and glutamic acid is associated with greatly elevated 

perception of umami flavours in food (Yamaguchi et al., 1968). 

The discovery of ribonucleotides’ synergistic impact on umami taste started 

within the discovery of another umami substance inosine monophosphate in 

dried bonito flakes by Shintaro Kodama in 1913 (Kodama, 1913). In 1960s, a 

few Japanese researchers demonstrated that ribonucleotides can act as potential 

umami flavour compounds in plant source, these also included guanosine 

monophosphate (GMP) and adenosine monophosphate (AMP) (Kuninaka, 

1960). 

Among these studies, one Japanese chemist, Kuninaka, systematically studied 

the relationship between umami taste and the chemical structure of nucleotide-

related substances and concluded that the 6’-carbon of the purine ring and 

phosphate ester on the 5’-carbon of ribose moiety (i.e. 5 prime nucleotide) have 

umami taste while purine ribonucleotides phosphorylated on the 2’-C or 3’-C of 

the ribose moiety (2 or 3 prime nucleotides) are tasteless (Figure 1.4) (Kuninaka, 

1960). Moreover, he further confirmed that only GMP, IMP and XMP 

(Xanthosine monophosphate, formed from IMP via the action of IMP 

dehydrogenase) have umami taste. In addition, another study reported that the 

phosphate ester linkage on the 5’-C of the ribose moiety is necessary for 
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imparting umami taste. Besides that, the 5’-C phosphate must have both primary 

and secondary dissociation of OH to exhibit umami taste; if the OH is esterified 

or acidified, there will be no more umami taste present.  

 

Figure 1.4 Chemical structure of nucleotides (AMP, GMP, IMP and XMP) 

The threshold values of IMP (0.025 g/100mL), GMP (0.0125 g/100mL) and 

MSG (0.03g/100mL) are all quite low in plain water. Although MSG and IMP’s 

threshold values are very similar, the relationship between concentration and 

intensity of taste is very different especially at higher concentrations (Figure 1.5). 

In general, the MSG exhibits a marked umami taste by itself while nucleotides 

do not, which indicates the existence of MSG is necessary in order for 

nucleotides to enhance the umami taste. 
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Figure 1.5 Relationship between taste intensity and concentration of MSG solutions and 

IMP solutions (Charalambous and INGLETT, 1982) 

In 1967, Yamaguchi concluded the equations of umami taste synergism between 

nucleotides and MSG carefully measured by sensory test. As seen in Figure 1.6, 

the equivalent taste intensity between mixtures of IMP and MSG, and MSG 

alone are plotted. The taste intensity of mixtures increases exponentially against 

their concentration, with the degree of synergism depending on the ratio of IMP 

to MSG.  

 

Figure 1.6 Taste equivalency of mixtures of IMP and MSG to MSG alone (Charalambous 

and INGLETT, 1982) 
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There are two equations obtained from the result to determine the adequate ratio 

of nucleotide to MSG. When the concentration of MSG in the mixture is u g/100 

mL and that of GMP or IMP is v g/100 mL, and the concentration of MSG alone 

which shows an equivalent taste intensity is Y g/100mL, the relationship can be 

expressed as  

• Y = u +1218 uv   in the case of mixture of IMP and MSG    

• Y= u +2800 uv   in the case of mixture of GMP and MSG  

Comparing those two equations, the only difference is the coefficients, which 

GMP’s one is 2.3 times greater than IMP’s. This indicates that the synergistic 

effect of GMP is 2.3 times stronger than that of IMP.  

For a mixture of IMP, GMP and MSG, if the concentration of IMP plus GMP is 

v’ g/100 mL and the ratio of IMP to GMP is p: q, the equation is shown as below: 

 

Yamaguchi also determined the variation of the taste intensity of mixtures of 

IMP with MSG at a fixed concentration of the mixture but with the components 

present in various ratios from 0:100 to 100:0 by using the method of paired 

comparison using an incomplete block design (Gulliksen, 1956). The result is 

illustrated in the Figure 1.7, the curve suggests that when small quantities of one 

are added to the other, the taste intensity rises dramatically and taste intensity is 

strongest when there are approximately equal amounts of the two components. 
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Figure 1.7 Taste intensity for varying mixtures of MSG and IMP (Yamaguchi, 1967) 

The discovery of how the taste receptors T1R1 and T1R3 work in tandem in the 

combination T1R1/T1R3 can also explain how the umami is being 

synergistically induced by other substances like ribonucleotides (Figure 1.8). 5’-

GMP and IMP do not activate T1R1/T1R3 by themselves, but can enhance the 

activity of glutamate. On the contrary, other ribonucleotides such 2 or 3’-GMP, 

IMP that do not possess umami property have no effect on the receptor.  
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Figure 1.8 Schematic illustration of the umami receptor T1R1/T1R3 embedded in the cell 

membrane of a sensory cell. The T1R1 part binds a glutamate ion (the green circle) and a 

nucleotide (the blue triangle), which triggers a signal through the receptor that a G-protein 

(the blue oval) is to be bound on the other side of the membrane. 

The synergic activity takes place in the T1R1 part of the receptor, which has a 

hinge-like structure. L-glutamate binds near the place where the hinge will bend. 

Like the mechanism in the Venus flytrap, this causes the hinge to snap shut, 

trapping the glutamate molecule securely. GMP or IMP binds to a place at the 

edge of the hinge, where there is a spot that resembles a cleft (Zhang et al., 2008). 

This further stabilize the closed conformation of Venus flytrap and results in a 

stronger binding of the glutamate molecules. Stabilizing the glutamate in this 

way is equivalent to making the receptor more sensitive against glutamate. 

However, neither of the two ribonucleotides would be able to stimulate the 

receptor on its own in the absence of glutamate. This effect is referred as 

allostery, which suggest that the effect of the protein’s function is dependent on 

something that happens in a place on the protein other than its active binding site. 

The allosteric action was also proved in the dynamic mechanism of the Venus 

flytrap: the flytrap is very dynamic without bound glutamate while the dynamics 
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become extremely slow once a nucleotide binds (Zhang et al., 2008) (Figure 1.9). 

Moreover, glutamate is also involved in stabilizing the formation of the dimer of 

T1R1/T1R3 (Morikawa et al., 2000).  

 

Figure 1.9 Schematic illustration of the synergistic action by simultaneous binding of 

glutamate and a 5'-nucleotide. 

Therefore, the whole process of umami taste generation is a cooperative effort 

with separate entities including amino acid and umami property nucleotides. 

1.3 UMAMI ENHANCEMENT 

Umami flavour appears quite frequently in our daily lives from the point of view 

of our own food experience. Savoury foods can be more or less rich-tasting, of 

which the quality is mainly determined by the presence of umami compound. 

For instance, the preparation of a pasta sauce from basic ingredients such as 

onions, carrots, celery, tomatoes, mushrooms, chicken stock and Parmesan 

cheese is fundamentally an exercise in getting umami to our taste buds. By 

cooking, glutamate or ribonucleotides in relatively high level in these ingredients 

are released and perfectly developed into one cuisine after another. However, 

there are many other approaches to make the most of umami. 
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1.3.1 Yeast extract as one important umami enhancer 

Besides MSG, yeast extract is another umami enhancer that is widely used in 

savoury-type food applications. Marmite supplied by Unilever is a good example 

of a yeast extract product. The reason for the umami flavour of yeast extract 

possessing is its high-level of free protein, peptides, amino acids. In addition to 

a high-level 5’-nucleotides (14-20% 5’GMP + 5’IMP) (Taylor and Hort, 2008).  

The yeast extract can be obtained by hydrolysing yeast with three approaches: 

autolysis, plasmolysis or acid (Reineccius, 2005). For the autolysis, the cell is 

killed without denaturing its proteolytic enzymes. Under the suitable 

temperature and pH, the cell protein and nucleases will be solubilized by the 

proteolytic enzymes upon on the RNA to enhance the flavour of the product. If 

the yeast is produced by plasmolysis, the high salt levels will initiate the cellular 

degradation, resulting in death and liberation of cellular enzymes. The acid 

hydrolysis yields a product very similar to a protein called hydrolysed vegetable 

protein (HVP), which is slurried at 65 to 80% solids, concentrated HCl added, 

and the mixture is held at 100°C for 6 to 12 h. However, this acidic hydrolysis 

leads to a much higher capital cost (acid and pressure) compared to autolysis and 

are also high in salt, which limit the market for acid hydrolysed yeast extracts 

(Reineccius, 2005). 

As a result, the high-level of nucleotides combined with the amino acid profile 

derived from autolysed yeast at significant level of protein hydrolysis can confer 

umami flavour. 

These high-nucleotides yeast extracts possessing less basic taste can be used at 

lower dosage in food products without introducing strong bouillon-like taste. 

Yeast extracts show a powerful interaction with other non-savoury, flavour 
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modalities and offer improvement through increased fullness while a decrease 

of bitter aftertaste. Therefore, these yeast extracts offer the possibility of 

improving flavours in a wide range of savoury and non-savoury applications 

(Taylor and Hort, 2008). 

 

1.3.2 Protein hydrolysis 

1.3.2.1 Taste of amino acid 

As discussed in previous sections, glutamate has an umami taste, therefore the 

umami intensity should increase with more umami-property amino acids. Since 

amino acid is the sub-unit of peptide and protein, protein hydrolysis is 

consequently an effective way to liberate more amino acids in order to generate 

more umami flavour. However, the practice is more complicated than the theory. 

In general, there are 20 amino acids present in the food. Each amino acid 

contributes a different taste (Figure 1.10), for instance, glycine and alanine have 

a sweet taste, valine and leucine have a bitter taste. Some amino acid has more 

than one taste, aspartic acid has sour and slight umami taste; though valine is 

called a bitter amino acid, it still has a slightly sweet taste (Solms, 1969). The 

combination of amino acids with their respective taste is a key determinant for 

the taste of food. For instance, crab, shrimp and sea urchin have a similar amino 

acid profile apart from two amino acids methionine and valine that presents in 

sea urchins (Table 1.1). If without methionine, a key ingredient and very bitter 

taste amino acid in the sea urchins, it will just taste like shrimps or crabs (Sen, 

2005).   
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Table 1.1 Taste of different amino acid present in food 

 

 

Figure 1.10 Taste compound profile of snow crab and sea urchin (Ajinomoto.com, 2017) 

While some free amino acids are present in various natural foods bound amino 

acid can be further released in order to modify or enhance the flavour. One 

approach widely used by different nations around the world is fermentation. 

Although people developed various dietary culture to enhance the flavour 

without the specific intention of liberating amino acids, fermented food is a rich 

source of various amino acids. One good example of western and Asian 

fermentation culture is cheese and fermented soya product. Although proteins 

have no major tastes of their own such as milk and soya bean, by degrading the 

protein into amino acids through fermentation, the fermented products (cheese, 

soy sauce) offer a wide variety of taste profiles.  
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1.3.2.2 Protein hydrolysis approach 

There are many ways to degrade protein into amino acid for different purposes 

from the most violent approach such as acidic hydrolysis to more specific 

enzymatic protein digestion. Through both routes, the water molecules break 

apart the peptides links of the protein molecules, leaving short-chain peptides 

and separate amino acid molecules depending on how strong the hydrolysis is 

(Figure 1.11).  

 

Figure 1.11 Schematic illustration of protein breakdown 

By hydrolysing proteins with hydrochloric acid into amino acid, the assay 

normally heats the protein with 6M hydrochloric acid for 24 h at 110°C. 

However, through this strong acidic hydrolysis, some amino such tryptophan, 

glutamine, asparagine, serine and threonine degrades or partially destructed 

during acid hydrolysis.  

Another effective way to hydrolyse protein is to use proteolytic enzymes. The 

proteolytic enzymes can be categorized into several groups with different terms. 

In 1986, one German literature clarified some confusion regarding the use of 

term among protease, proteinase and peptidases (Barrett and McDonald, 1986). 

Historically, these terms had slightly different meanings (Beynon and Bond, 

2001), but largely the differences are being forgotten in the present day. 

However, the term peptidase is recommended by the Nomenclature Committee 

of the International Union of Biochemistry and Molecular Biology (NC-IUBMB) 

as the general term for all the enzymes that hydrolyse the protein since the word 
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can properly lead to a set a term for the subtypes of proteolytic enzymes that are 

indispensable to communications (Rawlings and Salvesen, 2013).  

In general, the peptidase can be divided into two types: exopeptidases cleaving 

one or a few amino acids from the N- or C-terminus of the polypeptide chain 

while endopeptidases that cleave internally (Figure 1.12).  

 

Figure 1.12 The structure of general protein 

The exopeptidases that act at a free N-terminus liberate a single amino acid 

residue (aminopeptidases) or a dipeptide or a tripeptide (dipeptidyl-peptidases 

and tripeptidyl-peptidases). Those acting at a free C-terminus liberate a single 

residue (carboxypeptidases) or a dipeptide (peptidyl-dipeptidases) (Figure 1.13). 

Other exopeptidases are specific for dipeptides (dipeptidases) or remove 

terminal residues that are substituted, cyclized or linked by isopeptide bonds 

(peptide linkages other than those of α-carboxyl to α-amino groups) 

(isopeptidases and omega peptidases). The endopeptidases are divided on the 

basis of catalytic mechanism into aspartic endopeptidases, glutamic 

endopeptidases, cysteine endopeptidases, metalloendopeptidases, serine 

endopeptidases and threonine endopeptidases (Rawlings and Salvesen, 2013).  
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Figure 1.13 Schematic illustration of exopeptidase and endopeptidase digestion of peptide 

Since the nature of endopeptidase and exopeptidase, it is impossible that the 

enzymatic protein hydrolysis liberates only glutamate without realising other 

amino acid so as to enhance the umami flavour specifically. How to take 
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advantage of various peptidases in order to enhance the savoury flavour without 

developing other bad-tasting amino acid profile is still a challenge.  

1.3.3 Nuclease digestion 

Although the peptidase cannot specifically release umami-property amino acid 

from the protein to enhance savoury flavour, nuclease has its advantage of 

enzymatic specificity in terms of savoury flavour enhancement. Since nucleotide 

are the unit composing deoxyribonucleic acid (DNA) and ribonucleic acid 

(RNA), acid and alkaline hydrolysis can also effectively break down DNA/RNA 

into nucleotide but result in non-savoury nucleotides such as 2 or 3’-nucleotides. 

Therefore, those hydrolysis approach cannot be applied for savoury flavour 

enhancement. 

Umami-property nucleotide such as 5’-GMP and 5’-IMP both occur naturally in 

foods. Animal muscles are generally rich in 5’-IMP while fresh seafood is rich 

in 5’-AMP, which may be converted to 5’-IMP due to the action of endogenous 

enzymes released during processing. Raw vegetables have neither 5’-IMP nor 

5’-GMP but they are detected after cooking (Nguyen et al., 1988). Therefore, the 

natural presence of 5’-nucleotide in cooked food indicates the possible 

enzymatic degradation of intracellular RNA.  

1.3.3.1 Source of nuclease substrate 

Before applying any type of enzyme to degrade any nuclear material, it is import 

to understand the structure of these macromolecules and the specific bonds that 

enzymes break down during the process of hydrolysis. Similar to protein, nucleic 

acids are informational macromolecules and therefore contain non-identical 

monomeric units in a specific sequence. The two major types of nucleic acids 

are DNA (deoxyribonucleic acid) and RNA (ribonucleic acid). Both RNA and 
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DNA are long chain polymers made up of mononucleotides that contain three 

characteristic components: a nitrogenous purine or pyrimidine base, a five-

carbon sugar and a phosphate group (Figure 1.14).  

 

Figure 1.14 The structure of DNA and RNA (Saenger, 1995.) 

