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Abstract 32 

Dietary protein quality is commonly defined by the bioavailability of essential amino acids, a function of 33 

amino acid composition and protein digestibility. This review assesses the potential for manipulation of 34 

amino acid composition in organisms, for improving protein quality in nutrition. Animal protein is 35 

generally regarded as higher quality than plant protein, but it is also relatively resistant to change. Plant 36 

protein quality appears more susceptible to genetic and environmental influence with seed storage 37 

protein a potentially promising target, subject to GMO regulatory limitations. There is increasing interest 38 

in alternative dietary-protein sources including insects and fungi or other microorganisms. Each may be 39 

manipulated through environment or diet. Microorganisms also enable assessment of impacts on 40 

protein quality of biochemical-pathway manipulation or tailored growth regimes. We conclude that such 41 

approaches offer the greatest potential for manipulation. These means could help in producing protein 42 

of sufficient quantity and quality to meet future demand. 43 

  44 

 45 

Introduction 46 

There is increasing concern over our ability to produce sufficient food sustainability for the growing 47 

global population. There are large variations in both the amount and source of dietary protein consumed 48 

by different populations, but the trend towards animal-based protein systems is widely regarded as 49 

unsustainable [1]. Protein malnutrition in developing countries, resulting in impaired growth and 50 

physical and mental development, remains an ongoing problem [2]. In richer countries, many individuals 51 

consume considerably more protein than required to maintain health and some evidence suggests this 52 

could contribute to high incidence of obesity, diabetes and related conditions [3]. High quality protein is 53 

characterised by an appropriate balance of essential amino acids (EAAs), good digestibility and absence 54 

of anti-nutritional factors (e.g. trypsin inhibitors in unprocessed legumes or uricogenic nucleobases in 55 

certain microorganisms) [4,5]. An ideal protein source meets EAA requirements without further 56 

supplementation. According to the WHO-preferred method of amino acid profile evaluation (PDCAAS; 57 

the protein digestibility-corrected amino acid score) protein sources scoring close to ideal include eggs 58 

and milk [6]. Figure 1 illustrates how different protein-quality scenarios can affect dietary EAA supply. 59 

Protein requirements are also impacted on by physiological state, with increased requirements in 60 

pregnancy, lactation, childhood growth and in elderly people [6]. Whereas the daily recommended 61 

intake of high-quality protein for young adults is 0.8g/kg/day, for elderly adults, whose numbers are 62 

increasing in many developed countries,  1.2–2g/kg/day is recommended to help slow the loss of muscle 63 

mass known as sarcopenia [7].  64 

The amino acid (AA) composition of a specific protein is governed by the nucleic acid sequence of the 65 

gene which codes for it. In animals, all proteins have specific physiological/metabolic functions. In plants, 66 

additional proteins may be produced for storage within seeds [8]. As such, manipulation of the AA 67 

composition of animal and plant-based proteins is largely dependent on altering the relative amounts 68 

of different proteins associated with the tissue to be consumed. While these principles also apply to 69 

microorganisms, versatile selection methods that avoid genetically-modified organisms (GMOs) may 70 

allow us to alter the AA composition of specific proteins (without necessarily impairing function or 71 
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organism fitness, as discussed further below) or even facilitate production of novel proteins [9-11]. This 72 

article provides examples of environmental and genetic factors which impact protein composition and 73 

discusses how these might be exploited to produce higher quality protein.  Focus is on factors which 74 

may have especial impact on amounts of different AAs rather than digestibility. 75 

Animal protein 76 

Extent of variability in animal protein 77 

As described above, the AA composition of animal products is largely governed by the biological function 78 

of the product. Thus, eggs are governed by the needs of the developing fetus, milk protein by the AA 79 

requirements of offspring and meat by muscle function requirements.  However, a number of effects of 80 

animal age, species or diet have been described.  81 

Rafiq et al [12] determined the amount and AA composition of the major proteins (caseins and whey) in 82 

the most commonly consumed milks. Casein was the predominant protein in all milks but AA 83 

composition varied significantly between species. There is evidence that the total protein content of 84 

cow’s milk can be altered by feeding different diets [13], but other work suggests this has limited impact 85 

on the relative amounts of different proteins and, therefore, the AA composition [14].  Hen’s eggs 86 

provide high quality dietary protein but the limited data available suggests their AA composition is not 87 

significantly affected by the breed of bird or by altering the protein content of their diet [15].  88 

Meat is another major animal source of protein in human diets, the most commonly eaten types being  89 

chicken, pork and beef.  Since the mid-twentieth century, genetic selection and improvements in 90 

nutrition and environmental conditions have dramatically increased growth and muscle mass in 91 

livestock, particularly poultry [16]. However, some evidence indicates this may have unfavourably 92 

impacted AA composition. For example, genetic selection for 5% increased broiler breast-meat mass 93 

between 2001 and 2012 was associated with increased incidence of wooden breast (WB) and white 94 

stripes (WS) myopathies, which are thought to result from insufficient oxygenation of rapidly growing 95 

muscle, among other causes [17]. Affected poultry have lower protein quality with the most affected 96 

meat showing significantly decreased levels in 8 of 10 EAAs [18] (Table 1).  Elsewhere, minor differences 97 

in EAA profile of poultry, cattle or pigs have been recorded variously between animal sexes, between 98 

parts of the carcass, from dietary effects or regional variation in these or other parameters [19-21]. In 99 

