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Abstract 77 

Although dietary recommendations focus primarily on quantitative protein intake, protein 78 

quality is critical to consider as well. Large differences in dietary protein intake are observed 79 

globally, with diets dominated by plant protein sources typically being poorer in quality. This 80 

can be related to the less favorable amino acid composition and lower digestibility of plant 81 

proteins. The latter is related both to protein structure, but also to the presence of anti-82 

nutritional compounds, such as trypsin inhibitors and tannins and phytates in some products. 83 

Food processing can also notably affect protein quality. Glycation of lysine residues in 84 

proteins, as a result of the Maillard reaction with reducing carbohydrates, can reduce protein 85 

quality notably, whereas processing-induced denaturation and aggregation of proteins can 86 

both improve and reduce protein quality. Processing-induced inactivation of trypsin inhibitors 87 

and removal of tannins and phytates can improve protein quality, but can should be taken 88 

that such processing does not cause negative impact via e.g., protein glycation. Overall, 89 

dietary protein quality is in intricate balance which should be considered on a consumer 90 

product, and not raw material or protein ingredient level. Dietary consideration at a meal level 91 

is essential to not ignore complementarity of protein sources.  92 

 93 

Keywords: dietary protein, animal protein, plant protein, protein quality, digestibility, amino 94 

acids, food processing, an�-nutri�onal compounds; trypsin inhibitors; tannins; glyca�on; 95 

Maillard reac�on. 96 
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Abbrevia�ons 98 

ANFs         An�-nutri�onal factors 99 

Arg            Arginine 100 

DAAs         Dispensable amino acids  101 

DIAAS        Diges�ble indispensable amino acid score  102 

EAR            Es�mated average requirement  103 

EFSA          European Food Safety Authority  104 

FAO            Food and Agriculture Organiza�on 105 

IAAs           Indispensable amino acids 106 

Lys              Lysine 107 

PDCAAS    Protein diges�bility corrected amino acid score 108 

RDA           Recommended dietary allowance  109 



1. Introduc�on 110 

1.1. The importance of protein 111 

Proteins are a critical component of the human diet as they play a key role in growth and other 112 

essential functions of the human body (Grigg and Sheffield 1995; Qin, Wang, and Luo 2022; 113 

Hoffman and Falvo 2004). The primary role of protein in human growth was exemplified by 114 

Grasgruber and colleagues (2016), who found that males consuming a low protein diet were 115 

shorter in stature compared to those consuming a high-protein diet.  Proteins are composed 116 

of amino acids linked together by peptide bonds (Wu 2016). There is a global variation in 117 

protein consumption, with regions and countries with higher and lower consumption (Reedy 118 

et al. 2019). Dietary proteins can be derived   from animals or from plants sources (Hoffman 119 

and Falvo 2004). As the world's population increases, there is also a continuous increase in 120 

the demand for protein supplies (Henchion et al. 2017; Sá, Moreno, and Carciofi 2019). 121 

 122 

Because the human body does not keep supplies of proteins or amino acids and is subject to 123 

daily losses of nitrogen as a result of protein turnover, a daily supply of dietary protein is 124 

required. Dietary protein serves as a source of indispensable amino acids (IAAs), but also as a 125 

nitrogen source for the synthesis of dispensable amino acids (DAAs). While recommended 126 

intake values for proteins have been established, e.g., 0.83 g of protein per kg of bodyweight 127 

per day for adults, it is not only the quan�ty of protein but also the quality of protein that is a 128 

cri�cal factor in determining whether protein intake is sufficient to meet human requirements.  129 

 130 

1.2. Protein quality 131 



Within the context of protein quality, two key aspects play a role, i.e., amino acid composi�on 132 

and diges�bility. In terms of amino acid composi�on, dietary proteins are a source of IAAs, i.e., 133 

those that the body cannot synthesize, for all of which specific requirements, based on age, 134 

exist. Furthermore, dietary proteins do not only contain IAAs, but also DAAs, which are 135 

essen�al sources of nitrogen in the amino acid synthesis in the body (Tessari 2018). In addi�on, 136 

diges�bility of proteins is cri�cal and may vary between different dietary protein sources. Such 137 

variability may arise from factors intrinsic to the protein, as well as extrinsic factors (Bos, 138 