The composition of RNA is very similar to DNA’s apart from one nitrogenous 

base group. Thymine is replaced by uracil in the polymer chain of RNA. In 

addition, RNA contains D-ribose as the 5-carbon sugar component while DNA 

contains 2-deoxy-D-ribose sugar. In terms of functionality, DNA serves 

primarily as a repository of genetic information whilst RNA plays different roles 

in the expression of DNA’s information. 
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Take yeast for instance since it is the source of famous umami flavour 

application – yeast extract, yeast contains both DNA and RNA, the latter 

typically makes up around 8-12% with less than 1% DNA on a dry solid basis. 

There are three basic classes of RNA distinguished by their molecular weight 

and the way they function during protein synthesis. 

• Messenger RNA (mRNA) provides the information that dictates amino 

acid sequence during polypeptide synthesis, due its association with 

DNA during transcription process and may therefore be partially 

inaccessible to nuclease digestion such as 5’-phosphodiesterase. 

• Transfer RNA (tRNA) directs the correct amino acids to the correct site 

in an elongating polypeptide chain and may contain up to 10% unusual 

base such as Dihydrouridine (D) and Pseudouridine (ψ) in addition to the 

normal bases A, G, C and U, which are generated by the saturation of a 

double bond, changing its ring structure and interchange of the positions 

of N and C atoms, respectively (Choudhary, 2012). 

• Ribosomal RNA (rRNA) provides the site for protein synthesis that 

constitutes up to 65% of the weight of ribosomes in the yeast cell. 

In order to meet steric requirements, one member of a nucleotide pair must be a 

purine and the other a pyrimidine. RNA pairing often occurs between guanine 

and cytosine, and adenine and uracil. Although the phosphate and sugar skeleton 

of the model is regular, but any sequence of base pairs will fit the overall 

structure. These four nucleotides can give rise to a variety of permutations, 

which molecular masses of different RNA range from 25000 daltons from tRNA 

to over 500,000 daltons for rRNA (Nagodawithana and Reed, 2013). Since these 

high values obtained for freshly isolated RNA, hence it would be possible only 
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if RNA escaped the action of nucleolytic enzymes during the purification process. 

Therefore, rRNA is by far the most abundant and most stable form of RNA in 

most cells.  

In short, the indication underlying all those facts mentioned above is that the 

target substrate for nuclease digestion for savoury flavour enhancement, should 

primarily focus on the RNA, to be more specific, rRNA. 

1.3.3.2 Nucleolytic enzyme approach 

There are four major classes of nucleolytic enzymes: nuclease, phosphatases, 

nucleosidases, and nucleodeaminases as found in all biological system (Figure 

1.15). 

 

Figure 1.15 The classification of nucleolytic enzymes 

Most of these enzymes are present in biological materials at varying 

concentrations. It is important for living cells to carry such an array of enzymes, 

both to break down the nuclear material that the cell may absorb from the 

environment during the growth phase and to break down the specific substrates 

inside that the cell no longer requires for sustenance. Under normal conditions, 

these hydrolytic enzymes must be sequestered carefully until actually needed by 
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the cell in case they digest vital cellular components that are not designed for 

destruction. Thus, it becomes critical for the enzyme preparation used in the 

production of 5’-nucleotide rich extracts to have the maximum activity for the 

formation of the expected product, with minimal activity of the other competing 

enzymes.  

Similar to endopeptidase and exopeptidase for digesting proteins, there are three 

main features of nuclease activity can be used as the basis for classification. 

Firstly, polynucleotides can be attacked at points within the polymer chain 

endolytically or exolytically. The second feature is based on the substrate 

specificity to make action on RNA, DNA or both. The third feature is to cleave 

the bond of phosphoidester. The cleavage position depends on the hydrolysis of 

the bond occurs either between 3’-OH and the phosphate group of the 

phosphodiester bond so as to give 5’-phosphoryl end groups, or between 5’-OH 

and the phosphate group result in 3’-phosphoryl end groups (Figure 1.16).  

 

Figure 1.16 Schematic illustration of exonuclease and endonuclease on the nucleotide 
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Several important enzymes that have applications in flavour-nucleotide 

production have been identified in naturally occurring products of plants, animal, 

or microbial origin. Best known with this group are the two enzymes 5’-

phosphodiesterase and adenylic deaminase, derived from Penicillium citrinum 

and Asperqillus strains, respectively and these enzymes has been used in some 

research for the uitilzation of brewer’s yeast cells for the production of food-

grade yeast extract (Chae, Joo and In, 2001). 

1.4 EXPERIMENTAL AIM AND HYPOTHESES 

The overall aim of this research is to evaluate two low values foods products 

(fermentation food waste water and insects) for their ability to confer umami 

taste, and the ability of complex enzyme system to liberate and enhance the 

availability flavour precursors and umami taste active compounds for the two 

food products (fermentation food waste water and insects). 

The liberation of umami compounds from spray dried fermenter waste 

water following enzymatic digestion (Chapter 3) 

• The umami compound (umami active amino acid and nucleotide) will be 

enhanced by using various types of enzymes treating the Fusarium 

venenatum fermented waste water. 

The liberation of umami compounds from freeze dried Alphitobius 

diaperinus following enzymatic digestion (Chapter 4) 

• The umami compound will be enhanced (umami active amino acid and 

nucleotide) by using different types of enzymes treating the Alphitobius 

diaperinus. With response surface modelling design for the enzyme 

treatment (pH, time, dosage, temperature), umami compound will be 
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effectively released from Alphitobius diaperinus at optimum treatment 

condition. 

In the following chapter of the thesis, Chapter 3, examines the effect of 

different enzymes towards umami compound release. Chapter 4 investigates 

the effect of enzyme treating condition such as temperature, pH, time, dosage 

and buffer system on umami compound release. Chapter 5 discusses the 

mechanism of some enzymes based on the result and Chapter 6 presents the 

possible opportunities for the future work. 
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2. MATERIALS AND METHODS 

2.1 MATERIALS 

Spray dried powder from the filamentous fungus fermenter waste water were 

provided from Marlow Foods Ltd (North Yorkshire, UK). Freeze dried buffalo 

worm (Alphitobius diaperinus) were purchased from Snow Pony Ltd (Derby, 

UK). Freeze dried buffalo worm was grinded into powder using Kenwood kMix 

blender (Havant, UK). Four types of peptidases: FlavourzymeTM (1000 LAPU/g), 

AlcalaseTM 2.4L FG (2.4 AU-A/g) produced by Novozyme (Copenhagen, 

Denmark) and ProteAXTM, Protease A 2SDTM and produced by Amano Enzyme 

Europe (Chipping Norton, UK) were used. A yeast-lytic enzyme YL-TLTM 

(Amano Enzyme) was used for the release of intercellular contents 5’-RNAse, 

RP-1GTM (Amano Enzyme) and DeamizymeTM (Amano Enzyme) were used for 

DNA/RNA digestion. The brief activity of each enzyme is listed in the table 

below. 

Table 2.1 Activity detail of applied commercial enzyme 

Enzyme name Claimed main 

activity 

Function 

FlavourzymeTM exopeptidase break the terminal peptide bond in a 

peptide chain 
ProteAXTM exopeptidase 

Alcalase endopeptidase break the non-terminal amino acids 

Protease A 2SDTM endopeptidase 

Glutaminase SD-CS100STM glutaminase catalyse the hydrolysis of L-glutamine 

to L-glutamic acid 

YL-TLTM yeast lytic enzmye lyse the yeast cell walls and release the 

intercellular contents 

RP-1G 5'-

phosphodiesterase 

hydrolyse RNA to 5'-nucleotides 

Deamizyme adenine deaminase Convert 5'-AMP to flavour enhancer 

5'-IMP 
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Reverse osmosis (RO) water was used for amino acid analysis and ultrapure 

water (Millipore, Watford, UK) was used for nucleotide analysis. Nitrogen gas 

(99.998% minimum purity, oxygen free) used was obtained from BOC (BOC 

Gases, Nottingham, UK).  

2.2 METHODS FOR SPRAY DRIED POWDER OF 

FERMENTED WASTE WATER ANALYSIS 

2.2.1 Quantification of total protein by bicinchoninic acid (BCA) 

assay  

A Pierce BCA protein Assay Kit (Thermo Fisher Scientific, UK) was used for 

the calculation of the protein concentration measured at 562 nm using a Varian 

Cary 50 Probe UV Visible spectrophotometer (Scientific Laboratory Supplies, 

UK). Fermentation waste water samples of 2mg/mL, 5 mg/mL and 10 mg/mL 

and Bovine Serum Albumin (BSA) standards were reconstituted and assayed 

using the test-tube procedure (Appendix I). A calibration curve was then plotted 

and protein concentration of samples were determined.  

2.2.2 Acid hydrolysis of water soluble protein  

A liquid phase HCl hydrolysis was applied for protein hydrolysis in which the 

protein sample (2mL) was heated in 6 M boiling hydrochloric acid 100 mL 

(Thermo Fisher Scientific, UK) under vacuum tube (Thermo Fisher Scientific, 

UK) at 110ºC in an oven (Sanyo Scientific Oven, Loughborough, UK) for 24 h 

(Appendix II). For fermented waste water, sample concentration used was 0.007 

g/mL. 
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2.2.3 RNA hydrolysis  

RNA was hydrolysed with 0.3 M KOH (Fischer, Loughborough UK) at 38ºC for 

24 h followed by addition of 2M HClO4 (Sigma-Aldrich, Dorset UK) which 

removes perchlorate ion by precipitating KClO4 (Guschlbauer, 1976). 

2.2.4 pH adjustment 

1 g of sample was dissolved in 50 mL of ultrapure water and modified to pH 4.0, 

5.0, 6.0, 7.0, 8.0 and 9.0 (2 mL each) using either 0.01 M HAc (Fischer) or 0.01 

M Na2CO3 (Acros Organics, Loughborough UK), respectively. All pH 

modifications or adjustments were conducted using an inoLab pH meter (WTW, 

Munich, Germany). 

2.2.5 Digestion of solubilised protein by peptidase treatment  

Spray dried powder from the filamentous fungus fermenter waste water was re-

dissolved in water and treated with Alcalase (pH 9, 68ºC) or Flavourzyme (pH 

6, 50ºC) provided by Novozyme UK ltd (Novozyme, 2012). Further conversion 

from Glutamine to glutamic acid treatment was carried out with Amano 

Glutaminase SD-CS100S (pH 6~7, 60ºC) (Figure 2.1). Alcalase and 

Flavourzyme enzyme dosage (0.05%~0.2%) was based on calculated protein 

concentration while Glutaminase SD-C100S (0.05%~0.6%) was based on total 

solid. Treatment was carried out over 24 h. After enzymatic treatment, samples 

were put into the oven at 90 ºC for 20 min for enzyme deactivation. All samples 

were treated in scientific ovens (Sanyo Scientific Oven, Loughborough, UK). 
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Figure 2.1 The flow diagram of peptidase treatment of filamentous fungus fermenter waste 

water 

2.2.6 Digestion of RNA by nuclease treatment 

Samples of spray dried powder dissolved in Milli-Q ultrapure water was mixed 

with three different enzymes (Amano Enzyme Europe Limited) solutions just 

before the treatment: Nuclease RP-1G (0.05%~1%, pH 5, 70ºC) and Deamizyme 

50000G (0.05%~0.2%, pH 5.6, 55ºC) with addition of peptidase YL-TL 

(0.5%~2%, pH 8, 60ºC), for various time up to 24 h (Figure 2.2). Enzyme dosage 

was based on total solid content. After enzymatic treatment, samples were put 

into the oven at 90 ºC for 20 min for enzyme deactivation. All samples were 

treated at controlled temperature in scientific oven (Sanyo Scientific Oven, 

Loughborough, UK). 

 

Figure 2.2 The flow diagram of yeast lytic enzyme and nuclease treatment of filamentous 

fungus fermenter waste water 



43 

 

2.3 METHODS FOR FOOD-GRADE INSECTS 

2.3.1 Digestion of solubilised protein by peptidase treatment 

0.25 g Grinded freeze dry buffalo worm prepared in 10 mL reverse osmosis 

distilled water were treated with four different peptidases: Alcalase, 

Flavourzyme, Prote AX, Protease A 2SD and Glutaminase at 50˚C at pH 7 for 

up to 24 h (Figure 2.3). These peptidases were either used separately or in a 

combined fashion. Samples were mixed on the magnetic stirrer (Fisher Scientific, 

Loughborough, UK) at 150 rpm in scientific ovens (Sanyo Scientific Oven, 

Loughborough, UK). After enzymatic treatment, samples were put into the oven 

at 90 ºC for 20 min for enzyme deactivation. 

 

Figure 2.3 The flow diagram of peptidase treatment of Alphitobius diaperinus 

2.3.2 Digestion of RNA by nuclease treatment 

Grinded freeze dry buffalo worm prepared in buffer solution at certain pH was 

mixed with two different RNAase enzymes (Amano Enzyme Europe Limited): 

RP-1G (0.1-2%, pH 4-6.5, 45-75 ˚C), Deamizyme 50000G (0.01-0.2%, 

pH4&5.6, 30-60˚C) for up to 24 h (Figure 2.4). Different buffer solution was 

chosen for various pH settings. Sodium citrate buffer was used for pH 4, 4.5, 5.5 

while sodium phosphate buffer was used for pH5, 6, 6.5. Sodium acetate solution 

was also prepared for pH 4-5.6 buffer. All buffer solution chemicals were of 
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analytical grade (>95% purity; Fisher Scientific, Loughborough, UK) and 

prepared in Milli-Q ultrapure water All samples were treated on the magnetic 

stirrer (Fisher Scientific, Loughborough, UK) at 150 rpm to reach an even mix 

in scientific ovens (Sanyo Scientific Oven, Loughborough, UK). After 

enzymatic treatment, samples were put into the oven at 90 ºC for 20 min for 

enzyme deactivation. 

 

Figure 2.4 The flow diagram of nuclease treatment of Alphitobius diaperinus 

2.3.3 Response surface modelling for enzyme treatment optima 

To study the effect of pH, temperature, enzyme dosage and time on enzymes’ 

performance to yield different types of nucleotides, several D-optimal designed 

experiments were created for creating a response surface using Design-Expert 

Version 10 software (Stat-Ease inc, Minneapolis, MN, USA). For enzyme RP-

1G, treatment incubation temperature (45-75˚C), pH 4-6.5, treatment time (0.5 

to 20 h) and enzyme dosage (0.1%-2%) were varied to produce two sets of 20 

experimental design points with duplicates at the extremities and the edge of the 

design space. Likewise, for enzyme Deamizyme 50000G, treatment incubation 

temperature (30-60˚C), treatment time (0.5 -24 h) at pH 4 were varied to produce 

30 experimental design points with duplicates at the extremities and centre of 

the design space (Figure 2.5). 
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Figure 2.5 Response surface model of Deamizyme treatment generated by Design-Expert 

Version 10 (Stat-Ease inc, Minneapolis, MN, USA) 

2.4 NUCLEOTIDE ANLYSIS BY HPLC 

Nucleotide(s) were analysed by an Agilent 1100 series HPLC-UV (Agilent 

Technologies, Germany), using a Kinetex Biphenyl column (5 µl 100A 

250×4.6mm, Phenomenex, UK) with isocratic mobile phase (10 mM NH4Ac: 

Methanol 99:1) at 1 mL/min flow rate. 10 µL of sample was injected into the 

HPLC-UV system. UV detection was at 260 nm wavelength.  

Identification of peaks were conducted based on retention time when compared 

with chromatographs of standards. Calibration curves for each 5’-nucleotide was 

generated based on its absorbance values at different concentrations and these 

curves were used to determine the concentration of 5’-nucleotide in sample.  
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Figure 2.6 Chromatograph of 5’-nucleotide standards detected by HPLC-UV at 260 nm 

wavelength of nucleotides. The X-axis shows the retention time of the peak of each 

individual compound while Y-axis shows the height of the peak in milli-absorbance unit. 