fish, differences in AA profile have been recorded between species including from different habitats, 100 

observations that could also partly reflect dietary differences [22]. 101 

Overall, however, traditional animal protein seems to offer relatively limited opportunity for EAA 102 

manipulation for human benefit, especially as some conditions described above have other 103 

disadvantages.  104 

Challenges and opportunities in optimising insect protein 105 

Insects are an important dietary protein source in many parts of the world but have not yet gained 106 

widespread popularity in Western diets. It was only in 2018 that the EU approved whole insects, or their 107 

parts as novel foods. There is also growing interest in the use of insects as feed for farmed animals and 108 

fish [23]. Insect protein is typically similar quality as traditional livestock protein, but insects are relatively 109 

easy and quick to grow, consume less water and emit less CO2 [24]. Besides species-species differences, 110 

insect protein quantity and quality is subject to factors such as gender, temperature, daylight duration 111 

and feed type [25,26]. It is noted that most insects are analysed whole and, as such, the gut contents 112 

may make a significant contribution to protein content. EAA profiling showed that switching feed from 113 

alfalfa to maize for edible grasshoppers produced 40% decreases in levels of histidine and phenylalanine 114 
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per gram protein [25]. Similar analyses with larvae of the Protaetia brevitarisis beetle revealed a 115 

modulating influence of supplementing the base larval feed on the absolute levels of some EAAs, 116 

compared to non-supplemented control feed. The methionine level was increased by 35% or 30% in 117 

feeds supplemented with apple or aloe, respectively, and phenylalanine by 7% or 3% in feeds 118 

supplemented with aloe or sweet persimmon [27]. it is worth noting, however, that these supplemented 119 

feeds also resulted in decreased overall protein quantity in inspected larvae. Knowledge of these 120 

relationships potentially allows producers to improve protein quality by appropriate feed 121 

supplementation. However, this versatility needs to be balanced against possible downsides of a high 122 

fat/protein ratio with some insect feeds. For example in black soldier fly larvae, a potential alternative 123 

fish meal, the high variability of final product raises concerns about economic viability [28].  124 

Plant protein 125 

Plants as protein sources 126 

EAA contents of plant proteins are generally lower than those of animal proteins [29]. Whey, muscle and 127 

milk proteins have EAA contents between 38-43%, whereas oat, lupin and wheat proteins have EAA 128 

contents between 21-22% [5]. A plant-based diet can provide all of the EAAs but requires a relatively 129 

rich variety of fruit and vegetables or preparation as a blend of plant proteins, either of which can be 130 

hard to access in some regions [5,16]. However, the growing market for plant-based meat substitutes 131 

offers a convenient vehicle to deliver such blends [30]. Additional opportunities may arise from crops 132 

that are currently underutilised (e.g. particular legumes) and which may be native to specific regions 133 

[31]. Another issue is that some protein rich plants have low digestibility and/or contain antinutritional 134 

factors [4]. Extensive processing is often required to address this. Nevertheless, increased consumption 135 

of plant protein is incentivised from a sustainability perspective, besides considerations like animal 136 

welfare. Currently, a portion of high value crops like soya, wheat and maize are used as livestock feed, 137 

where 3-6 MJ of plant protein that is edible for humans may only produce 1 MJ of meat protein [16,32]. 138 

Therefore, from a resource-use perspective, there are key advantages to improving crop quality for 139 

direct human consumption rather than increasing meat production.  140 

EAA enrichment of seed storage protein  141 

As protein sources for the human diet, legumes suffer from deficiencies in the EAAs Lys and Met, and 142 

cereals from deficiencies in Lys, Met and Trp . Consequently, there has been considerable effort using 143 

both traditional breeding and GM approaches to produce cultivars with increased amounts of these 144 

EAAs [8,33]. In terms of protein for human consumption, seed storage protein has shown the most 145 

promise for EAA enrichment as seeds are relatively insensitive to accumulation of (either native or non-146 

native) storage protein [8]. That is, storage protein of seeds offers better opportunity for non-147 

detrimental manipulation of content than is available with protein from animals or vegetative plant 148 

tissue. The “Quality protein maize” project, developed through selective breeding approaches focused 149 

on control and biosynthesis of seed storage proteins in maize endosperm, yielded product during the 150 

1990s that contained approximately twice the lysine content of traditional maize [8,34]. The derived 151 

maize strain has been commercialized and used in many countries. However, success with these 152 

breeding approaches is limited as increased Met, Lys and Trp phenotypes often have deleterious effects 153 

on growth. This can be because the genes yielding increased content of these AAs are not regulated in 154 

a seed specific manner. This is also reflected by poor success in attempts to replicate the quality protein 155 

maize effect in other crops [8]. Therefore, instead there has been emphasis on seed specific 156 

manipulation of AA synthesis, e.g., desensitization to end product inhibition or altered expression of 157 

proteins with particular EAA contents [8,33]. Approaches used to increase Met content in crops involved 158 
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increasing or decreasing, respectively, the expression of Met-rich or Met-scarce seed storage proteins, 159 

or introduction of foreign Met-rich proteins; however, the resulting varieties exhibited growth defects 160 

[8]. A high Lys maize genotype, LY038, was produced by embryo-specific expression of feedback-161 

insensitive dihydrodipicolinate synthase from bacteria [35]. This was approved for commercial use as 162 

livestock feed and shown to be superior for broilers compared to the wild type maize [36]. However, 163 