Gaudichon, and Tomé 2000). Intrinsic factors in protein diges�bility include both the amino 139 

acid sequence, as well as the folding of the protein. Long sequences in proteins without 140 

pep�de bonds suscep�ble to hydrolysis by gastrointes�nal proteases and pep�dases can lead 141 

to pep�des too large for the brush border pep�dases and hence prevent uptake. Furthermore, 142 

specific folding of proteins may lead to pep�de bonds being inaccessible to gastrointes�nal 143 

proteases and pep�dases. Inaccessibility may also be linked to extrinsic factors, e.g., the 144 

inaccessibility of pep�de bonds due to interac�ons with other molecules, or even 145 

inaccessibility in the food matrix. Furthermore, the food matrix may also contain an�-146 

nutri�onal factors (ANFs) which complex with the diges�ve enzymes which should either 147 

hydrolyze the proteins or break down other aspects of the food matrix to make the proteins 148 

accessible to proteases and pep�dases (Adhikari et al. 2022).  149 

 150 

When considering protein quality in the context of the human diet, it is important to consider, 151 

of course, that most foods consumed by humans have undergone one or more processing and 152 

prepara�on steps prior to consump�on. While some of these steps are mild, and can, e.g., 153 

include the washing or removal of inedible parts, in other cases it can include extensive heat 154 

treatments or mechanical treatments, which can have a notable effect on the protein structure 155 



but also can result in amino acid modifica�ons (Sá, Moreno, and Carciofi 2019). Product 156 

processing and prepara�on varies widely, not only based on the type of product, but also 157 

geographically as a result of availability, societal context and economic status. As such, generic 158 

proxies for protein quality in human diets are difficult to take, and a detailed look is required, 159 

as e.g., protein quality in boiled peas will vary from those of pea proteins in a pea protein 160 

concentrate or isolate which is subsequently applied in e.g., an extruded meat replacer or a 161 

sterilized beverage.  162 

 163 

In this chapter we will consider the effects of transferring raw materials to consumer products 164 

on protein quality. First, we will briefly review assessment of protein quality in dietary protein 165 

sources. Next, we will provide an overview of global differences in dietary protein sources. 166 

Finally, we will describe the effects of food processing and prepara�on on protein quality.  167 

 168 

2. Assessment of protein quality 169 

With the aforemen�oned importance of protein quality in human diets, accurate assessment 170 

of protein quality parameters is cri�cal. In this respect, a large body of work has focused on 171 

methodology for protein quality assessment. The area has been reviewed extensively by 172 

several groups (Adhikari et al. 2022; Wolfe et al. 2016). In general, assessment of both amino 173 

acid composi�on and diges�bility is preferred. The diges�ble indispensable amino acid score 174 

(DIAAS) method, based on determina�on of ileal diges�ble levels of individual amino acids is 175 

the most favored methodology in this respect, whereas the protein diges�bility corrected 176 

amino acid score (PDCAAS) method, based on fecal diges�bility of total nitrogen is less favored 177 

but also provides useful insights. In vitro methods have been widely researched as well and 178 

recent methodology op�miza�ons by Sousa et al. (2023) yield values comparable to DIAAS. 179 



Previous methodologies, may not provide direct links to DIAAS or PDCAAS values, but, at least, 180 

o�en s�ll offer relevant for studying for quan�ta�vely assessing if treatments have an impact 181 

on protein diges�bility.  In this chapter, we will consider studies from all aforemen�oned 182 

techniques, i.e., DIAAS, PDCAAS as well as in vitro, for considering protein quality in global 183 

diets, as well as the impact of processing and prepara�on thereof.  184 

 185 

3. Main sources of dietary protein: a global perspec�ve 186 

3.1. Total protein intake 187 

According to the European Food Safety Authority (EFSA), the estimated average requirement 188 