Peak: 2.626, 5’-UMP; 2.612, 5’-CMP; 3.055, 5’-GMP; 3.252, 5’-IMP; 4.408, 5’-AMP. 

 

 

Figure 2.7 Standard calibration curves of 5’-nucleotides were obtained for dilution of 1000 

ppm nucleotide standard solution. R2 values are all above 0.99%. 
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2.5 AMINO ACID ANLYSIS BY GC-MS 

Amino acid was analysed by EZ: faast kit method developed by Phenomenex 

(Badawy, Morgan and Turner, 2007) via Thermal ISQ GC-MS. Amino acids 

were isolated from samples and derivatized using the EZ:faast amino acid kit 

(Phenomenex, Macclesfield UK). 25 µL of each sample was combined with 10 

nmol of norvaline which acted as an internal standard. This solution was passed 

through the EZ:faast solid phase extraction absorbent (contained within a pipette 

tip) which was subsequently washed with 200 µL propanol. A solution of 

propanol and sodium hydroxide (200 µL) was then used to remove the absorbent 

(and the amino acids were retained) from the pipette tip. 50 µL chloroform and 

100 µL isooctane were then sequentially added to the solution to derivatize the 

amino acids. The amino acids were recovered in the upper organic layer, this 

was dried down by miVac duo centrifugal vacuum sample concentrator 

(Genevac Ltd, Ipswich, UK) and the sample re-dissolved in 100 µL Iso-octane: 

chloroform (80:20 v/v) prior to analysis using Gas Chromatography – Mass 

Spectrometry (GC-MS).  Where necessary, samples were stored at 4°C for a 

maximum of 24h.  

For GC-MS, 1 µL of the sample was injected in splitless mode (split closed for 

10s) using an AS3000 autosampler (Thermo Fisher Scientific, UK).  The injector 

of the Trace GC Ultra gas chromatograph (Thermo Fisher Scientific, UK) was 

maintained at 250°C, with an initial oven temperature of 90°C which increased 

to 320°C at 20°C/min (transfer-line from the oven to mass spectrometer, 300°C). 

Helium (8 psi) was used as the carrier gas to elute the amino acids from the ZB-

AAA column (10 m x 0.25 mm ID).  
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The ISQ mass spectrometer (Thermo Fisher Scientific, UK) was operated in 

selected ion mode recording ions 84, 101, 114, 116, 130, 144, 146, 155, 156, 

158, 172, 180, 184, 243 and 244 with a dwell time of 0.03s. Calibration was 

achieved by comparison of peak areas for the amino acids in standard and sample 

runs after adjustment for variation in the peak area of the internal standard 

(Appendix III). 

2.6 DATA ANALYSIS 

Microsoft Excel software (Microsoft Corp., Redmond, WA, USA) was used to 

fit linear regressions to the calibration of standard curve for determining the 

concentration of samples. The Data Analysis ToolPak add-in (Microsoft Corp., 

Redmond, WA, USA) and the SPSS 23.00 (SPSS Inc., Chicago, USA) were used 

to perform paired comparison test, two-way analysis of variance (ANOVA) and 

Tukey’s range statistical test, respectively. Design-Expert Version 10 (Stat-Ease 

inc, Minneapolis, MN, USA) was used for creating D-optimal responding 

surface experiments and significance evaluation. 
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3. ENZYMATIC LIBERATION OF UMAMI 

COMPOUNDS FROM SPRAY DRIED FERMENTER 

WASTE WATER  

3.1 THE POTENTIAL VALUE OF FUSARIUM 

VENENATUM FERMENTED WASTE WATER 

Fusarium venenatum is also known as the filamentous fungus, a microfungus of 

the genus Fusarium that has a high protein content, which was first discovered 

in a soil sample in 1967 (Nadathur, Wanasundara and Scanlin, 2016). During the 

1960s, it was predicted that there would be a shortage of protein-rich foods by 

the 1980s. Then a research centre at Rank Hovis McDougall (RHM) began to 

investigate converting the Fusarium venenatum into a protein-rich food for 

human consumption (ICI). After a ten-year evaluation programme, RHM was 

given permission to sell mycoprotein for human consumption in 1985. In the 

same year, Quorn was founded as a joint venture named Marlow Foods Ltd, 

between RHM and Imperial Chemical Industries (ICI). It is now owned by the 

Monde Nissin Corporation. 

All Quorn foods contain mycoprotein as an ingredient, derived from the 

Fusarium venenatum fungus (Phillips and Williams, 2011). The waste water 

from this fermentation process can contain leftover protein, amino acid, 

nucleotides due to the breakdown of protein and cells of Fusarium venenatum 

fungus and can be dried into powder. 
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The amino acid profile and the amount of nucleotide existing in the waste water 

may have an important impact in terms of the flavour enhancement. If by using 

a range of hydrolytic approach to fully release the peptides, amino acid and 

nucleotides in a good proportion from the leftover protein and fungus, further 

breakdown of peptide and nucleotides through enzymic treatment may result in 

the generation of a flavour enhancer from the waste water.  

There are three hydrolysis approaches used in order to liberate and/or generate 

amino acid and nucleotides in this study.  

1. Acid hydrolysis of water soluble protein  

2. Alkaline hydrolysis of DNA and RNA  

3. Enzymatic hydrolysis of protein, DNA and RNA  

The acid and alkaline hydrolysis was used to determine the potential increase in 

total free amino acid and nucleotides in the waste water, while the enzymatic 

hydrolysis was used to generate specific amino acid and nucleotide possessing 

umami property.  

3.2 EXPERIMENTAL HYPOTHESES 

The umami compound (umami active amino acid and nucleotide) will be 

enhanced by using various types of enzymes treating the Fusarium venenatum 

fermented waste water. 
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3.3 RESULT AND DISCUSSION 

3.3.1 Glutamic acid content present in post-fermentation spray-

dried powder from wastewater 

Protein, peptide and free amino acid is the source for certain amino acids such 

as glutamate (GLU) and glutamine (GLN), thus protein content of spray-dried 

powder sourced from post-fermentation wastewater was determined. Assays 

using a BCA assay revealed that there was 375 mg protein/g sample. Protein acid 

hydrolysis used HCl and was compared with digests using RO water (pre-

hydrolysis). There was 1.19 ± 0.03 mg/g of GLU pre-hydrolysis which increased 

to 1.90 ± 0.04 mg/g post-hydrolysis (Figure 3.1). Suggesting that liberation of 

free amino acid from protein or peptide complexes may increase the abundance 

of the umami taste active compound – glutamic acid by a maximum of 58.5% 

(P<0.05). There was 0.14 mg/g GLN in pre-hydrolysis samples and no GLN was 

detected post-hydrolysis. 
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Figure 3.1 Average concentrations of GLU and GLN (mg/g solid content) before and after 

acid hydrolysis. Each value is the mean of three replicate measurements. The error bars 

show the standard deviation error. 

Data obtained from the protein assay (375 mg protein per 1 g sample) and protein 

hydrolysis (1.88 mg GLU, no GLN) did not correlate. This is because the copper-

based assay used (Pierce™ Protein Assay Kit) chelates with proteins ranging 

from tripeptide chains to large tertiary structures (Thermo, 2017) while protein 

hydrolysis only hydrolyses large protein structures. Moreover, presence of short-

chain peptides may lead to protein content being lower than results suggest as 

these peptides could be regarded as a protein during the BCA assay. Thus, there 

was an over-estimation of protein detected from the protein assay.  

No GLN was detected from protein hydrolysis assays and the degradation of 

GLN could be a possible explanation for this finding. GLN is a very fragile 

amino acid that constantly degrades to equimolar formation of ammonia and 
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does not form glutamate at room temperature (Khan and Elia, 1991) and is only 

stable at pH 5.0-7.5 (Arii et al., 1999), this explains the loss of GLN during 

hydrolysis. Hydrolysis conditions are outside GLN’s stability in terms of pH and 

therefore GLN was probably degraded immediately after it was released. 

3.3.2 Quantification of nucleotides in post-fermentation spray-

dried powder from wastewater 

Prior to RNA alkaline hydrolysis treatment, there was 20 mg/g 5’-GMP, 9.6 

mg/g 5’-IMP and 10 mg/g 5’AMP present in the samples. Analysis of 

nucleotides after alkaline hydrolysis revealed the appearance of 2, 3’-AMP and 

2,3’-GMP in addition to 5’-AMP or 5’-GMP, suggesting that nucleotides can be 

liberated from RNA. 

As previously discussed in the chapter one, there are three main types of RNA 

present in the cell; ribosomal RNA (rRNA) is the most abundant type of RNA 

in the cell (80%) while transfer RNA (tRNA) and messenger RNA make up 15% 

and 5%, respectively (Ogle et al, 2005.) During the fermentation process, the 

fungal cell wall can become disrupted resulting in a release of free RNA, this 

free RNA is present in the cytoplasm but is instantly degraded into free 

nucleotides by the action of RNases. The action of RNases is the reason of the 

presence of 5’-nucleotides in the sample as the peak of UMP, CMP, GMP, IMP 

and AMP appears at retention time at 2.2, 2.6, 3.1, 3.5 and 4.5 min, respectively 

(Figure 3.2). However, some polymers of RNA which are not fully degraded into 

polymers can still be manipulated further. Hence, by using alkaline treatment to 

degrade polymers of RNA, the presence of nucleotides derived from RNA could 

increase. Following alkaline hydrolysis of the samples, 2’-3’-nuclotied circled 
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in red are present compared to none in samples before alkaline hydrolysis 

(Figure 3.2). 2’-3’-CMP 2’-3’-GMP, 2’-3’-AMP appeared at retention time 3.3, 

3.9 and 8.8 minute, respectively (Figure 3.2). Although the presence of 2’-3’-

nucleotides cannot quantify the concentrations of RNA present in the sample, it 

suggests that there were still potential nucleotides could be liberated.  

 

Figure 3.2 Chromatography detected by HPLC-UV at 260 nm wavelength of nucleotides 

with alkaline hydrolysis. The X-axis shows the retention time of the peak of each individual 

compound while Y-axis shows the height of the peak in arbitrary unit. 

3.3.3 The effect of pH on the concentration of nucleotides 

Perception of umami is associated with presence of 5’-GMP, 5’-IMP and 5’-

AMP so only these nucleotides were included in this study. Different enzyme 

treatments have different optimal pH’s, therefore an assessment of the influence 

of pH on the stability of nucleotides at different pH’s was required. In general, 

5'-prime nucleotides GMP, AMP and IMP were sensitive to alkaline conditions 

(Figure 3.3). By increasing the samples pH to pH 9, a significant decrease was 

observed in GMP (67%), AMP (77%) and IMP (70%) (P<0.05), indicating 

alkaline pH denatured free nucleotides (McLennan et al., 2012). By comparison, 
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acidic conditions (pH 4-6) did not alter the concentration of these nucleotides. 

At pH 4 and 6, there was no significant difference in concentration of nucleotides 

5’-GMP, 5’-IMP and 5’-AMP when compared to the original pH of samples at 

5 (P>0.05) (Figure 3.3). To minimise nucleotide degradation during enzymic 

hydrolysis of RNA, this should be carried out at a pH range of 4-6. 

 

Figure 3.3 : Average concentration of 5’-GMP, IMP, AMP at different pH at room 

temperature. Each value is the mean of three replicate measurements. The error bars show 

the standard deviation error. 

3.3.4 Yield of nucleotides after nuclease treatment following 

variable enzyme treatment 

RP-1G is a 5’-Phosphodiesterase produced by Penicillium citrinum fermentation 

which digests RNA/DNA at the 5’ position liberating 5’-nucleotides. This was 

used to treat the extracts to increase nucleotide concentration. There was a 2-fold 

increase in 5’-CMP, a decrease in 5’-IMP, no significant differences in 5’-UMP 
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and 5’-GMP (P>0.05) and a 70-85% significant increase in 5’-AMP 

concentrations (P<0.05) (Figure 3.4).  

 

Figure 3.4 Average of concentration of 5’-nucleotides after treatment of RP-1G at pH 5, 

70°C for 24 h Each value is the mean of three replicate measurements. The error bars show 

the standard deviation error. 

Incubation with 0.05% RP-1G elicited the greater yield of 5’-AMP, 5’-GMP and 

5’-IMP compared to the ones treated with 0.1% and 0.2% RP-1G. A similar 

study using RP-1G for the production of yeast extracts reported that 0.045% was 

the best concentration (Guan, 2013) and this was similar to that observed with 

our study. 

YL-TL is a yeast-lytic enzyme preparation derived from Geobacillus 

stearothermophilus which can lyse the cell wall and releases intercellular 

contents and this may enhance the availability of the precursors. 
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Digestions with 2 % YL-TL resulted in an increase in 5’-GMP (112%), 5’-AMP 

(16.7%), 5’-CMP (84%) and a decrease in 5’-UMP (36%) and 5’-IMP (45%) 

respectively (Figure 3.5).  

 

Figure 3.5 Average concentration of 5’-nucleotides with treatment of YL-TL at 60°C, pH 

8 for 24 h before 0.05% RP-1G digestion at pH 5, 70°C for 24 h. Each value is the mean of 

three replicate measurements. The error bars show the standard deviation error. 

Treatment with 2% YL-TL revealed that the greatest increase in 5’-GMP (112%) 

and 5’-AMP (16.7%) concentrations. 2% YL-TL was used since it yielded the 

greatest concentration of 5’-GMP and 5’-AMP. 2% was not exceeded due to the 

cost of the enzyme preparation. 

To determine, the smallest concentration of Deamizyme needed for maximum 

conversion of 5’-AMP to 5’-IMP, assays with Deamizyme at different dosages 
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for 24 h were performed. Full conversion of 5’-AMP to 5’-IMP was observed 

based on molar basis when using 0.05% Deamizyme. 

Deamizyme was added after 0.05% RP-1G but without YL-TL treatment for 24 

h to observe the conditions for converting 5’-AMP to 5’-IMP. Concentrations of 

5’-UMP, 5’-CMP and 5’-GMP were unaffected when treated with Deamizyme 

for 24 h, and there was a 100% conversion from 5’-AMP to 5’-IMP in assays 

using 0.05% Deamizyme (Figure 3.6). Therefore, the concentration selected is 

0.05%. 

 

Figure 3.6 Average concentration of 5’-IMP and 5’-AMP with treatment of 0.05% RP-1G 

at pH 5, 70ºC for 24 h followed by Deamizyme pH 5.6, 55ºC for 24 h. Each value is the 

mean of three replicate measurements. The error bars show the standard deviation error. 

Three enzymes were evaluated to maximise the yield of 5’-nucleotides that could 

be achieved when treated with enzymes. The sequence for enzyme addition was 

important since YL-TL itself does not yield any nucleotides. YL-TL was added 

first to lyse any intact cells and release its intracellular contents, subsequently 

RP-1G was added to hydrolyse the RNA to 5’-nucleotides and then Deamizyme 

to convert 5’-AMP to 5’-IMP.  
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Treatment without enzyme had 98 ± 11 mg/g 5’-nucleotides, while assays with 

enzyme treatment had 119 ± 10 mg/g 5’-nucleotides (Figure 3.7), achieving a 21 

mg/g increase (P<0.05). In terms of umami-property nucleotide, there was a 

slight decrease of 5’-GMP (12.5%) and a significant increase of 5’-IMP by 3-

fold. The final maximum nucleotides produced with the exception of 5’-GMP 

correlated with the increase in other nucleotides. Overall, a 21 mg/g sample 

increase in 5’-nucleotides was obtained. 