LY038 was later withdrawn reportedly due to human safety concerns raised by the European Food Safety 164 

Agency, even though it was intended for use as animal feed. The size of the EU market means that its 165 

laws affect use not only of its crops but also that of producers wishing to trade with the EU [37]. The 166 

overall potential for improvement of crop nutritional quality with GM approaches is well understood 167 

but GM food regulations hamper application.  168 

Influence of cultivation conditions on AA profiles of plant crops 169 

There are some conflicting reports on the superiority or inferiority of organically grown fruits and 170 

vegetables with regard to protein quality [38]. However, several studies now suggest that organic 171 

fertilisation can improve the protein quality. Potatoes and butternut squash exhibited small but 172 

significant improvements in total EAA levels when grown with organic fertilizer [39,40] (Table 1). Such 173 

increases have been suggested to reflect differences in nitrogen availability throughout growth [39].  174 

Other factors also influence protein quality in plants (Figure 2 summarises a range of factors relevant to 175 

plants, animals or microorganisms). Recent evidence suggests that relative nitrogen to sulphur 176 

availability may modulate expression of AA-synthesis genes in wheat (Triticum monococcum) [41]. 177 

Elsewhere, meta-analysis of the effects of elevated CO2 indicated decreased plant-protein contents (as 178 

well as decreases in certain elemental contents, e.g., S, Fe, Zn) [42]. Metal nanoparticles (MNPs) in pure 179 

form or their compounds have diverse applications (including in fertilisers and pesticides) and are 180 

becoming more prevalent in soil and water bodies. A number of studies have documented that exposure 181 

to MNPs can negatively affect AA contents of plants, but in some cases increases were also observed 182 

[43-45] (Table 1). Nevertheless, any suggested exploitation of such insight would of course be subject to 183 

regulatory constraints around using toxic MNPs in crop cultivation.  184 

In conclusion, for similar reasons as with animal tissues, plant tissues appear to have limited potential 185 

for manipulation of EAA composition. One exception is seed storage protein (where functional protein 186 

is less important for the organism) that has significant potential for improved protein quality and 187 

application, supported by data. This potential though is presently constrained by GMO regulations. 188 

 189 

Microbial protein 190 

Use of single cell proteins as a protein source for humans  191 

Single cell protein (SCP) describes protein originating from microorganisms, both unicellular (e.g. yeast, 192 

bacteria) or multicellular (e.g. filamentous fungi, algae) [46]. These could potentially be principal protein 193 

sources in everyday diets that integrate different protein components, including plant-based. Despite 194 

the idea being decades-old, SCP has historically been used as a supplement or animal feed, e.g., 195 

MarmiteTM and PruteenTM. Mycoprotein from the filamentous fungus Fusarium venenatum and 196 

marketed as QuornTM was first sold as a meat-substitute in the UK in 1985, and is the only SCP sold for 197 

human consumption [47]. Recently other companies have also started to launch SCP products for this 198 

market. Bacterial and fungal SCP contains between 80-90% and 50-60% protein by dry mass, 199 

respectively, with EAA profiles comparable to those of animal protein. The methionine content in fungi 200 

tends to be lower but is within dietary guidelines [46]. SCP production has some unique challenges, as 201 



6 
 

fungi and bacteria contain high levels of nucleic acids (7-12%) that need to be lowered by additional 202 

steps in production [48]. There is also the risk of toxin production by the organism, absence of which 203 

needs to be routinely tested [47]. This could also bring challenges for modifying the SCP production 204 

process, as changing the growth substrate or other condition might activate toxin production [49]. 205 

Benefits of SCP over traditional animal protein include lower carbon footprint, land use and water 206 

consumption and the potential to use industrial food by-products as growth substrate [48,49]. However, 207 

to date SCPs for human consumption are grown using food grade substrates, with associated costs [47]. 208 

Wider adoption of SCP for human consumption not only promises potentially cheaper, sustainable 209 

protein production but also scope to modify the protein composition of target organisms, which in plants 210 

and animals could be too time consuming, expensive or in some cases unethical.  211 

Relative simplicity and short generation times provide unique ways to improve SCP quality 212 

Because of their fast cell-doubling times, fungi or bacteria can be selected over hundreds or thousands 213 

of generations in weeks or months, in marked contrast to most animals and plants. Thus, adaptive 214 

evolution is often used for strain improvement and this avoids use of genetic engineering and its 215 

attendant restrictions for food purposes. Knowledge of metabolite biosynthesis pathways in fungi and 216 

bacteria provides additional opportunities for targeted manipulation of AA profiles. Microbial strains 217 

with specific AA production features can be isolated through selection screens. For example, culturing 218 

yeast with 5,5,5-trifluoro-DL-leucine (TFL) – a non-metabolised leucine analogue – can select cells that 219 

overproduce leucine due to loss of feedback inhibition of leucine production [11]. Other approaches 220 

may not require targeted manipulation of specific biosynthesis pathways. Simple changes in sugar 221 

source can alter the AA content of Fusarium species [50]. Continuous adaptive selection was used to 222 

find mutants of the bacterium Corynebacterium glutamicum (which is used for industrial AA production) 223 

that could grow rapidly without the need for addition of expensive growth-boosting additives [9]. 224 