(EAR) for healthy adults is 0.66 g protein/kg body weight per day and the recommended 189 

dietary allowance (RDA) is 0.83 g protein/kg body weight per day (EFSA 2012). Considering an 190 

average global body weight of ~62 kg, the RDA would be just over 50 g of protein per person 191 

per day.  It has been shown that many people in the world consume more protein than 192 

required, particularly in some richer regions (Ranganathan et al. 2016). Beyond that, there are 193 

also others that consume less protein. An inadequate dietary protein intake has been 194 

associated with various health problems including anemia, physical weakness, edema, 195 

vascular dysfunction, and impaired growth and immunity (Wu 2016).  Figure 1 shows protein 196 

intake, obtained from FAO food balance sheets, in 2020 for 220 countries and regions across 197 

the globe, indicating that protein intake varies widely; i.e., from < 30 to > 100 g per person per 198 

day, i.e., more than a 3-fold difference. Only 10 countries (9 African plus Haiti) did meet 50 g 199 

protein intake per person per day, whereas in all other countries, based on these estimates, 200 

average protein consumption did meet requirements. However, it should be noted that this 201 



are of course estimates for average intake, and do not account for e.g., inequal distribution of 202 

available protein between people within a population.  203 

 204 

<insert Figure 1 here> 205 

 206 

 The main dietary protein suppliers are animal and plant food sources (Hoffman and Falvo 207 

2004). In a study by Reddy et al. (2019) it was reported that the global animal protein intake 208 

was higher than plant protein intake, which is in line with trends shown in Figure 1. 209 

Furthermore, it has been shown that in 2015, the total protein intake worldwide was 78.2 210 

g/day, with values between 61.0 g for the Middle East and North Africa and 92.5 g/day for 211 

Asia (Reedy et al. 2019), comparable to trends in Figure 1. Moreover, besides carbohydrates 212 

and fat also protein can serve as a source of energy for our body, although they are not the 213 

primary choice (Carreiro et al. 2016; Adhikari et al. 2022; Hoffman and Falvo 2004). 214 

  215 

3.2. Main protein sources 216 

The main sources of dietary proteins can derive from both animal or plant sources, but they 217 

vary in the protein content and in the amino acid composition as well (Grigg and Sheffield 218 

1995; Hoffman and Falvo 2004). Animal proteins are those contained in foods of animal origin 219 

such as meat, poultry, fish, eggs and milk (Hoffman and Falvo 2004), while plant proteins are 220 

those contained in foods of plant origin including whole grain, legumes and nuts (Qin, Wang, 221 

and Luo 2022). The data in Figure 1 and 2 refer to the proportional protein intake from animal 222 

and plant plant-based protein sources, as well as, in the case of Figure 2, some unclassified 223 



foods (e.g., mixed foods) sources, in different countries.  Figure 2 shows a variability in both 224 

animal and plant protein intake across the countries.  For instance, the United States, Latin 225 

America and Europe (except of the general population in the United Kingdom) showed the 226 

highest animal protein intake (ranging from 57-70 % of total protein) (Hoy, Murayi, and 227 

Moshfegh 2022; Halkjær et al. 2009; Herrera-Cuenca et al. 2023). Instead in Malaysia the 228 

animal protein intake was similar with that of plant protein (50 versus 50 %) (Drewnowski et 229 

al. 2020).In Indonesia 65_% of dietary protein  comes from plant sources, particularly from 230 

cereals and the rest from animal sources (35 %) (Figure 2) (Khusun et al. 2022). In a study by 231 

Reedy and colleagues (2019) it was reported that global animal protein intake was highest in 232 

Latin American and the Caribbean (42.8 g/day) and lowest in Sub-Saharan Africa (38.3 g/day). 233 

While Bangladesh and Nepal were the countries with the lowest mean national animal protein 234 

intake (7.2 g/day versus 10.1 g/day). Instead, global plant protein intake was highest inthe 235 

Middle East and North Africa (32.1 g/day) and lowest in the Former Soviet Union (25.5 g/day)  236 

(Reedy et al. 2019). However, it has been reported that the choice of a specific protein may 237 

depend on several factors such as education, ethnicity and religion (Drewnowski et al. 2020).  238 

 239 

<insert Figure 2 here> 240 

 241 

Tables 1 and 2 indicate that the meat and cereals are the main protein contributors in many 242 

diets.  From Table 1 it can be observed that dairy products are considered the second source 243 

to animal protein after meat for the most part of countries, whereas for Indonesia and for 244 

some parts of Spain fish is considered the second contributor to animal protein. Furthermore, 245 

it has been shown that in some Eastern Africa countries, such as Burundi, Rwanda, Tanzania, 246 

and Uganda, the percentage of fish in animal protein intake was notably higher than the world 247 



average (Table 1) (Obiero et al. 2019). Instead, Table 2 shows that, vegetables are the most 248 

important plant protein suppliers after cereals in most countries followed by fruits, legumes 249 

and potatoes. Moreover, cakes and non-alcoholic beverages also contributed to plant protein 250 

in several countries, even if in a small percentage (cakes 2-7 % and non-alcoholic beverages 1-251 