5’-GMP was found to decrease upon digestion. This decrease could be attributed 

to a 24h digestion with RP-1G which was characterised by a slight decline in 5’-

GMP suggesting that long-term thermal incubation may degrade 5’-GMP. 

Therefore, positive effects in 5’-GMP concentration may be achieved if the assay 

was not allowed to run for 24 h but for a shorter duration of time instead. 

 

Figure 3.7 Average concentration of 5’-nucleotide before and after enzyme treatament. (No 

enzyme; 0.05% RP-1G for 24 h followed by 0.05% Deamizyme at pH 5.6, 55ºC for 24 h; 2% 

YL-TL for 24 h followed by 0.05% RP-1G for 24 h followed by 0.05% Deamizyme pH 5.6, 
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55ºC for 24 h. Each value is the mean of three replicate measurements. The error bars show 

the standard deviation error. 

3.3.5 Nuclease activity time course 

After determining the effective concentration of nuclease required for liberation 

of 5’nucleotides (Section 3.3.4): we determined the optimal time of digestion for 

release of these nucleotides from wastewater. Assays using only RP-1G had a 

two-fold increase on the concentration of 5’-CMP while there were no changes 

in other nucleotides after 18h treatment (Figure 3.8) which were not significantly 

different from no enzyme controls (P>0.05). Assessing for the duration of 

digestion, it was observed that incubation over 2h yielded an 11 mg/g increase 

(CMP) and incubation for 18h led to a further 2 mg/g increase (Figure 3.8). 

Digestion with RP-1G for 2h saw the maximum increase in 5’-GMP with some 

decrease in 5’-GMP observed after this point, it was equivalent to less than 5.0 

mg/g sample. The effects on 5’-AMP were also maximised after a 2h digestion. 

When compared to an untreated sample in terms of enzyme and heat, an increase 

in 5’-IMP could be observed at 2h. It was decided that 2h treatment with RP-1G 

was sufficient for maximum yield. In conclusion, prolonged digestion did 

increase yield of CMP, however, the majority of the increase occurred during 

the first 2h.  
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Figure 3.8 : Average concentration of 5’-nucleotides treated with 0.05% RP-1G with time 

over 18 h. Each value is the mean of three replicate measurements. The error bars show 

the standard deviation error. 

Assays treated with 0.05% RP-1G followed by 1% YL-TL at various time led to 

an increase in concentrations of 5’-CMP (33.5%), 5’-GMP (115%), and 5’-AMP 

(23.7%) after incubation for 2h (Figure 3.9). Concentrations of GMP increased 

in no enzyme controls over the time period (22% increase) (Figure 3.9). There 

is no significant difference observed between the concentration of 5’-AMP 

increased in samples without enzyme treatment and in the presence of the 

enzymes (P>0.05). 

Assessing for incubation period during a 1% YL-TL digestion it was observed 

that there was an increase in 5’-AMP yielding 4.3 mg/g sample after 2h; further 

digestion over 18h saw an approximately 50% increase in 5’-AMP. Greater 
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yields were obtained with prolonged digestion but the additional benefits of 

digesting for longer than 2h was not beneficial since the benefits are very small. 

Effects of YL-TL on 5’-GMP and 5’-AMP were maximised after 2h of treatment 

therefore, 2h was chosen as the best time point to be adopted for digestion using 

YL-TL. 

 

Figure 3.9 Average concentration of 5’-nucleotides treated with 2% YL-TL after 0.05% 

RP-1G enzyme treatment for 2 h with time as a variable for up to 18 h. Each value is the 

mean of three replicate measurements. The error bars show the standard deviation error. 

After 2h incubation with enzyme Deamizyme, 32.4% of 5’-AMP was converted 

to 5’-IMP, however, after 8h there was a 100% conversion (Figure 3.10), 

reaching a total of 38 mg/g 5’-IMP. 

Deamizyme was highly effective and full conversion of 5’-AMP to 5’-IMP 

within 8h was observed; this effect might be as a result of this enzyme’s optimum 

pH recommended by Amano being close to the sample’s pH giving the digestion 

optimal conditions. 
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Figure 3.10 Average concentration of 5’-nucleotides treated with 0.05% Deamizyme pH 

5.6, 55ºC with time as a variable to sample pre-treated with 0.05% RP-1G for 2h. Each 

value is the mean of three replicate measurements. The error bars show the standard 

deviation error. 

In conclusion, a three step enzymic process for the liberation of taste active 

neucleotides from waste water has been developed and validated. Step one: 

Using YL-TL to release the intercellular contents to enhance the availability of 

the processor, Step two: RP-1G enzyme treatment to convert RNA into 

nucleotides (CMP, UMP, AMP, GMP), step three: further conversion of non-

umami nucleotide AMP to the flavour active nucleotide IMP with Deamizyme. 

3.3.6 Peptidase treatment with following variable enzyme 

treatment 

To liberate the maximum concentration of amino acids, dried fermented waste 

was hydrated and digested using a blend of peptidase enzyme. An exopeptidase 

Flavourzyme (Flv) was used to cleave terminal peptide bonds releasing single 
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amino acids or dipeptides and was compared to the endopeptidase Alcalase 

(Alca), which cleaves internal peptide bonds of a polypeptide chain or protein, 

producing shorter peptide chains.   

1% Flv treatment increased GLU and GLN by 3.5-fold and 280-fold, 

respectively. Optimisation assays with Alca revealed that incubation with 3% 

Alca was characterised by a 3-fold increase in GLU and a 74-fold increase in 

GLN following enzyme treatment compared to an untreated sample (Figure 

3.11). 24h incubation was regarded as complete digestion and different dosages 

were applied to optimise the yields of GLU and GLN accordingly. 

 

Figure 3.11 Average concentration of GLU and GLN with singular enzyme treatment for 

18 h. Each value is the mean of three replicate measurements. The error bars show the 

standard deviation error. 

Flv was superior to Alca in terms of release of GLU and GLN; this could be as 

a result of the sample not containing many large protein structures. Therefore, 

when treated with endopeptidases, not many internal peptide bonds were 
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available for cleavage but shorter peptide chains present could be easily cleaved 

by exopeptidases, releasing single amino acids (Waldron, 2009).  

3.3.7 Effect of a two-step peptidase digestion on the yield of GLU 

and GLN 

To evaluate if yields could be further improved by using a combination of endo 

and exo peptidates both individually and then in combination. Yield of GLN and 

GLU was determined after digestion with a combination of exopeptidases (Flv) 

and endopeptidases (Alca) and compared to singular enzyme digestion. Since 

Flv and Alca have different pH optima and temperatures, each enzyme was 

assayed for in different orders, using different dosage of individual enzymes to 

reveal the greatest amounts in the assay. Results from assays using enzymes in 

combination revealed that concentrations of GLU and GLN were dependent on 

the order and titre of enzymes added, such as higher concentrations of GLU 

(increase by 1.1-fold) and GLN (increase by 24.3-fold) in assays using 0.6% and 

5% Flv before addition of Alca (Figure 3.12). Assays with 3% Alca initially then 

addition of Flv were characterised by increases in GLU (increase by 1.4-fold) 

and GLN (increase by 16-fold) (P<0.05). However, the yield of GLU or GLN in 

combined enzyme digestion did not surpass the yield using individual enzymes. 
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Figure 3.12 Average concentration of GLU and GLN with two-step enzyme treatment for 

18h. Each value is the mean of three replicate measurements. The error bars show the 

standard deviation error. 

In combined enzymatic treatment, there might be a better yield obtained when 

Alca was added initially then Flv (Alca-Flv), due to the modes of action for these 

enzymes. Initial cleavage of internal peptide bonds by Alca would leave more 

free ends for Flv’s action. However, digestion with Flv alone was still superior 

(Figure 3.11), which could be influenced by the requirement for adjusting the 

pH multiple times and temperature for Alca treatment. When comparing 3% 

Alca with 3% Alca-Flv concurrently, GLN yield was higher in 3% Alca-Flv 

showing that addition of Flv did improve GLN yield but the pH change required 

for a digestion with Alca made this approach inferior to digestion with Flv 

individually. In conclusion, a 1% Flv digestion yielded the best results. 
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3.3.8 Time course of Flavourzyme activity 

Figure 3.13 shows a significant increase of GLN from 2.1 mg/g to 27 mg/g 

through 22h treatment (P<0.05) while there was also a slight increase in the 

concentration of GLU from 2.6 mg/g to 4.3 mg/g. The increase trend indicates 

that the prolonged treatment of Flv were able to yield more GLU and GLN. 

 

Figure 3.13 Average concentration of GLU and GLN with 1% Flavourzyme with time as a 

variable. Each value is the mean of three replicate measurements. The error bars show the 

standard deviation error. 

 

3.3.9 Glutaminase digestion of GLN into GLU 

GLN can be further convereted to umami flavour amino acid GLU and this 

process can be enhanced with Glutaminase treatment as shown in the Figure 3.14. 
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Figure 3.14 The chemical process of glutamine converted to glutamic acid 

Glutaminase is an amidohydrolase enzyme which generates GLU from Gln; this 

enzyme was added after 1% Flv for a 24h incubation. It was observed that there 

was a decrease in GLN concentrations as Glutaminase concentrations increased 

(Figure 3.16), however, conversion of GLN into GLU was poor, as a 2×10-4 mol 

loss in GLN only resulted in a 1× 10-5 mol increase in GLU, indicating that low 

activity of glutaminase or the degradation of the GLN instead of its’ conversion 

to GLU. The GLN degradation may due to the heat treatment at high temperature 

(67 °C) and the Glutaminase treated at pH 6-7 may also have less stability during 

long-term treatment (Figure 3.15). Therefore, treating samples with glutaminase 

at lower temperature and pH may have better performance of converting GLN 

to GLU. 

 

Figure 3.15 The enzyme performance characteristics results above were obtained by 

Amano Enzyme Europe Ltd for the Glutaminase SD-C100S 
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Figure 3.16 Average concentration of GLU and GLN with Glutaminase at different 

concentration for 24h after 1% Flavourzyme for 24h pretreatment. Each value is the mean 

of three replicate measurements. The error bars show the standard deviation error. 

3.4 CONCLUSION 

Optimisation of generation of umami components in the waste water sample was 

maximised using enzyme modifications and the best protocol has been 

determined for the production of the seasoning (Figure 3.1). There were two 

separate treatment streams for treating samples to enhance the umami flavour 

compound.  

Stream A (Nuclease treatment):  

1. YL-TL for releasing intercellular content 

2. RP-1G for digesting RNA into nucleotides 

3. Deamizyme for converting 5’-AMP to 5’-IMP 
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Stream B (Peptidase treatment) 

1. Flavourzyme for digesting protein/peptide in the sample into amino acid 

2. Glutaminase for converting Gln into Glu 

Table 3.1 Optimised condition for individual enzyme digestion 

Enzyme  Concentration 
(%) 

Time 
(hours) 

Conditions 

Flavourzyme 1 24 pH 6.0, 50°C 

Glutaminase 0.2 24 pH 6.0-7.0, 60°C 

YL-TL 2 2 pH 5.0, 70°C 

RP-1G 0.05 2 pH 8.0, 60°C 

Deamizyme 0.05 8 pH 5.6, 55°C 

 

However, future work may make the process more efficient and the efficiency 

of the process will depend on different food matrix, it is therefore critical that 

the enzymic process is evaluated on a solid matrix to evaluate the role of 

different RNA, protein profiles.  

Further investigations will be required to optimise the umami components within 

the sample. pH and temperature modifications could be conducted concurrently 

since pH and temperature work synergistically. Temperature could also be a 

factor for further investigated since RNA degradation is temperature-dependent 

(Burka, 1969), which indicates that proper heating alone might disrupts the 

structure of RNA in order to release nucleotides even without enzyme. Moreover, 

the enzymic treatment time and dosage are also need to be further investigated 

based on matrix. Therefore, a response surface experimental model of these 

factors was proposed to be tested on buffalo worms (Alphitobius diaperinus). 
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4. THE LIBERATION OF UMAMI COMPOUNDS 

FROM ALPHITOBIUS DIAPERINUS 

FOLLOWING ENZYMATIC DIGESTION 

4.1 INTRODUCTION 

 

4.1.1 The value of Alphitobius diaperinus as umami flavour 

enhancer 

In this study, the food grade insects Alphitobius diaperinus were provided by 

Snow Pony Ltd in Derby, UK. As can be seen from the table below of nutritional 

value and cost of various freeze-dried insects. The buffalo worm (Alphitobius 

diaperinus) has a relatively high content of protein while the price is much lower 

compared to crickets and locusts (Crunchycritters.com, 2017). The final decision 

was made to select the buffalo worms (Alphitobius diaperinus) as study object 

due to the low-fat content and high protein value of Alphitobius diaperinus as 

ultimately any final seasoning will have to be commercially viable. 

Table 4.1 Price and nutrition value of various freeze-dried insects provided by Snow Pony 

Ltd 

  
Buffalo 

worms 
Mealworms Cricket 

Price (£ per kg) 70 75 175 

Energy (kcal/100g) 484 550 458 

Fat (g/100g product) of which 24.7 37.2 18.5 

Saturated fatty acids  8 9 7 

Mono-unsaturated fatty acids 9.5 17.3 5.3 

Poly-unsaturated fatty acids 7 10.9 6.4 

Carbohydrates (g/100g product) of 
which 

6.7  5.4 0.7  

Sugars (g/100g product) 0 0 0 

Fibre (g/100g product) 5.2 6.5 7.7 

Protein (g/100g product) 56.2 45.1  69.1 

Salt (g/100g product) 0.38 0.37 1.03 
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4.1.2 Hydrolysis approach to yield umami property compound 

from food-grade Alphitobius diaperinus 

In this study, enzymatic hydrolysis was used to digest protein, DNA and RNA 

to generate umami compounds. In order to optimise the enzyme performance, 

several D-optimal designed experiments were carried using a response surface 

approach with Design-Expert software.  

4.2 EXPERIMENTAL HYPOTHESES 

The umami compound will be enhanced (umami active amino acid and 

nucleotide) by using different types of enzymes treating the Alphitobius 

diaperinus. With response surface modelling design for the enzyme treatment 

(pH, time, dosage, temperature), umami compound will be effectively released 

from Alphitobius diaperinus at optimum treatment condition. 

 

4.3 RESULT 

 

4.3.1 Amino acid profiling of Alphitobius diaperinus treated with 

various peptidase 

 

Several peptidases listed below were used for digesting the protein in order to 

yield more amino acid to enhance flavour.  

1. mixed peptidase containing endopeptidase and peptidase: 

 

- Enzyme ProteAX by Amano Enzyme Europe Ltd (AX) 

- Enzyme Protease A2SD by Amano Enzyme Europe Ltd (A2SD) 

- Enzyme Flavourzyme by Novozyme Ltd (Flv) 
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2. Endopeptidase: 

 

- Enzyme Alcalase 2.4 L FG by Alcalase Ltd (Alca) 

 

3. Glutaminase: 

 

- Enzyme Glutaminase SD-C100S by Amano Enzyme Europe Ltd (Glt) 

 

4.3.1.1 The amino acid profile of Alphitobius diaperinus treated with 

peptidases 

 

Freeze dried Alphitobius diaperinus was ground to a powder and suspended in 

reverse osmosis water, treated with three different peptidases AX, A2SD, Flv, 

respectively at 50˚C, pH 7 for 24 h in order to see their impact on amino acid 

profile.  

The samples without enzymatic treatment had total amino acids content of 16 

mg/g compared to with 0.55 mg/g GLU and 0.44 mg/g GLN. 

As can be seen from the table below (Table 4.2), the total amount of amino acid 

increased substantially following treatment with three different peptidases. 