Biosensors can be developed for high throughput screening and selection of mutants such as over-225 

producers of particular AAs [10] (Table 1).  Similar strategies could be used to improve SCP production 226 

efficiency, e.g., by improved growth on a waste feedstock. Such approaches lend themselves to 227 

screening large numbers of strains relatively cheaply and quickly, enabling selection of organisms with 228 

desirable nutritional properties without the need for genetic engineering. 229 

Using different visible-light wavelengths to modify microalgal AA synthesis  230 

SCP from algae has a high protein content (up to 70%), the organisms containing relatively low levels of 231 

nucleic acids (3-8%) and grown typically via photosynthesis [46]. Currently algal SCP is mainly used only 232 

as a supplement because of its relatively high production costs. However, work to lower these costs may 233 

help expand algal use from a supplement to primary protein source [51]. Spirulina spp. are algae of 234 

especial interest for SCP because of their high protein content and complete EAA profile [52]. The use 235 

of LED lamps over fluorescent lamps for photosynthetic growth improves Spirulina SCP production-236 

efficiency due to lower light source costs and a near two-fold reported increase in protein yield [53]. 237 

Moreover, the use of different wavelengths or comparison of full versus partial illumination gave altered 238 

levels of individual free-AAs, with algae grown under green LED light having the highest level of free AA 239 

(225% increase per g biomass versus fluorescent light control) [53]. This may reflect demand for 240 

complex nitrogen compounds during photosynthesis, using the free AAs as primary building blocks. 241 

These effects of light wavelength could offer relatively inexpensive options for manipulating AA levels in 242 

cultivated products and potential tailoring for human or livestock feed.  243 
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Can the process of protein translation be manipulated for improving SCP? 244 

The AA composition of proteins is determined by sequence encoded in organisms’ genomes. During 245 

protein synthesis, the relevant DNA sequence is first transcribed into mRNA, which serves as a template 246 

for ribosomes to link individual AAs that are carried by tRNA molecules. Each tRNA molecule has an 247 

anticodon that matches a codon sequence on the mRNA strand to an AA specific for that anticodon. 248 

However, this process of mRNA translation is not error free, creating potential for some variability in the 249 

AA composition of synthesised proteins. Translation errors arise primarily during either tRNA 250 

aminoacylation, where an AA may associate with the incorrect tRNA molecule, or polypeptide chain 251 

formation where an mRNA-codon:tRNA-anticodon mismatch is accepted by the ribosome [54,55]. 252 

Translation error rates (once every 103-104 codons) are higher than DNA replication (every 109-1010 253 

nucleotides) or mRNA transcription (every 104-105 bp) error rates [56]. Translation accuracy (hence 254 

fidelity of protein-AA composition) varies between organisms and is influenced by factors including 255 

translation rate, proof-reading enzyme activity and environmental triggers such as oxidative or 256 

starvation stress [57-59]. AA misincorporation, where an AA different to that encoded by the mRNA is 257 

introduced to the growing AA chain, is usually considered deleterious because it may cause protein 258 

misfolding and loss or change of function, including in essential proteins [54]. However, 259 

misincorporation can also provide a tool for adaptation, with organisms tolerating or sometimes 260 

benefitting from it [60]. The yeast Candida albicans can show up to 28% misincorporation of leucine in 261 

place of serine with beneficial consequences for its fungus-host interactions, for example [61]. 262 

Furthermore, global misincorporation patterns can be mapped and predicted to some extent. For 263 

example, hamster ovarian cells grown in medium limited for one EAA and providing an abundance of 264 

others showed distinct misincorporation propensities [55,57]. AAs near-cognate to the deficient AA 265 

were most likely to be misincorporated. There could be potential to harness growing understanding in 266 

tailoring quality of protein-products for food, as it becomes more apparent that an ideal human diet can 267 

be person-specific [62]. Attempts to modify protein product by manipulating translation are not without 268 

precedent. For example, expression of a mutant tRNA in rice enabled introduction of Lys at alternative 269 

codons and Lys enrichment in seed storage proteins [63]. Further research on the potential for 270 

manipulating translation to yield more ‘AA versatile’ SCP sources could offer one means to help support 271 

personalised diets of the future. 272 

Concluding comments 273 

It is apparent that, while AA composition does differ between animal species and gender, the limited 274 

evidence available suggests lesser effects of diet. However, it should be remembered that all animal 275 

sources of protein contain an appropriate mix of highly digestible EAA, and as such, populations with 276 

free access to such products are unlikely to suffer AA deficiencies.  By contrast, populations dependent 277 

on plant sources of protein, particularly cereal crops, are much more susceptible. Hence the ability to 278 

manipulate AA composition of plants, and other non-animal sources, could have a major impact in 279 

reducing the incidence of EAA deficiency. The scope for genetic manipulation in plant seed protein and 280 

potentially other plant parts is reasonable, however current GM food laws make these types of crops 281 

largely unusable commercially. The current potential for manipulation of EAA in SCP is higher due to 282 

more versatile selection methods that can circumvent the need for genetic engineering. A variety of 283 

factors with smaller effects on protein composition is only beginning to be understood (Table 1). 284 

Research to date highlights the complex network of effects that can regulate and ultimately alter protein 285 

quality, from the level of translation through to whole organism (Figure 2). It is clear that our livestock-286 

reliant food system operates unsustainably but it is also unrealistic to expect a sudden change to the 287 

way in which food is produced globally. Therefore, it is important both to introduce more sustainable 288 
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protein sources and, in parallel, to improve protein-quality and reduce wastefulness in existing food 289 

systems. 290 

 291 

 292 

Acknowledgements  293 

This work was supported by the University of Nottingham’s Future Food Beacon of Excellence. 294 