12 %; Table 2) (Halkjær et al. 2009). Instead, in the Philippines, 19 % of protein comes from 252 

plant sources such as rice (Table 2), followed by animal sources like 17 % from pork, 17 % from 253 

fish, and 5 % from egg and egg dishes (Table 1) (Angeles-Agdeppa and Custodio 2020).  254 

 255 

<insert Table 1 here> 256 

 257 

<insert Table 2 here> 258 

 259 

3.3. Protein quality: differences between sources 260 

When choosing a dietary protein, in addi�on to the quan�ty, it is very important to consider 261 

the quality as well. As discussed in Sec�on 2 the quality of any protein can be determined by 262 

its amino acid composi�on and by its diges�bility. Protein diges�bility refers to the frac�on of 263 

ingested protein that is hydrolyzed into amino acids, dipep�des and tripep�des that can be 264 

readily absorbed by the organism (Adhikari et al. 2022). In general, animal proteins have a 265 

higher nutri�onal quality than plant proteins due to their amino acid profile and to the higher 266 

diges�bility (Qin, Wang, and Luo 2022; Vieux et al. 2022). It has been reported that animal 267 

proteins have a DIAAS (Diges�ble Indispensable Amino Acid Score) value higher than 90 % or 268 

even higher than 100 %, while most of plant proteins have a low quality with DIAAS value lower 269 

than 90 % with the excep�on of soy-based products and mung beans with DIAAS value higher 270 

than 90 % (Adhikari et al. 2022). Animal products like meat, poultry, eggs, milk and fish provide 271 



the highest-protein quality as they have complete protein with all essen�al amino acids that 272 

human body need (Hoffman and Falvo 2004). Furthermore, among these animal products, fish 273 

is an important source of protein for different countries. In par�cular, in Africa around 200 274 

million people consume high-quality protein derived from fish (Obiero et al. 2019). Instead, 275 

plant products generally provide the lowest-protein quality as they o�en contain incomplete 276 

proteins, thus deficient in one or more essen�al amino acid (Hoffman and Falvo 2004). Hence, 277 

it has been suggested that to get all the essen�al amino acids from plant-based products is 278 

necessary to consume a variety of plant products. 279 

 280 

3.4. Protein quality: differences between diets 281 

The impact of different protein sources in diets is also reflected in the overall protein quality 282 

of diets. It has, for instance, been reported that true fecal diges�bility of protein from diets in 283 

different parts of the world could vary from > 90 % to only just above 50 % (Table 3), even 284 

without considering amino acid composi�on as well (Gilani, Cockell, and Sepehr 2005). Similar 285 

varia�on was reported by Moughan (2021) who es�mated DIAAS values for mixed diets in 286 

different countries in Asia and Africa. As shown in Figure 3, a wide variety was observed, with 287 

DIAAS values > 90 % observed for some developing countries (e.g., Thailand and Pakistan), 288 

whereas Nigeria and Ethiopia had es�mated values < 70 %. This reflects large differences 289 

worldwide. In all cases, lysine was the first limi�ng amino acid in diets, which is typically a 290 

reflec�on of high levels of plant-based protein sources in diets. The differences in protein 291 

quality in global diets are important to consider. While data in Figure 1 indicate that protein 292 

intake in most countries could poten�ally be adequate, it is important to keep in mind that 293 

RDA’s of 0.83 g protein per person per day are based on proteins with an ideal amino acid 294 

composi�on and complete diges�bility, i.e., a DIAAS value of 100. Lower es�mated DIAAS 295 



values for diets could thus mean even though protein intake looks adequate, diges�ble amino 296 

acid requirements are not met.  297 

 298 

<insert Figure 3 here> 299 

 300 
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 302 

The differences in protein quality between diets illustrated in Table 3 and Figure 3 highlight the 303 

key importance of not only considering protein quan�ty, but also quality. While excess 304 

indispensable amino acids in some protein sources can compensate for shor�alls in others, it 305 

is clear that in many diets, shor�alls will remain. While in some cases recommended daily 306 

intake values may be met, if protein quality is subop�mal, then issues will s�ll arise. 307 