There are 8.7, 7.37 and 11.86-fold increase in total amino acid content with 

A2SD, AX and Flv compared to the control. For the amino acids with highest 

umami properties, glutamic acid (GLU), a 16, 12.5 and 26.4-fold increase was 

found in samples treated with A2SD, AX and Flv while for glutamine (GLN), 

12.9, 12.15 and 19.4-fold increase was found in samples treated with A2SD, AX 

and Flv compared to the control. Therefore, when using these mixed peptidases, 
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Flv can yield the highest amount of total amino acid and the umami property 

amino acids GLU and GLN.  

It is also worth pointing out that there was an significant increased level (P<0.05) 

of the bitterness amino acid (PHE, LEU, ILE, VAL and MET) apart from TYR 

found in the samples after the peptidase treatment, indicating the strong 

bitterness might be perceived along with the enhanced umami flavour. Since 

these amino acids all have hydrophobic side chain and the hydrophobic character 

plays the most significant role in creating a perception of bitter taste (Ishibashi 

et al., 1988), stimulating the human bitter receptors hTAS2Rs (Maehashi et al., 

2008). 
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Table 4.2 Average amino acid concentration (mg/g solid content) for control and treated 

sample (A2SD, AX, Flv). Each value is the mean of three replicate measurements. The 

average of coefficient of variance (CV= standard deviation ÷mean) for all amino acid is 

0.34.  

  
Control 1% A2SD 1%AX 1%Flv 

4-Hydroxyproline 4HYP 0.03 0.04 0.03 0.06 

α-Aminoadipic acid AAA 0.01 0.02 0.01 0.02 

α-Aminobutyric acid ABA 0.0054 0.0055 0.0043 0.0078 

Alanine ALA 0.24 6.31 5.87 7.86 

Asparagine ASN 0.07 5.42 5.07 12.31 

Aspartic acid ASP 0.03 3.29 3.13 3.83 

Cystine 
C-C 

 Not 
Found 
(NF) 

3.32 1.87 14.07 

Glutamine GLN 0.44 5.63 5.31 8.47 

Glutamic acid GLU 0.55 8.72 6.84 14.01 

Glycine GLY 0.12 3.17 2.6 3.9 

Histidine HIS 2.87 8.66 7.84 12.81 

Isoleucine ILE 0.37 5.65 5.28 6.57 

Leucine LEU 0.33 8.33 7.64 9.13 

Lysine LYS 1.3 8.66 8.27 10.99 

Methionine MET NF 1.15 1.02 0.92 

Ornithine ORN 0.4 9.8 4.65 7.89 

Phenylalanine PHE 0.34 9.03 8.22 9.85 

Proline PRO 4.18 5.58 4.64 7.26 

Serine SER 0.15 11.22 8.59 18.71 

Threonine THR 0.03 8.51 8.13 11.32 

Tryptophan TRP 0.95 2.03 2.2 1.4 

Tyrosine TYR 2.63 9.18 8.26 12.57 

Valine VAL 1.03 6.88 5.72 10.16 

 
Total 16.07 130.59 111.19 184.12 
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4.3.1.2 The amino acid profile of Alphitobius diaperinus treated with peptidase 

and additional endopeptidase Alca  

The endopeptidase Alcalase (Alca) was further added with peptidases to observe 

if additional amino acid could be generated. 

Freeze dried Alphitobius diaperinus was ground into a powder and dissolved into 

reverse osmosis water, treated with three different peptidases AX, A2SD, Flv, 

respectively with the addition of endopeptidase Alca at 50˚C at pH 7 for 24 h in 

order to see their performance yielding amino acid.  

By comparing Table 4.2 and Table 4.3, the addition of endopeptidase Alca 

yielded different amino acid profiles based on three peptidase SD, AX and Flv. 

The samples treated with both endopeptidase Alca and peptidase AX yielded 

more amino acid in total (1.4-fold increase) compared to samples treated only 

with AX peptidase. There were significant increases (P<0.05) in certain amino 

acid treated with AX and Alca such as glycine, lysine and cystine which is 

increased by 2.3, 3.4 and 2.6-fold, respectively compared to the one treated with 

AX alone. As for the umami property amino acid, GLU and GLN, there was an 

increase (1.5-fold) in GLU while a significant decrease (73%) in GLN (P<0.05). 
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Table 4.3 Average amino acid concentration (mg/g solid content) for control, peptidase and 

endopeptidase treated sample. Each value is the mean of three replicate measurements. 

The average of coefficient of variance (CV= standard deviation ÷ mean) for each amino 

acid is 0.28. 

 

2%Alca, 
1%A2SD 

2%Alca, 
1%AX 

2%Alca, 
1%Flv 

4HYP 0.02 0.03 0.03 

AAA 0.02 0.02 0.02 

ABA 0.0047 0.0065 0.0052 

ALA 5.06 6.33 7.59 

ASN 8.76 7.89 12.11 

ASP 2.22 4.76 6.02 

C-C 5.83 4.84 5.71 

GLN 1.32 1.33 2.26 

GLU 12.47 10.56 17.47 

GLY 2.41 5.86 5.46 

HIS 8.04 7.82 10.05 

ILE 4.84 6.83 7.33 

LEU 7.02 9.84 9.95 

LYS 6.26 28.07 18.66 

MET 0.60 1.45 1.40 

ORN 7.39 8.70 9.03 

PHE 6.77 11.75 12.23 

PRO 5.09 4.43 4.92 

SER 14.54 8.67 16.24 

THR 8.18 8.52 14.04 

TRP 1.08 3.27 2.92 

TYR 8.41 9.40 12.76 

VAL 6.95 6.70 7.76 

Total 123.26 157.08 183.95 

Samples treated with Alca and other two peptidase SD or Flv did not yield any 

increase in total amino acid compared to the sample without the addition of 

endopeptidase Alca, but still had significantly increase compared to the control 
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one (P<0.05). In terms of umami amino acid GLU, with the addition of 

endopeptidase based on three different peptidases A2SD, AX, Flv, all of them 

had increase in GLU concentration by 1.4, 1.5 and 1.25-fold, respectively. 

By looking at the concentration of GLU and GLN among these treated samples, 

the combination of peptidase Flv and endopeptidase Alca yielded the most 

amount of GLU， although there was some loss in GLN with the addition of 

endopeptidase Alca. However, the increase of GLU (31-fold) concentration 

compared to the control sample exceeds the lost amount of GLN even by 

assuming the further enzymatic conversation rate from GLN to GLU is 100%.  

Therefore, for the purpose of generating the most umami flavour amino acids to 

make the most umami activity out of the samples, peptidase Flv and 

endopeptidase Alca was finally selected. 

4.3.1.3 The conversion of GLN to GLU of Alphitobius diaperinus treated with 

glutaminase (Glt) 

 

The purpose of Glt used after peptidase and endopeptidase is to convert GLN to 

umami flavour amino acid GLU. 0.1% dosage of Glt was applied based on 

Alphitobius diaperinus solid content at 50°C, pH 7 for 24 hours. Figure 4.1 

shows that after Glt treatment, the concentration of GLN decreases by 46%. 

However, there is no increase in Glutamic acid detected accordingly. The 

possible reason for that might be the decreased concentration of GLN was 

relatively small (1.2mg/g) compared to total concentration of GLU 17.5 mg/g in 

the sample treated with Alca and Flv. The small amount of GLN-to-GLU 

conversion has small impact on the increase in GLU concentration. Therefore, 

adding Glt appears to have no significant effect. 
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Figure 4.1 Average amino acid concentration (mg/g solid content) for samples treated 

before and after with Glt. Each value is the mean of three replicate measurements. The 

error bars show the standard deviation error. 

4.3.1.4 Amino acid profile of Alphitobius diaperinus treated with peptidase and 

endopeptidase with time as a variable 

 

After determining the effective endopeptidase and peptidase for liberation of 

amino acid, the treatment time was further optimised. Ground freeze dried 

Alphitobius diaperinus was treated with peptidase (1% Flv) and endopeptidase 

(2% Alca) for 0.5, 1, 2, 5, 12 and 24 h to see the total amino acid profile. 

The prolonged treatment at 50°C made a slight decrease in total amino acid 

concentration as observed in controlled samples without any enzymatic 

treatment. (Table 4.4) 
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Table 4.4 Average amino acid concentration (mg/g solid content) for control samples with 

time as variable. Each value is the mean of three replicate measurements. The average of 

coefficient of variance (CV=standard deviation ÷mean) for all amino acid is 0.23 

  
Control 
0.5h 

Control  

1h 
Control 
2h 

Control 
5h 

Control  
12h 

Control 
24h 

4HYP 0.02 0.02 0.03 0.02 0.02 0.02 

AAA 0.02 0.02 0.02 0.02 0.02 0.02 

ABA NF NF NF NF NF NF 

ALA 0.34 0.39 0.54 0.47 0.4 0.19 

ASN 0.31 0.31 0.31 0.21 0.13 0.08 

ASP 0.07 0.08 0.11 0.08 0.07 0.01 

C-C NF NF NF NF NF NF 

GLN 3.6 3.7 3.37 3.5 3.01 0.57 

GLU 2.11 2.09 1.78 2.07 1.77 0.51 

GLY 0.25 0.29 0.21 0.23 0.25 0.19 

HIS 2.93 2.8 2.14 2.49 2.75 2.28 

ILE 0.58 0.58 0.53 0.53 0.56 0.38 

LEU 0.39 0.39 0.36 0.35 0.39 0.34 

LYS 0.43 0.59 0.88 0.72 0.72 0.6 

MET 0.01 0.01 0.01 0 0 0.01 

ORN 0.01 0.01 0.02 0.02 0.02 1.07 

PHE 0.52 0.53 0.5 0.44 0.58 0.52 

PRO 6.2 6.26 5.37 6.03 6.15 5.81 

SER 0.51 0.53 0.38 0.39 0.31 0.1 

THR 0.17 0.18 0.15 0.15 0.14 0.03 

TRP 1.25 1.42 1.61 1.25 1.59 1.29 

TYR 1.46 1.75 1.95 1.72 2 1.9 

VAL  0.9 0.93 0.98 0.96 0.91 0.63 

Total 22.09 22.88 21.26 21.65 21.81 16.56 

 

As can be seen from the Table 4.5, with the increase of the time up to 24 h, the 

total amino acid concentration increased significantly from 128.8 mg/g treated 



81 

 

for 0.5 h to 242.5 mg/g for 24 h (P<0.05). For the GLU, the concentration 

increased by 2.51-fold treated for 24 h compared to the 0.5 sample (Figure 4.2). 

 

Figure 4.2 Average GLU concentration (mg/g solid content) after peptidase (1% Flv) and 

endopeptidase (2% Alca) treated sample with time over 24h. Each value is the mean of 

three replicate measurements. The error bars show the standard deviation. 
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Table 4.5 Average amino acid concentration (mg/g solid content) for control, peptidase (1% 

Flv) and endopeptidase (2% Alca) treated sample with time as variable. Each value is the 

mean of three replicate measurements. All coefficient of variance (CV= standard deviation 

÷ mean) for each amino acid is less than 1 

  
Control 
24h 

Treated 
0.5h 

Treated 
1h 

Treated 
2h 

Treated 
5h 

Treated 
12h 

Treated 
24h 

4HYP 0.02 0.02 0.02 0.02 0.03 0.04 0.03 

AAA 0.02 0.03 0.04 0.04 0.04 0.04 0.05 

ABA NF 0.01 0.01 0.01 0.01 0.01 0.01 

ALA 0.19 3.92 6.08 6.59 7.52 9.18 10.02 

ASN 0.08 7.69 11.67 12.94 13.03 14.29 16.66 

ASP 0.01 2.73 5.32 6.09 6.94 8.52 9.66 

C-C NF 0.52 1.11 1.44 1.67 2.01 2.53 

GLN 0.57 8.54 9.05 8.69 5.25 2.57 1.22 

GLU 0.51 9.09 12.26 13.96 13.9 18.99 22.82 

GLY 0.19 2.27 3.99 4.36 4.5 4.75 6.1 

HIS 2.28 7.87 11.63 11.95 11.31 10.9 14.41 

ILE 0.38 6.13 7.97 8.52 7.76 8.08 9.83 

LEU 0.34 16.49 21.05 22.17 21.47 22.43 26.19 

LYS 0.6 9.46 12.1 11.51 12.05 13.16 16.31 

MET 0.01 1.47 2.56 2.21 2.83 2.31 3.36 

ORN 1.07 0.02 0.09 0.1 0.08 0.12 0.15 

PHE 0.52 8.98 12.08 13.08 12.46 12.91 15.89 

PRO 5.81 6.31 7.11 7.51 7.67 7.44 9.13 

SER 0.1 6.43 10.37 10.92 9.7 10.97 14.71 

THR 0.03 8.53 16.2 17.98 16.12 17.65 21.83 

TRP 1.29 3.5 3.94 3.51 4.46 3.87 5.75 

TYR 1.9 10 13.78 15.59 15.08 17.17 20.42 

VAL  0.63 8.77 12.34 13.04 12.31 12.96 15.42 

Total 16.56 128.79 180.79 192.22 186.17 200.38 242.50 

 

In conclusion, peptidase Flv can yield the most amino acid compared to other 

peptidases. By adding the peptidase (1% Flv) and endopeptidase (2% Alca) 

together can lead to a further increase in concentration of amino acid in samples. 
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The umami flavour amino acid GLU concentration had a significant increase by 

44.7-fold compared to the control one (P<0.05). With prolonged treatment time 

up to 24 h, total amount of amino acid rises with the increase of treatment time. 

Therefore, this result suggests that with the peptidase treatment Alphitobius 

diaperinus can potentially yield more umami flavour. 

4.3.1.5 Specificity of peptidases (A2SD, Flv, AX and Alca) on amino acid 

profiles 

 

Although enzyme ProteAX (AX), Protease A 2SD (A2SD) provided by Amano 

and Flavourzyme (Flv) from Novozyme are all produced from Aspergillus 

oryzae fermentation, these are different peptidases that have unique EC (Enzyme 

Commission) number for their nomenclature.  

According to the MSDS information of enzymes provided by companies. A2SD 

(EC 3.4.24.27) belongs to the category of metalloendopeptidases which 

specifically is a thermolysin peptidase that has preferential cleavage of leucine 

(LEU) and phenylalanine (PHE) (Rawlings and Salvesen, 2012). 

Metallopeptidase are among the hydrolases in which the nucleophilic attack on 

a peptide bond is mediated by a water molecule. In the case of thermolysin, a 

divalent metal cation zinc activates the water molecule. The metal ion is held in 

place by amino acid ligands, usually three in number (Rawlings and Salvesen, 

2012). 

AX and Flv (EC 3.4.11.1) are in the category of aminopeptidase also known as 

leucyl aminopeptidase which cleaves the N-terminal (P1) L-amino acid from a 

broad range of peptide substrate. It also has a cleavage preference for methionine 

or leucine at the N-terminal position (Rawlings and Salvesen, 2012). 
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Through personal communication with technical consultant of Amano and 

Novozyme, although enzyme A2SD’s standardised activity is endopeptidase, it 

still contains significant levels of exopeptidase whereas AX and Flv are 

standardised on the exopeptidase, but contain a significant endopeptidase 

activity.  

As seen from the Table 4.6, compared to the control samples without enzyme 

treatment, enzymatic treated samples with three different peptidases had 

significantly different amino acid profile (P<0.05). 