 295 

Declaration of interest:  None   296 



9 
 

References 297 

 298 
1. Henchion M, Hayes M, Mullen AM, Fenelon M, Tiwari B: Future protein supply and demand: strategies 299 

and factors influencing a sustainable equilibrium. Foods 2017, 6:53. 300 
2. de Vries-Ten Have J, Owolabi A, Steijns J, Kudla U, Melse-Boonstra A: Protein intake adequacy among 301 

Nigerian infants, children, adolescents and women and protein quality of commonly consumed 302 
foods. Nutr. Res. Rev. 2020, 33:1-19. 303 

3. Drummen M, Tischmann L, Gatta-Cherifi B, Adam T, Westerterp-Plantenga M: Dietary protein and 304 
energy balance in relation to obesity and co-morbidities. Front Endocrinol 2018, 9:443. 305 

4. Gilani GS, Xiao CW, Cockell KA: Impact of antinutritional factors in food proteins on the digestibility of 306 
protein and the bioavailability of amino acids and on protein quality. Brit J Nutr 2012, 108:S315-307 
S332. 308 

5. Gorissen SHM, Crombag JJR, Senden JMG, Waterval WAH, Bierau J, Verdijk LB, van Loon LJC: Protein 309 
content and amino acid composition of commercially available plant-based protein isolates. 310 
Amino Acids 2018, 50:1685-1695. 311 

6. WHO: Protein quality evaluation. Who Tech Rep Ser 2007, 935:93-102. 312 
7. Baum JI, Kim IY, Wolfe RR: Protein consumption and the elderly: What Is the optimal level of intake? 313 

Nutrients 2016, 8:359. 314 
8. Galili G, Amir R: Fortifying plants with the essential amino acids lysine and methionine to improve 315 

nutritional quality. Plant Biotech J 2013, 11:211-222. 316 
9. Graf M, Haas T, Muller F, Buchmann A, Harm-Bekbenbetova J, Freund A, Niess A, Persicke M, Kalinowski 317 

J, Blombach B, et al.: Continuous adaptive evolution of a fast-growing Corynebacterium 318 
glutamicum strain independent of protocatechuate. Front Microbiol 2019, 10:1648. 319 

10. Hernandez-Valdes JA, Aan de Stegge M, Hermans J, Teunis J, van Tatenhove-Pel RJ, Teusink B, 320 
Bachmann H, Kuipers OP: Enhancement of amino acid production and secretion by Lactococcus 321 
lactis using a droplet-based biosensing and selection system. Metab Eng Comm 2020, 11:e00133. 322 

11. Oba T, Yamamoto Y, Nomiyama S, Suenaga H, Muta S, Tashiro K, Kuhara S: Properties of a 323 
trifluoroleucine-resistant mutant of Saccharomyces cerevisiae. Biosci Biotech Bioch 2006, 70:1776-324 
1779. 325 

12. Rafiq S, Huma N, Pasha I, Sameen A, Mukhtar O, Khan MI: Chemical composition, nitrogen fractions 326 
and amino acids profile of milk from different animal species. Asian-Austral J Animal Sci 2016, 327 
29:1022-1028. 328 

13. Jenkins TC, McGuire MA: Major advances in nutrition: impact on milk composition. J Dairy Sci 2006, 329 
89:1302-1310. 330 

14. Haug A, Hostmark AT, Harstad OM: Bovine milk in human nutrition - a review. Lipids Health Dis 2007, 331 
6:25. 332 

15. Lunven P, Le Clement de St Marcq C, Carnovale E, Fratoni A: Amino acid composition of hen's egg. Brit J 333 
Nutr 1973, 30:189-194. 334 

16. Salter AM: Improving the sustainability of global meat and milk production. Proc Nutr Soc 2017, 76:22-335 
27. 336 

17. Petracci M, Mudalal S, Soglia F, Cavani C: Meat quality in fast-growing broiler chickens. World's Poultry 337 
Sci J 2015, 71:363-374. 338 

18. Zotte AD, Ricci R, Cullere M, Serva L, Tenti S, Marchesini G: Research Note: Effect of chicken genotype 339 
and white striping-wooden breast condition on breast meat proximate composition and amino 340 
acid profile. Poultry Sci 2020, 99:1797-1803. 341 

19. Hamm D: Amino acid composition of breast and thigh meat from broilers produced in 4 locations of 342 
the United States. J Food Sci 1981, 46:1122-1124. 343 

20. Hollo G, Csapo J, Szucs E, Tozser J, Repa I, Hollo I: Influence of breed, slaughter weight and gender on 344 
chemical composition of beef. Part 1. Amino acid profile and biological value of proteins. Asian-345 
Austral J Animal Sci 2001, 14:1555-1559. 346 



10 
 

21. Lin ZN, Ye L, Li ZW, Huang XS, Lu Z, Yang YQ, Xing HW, Bai JY, Ying ZY: Chinese herb feed additives 347 
improved the growth performance, meat quality, and nutrient digestibility parameters of pigs. 348 
Animal Models Exptl Med 2020, 3:47-54. 349 