Furthermore, it has been argued by Adhikari et al. (2022) that complementarity of protein 308 

sources should be considered on a meal basis, and not a diet basis, which could lead to even 309 

lower values for protein quality on a diet basis if considered. Similar arguments were put 310 

forward recently in the considera�on of nutrient-based frameworks for protein quality 311 

(Forester et al. 2023). In addi�on, it is important to consider that many protein quality data 312 

are derived from studies on protein ingredients and a�er not final consumer products. Further 313 

processing can impact protein quality, which is described further in Sec�on 4.  314 

 315 

4. Impact of food processing and prepara�on on protein quality: from raw material to 316 

consumer product 317 

In the perspec�ve of consump�on of dietary protein, it is important to consider that virtually 318 

all the major dietary protein sources consumed worldwide will undergo various processing and 319 



prepara�on steps prior to consump�on. E.g., while raw milk is consumed by some people, by 320 

far most milk produced worldwide is subjected to different treatments (e.g., heat treatment) 321 

or the milk is even converted into different products, like cheese or yoghurt (Walstra et al. 322 

2005). Likewise, wheat is not consumed as such, but is typically first milled into a flour and 323 

subsequently forms the basis of a wide range of food products, including e.g., bread, which 324 

undergoes a substan�al thermal processing during prepara�on (Shewry 2009). As such, while 325 

understanding protein quan��es and quality parameters in raw materials is important, 326 

understanding the transi�ons of the proteins throughout the different stage from raw material 327 

to final product is also cri�cal, as well as in other factors affec�ng their diges�bility. Within this 328 

field of process-induced protein modifica�ons, the following four aspects are considered most 329 

important: 330 

(1) Process-induced changes in amino acids 331 

(2) Process-induced changes in protein structure 332 

(3) Process-induced changes in an�-nutri�onal compounds 333 

 334 

4.1. Process-induced changes in amino acids 335 

During processing of food, some process-induced changes in amino acids can occur. The most 336 

notable example is probably the glyca�on of Lys and Arg residues, which can occur as a first 337 

step in the Maillard reac�on, between the amino group on the side chain of these amino acids 338 

and reducing sugars, such as glucose, fructose, maltose and lactose (Mar�ns et al. 2001). The 339 

reac�on is promoted by the applica�on of heat, occurs at a higher rate at elevated pH (due to 340 

the fact that the reac�on required the non-protonated amino groups) and has a strong 341 

dependence on water ac�vity, with maximum rates o�en found in the water ac�vity area 0.5 342 

– 0.7 (Ames 1990). Examples of where these reac�ons happen include the baking or toas�ng 343 



of bread, processing of cereals, frying and grilling of meat products. Protein glyca�on can lead 344 

to substan�al losses in (bio)available lysine. For cereal products, > 50 % of lysine may be 345 

unavailable (Rutherfurd and Moughan 2007). However, common at home prepara�on 346 

methods for meat (e.g., grilling, frying, etc) had only limited effect on bioavailable lysine in 347 

beef products (Hodgkinson et al. 2018). For dairy products, process-induced losses in available 348 

lysine are generally limited in most common dairy products, not exceeding 10 % of total lysine; 349 

for some products, e.g., evaporated milk products, which typically undergo steriliza�on 350 

treatments, higher losses in available lysine have been reported (Mehta and Deeth 2016). 351 

Overall, process-induced changes of amino acids, should be carefully considered, par�cularly 352 

given the importance of lysine as one of the most-limi�ng IAAs globally.  353 

 354 

4.2. Processing-induced changes in protein structure 355 

Proteins can be characterized by a primary, secondary, ter�ary and some�mes even 356 

quaternary structure. These structures are subject to change based on changes in 357 

environmental condi�ons, including e.g., temperature, pH and ionic strength. Such changes 358 

may be reversible or irreversible. Irreversible changes o�en occur as a result of e.g., heat 359 

treatment, when denatura�on of the protein occurs. As a result of denatura�on, pep�de 360 

bonds previously inaccessible to diges�ve proteases become accessible, which can lead to 361 

enhanced diges�on. This has, for instance, been shown for the heat-induced denatura�on of 362 

whey proteins (Peram et al. 2013) but also for pressure-induced denatura�on of whey proteins 363 