All these three exopeptidase A2SD, AX and Flv have a main cleavage specificity 

for serine (SER) and threonine (THR). However, the proportion of cysteine (C-

C), ornithine (ORN) and asparagine (ASN) are different among three peptidases’ 

treatment. Samples treated with Flv had significantly more C-C (P<0.05), taking 

up 7.64% of the total amino acid profile compared to the sample treated with 

A2SD (2.54%) and AX (1.68%). Flv also produced a greater proportion of ASN 

(6.69 %) compared to A2SD (4.15%) and AX (4.56%). This indicates that the 

side activity of endopeptidase of enzyme Flv may have the preference for 

cleavage to liberate ASN and C-C. In the case of the amino acid ORN, there was 

considerably more in the samples treated with A2SD (7.5%) than AX (4.18%) 

and Flv (4.29%), suggesting that the side-activity of exopeptidase in A2SD 

might have specific cleavage leading to ORN. It also appears that although Flv 

and AX are the same type of aminopeptidase, they can still yield different amino 

acid profile due to the different production procedure of different companies. 
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Table 4.6 The percentage of amino acid of samples treated with various peptidases 

Amino acid Percentage 

 Control 1% A2SD 1%AX 1%Flv 

4HYP 0.19 0.03 0.03 0.03 

AAA 0.06 0.02 0.01 0.01 

ABA 0.03 0.004 0.004 0.004 

ALA 1.49 4.83 5.28 4.27 

ASN 0.44 4.15 4.56 6.69 

ASP 0.19 2.52 2.82 2.08 

C-C 0.00 2.54 1.68 7.64 

GLN 2.74 4.31 4.78 4.60 

GLU 3.42 6.68 6.15 7.61 

GLY 0.75 2.43 2.34 2.12 

HIS 17.86 6.63 7.05 6.96 

ILE 2.30 4.33 4.75 3.57 

LEU 2.05 6.38 6.87 4.96 

LYS 8.09 6.63 7.44 5.97 

MET 0.00 0.88 0.92 0.50 

ORN 2.49 7.50 4.18 4.29 

PHE 2.12 6.91 7.39 5.35 

PRO 26.01 4.27 4.17 3.94 

SER 0.93 8.59 7.73 10.16 

THR 0.19 6.52 7.31 6.15 

TRP 5.91 1.55 1.98 0.76 

TYR 16.37 7.03 7.43 6.83 

VAL 6.41 5.27 5.14 5.52 

Alca (EC 3.4.21.62) is in the category of serine endopeptidases, also known as 

subtilisin produced from Bacillus licheniformis fermentation. It hydrolyses the 

protein with broad specificity for peptide bonds and has a preference for a large 

uncharged residue at the N-terminal. It has a catalytic triad in the order aspartic 

acid (ASP), histidine (HIS) and (SER) (Rawlings and Salvesen, 2012).  
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Table 4.7 shows the proportion of each amino acid in the samples treated with 

various peptidase and additional endopeptidase. In general, the secondary 

addition of endopeptidase Alca, changed the amino acid profile of the samples.  

Table 4.7 The percentage of amino acid of samples treated with various peptidases and 

additional endopeptidase Alca 

Amino 
acid 

Percentage 

 
2% Alca, 1% A2SD 2% Alca, 1% AX 2% Alca, 1% Flv 

4HYP 0.02 0.02 0.02 

AAA 0.02 0.01 0.01 

ABA 0.004 0.004 0.003 

ALA 4.11 4.03 4.13 

ASN 7.11 5.02 6.58 

ASP 1.80 3.03 3.27 

C-C 4.73 3.08 3.10 

GLN 1.07 0.85 1.23 

GLU 10.12 6.72 9.50 

GLY 1.96 3.73 2.97 

HIS 6.52 4.98 5.46 

ILE 3.93 4.35 3.98 

LEU 5.70 6.26 5.41 

LYS 5.08 17.87 10.14 

MET 0.49 0.92 0.76 

ORN 6.00 5.54 4.91 

PHE 5.49 7.48 6.65 

PRO 4.13 2.82 2.67 

SER 11.80 5.52 8.83 

THR 6.64 5.42 7.63 

TRP 0.88 2.08 1.59 

TYR 6.82 5.98 6.94 

VAL 5.64 4.27 4.22 
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By comparing Table 4.6 and Table 4.7, the difference of amino acid profile 

among various enzymatic treatment can be illustrated through radar charts 

(Figure 4.5). There was significant increase of ASN, cysteine (C-C), GLU and 

SER with the addition of endopeptidase Alca compared to the amino acid profile 

treated with A2SD alone (P<0.05). In the case of AX and Flv with additional 

Alca treatment, LYS (Lysine) took the predominant proportion of amino acid 

profile instead of SER. the reason for the amino acid profile difference between 

A2SD + Alca treatment and AX + Alca might due to different predominant 

enzyme activity of AX (main exopeptidase activity) and A2SD (main 

endopeptidase activity). By comparing the amino acid profile of AX + Alca with 

Flv + Alca, although AX and Flv belong to the same category having exactly the 

same EC code. the considerable increased number of LYS proportion may due 

to the different endopeptidase specificity existed in the AX and Flv. 
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Figure 4.3 Radar charts illustrate the amino profile of samples treated with various 

peptidase and additional endopeptidase Alca. 

4.3.2 Nucleotide profile of Alphitobius diaperinus after enzyme 

treatment 

 

The total amount of free nucleotides present in the sample was evaluated first by 

heating the Alphitobius diaperinus in the water at 60°C for 10 h without 

enzymatic treatment. 6.1 mg/g of total nucleotide content was obtained, 

containing 1.7, 0.7, 0.6, 1 and 2.1 mg/g of UMP, CMP, GMP, IMP and AMP, 

respectively.  
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Figure 4.4 The nucleotide concentration of Alphitobius diaperinus after heating in the water 

at 60°C for 10 h. Each value is the mean of three replicate measurements. The error bars 

show the standard deviation error. 

Then, there were two enzymes used for digesting DNA/RNA of Alphitobius 

diaperinus to yield nucleotides.  

1. Enzyme RP-1G by Amano Enzyme Europe Ltd (RP-1G), a 5’-

phosphodiesterase that can hydrolyse RNA/DNA to 5’-nucleotides. 

2. Enzyme Deamizyme by Amano Enzyme Europe Ltd (Deamizyme), a 5’-

Adenylic deaminase that converts 5’-Adenylic acid (AMP) into umami 

flavour nucleotide 5’-Inosinic acid (IMP). 

Although Amano provides enzyme activity and thermo-stability data suggesting 

the potential optimum operating condition as shown in Figure 4.5 and Figure 4.6, 

the data provided is only in short-time treatment (15 or 30 min). The optima may 

vary for longer digestion. Therefore, a D-optimal designed experiment aims to 

determine the optimum treatment factors: treatment time, enzyme dosage, pH, 

temperature. 

The pH-temperature D-optimal designed experiment was run first to decide the 

optimum pH and temperature point for best yield of umami property nucleotide 

(GMP, IMP, AMP). The time-dosage D-optimal designed experiment was then 
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performed using the optimum pH and temperature parameters determined 

previously. 

 

Figure 4.5 The enzyme performance characteristics results above were obtained by Amano 

Enzyme Europe Ltd for the RP-1G solution. 
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Figure 4.6 The enzyme performance characteristics results above were obtained by Amano 

Enzyme Europe Ltd for the Deamizyme solution in some buffers.  

4.3.2.1 The buffer solution impact on nucleotide yield treated with enzyme RP-

1G 

 

For the pH-temperature D-optimal experiment, the pH (4, 4.5, 5, 5.5, 6, 6.5) and 

treatment temperature (40, 49, 50, 58, 62, 66, 75°C) were varied to produce 20 

experimental design points with duplicates at the extremities and the edge of the 

temperature axis as shown in Figure 4.7. In this experiment, various buffer 

solutions were used to cover all pH range. Sodium citrate was used for pH 4, 4.5, 

5.5 buffer solutions while sodium phosphate was used for pH 5, 6, 6.5. In Figure 

4.7, design points are marked and the replicate design points are in bold font. 

Contours represent the concentration of nucleotide and each contour line links 

points with the same value on the plot. The significance of all the terms in the 

method was statistically evaluated and computed by the prob.>F at a confidence 
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level of <0.05. The model was recalculated based on backward deletion of terms 

that were insignificant. 

Figure 4.7 shows that both pH and temperature has significantly effect on the 

response of these two nucleotides’ concentration (P<0.05). Only AMP and IMP 

showed significant differences with pH and temperature (P<0.05). No significant 

difference was noted in other nucleotides such as UMP, GMP, CMP. 

In general, the high temperature treatment at low pH could yield more AMP. 

Although RP-1G has no effect on IMP generation, the presence of IMP was also 

influenced by pH and temperature. Concentration of IMP decreased with the 

increase of pH and temperature (Figure 4.7).  
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Figure 4.7 Two-dimensional contour plots derived from the generated models. Contours 

represent the concentration of nucleotide AMP and IMP (mg/g) as a function of the 

experimental factors –temperature (°C) and pH for a fixed treatment time (24h) and 

enzyme dosage (1% w/w). 

 

The optimum temperature and pH was then determined based on maximum yield 

of AMP from the contour plot above. This was in the region of pH around 4.5 to 

5 and 70°C to 75°C. These two experiment settings were used in two response 

surface experiments to further test dosage and time as experiment factor. 

Figure 4.8 and Figure 4.9 show the GMP concentration varied through different 

time and dosage of RP-1G at two selected optimum pH-temperature conditions. 
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However, these two contour plots show two different responses. Figure 4.8 

shows that GMP concentration was not influenced by the enzyme dosage and 

only had a slight increase through treatment time up to 20 h.  

 

 

Figure 4.8 Two-dimensional contour plots derived from the generated models. Contours 

represent the concentration of nucleotide GMP (mg/g) as a function of the experimental 

factors – that is, the different time (h) and dosage (% w/w) for a fixed treatment pH (pH 

4.5) and temperature (75 °C).  

Figure 4.9 shows that the concentration of GMP was affected by both treatment 

time and enzyme dosage significantly (P<0.05), the concentration of GMP 

increased at higher enzyme dosager and longer treatment time. Since the pH and 

temperature points selected for these two plots are very close with 0.5 value 

difference in pH (pH 4.5 and 5) and 5°C difference in temperature (70 and 75 °C). 

They are expected to represent the similar trend in the time-dosage contour plots.  
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Figure 4.9 Two-dimensional contour plots derived from the generated models. Contours 

represent the concentration of nucleotide GMP (mg/g) as a function of the experimental 

factors – that is, the different time (h) and dosage (% w/w) for a fixed pH (pH 5) and 

temperature (70°C).  

First pH-temperature response surface experiment showed that only AMP and 

IMP changed in responses to the enzyme treatment (Figure 4.7) while other 

nucleotides did not. Then, two optima points were selected for further time-

dosage response surface experiment based on best yield of AMP from the result 

shown in Figure 4.7. However, the result of these two optima points are very 

different as can be seen in Figure 4.8 and Figure 4.9. One optima point was 

treated with citrate buffer and the other was treated with phosphate. Looking 

back at the detail of the data points from Figure 4.7, the data of points treated 

with citrate buffer differ from those with phosphate buffer. This was what was 

causing problem with previous analysis of pH-temperature response surface 

experiment. From Figure 4.8, the samples treated with RP-1G in sodium citrate 

buffer solution did not show any significant response of nucleotide concentration 

regarding factors such as pH, temperature, time and enzyme dosage while those 

suspended in sodium phosphate and sodium acetate both showed a significant 

activity. This indicates the cation citrate inhibited the RP-1G activity. As most 
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of the single-strand-specific nucleases are either metalloenzymes or metal 

requiring enzymes. Nuclease P1 RP-1G from Penicillium citrinum is a zinc 

metalloprotein (Desai and Shankar, 2003). Citrate as a metal chelator directly 

inhibited RP-1G activity. Hence, knowing the inhibitors of enzymes must be 

taken into the consideration as one of the crucial criteria for identifying enzymes 

performance. 

 

4.3.2.2 The optimum time and dosage for RP-1G treatment for best yield of 

umami property nucleotide 

 

After the problem of buffer solution has been identified, the time-dosage 

response surface experiment treated with sodium phosphate buffer was selected 

for determining the optimum time and dosage.  
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Figure 4.10 Two-dimensional contour plots derived from the generated models. Contours 

represent the concentration of five types of nucleotide UMP, CMP, GMP, AMP, IMP (mg/g) 

as a function of the experimental factors –time (h) and enzyme dosage for a fixed time (24h) 

and enzyme dosage (1% w/w). 

As can be seen from the Figure 4.10, the factor time and dosage also have a 

significant effect on the yield of nucleotide (P<0.05) apart from UMP. There are 

interactions observed between pH and temperature that affect the yield of 

nucleotides. The optimum condition was then determined based on the 

prediction of maximized yield of GMP (1.97 mg/g) and AMP (3.41 mg/g).  

Table 4.8 presents the specific optimum conditions for the defined concentration 

of certain nucleotides. The goal is on optimum conditions (time and enzyme 

dosage) to obtain a maximum concentration of AMP and GMP. The additional 
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parameters called importance and weight were further imposed on the responses. 

Importance parameter is designed for setting priorities to the responses. If all 

importance ratings are the same, then it has no impact. In this case. The weight 

parameter can be added to emphasize upper and lower bounds, affecting the 

shapes of the ramps and it gives more or less emphasis to the goal. When the 

weight = 1, the desirability goes up and down on linear ramp. 

Table 4.8 Desirability specifications of numerical optimisation for D-optimal design 

Name Goal 
Lower 
limit 

Upper 
limit 

Lower 
weight 

Upper 
weight 

Importance 

Time (h)  is in range  0.50 20.00 1 1 3 

Dosage (% w/w)  is in range  0.10 2.00 1 1 3 

UMP (mg/g)  is in range  0.56 0.86 1 1 3 

CMP (mg/g)  is in range  1.30 4.13 1 1 3 

GMP (mg/g)  maximize 0.24 1.89 1 1 3 

IMP (mg/g)  is in range 0.38 0.65 1 1 3 

AMP (mg/g)  maximize  1.43 3.41 1 1 3 

 

Table 4.9 Optimisation conditions, prediction and desirability of RP-1G model 

                                      Concentration of nucleotide (mg/g) 

Time Dosage  UMP CMP GMP IMP AMP Desirability

 Selection 

20 h 2.0%              0.59 3.99 1.97 0.48 3.41       1              

Selected 

12 h 1.6%              0.61 4.12 1.88     0.44 3.24       0.9               
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Table 4.9 shows that all goals are joined into on desirability function which are 

based on various responses and factors. Thus, the optimum time (20 h) and 

dosage (2%) was determined to give maximum yield concentration of AMP, 

GMP. This was slightly higher than expected for samples treated with 1.6% 

dosage RP-1G for 12 h with yields of 1.88mg/g GMP and 3.24mg/g AMP. 

 

4.3.2.3 The optimum pH and temperature for RP-1G treatment for best yield 

of umami property nucleotides with sodium acetate – acetic acid buffer 

solution 

 

Sodium phosphate buffer solution can only cover the pH range from 5-8, 

therefore, sodium acetate buffer solution was used to cover the pH range from 

pH 4 to pH 5.6 in this experiment. Figure 4.11 shows contour plots of five 

nucleotides, in which there are significant interactions between factors (pH and 

temperature) affecting the nucleotide concentration (P<0.05).  
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Figure 4.11 Two-dimensional contour plots derived from the generated models. Contours 

represent the concentration of five types of nucleotide UMP, CMP, GMP, AMP, IMP (mg/g) 

as a function of the experimental factors –temperature (°C) and pH for a fixed treatment 

pH (pH 5) and temperature (70°C). 