22. Mohanty B, Mahanty A, Ganguly S, Sankar TV, Chakraborty K, Rangasamy A, Paul B, Sarma D, Mathew S, 350 
Asha KK, et al.: Amino acid compositions of 27 food fishes and their importance in clinical 351 
nutrition. J Amino Acids 2014, 2014:269797. 352 

23. Hawkey KJ, Lopez-Viso C, Brameld JM, Parr T, Salter AM: Insects: A potential source of protein and 353 
other nutrients for feed and food. Annu Rev Anim Biosci 2021, 9:8.1-8.22. 354 

24. van Huis A, Oonincx DGAB: The environmental sustainability of insects as food and feed. A review. 355 
Agron Sustain Devel 2017, 37:43. 356 

25. Ibarra-Herrera CC, Acosta-Estrada B, Chuck-Hernandez C, Serrano-Sandoval SN, Guardado-Felix D, 357 
Perez-Carrillo E: Nutritional content of edible grasshopper (Sphenarium purpurascens) fed on 358 
alfalfa (Medicago sativa) and maize (Zea mays). Cyta-J Food 2020, 18:257-263. 359 

26. Kulma M, Kourimska L, Plachy V, Bozik M, Adamkova A, Vrabec V: Effect of sex on the nutritional value 360 
of house cricket, Acheta domestica L. Food Chem 2019, 272:267-272. 361 

27. Yoon CH, Jeon SH, Ha YJ, Kim SW, Bang WY, Bang KH, Gal SW, Kim IS, Cho YS: Functional chemical 362 
components in Protaetia brevitarsis larvae: Impact of supplementary feeds. Food Sci Animal 363 
Resour 2020, 40:461-473. 364 

28. Katya K, Borsra MZS, Ganesan D, Kuppusamy G, Herriman M, Salter A, Ali SA: Efficacy of insect larval 365 
meal to replace fish meal in juvenile barramundi, Lates calcarifer reared in freshwater. Int Aquat 366 
Res 2017, 9:303-312. 367 

29. Schweiggert-Weisz U, Eisner P, Bader-Mittermaier S, Osen R: Food proteins from plants and fungi. Curr 368 
Op Food Sci 2020, 32:156-162. 369 

30. Tziva M, Negro SO, Kalfagianni A, Hekkert MP: Understanding the protein transition: The rise of plant -370 
based meat substitutes. Environ Innov Soc Tr 2020, 35:217-231. 371 

31. Cheng A, Raai MN, Zain NAM, Massawe F, Singh A, Wan-Mohtar WAI: In search of alternative proteins: 372 
unlocking the potential of underutilized tropical legumes. Food Secur 2019, 11:1205-1215. 373 

32. Wilkinson JM: Re-defining efficiency of feed use by livestock. J Animal Biosci 2011, 5:1014-1022. 374 
33. Beauregard M, Hefford MA: Enhancement of essential amino acid contents in crops by genetic 375 

engineering and protein design. Plant Biotech J 2006, 4:561-574. 376 
34. Prasanna BM, Vasal SK, Kassahun B, Singh NN: Quality protein maize. Curr Sci India 2001, 81:1308-377 

1319. 378 
35. Dizigan MA, Kelly RA, Voyles DA, Luethy MH, Malvar TM, Malloy KP: High lysine maize compositions 379 

and event LY038 maize plants. US Patent 2007. 380 
36. Lucas DM, Taylor ML, Hartnell GF, Nemeth MA, Glenn KC, Davist SW: Broiler performance and carcass 381 

characteristics when fed diets containing lysine maize (LY038 or LY038 x MON 810), control, or 382 
conventional reference maize. Poultry Sci 2007, 86:2152-2161. 383 

37. Halford NG: Legislation governing genetically modified and genome-edited crops in Europe: the need 384 
for change. J Sci Food Agri 2019, 99:8-12. 385 

38. Gomiero T: Food quality assessment in organic vs. conventional agricultural produce: Findings and 386 
issues. Appl Soil Ecol 2018, 123:714-728. 387 

39. Carillo P, Cacace D, De Pascale S, Rapacciuolo M, Fuggi A: Organic vs. traditional potato powder. Food 388 
Chem 2012, 133:1264-1273. 389 

40. Armesto J, Rocchetti G, Senizza B, Pateiro M, Barba FJ, Dominguez R, Lucini L, Lorenzo JM: Nutritional 390 
characterization of butternut squash (Cucurbita moschata D.): Effect of variety (Ariel vs. Pluto) 391 
and farming type (conventional vs. organic). Food Res Int (Ottawa, Ont.) 2020, 132:109052. 392 

41. Bonnot T, Martre P, Hatte V, Dardevet M, Leroy P, Benard C, Falagan N, Martin-Magniette ML, Deborde 393 
C, Moing A, et al.: Omics data reveal putative regulators of einkorn grain protein composition 394 
under sulfur deficiency. Plant Physiol 2020, 183:501-516. 395 

42. Broberg MC, Uddling J, Mills G, Pleijel H: Fertilizer efficiency in wheat is reduced by ozone pollution. 396 
Sci Tot Environ 2017, 607-608:876-880. 397 



11 
 

43. Rico CM, Lee SC, Rubenecia R, Mukherjee A, Hong J, Peralta-Videa JR, Gardea-Torresdey JL: Cerium 398 
oxide nanoparticles impact yield and modify nutritional parameters in wheat (Triticum aestivum 399 
L.). J Agri Food Chem 2014, 62:9669-9675. 400 