By using software Design expert 10, the numerical optimisation finds a point 

that maximizes the desirability function.  
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Table 4.10 presents the specific optimum conditions for the defined 

concentration of certain nucleotides. The goal is at optimum conditions (pH and 

temperature) to obtain maximum concentration of AMP and GMP. 
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Table 4.10 Desirability specifications of numerical optimisation for D-optimal design 

Name Goal 
Lower 
limit 

Upper 
limit 

Lower 
weight 

Upper 
weight Importance 

pH  is in range  4.00 5.60 1 1 3 

Temperature (°C)  is in range  40 75.00 1 1 3 

UMP (mg/g)  is in range  0.05 1.92 1 1 3 

CMP (mg/g)  is in range  0.02 5.05 1 1 3 

IMP (mg/g)  is in range  0.41 3.26 1 1 3 

AMP (mg/g)  maximize  0.0 4.51 1 1 3 

GMP (mg/g)  maximize  0.0 4.02 1 1 3 

 

Table 4.11 Optimisation conditions, prediction and desirability of model 

                                    Concentration of nucleotide (mg/g) 

pH Temperature  UMP CMP GMP IMP AMP Desirability

 Selection 

4.0 65.52°C  1.35 4.20 3.21 0.88 3.89  0.83              

Selected 

 

Table 4.11 shows that all goals are joined into on desirability function which are 

based on various responses and factors. Thus, the optimum pH (pH 4) and 

temperature (65°C) were predicted in the condition of maximum yield of AMP, 

GMP. 
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4.3.2.4 The optimum time and dosage for Deamizyme treatment for best yield 

of AMP converted from IMP. 

Deamizyme is a 5-Adenylic deaminase which converts 5’-AMP acid into flavour 

enhancer 5’-IMP. The purpose of this study is to find the optimum treatment 

condition for Deamizyme for the conversion from AMP to IMP. 

pH 5.6 is the optimum value provided on the datasheet by Amano Enzyme 

Europe Ltd (Figure 4.12) for treatment while the optimum pH for RP-1G 

treatment is pH4. It is important to see the real difference between those two pH 

conditions in terms of conversion rate from AMP to IMP so that the need for 

further pH adjustment can be determined. 
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Figure 4.12 The enzyme performance characteristics results above were obtained by 

Amano Enzyme Europe Ltd for the Deamizyme solution in some buffers. 

Figure 4.13 shows that the conversion rate from AMP to IMP is higher at pH 4 

than pH 5.6 (P<0.05) which is different from the optimum pH value suggested 

by Amano. Therefore, sodium acetate solution at pH 4 would be used for both 

RP-1G and Deamizyme treatment. 

 

Figure 4.13 Conversation rate comparison between pH 4 and pH 5.6 under 2% RP-1G 

treatment of Alphitobius diaperinus at pH 4 for 10 h followed by 0.1% Deamizyme for 24 

h (P<0.05). Sodium acetate solution was used as treating buffer. 

After the treatment pH was decided, three factors (time, temperature, dosage) 

were modelled in design-expert cubic response surface model to estimate the 
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possible optimum condition. 30 points are scattered for building the model 

throughout time, temperature and dosage (Figure 4.14). 

 

Figure 4.14 Graphical representation of the sample space to model the influence of 

Deamizyme dosage, treatment temperature and time on the yield of nucleotide 

concentration. 

 

Figure 4.15 shows that factor temperature interacted with Deamizyme dosage 

significantly affecting the conversion of AMP to IMP (P<0.05). Design expert 

gave the prediction based on best yield of IMP in the model, a 0.2% dosage of 

Deamizyme at 60˚C for 23 h. This can convert the maximum amount of AMP to 

IMP (4.8 mg/g solid content). Alternatively, 0.02% dosage at temperature 30 ˚C 

for 16 h can reach the same IMP yield. 
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Figure 4.15  Two-dimensional contour plots derived from the generated models. Contours 

represent the concentration of five types of nucleotide AMP, IMP (mg/g) as a function of 

the experimental factors – time (h), enzyme dosage (%), and temperature (°C) for a fixed 

pH (pH 4). 
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A series of enzymatic treatments were then carried out based on the determined 

optimum conditions for RP-1G and Deamziyme, which is 2% dosage of RP-1G 

based on total solid content at pH 4, 65˚C for 20 h followed by the treatment of 

0.2% dosage of Deamizyme based on total solid content at pH 4, 60˚C for 24 h. 

For the comparison, the control sample had the same condition of pH, 

temperature, treatment time apart from the addition of enzymes. The final result 

can be seen in Figure 4.16. Umami flavour nucleotide GMP and IMP increased 

significantly by 3.5-fold and 7.8-fold (P<0.05), respectively. 

 

 

Figure 4.16 The comparison of nucleotide concentration with and without enzymatic 

treatment of 2% RP-1G and 0.2% Deamizyme. Each value is the mean of three replicate 

measurements. The error bars show the standard deviation error. 

4.4 CONCLUSION 

The results suggest that the umami flavour of Alphitobius diaperinus can be 

liberated resulting in a considerable increase of umami flavour amino acid (GLU) 
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and nucleotides (GMP, IMP). This can be achieved having enzymatic treatment 

at appropriate treatment condition (pH, enzyme dosage, temperature and time).  
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5. FURTHER DISCUSSION 
 

5.1 INTRODUCTION 

In this chapter, the mechanism of some enzymes based on the results of chapter 

3 and 4 will be discussed in detail, to evaluate the influential factors for the 

liberation and enhancement of taste active amino acids and nucleotides.  

Before the further discussion, here is the review of the key findings in chapter 

three and chapter four.  

1. There is significant increase (P<0.05) in the yield of umami compound of 

Fusarium venenatum fermented water and Alphitobius diaperinus treated with 

nuclease and peptidase.  

• In the Fusarium venenatum study, a 4.8-fold increase was observed in 

the concentration of GLU while the 20mg/g yield of IMP was generated 

from none in non-enzymatically treated samples. 

• In the Alphitobius diaperinus study, there was a 44.7, 3.5 and 7.8-fold 

increase in the concentration of GLU, GMP and IMP, respectively. 

2. In the Alphitobius diaperinus study, different amino acid profiles were 

generated in the samples treated with endopeptidases and exopeptidases. 

3. The nucleotide yield of samples treated with nuclease was inhibited by the 

buffer solution sodium citrate 

4. In the Alphitobius diaperinus study, D-optimal response surface model shows 

the multi-factor interaction between pH, temperature, time and enzyme dosage 

in terms of nucleotide yield, which demonstrates the capability of the model to 
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find the best enzymatic treatment condition for Alphitobius diaperinus as food 

matrix.   

5.2 WHY PEPTIDASE AND NUCLEASE CANNOT 

BE TREATED TOGETHER 

In this whole research, enzyme digestions by peptidase and nuclease were 

always being treated separately and cannot be mixed together. This is due to the 

presence of phosphatases, also known as phosphoric monoester hydrolase 

enzymes, which are able to hydrolyse the terminal phosphoryl group of 

nucleotides to cause the formation of free inorganic phosphates and nucleosides 

(Nagodawithana and Reed, 2013). The phosphatase is present in almost all 

tissues and microorganisms (Nagodawithana and Reed, 2013). For instance, the 

enzymes used in the study such as 5’-phosphodiesterase RP-1G and 5’-Adenylic 

deaminase Deamizyme contain such phosphatases.  

Phosphatases can be categorized into two groups: non-specific phosphatases and 

specific phosphatases. As the term implies, the enzymes included in the first 

category are known to hydrolyse all phosphomonesters without distinguishing 

between the groups esterifying the phosphoryl residue (Nagodawithana and 

Reed, 2013) while the other specific ones are being very specific in the nature of 

the substituent on the phosphoryl group during hydrolysis (Enzyme 

nomenclature. Recommendations (1984) of the nomenclature committee of the 

international union of biochemistry, 1985). Among this series of enzymes, 

nucleosidases are considered destructive to the processing of the flavour-

enhancing nucleotides, the best known of which are 5’-nucleotidases that are 

characterized by the position at which the phosphate group is hydrolysed on the 

respective nucleotides. For instance, the 5’-nucleotidases are known for their 
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activity in splitting flavour-enhancing 5’-nucleotides to their corresponding 

nucleosides and orthophosphates, causing a decline in the flavour-enhancing 

ability of the final product (Figure 5.1).  

 

Figure 5.1 The 5’-nucleotidase catalysed reaction of an AMP nucleotide to adenosine 

nucleoside and phosphate  

These nonspecific phosphatases and nucleotidases are distributed widely in 

bacteria, fungi, potatoes and gramineous seeds. In this study, nucleases being 

used were RP-1G and Deamizyme, and are produced from the fermentation of 

Penicillium citrinum and Aspergillus melleus, while exopeptidases such as AX, 

A2SD, Flv and endopeptidase Alca are produced from the Aspergillus oryzae 

and Bacillus licheniformis fermentation, which all belong to the fungi kingdom.  

Apart from phosphatase, enzymes called nucleosidases can also destroy 

desirable flavour-enhancing nucleotides formed in the enzymatic treatment. In 

detail, the nucleosidase has the ability to hydrolyse N-glycosyl compounds 

thereby liberating free bases as a result of the hydrolysis of the β-glycosidic bond. 

In general, these reactions involve single step conversion, for instance, the 

conversion of 5’-IMP to hypoxanthine and D-ribose-5’-phosphate in the 

presence of adenosine nucleosidase (Nagodawithana and Reed, 2013). 

               

5’-IMP + H2O                               hypoxanthine + D-ribose-phosphate 

Inosinate 

nucleosidase 
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These enzymes are likely to be present in high concentrations in many of the 

materials employed in the production of 5’-phosphodiesterase enzymes (RP-1G) 

used in flavour-nucleotide production such as Penicillium citrinum. 

Therefore, the precaution must be taken to eliminate or minimise such competing 

enzymes. For peptidases being used in the study, the temperature optima are 

around 45 to 50°C, the secondary activity of phosphatase at these temperature 

associated with peptidases would potentially dephosphorylate nucleotides, if 

treatments were carried out together with nucleases. In the case of samples 

treated with nucleases such as RP-1G and deamizyme, the temperature optima 

however can reach up to 70°C at which the phosphatase and nucleosidase can be 

inactive.  

5.3 MECHANISM OF ENZYMES TREATED IN 

THE STUDY 

5.3.1 Nuclease P1 (RP-1G) 

The commercial nuclease enzyme RP-1G used in the study that produce 5’-

phosphomonoester compounds as a result of its activity on RNA or DNA is 

derived from microbial origin – Penicillium citrinum, which also belong to 

nuclease P1 category. This enzyme shows a preference for cleaving 

phosphodiester bonds in single-strand fragments of nucleic acids yielding 5’-

nucleotides. For instance, in the case of dinucleotide monophosphates, X-Y, this 

nuclease showed a higher preference when X is adenosine or deoxyadenosine 

(Nagodawithana and Reed, 2013). Its base preference may depend on X rather 

than Y when the nuclease acts on substrates that are typically of X-Y type. In 

order to recognize the substrate, the critical structure such as nucleoside 3-

phosphate portion is required and the RP-1G preferential breakdown the di-ester 
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bond taking place between the 3’-hydroxyl group of adenosine/deoxy-adenosine 

and the 5’-phosphoryl group of the succeeding nucleotide in the chain 

(Nagodawithana and Reed, 2013). This can indicate the high yield of 5’-AMP 

nucleotide after RP-1G treatment. 

Although RP-1G can be placed among the endonuclease family, it is classified 

as nuclease P1 as it also has exo-nucleolytic activity, which can simultaneously 

generate 5’-mononucleotides (Fujimoto et al., 1974). It can attack a variety of 

nucleic acids regardless of the type of sugar or base, the size of molecule, or the 

presence or absence of the terminal phosphate group in the nucleic acid chain. 

Therefore, nuclease P1 like RP-1G is one of the most useful and ideal enzymes 

available for the commercial production of 5’-nucleotide rich flavour compound 

from substrates rich in RNA, DNA. 

Moreover, the frequency of appearance of each mononucleotide from 

RNA/DNA is also different.  

RNA is shown to be: AMP > GMP > UMP > CMP, while the rate for denatured 

DNA is: 

dAMP > dTMP > dCMP > dGMP. According to the information of molar ratios 

of 5’-nucleotides released during partial hydrolysis of RNA, AMP, GMP, CMP 

and UMP accounts for 37.7%, 24.6%, 17.1% and 20.6%, respectively (Fujimoto 

et al., 1974). 

However, from the result of chapter three and four, the increased amount of 

nucleotide generated after being treated with RP-1G does not match the ratio 

provided above by Fujimoto (Table 5.1). In the case of Fusarium venenatum 

fermented water study, since nucleotides were already present in the samples, 
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the impact of nuclease RP-1G on releasing certain nucleotides such as UMP, 

GMP and AMP was not remarkable compared to CMP. This may due to the 

fermentation processing that had already hydrolysed the RNA already into 

considerable amount of nucleotides. Although the concentration of GMP 

increased with the addition of YL-TL, as YL-TL released more intercellular 

contents as substrates for RP-1G to digest. However, the amount of GMP 

decreased with the increasing time during enzymatic treatment. 

Table 5.1 Concentration of increased nucleotide of different samples compared to non-

enzymatic ones 

                                      Changes in concentrations of nucleotide (mg/g) 

Sample type                                                   UMP CMP GMP AMP  

Alphitobius diaperinus                          0.05 4.3 1.8 2.67                     

Fusarium venenatum water                          -4.4 27.5 -4.5      2.5       

               

For Alphitobius diaperinus, apart from UMP, other nucleotides’ concentration 

(CMP, GMP and AMP) had a significant increase compared to the ones without 

enzymatic treatment (P<0.05). The reason for no increased concentration of 

UMP may due to the poor UMP liberation performance by RP-1G.   

5.3.2 Yeast-lytic enzyme (YL-TL) 

Enzyme YL-TL is a yeast lytic enzyme from Bacillus stearothermophilus. It was 

therefore only used in the study of Fusarium venenatum, since Fusarium 

venenatum and yeast both belong to the fungi kingdom. It is assumed that the 

effect of YL-TL may apply only on Fusarium venenatum but not Alphitobius 

diaperinus which does not have cell walls. 
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5.3.2.1 The cell wall of fungi 

The cell wall of fungi is a highly dynamic structure that is responsible for 

protecting the cell from rapid changes in external osmotic potential. The cell wall 

is composed mostly mannoprotein and fibrous β (1→3) glucans with branches 

of β (1→6) glucans (Figure 5.2). The glucans are essential components, 

responsible for the mechanical strength, shape and elasticity of the cell well. The 

major constituent of the inner wall is β (1→3) glucan-chitin complex that forms 

the fibrous scaffold of the wall. On the outer surface of the wall are the 

mannoproteins, which are densely packed and limit wall permeability to solutes. 

β (1→6) glucan links the components of the inner and outer walls. All these 

components are covalently linked to form macromolecular complexes that are 

assembled in unit modules, each built around a molecule of β (1→3) glucan. A 

minority of modules has chitin, a β (1→4) linked polymer of N-

acetylglucosamine, chains attached to β (1→3) or β (1→6) glucan. The modules 

are associated by noncovalent interactions in the glucan-chitin layer and by 

covalent cross-links in the mannoprotiein layer, including disulfide bond 

between mannoproteins. 
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Figure 5.2 The illustration of fungi cell wall structure (Mejia, Mejia and profile, 2017) 

5.3.2.2 Lysing action mechanism 

Enzyme systems for yeast cell lysis are usually a mixture of several different 

enzymes such as β (1→3) glucanase (lytic and non-lytic), peptidase, β (1→6) 

glucanase, mannanase and chitinase, which act synergistically for lysing the cell 

wall.  