44. Wang Y, Jiang F, Ma C, Rui Y, Tsang DCW, Xing B: Effect of metal oxide nanoparticles on amino acids in 401 
wheat grains (Triticum aestivum) in a life cycle study. Journal of Environmental Management 402 
2019, 241:319-327. 403 

45. Yang J, Jiang F, Ma C, Rui Y, Rui M, Adeel M, Cao W, Xing B: Alteration of crop yield and quality of 404 
wheat upon exposure to silver nanoparticles in a life cycle study. J Agri Food Chem 2018, 66:2589-405 
2597. 406 

46. Ritala A, Hakkinen ST, Toivari M, Wiebe MG: Single cell protein-state-of-the-art, industrial landscape 407 
and patents 2001-2016. Front Microbiol 2017, 8:2009. 408 

47. Whittaker JA, Johnson RI, Finnigan TJA, Avery SV, Dyer PS: The biotechnology of Quorn mycoprotein: 409 
past, present and future challanges. In Grand Challenges in Fungal Biotechnology. Edited by 410 
Nevalainen H: Springer; 2020:59-79.  411 

48. Finnigan T, Needham L, Abbott C: Mycoprotein: a healthy new protein with a low environmental 412 
impact. In Sustainable Protein Sources. Edited by Nadathur SR, Wanasundara JPD, Scanlin L: 413 
Academic Press; 2017:305-325.  414 

49. Hashempour-Baltork F, Hosseini SM, Assarehzadegan MA, Khosravi-Darani K, Hosseini H: Safety assays 415 
and nutritional values of mycoprotein produced by Fusarium venenatum IR372C from date waste 416 
as substrate. J. Sci. Food Agri. 2020, 100:4433-4441. 417 

50. Anderson C, Solomons GL: Primary metabolism and biomass production from Fusarium. In The Applied 418 
Mycology of Fusarium. Edited by Moss MO, Smith JE: Cambridge University Press; 1984:231-250.  419 

51. Banerjee S, Ramaswamy S: Dynamic process model and economic analysis of microalgae cultivation in 420 
flat panel photobioreactors. Algal Res 2019, 39:101445. 421 

52. Koyande AK, Chew KW, Rambabu K, Tao Y, Chu DT, Show PL: Microalgae: A potential alternative to 422 
health supplementation for humans. Food Sci Hum Well 2019, 8:16-24. 423 

53. da Fontoura Prates D, Duarte JH, Vendruscolo RG, Wagner R, Ballus CA, da Silva Oliveira W, Godoy HT, 424 
Barcia MT, de Morais MG, Radmann EM, et al.: Role of light emitting diode (LED) wavelengths on 425 
increase of protein productivity and free amino acid profile of Spirulina sp. cultures. Biores 426 
Technol 2020, 306:123184. 427 

54. Berg MD, Hoffman KS, Genereaux J, Mian S, Trussler RS, Haniford DB, O'Donoghue P, Brandl CJ: 428 
Evolving mistranslating tRNAs through a phenotypically ambivalent intermediate in 429 
Saccharomyces cerevisiae. Genetics 2017, 206:1865-1879. 430 

55. Wong HE, Huang CJ, Zhang Z: Amino acid misincorporation propensities revealed through systematic 431 
amino acid starvation. Biochemistry 2018, 57:6767-6779. 432 

56. Ou X, Cao J, Cheng A, Peppelenbosch MP, Pan Q: Errors in translational decoding: tRNA wobbling or 433 
misincorporation? PLoS Genet 2019, 15:e1008017. 434 

57. Mordret E, Dahan O, Asraf O, Rak R, Yehonadav A, Barnabas GD, Cox J, Geiger T, Lindner AB, Pilpel Y: 435 
Systematic detection of amino acid substitutions in proteomes reveals mechanistic basis of 436 
ribosome errors and selection for translation fidelity. Mol Cell 2019, 75:427-441. 437 

58. Vallieres C, Raulo R, Dickinson M, Avery SV: Novel combinations of agents targeting translation that 438 
synergistically inhibit fungal pathogens. Front Microbiol 2018, 9:2355. 439 

59. Xie J, de Souza Alves V, von der Haar T, O'Keefe L, Lenchine RV, Jensen KB, Liu R, Coldwell MJ, Wang X, 440 
Proud CG: Regulation of the elongation phase of protein synthesis enhances translation accuracy 441 
and modulates lifespan. Curr Biol 2019, 29:737-749. 442 

60. Samhita L, Raval PK, Agashe D: Global mistranslation increases cell survival under stress in Escherichia 443 
coli. PLoS Genet 2020, 16:e1008654. 444 

61. Angeli V, Silva PM, Massuela DC, Khan MW, Hamar A, Khajehei F, Graeff-Honninger S, Piatti C: Quinoa 445 
(Chenopodium quinoa Willd.): An overview of the potentials of the "Golden Grain" and socio-446 
economic and environmental sspects of its cultivation and marketization. Foods 2020, 9. 447 



12 
 

62. Berry SE, Valdes AM, Drew DA, Asnicar F, Mazidi M, Wolf J, Capdevila J, Hadjigeorgiou G, Davies R, Al 448 
Khatib H, et al.: Human postprandial responses to food and potential for precision nutrition. 449 
Nature Med 2020, 26:964-973. 450 

63. Wu XR, Chen ZH, Folk MR: Enrichment of cereal protein lysine content by altered tRNA(lys) coding 451 
during protein synthesis. Plant Biotech. J. 2003, 1:187-194. 452 

64. Romo-Perez ML, Weinert CH, Haussler M, Egert B, Frechen MA, Trierweiler B, Kulling SE, Zorb C: 453 
Metabolite profiling of onion landraces and the cold storage effect. Plant Physiol Biochem 2020, 454 
146:428-437. 455 

65. Saviano G, Paris D, Melck D, Fantasma F, Motta A, Iorizzi M: Metabolite variation in three edible Italian 456 
Allium cepa L. by NMR-based metabolomics: a comparative study in fresh and stored bulbs. 457 
Metabolomics 2019, 15:105. 458 

 459 
460 



13 
 

Table 1. Factors effecting particular changes to food protein EAA profiles 461 

Food source Factor Effect Refere
nce 

Broiler 
chicken 

Wooden stripes 
and wooden 
breast 
myopathy 

Significant decreases in EAAs compared to unaffected meat, per 
unit meat weight: 
Arg (41%); Ile (16%); Leu (13%); Lys (24%); Met (9%); Phe (15%); 
Thr (11%) 

[18]  

Pig Supplementing 
feed with 
Chinese herbs 
mixes 

Significant increases in EAAs per unit meat weight compared to 
basal feed: Arg (3.5%); Met (42%); Leu (6%); Ile (6%); Phe (6%) 

[21]  

Insect larvae 
(beetle; 
Protaetia 
brevitarisis) 

Supplementing 
basal feed 
(fermented 
sawdust) with 
plant materials 

Significant increases in EAAs relative to larva weight when 
supplementing either with apple (Met, 35%; Phe, 7%), aloe (Met, 
30%) or sweet persimmon (Phe, 3%) 

[27]  

Potato 
(Solarum 
tuberosum) 

Replacing 
conventional 
fertiliser by 
organic fertiliser 

Significant increase in EEAs compared to control, per unit dry 
weight: Arg (48%); Ile (42%); Leu (106%); Trp (50%); Val (79%) 

[39]  

Butternut 
squash 
(Cucurbita 
moschata) 

Replacing 
conventional 
fertiliser by 
organic fertiliser 

Significant increase in EEAs compared to control, per unit dry 
weight: Arg (26%); His (39%); Lys (25%); Ile (47%); Phe (76%) 

[40]  

Wheat grains Growing in soil 
containing 
metal 
compound 
nanoparticles   

Significant change in grain AA contents, compared to control, when 
exposed to nanoparticles comprising:Fe203 (Tyr, +20%); CuO 
(decreased Leu, His, Thr); Ag (concentration-dependent decreases 
in His, Asp, Glu, Leu, Ile and in total protein); CeO2 (Arg +21.6%, Lys 
+15.8%, Gly +14.1%, His +16.2%, with no significant change in total 
AA content). 

[43-
45] 
 

Onion Long term 
storage  
 

After storage for 5 months at 2-3oC: significant decreases in Leu 
and Ile but significant increases in Met, Cys, Phe, compared to 
fresh bulbs 

[64]  

After storage for 9 months at 20-25oC: general decrease in EAA 
levels compared with fresh bulbs 

[65]  

GM maize 
LY038 strain 

Increased 
production of 

lysine 

Wild type maize: Lys in protein (2.55 mg/g); free Lys (0.05) 
LY038: Lys in protein (3.70); free Lys (0.96) 

[36] 

Fusarium 
venenatum 
(fungus) 

Changing sugar 
type in growth 

medium 

Approximate 20% decrease in total amino acid content when 
grown on ribose versus glucose 

[50] 

Lactococcus 
lactis 
(bacterium) 

Selection for AA 
over-secretion 

mutants 

Isolated mutants secreted more AAs (mM) vs wild type in mid 
exponential growth phase (ND, not detected). 
Wild type: Glu (5); His (3); Val (2); Met (ND); Ile (ND); Leu (ND).  
MUT-15: Glu (50); His (6.8); Val (22); Met (ND); Ile (2); Leu (22). 
MUT-91: Glu (48); His (6.5); Val (24); Met (ND); Ile (2.5); Leu (30).  
MUT-54: Glu (35); His (6); Val (16); Met (1.4); Ile (1.1); Leu (16).  
 

[10] 

  462 
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LEGENDS TO FIGURES 463 

 464 

Figure 1.  Potential protein-quality scenarios and effects on dietary essential amino acid (EAA) supply. 465 

(A) EAA profile (x axis) of 60g of a protein source of an ideal quality [6]. (B)  EAA profile of a near ideal 466 

protein source deficient in Leu. (C) Poorly digestible protein or protein containing antinutritional 467 

compounds may not be completely utilised despite having a good EAA profile (D) Consuming more poor-468 

quality protein to compensate for particular deficiencies (B) only leads to excess consumption of EAAs 469 

that are already available in sufficient amounts. 470 

 471 

Figure 2. Factors linked to changes in protein AA composition. Simplified schematic of interacting factors 472 

that may influence protein AA composition. Arrows indicate reported effect either on protein AA 473 

composition of the indicated organisms (organism groupings distinguished by pink, green or grey; or 474 

black if applicable to more than one grouping) or on another of the factors shown.  475 

 476 

 477 