The enzymatic lysis of fungi begins with binding of the lytic peptidase to the 

outer manoprotein layer of the wall. Afterwards, the protein structure is opened 

up by the peptidase, releasing wall proteins and mannans and exposing the 

glucan surface. The glucanase then attacks the inner wall and solubilises the 

glucan. When the combined action of the peptidase and glucanase has opened a 

sufficiently large hole in the cell wall, the plasma membrane and its content are 

extruded as protoplast while intercellular contents such as DNA, RNA and 

proteins are released from the wall. 
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5.3.3 Nucleodeaminase (Deamizyme) 

In the study of Alphitobius diaperinus and Fusarium venenatum water, all of the 

5’-AMP generated has been fully converted to 5’-IMP with Deamizyme 

treatment. Nucleodeaminases preferentially act on C-N bonds other than peptide 

bonds in cyclic amidines, liberating free ammonia by deamination. This reaction 

can occur in compounds that contain purine or pyrimidine bases. In a typical 

reaction, adenine deaminase converts adenine to hypoxanthine and ammonia  

 

Figure 5.3 Conversion of 5’-AMP to 5’-IMP by reaction of the enzyme adenlyic deaminase 

Adenosine phosphate deaminase is a well-known enzyme in this category for the 

production of umami flavour nucleotides. Like the 5’-phosphodiesterase 

enzymes (RP-1G), adenosine phosphate deaminase, also known as adenylic 

deaminase, has become an important enzyme for the production of 5’-nucleotide 

rich extracts. The function of it is to convert 5’-AMP, which offers no flavour-

enhancing properties, to 5-IMP, a product that has umami flavour-enhancing 

properties in food systems.  

Among the four 5’-nucleotides (CMP, UMP, GMP, AMP) formed during the 

hydrolysis of RNA and DNA by the action of 5’-phosphodiesterase enzyme (RP-

1G), 5’-GMP is the only one that can provide the umami flavour-potentiating 
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properties. Nonetheless, the 5’-AMP produced, which has no flavour-enhancing 

properties, can be converted to 5’-IMP, which has flavour-enhancing properties 

like those of 5’-GMP, by applying a second enzyme, adenine deaminase 

(Deamizyme). Both compounds then have flavour-enhancing properties, 

although GMP is approximately twice as effective as IMP.  

5.4 CONCLUSION 

The purpose of this study is to develop a systematic approach to make a low-

value food system into a higher-value one that has enhanced umami flavour. The 

experiment subject of this whole research was based on low-value food systems 

such as fermented waste water and insects. By exploring their protein and 

nucleotide content with various assays in preliminary experiment stage, we now 

understand the potential capability of different raw material to liberate umami 

compound.  

With enzymatic treatment with various peptidase and nuclease on fermented 

waste water, we concluded that the umami flavour compound can be 

considerably enhanced. Furthermore, we applied the developed approach on the 

insect (Alphitobius diaperinus) and analysed the enzyme performance and 

optimised it to yield maximum umami compounds based on four factors (pH, 

temperature, time and dosage). The results indicate that opportunities still exist 

to reduce the cost of enzyme treatment of these low-value food system. From the 

result, to yield the maximum yield of interested umami compound, it is not 

necessary to follow the enzyme treatment condition given by the company. 

Optima parameters like shorter treatment time, lower enzyme dosage, less 

demanding pH ranges and lower temperatures proves that efficiency can be 

further improved through a targeted experiment design. However, through 
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personal communication with some of the enzyme companies, decreasing the 

temperature and heating it constant at industrial scale may be practically 

challenging. Treatment temperature of nucleases such as RP-1G and Deamizyme 

must be under critical consideration in order to yield the most valuable taste 

active, whilst inactivating the phosphatases for attacking the nucleotides. 

Moreover, different peptidases may attack each other and inhibit enzymic 

activity once they are treated together. Therefore, for possible commercial 

application, industry needs to balance the weight of processing energy (heating 

temperature, time) and enzymic activity. 

Apart from the umami compound, we can also find that the amino acid profile 

varied with different peptidase treatment in the study of Alphitobius diaperinus. 

Although individual amino acids have their own taste, the mixture of various 

amino acids may have a place in an integrated flavour picture, which is well-

proved in some meat flavour studies (Solms, 1969). A recent study also 

suggested that each basic taste of amino acids appears to be dependent on its 

own characteristic such as hydrophobicity, size, charge, functional groups on the 

side chain, and chirality of the alpha-carbon (Kawai et al., 2012). Moreover, the 

overall taste of amino acid was found to be the combination of basic taste 

according to the partial structure. For instance, hydrophilic non-charged middle-

sized amino acids elicited sweetness, and L-enantiomeric hydrophilic middle-

sized structure was necessary for umami taste. Take serine for example, L-serine 

was found to have mainly sweet and minor umami taste while D-sesrine had 

sweet taste alone (Kawai et al., 2012). Whilst, it may not be a convincing practice 

to predict the potential flavour by judging the amino acid profile without any 

sensory study, but regarding it as a reference to understand the peptidases’ 
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specificity to release certain amino acids. Nevertheless, umami as a taste that can 

enhance the overall flavour, by yielding considerable amount of umami property 

compound (GLU, GMP and IMP) into the low-value food system that do not 

own the appealing flavour, the positive effect of taste enhancement may be 

achieved without doubt. 
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6. FUTURE WORK 

6.1 SENSORY STUDY  

Opportunities still exist to maximize the potential value of low-value system 

without failing consumers’ taste expectation. Sensory tests are an important tool 

in research and quality control. Tests such as triangle and paired comparison test 

can assess the personal response (preference or acceptance) of current or 

potential customers to a product, a product idea, or specific product 

characteristics (Civille, Carr and Meilgaard, 2015). Although sensory evaluation 

of umami flavour has been carried by past researchers using different 

methodology, there is little research is available to understand the acceptance 

and overall flavour of enzymatic treated flavour enhancer from low-value food 

system such as waste water and insects, thus this future study seeks to address 

this gap in the current research. The economic benefit of using low-value food 

system is based on the fact that it allows for decreased resource cost and 

construction while still can produce flavour enhancer. It will be interesting to 

find out that if applying the idea on a well-chosen existing food product which 

possesses neutral flavour such as rice, couscous, cracker to identify if these novel 

seasonings can enhance palatability. 

6.2 LOOKING FOR BETTER ENZYMES 

Moreover, it is also worth looking for another more productive nuclease for 

yielding 5’-nucleotides that possesses umami property. Since current 

commercial strains do not yield more than 10-12% RNA (Nagodawithana and 

Reed, 2013).  

Although protein engineering is still in its infancy with respect to application to 

food technology, there seems to be an almost limitless potential to develop more 
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active, stable and tailored enzymes that can perform specific process and yield 

certain interesting amino acid profiles to benefit the flavour. However, the 

application of tailored amino acid profile modification is mainly dependent on 

the area of the peptidase research and development. 

6.3 KOKUMI, A NEW CONCEPT OF UMAMI 

SYNSERGY? 

A new word kokumi appears in some Japanese literature at the beginning of 21st 

century (UEDA et al., 1990). However, the various definition of kokumi from 

different literature adds the difficulty for people to understand and it hardly can 

be translated by one word. Moreover, the translation from Japanese work on 

Kokumi into English version even adds more confusion to its definition. If 

looking into those descriptions being used for Kokumi: fullness, long-lasting, 

balance, continuity, deliciousness, depth, duration, growth, full body, mouth 

fullness, roundness, etc., it is quite similar to the sensation of umami yet indeed 

a complex and positive sensation. 

In one paper, it was translated as ‘enhancing the five primary tastes’, which 

indicates the further umami enhancement with the presence of kokumi. Although 

the human receptor is the final solid proof for previous umami controversy 

argued in the second half of the 20 centuries, there is no certain receptor for 

kokumi confirmed yet. Many Japanese publications are dedicated to spot some 

‘delicious’ peptides like y-glutamyl-peptide as proof of the existence of kokumi 

(Figure 6.1). Moreover, the isolation of these certain peptide such as putting 

them into plain water result in a very high threshold while the threshold 

concentration in complex food matrix is lower, which make people to think the 
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kokumi might only have some synergy effect on umami under certain context of 

other taste molecules. 

 

Figure 6.1 The structure of kokumi peptide: y-GLU-VAL-GLY 

It is worth noting that only Ajinomoto company has seriously invested the 

interaction of kokumi molecules with specific receptors. Their research claims 

that the calcium sensing receptor (CaSR) could be kokumi receptor in their 

experiment performed in mouse taste cell (Ohsu et al., 2009) (Maruyama et al., 

2012). However, the research was carried with limited y-glutamyl diepetides and 

remains to be proven for human taste perception. If calcium receptor like CaSR 

is such a critical co-factor to kokumi sensation, then another calcium receptor 

T1R3 studied in one research by Monell scientists (Tordoff et al., 2012) needs 

to be noticed since T1R3 is also the part of the sweet and the umami receptor yet 

does not co-occur with CaSR. In conclusion, it is still too early to determine 

whether the Kokumi as an umami enhancement factor but a new and exciting 

research topic. 
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Appendix I (Thermofisher.com, 2017) 
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Appendix II (Thermofisher.com, 2017) 

Protein Peptide Hydrolysis Protocol: acid hydrolysis using vacuum hydrolysis 

tubes.  

Materials Required: 

• Hydrochloric Acid (6N), Constant Boiling 

• Vacuum Hydrolysis Tubes 

• Reacti-Therm Heating Module, outfitted with appropriate Heating Block 

A. Preparation 

Unscrew the PTFE Plug from the vacuum hydrolysis tube. 

Using a small diameter glass pipette (disposable Pasteur) or syringe, introduce 

the sample into the bottom reservoir of the tube. Avoid leaving any residue of 

the sample in the upper portion of the tube, particularly in the area of the threads, 

and at the top of the reservoir where the PTFE Plug makes a seal. 

Add the specially purified constant boiling hydrochloric acid up to the desired 

reaction level. 

NOTE: For best results, the total volume of sample and hydrochloric acid should 

not exceed 1/3 of the stated reservoir volume. This will help prevent loss during 

the application of vacuum, when bumping and foaming may occur. To prevent 

excessive bumping and foaming during the vacuum process, the sample can be 

frozen prior to the application of vacuum. 

B. Application of Vacuum 

Insert the inert PTFE Plug and screw it down just enough to leave a small 

passageway between the plug and the glass at the stricture point. 

Secure the tube and affix the vacuum source to the side arm. It is helpful to use 

vacuum tubing to connect the hydrolysis tubes to a three-way stopcock. The 

stopcock should be connected to a vacuum source and a supply of purified 

nitrogen or argon. This will allow you to alternate between vacuum and an inert 

gas, which ensures the complete removal of oxygen from the sample. 
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Additionally, this set-up will facilitate the controlled release of the vacuum after 

the hydrolysis is complete. 

C. Hydrolysis 

When the desired vacuum is reached, seal the unit by slowly screwing the plug 

down until it is flush with the glass surface at the stricture. Do not overtighten! 

Applying too much pressure to the hydrolysis tube is the most common cause of 

damage to the tube or PTFE Plug. Pierce Vacuum Hydrolysis Tubes are designed 

to withstand temperatures up to 200°C for 48 hours. 

NOTE: At 150°C, specially purified hydrochloric acid allows rapid (6-hour) 

hydrolysis of proteins. (Standard protein hydrolysis conditions are 105-110°C 

for 16-24 hours.) 

After the tubes have cooled, release the PTFE Plug just enough to create a small 

passageway between the plug and the glass stricture. The three-way stopcock 

set-up, described earlier, facilitates this procedure and allows you to break the 

vacuum without allowing air/oxygen into your sample. 

D. Sample Concentration 

After securely fastening the tube, your sample can be concentrated (via vacuum) 

with or without heating the tube. Alternatively, the hydrolysis reagent may be 

removed by lyophilization, or via a stream of nitrogen/argon directed to the 

surface of the sample. 

At the appropriate point in your procedure, use a small diameter pipette to 

remove your sample. The hydrolysed sample can easily be re-dissolved in the 

sodium citrate sample dilution buffer. 

Completely remove the PTFE Plug and use a small pipette to add the appropriate 

quantity of buffer to the dried sample. 

Allow the sample to dissolve and remove it with a pipette. 
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Appendix III 

Part A: Mass spectra of amino acids 

Spectra obtained from the chromatogram of standards, library spectra provided 

with the kit could not be opened with the software available. Correct peak 

assignments were determined using the listings of major ion for each compound 

on pages 2 and 3 of the user’s manual.  

 

 

Figure A1: Mass spectra of ALA, SAR, GLY, ABA, VAL (from top to bottom) 
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Figure A2: Mass spectra of β-AIB, NOR (IS), LEU, AILE, ILE (from top to bottom) 
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Figure A3: Mass spectra of THR, SER, PRO, ASN, ASP (from top to bottom) 
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Figure A4: Mass spectra of MET, 4HYP, GLU, PHE, AAA (from top to bottom) 
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Figure A5: Mass spectra of GLN, ORN, LYS, HIS, TYR (from top to bottom) 
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Figure A6: Mass spectra of TRP, C-C (from top to bottom) 
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Part B: Compounds, Retention time and ions used for their detection. 

Table B1: Amino acid retention times and ions for quantification 

Amino acid Retention time Ion for Quan Alternative ions 

ALA 2.09 130 158/114 

SAR 2.19 130 LOW 

GLY 2.26 144 101/114 

ABA 2.44 144 130 

VAL 2.60 158 144/172 

Β-AIB 2.71 116 LOW 

NOR (IS) 2.83 158 116/144 

LEU 2.97 172 130/156 

AILE 3.00 172 LOW 

ILE 3.05 172 116/156 

THR 3.40 101 144 

SER 3.46 146 180 

PRO 3.54 156 243 

ASN 3.73 155 116/130 

ASP 4.63 130 244 

MET 4.66 101 116 

4HYP 4.88 172 130 

GLU 5.20 172 NA 

PHE 5.21 146 NA 

AAA 5.69 184 244 

GLN 6.18 84 101/156 

ORN 6.84 156 114/101 

LYS 7.25 116 172 

HIS 7.54 180 116/155 

TYR 7.98 116 158 

TRP 8.41 130 158/244 

C-C 9.56 248 146/155 
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Low- not detected in current runs 

NA none available – these compounds must be on-scale for analysis, no other 

ions can be used to resolve peaks and detect compounds. 

Table B2: Ion windows for SIR detection and ions to monitor 

Time 

window 

Start- Stop times* Ions 

1 0.0 - 2.35 101, 114, 130, 144, 158 

2 2.35 – 2.9 116, 130, 144, 158, 172 

3 2.9-3.23 116, 130, 156, 172 

4 3.23 - 3.64 101, 144, 146, 156, 180, 243 

5 3.64 - 4.18 116, 130, 155 

6 4.18 - 5.45 101, 116, 130, 146, 172, 244 

7 5.45 – 7.04 84,101, 114, 156, 184, 244 

8 7.04 – 7.76 116, 155, 172, 180 

9 7.76 – 9.00 116, 130, 158, 244 

10 9.00 – 11.00 146, 155 

 

* Note times of windows may vary depending on chromatographic conditions. 

Preliminary runs with standards should be performed with all ions and then the 

exact times of windows set for the main analyses. 

Adjust times by retention time shifts relative to values in Table B1. 
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Part C Monitoring ions through specific time window 

Due to the number of ions monitored (12) and the narrow peak widths (0.05min, 

or, 3s) the number of data points per peak was low and could do with 

improvement i.e. higher temporal resolution. This can be achieved by 

monitoring ions over specific time periods. This will improve quantitation 

through better peak shape and providing a greater data density for the peak 

picking algorithm. 

 

 

 

 

 

 

 

 

 

Figure C1: Proposed division of chromatogram into sections for Selected Ion analysis to 

minimise number of ions monitored per unit time. Dots denote amino acids, arrows 

transition points in SIR files. 200nmol/ml amino acid standard. 1.8 to 5.4min of 

chromatogram 
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Figure C2: Proposed division of chromatogram into sections for Selected Ion analysis to 

minimise number of ions monitored per unit time. Dots denote amino acids, arrows 

transition points in SIR files. 200nmol/ml amino acid standard. 5.4 to 10.0min of 

chromatogram 
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