(Zeece, Huppertz, and Kelly 2008), both of whey improved whey protein diges�on in vitro. 364 

However, protein denatura�on can also lead to (extensive) aggrega�on of proteins, which, in 365 

turn, can make parts of protein poorly accessible and reduce diges�bility. This, for instance, 366 

has been observed in the case of proso millet protein (Gula� et al. 2017) and sorghum protein 367 



(Duodu et al. 2003), where intermolecular forma�on of hydrophobic bonds and disulphide 368 

bonds. Overall, processing-induced changes protein conforma�on and its impact on protein 369 

diges�bility is a topic that requires careful considera�on. While e.g., heat treatments are o�en 370 

necessary in food processing to inac�vate undesirable micro-organisms and enzymes, they will 371 

also affect diges�bility.  372 

 373 

4.3. Processing-induced changes in anti-nutritional compounds 374 

In addi�on to proteins and other nutrients, food products can also contain compounds that 375 

can nega�vely affect the diges�on and absorp�on of nutrients, including those that affect 376 

protein diges�on. Herein, two different categories of effects can be considered, i.e., 377 

components that interact with the proteins and therewith affect diges�bility, and components 378 

that affect protein diges�bility via interac�ons with or effects on the diges�ve enzymes.  379 

 380 

4.3.1. – Trypsin inhibitors 381 

Enzyme inhibitors can impact diges�bility of proteins foods. The most common inhibitor class 382 

in this respect are the so-called trypsin inhibitors, which not only affect trypsin, but also 383 

enzymes such as chymotrypsin and elastase. Of the most common protein sources in the 384 

human diet, soybeans contain the highest levels of trypsin inhibitors. Defa�ng of soybeans to 385 

create a soy flour does not change protein: trypsin inhibitor ra�o. However, due to their 386 

proteinaceous nature, trypsin inhibitors are suscep�ble to heat-induced inac�va�on, which 387 

can occur e.g., during the toas�ng of soy flour, extrusion or heat treatments, such as 388 

steriliza�on, applied to extracts of soy proteins or products in which they are used. Typically, 389 

in e.g., soy protein concentrate, soy protein isolate, tofu or soy drink, trypsin inhibitor levels 390 

approximately 5-10-fold lower than in soybeans are reported (Anderson and Wolf 1995). 391 



Autoclaving raw soybean flour has been shown to increase ileal diges�bility of amino acids 392 

approximately 2-fold (Li, Sauer, and Caine 1998). Next to in soybeans, trypsin inhibitors are 393 

also present in other legumes, including e.g., many types of peas and beans, as well as cereals 394 

(Gilani, Cockell, and Sepehr 2005). Also here, reducing trypsin inhibitor ac�vity is warranted to 395 

improve protein diges�bility. 396 

 397 

4.3.2 - Tannins 398 

Tannins are water-soluble polyphenolic compounds which occur naturally in a range of foods 399 

important for human consump�on, including sorghum, millet, barley and various beans and 400 

peas. Levels may reach tens of grams per kg of (dry) product. Their ability to interact with 401 

proteins and precipitate them from aqueous solu�ons, but also to interact with diges�ve 402 

enzymes, can lead to reduced diges�bility of food proteins. An example is shown in Figure 4, 403 

showing the effect of the inclusion of a tannin-rich frac�on of faba bean hull material on the 404 

diges�on of casein in rats, where a linear decrease in diges�bility was observed. Likewise, for 405 

faba bean protein, reduced diges�bility has also been observed in high-tannin variants 406 

compared to low-tannin variants (Jansman et al. 1995).  Next to concentra�ons in products, 407 

tannin levels in meals, and interac�on between products should also be considered. This was 408 

illustrated nicely by Kashyap et al. (2019)who showed that the co-inges�on with tea reduced 409 

the diges�bility of egg protein, compared to co-inges�on with water, presumably due to the 410 

tannins present in the tea. Common prac�ces like dehulling, soaking and cooking can reduce 411 

tannin content in e.g., legumes.  412 

 413 

<insert Figure 4 here> 414 

 415 



4.3.3. Phytate 416 

Another common an�nutri�onal factor in food products is phytate, which can affect protein 417 

diges�bility in two ways, i.e., through chela�on of metal ions required in the ac�ve site of 418 

diges�ve enzymes or via direct complexa�on with the proteins. Phytate is found in e.g., nuts, 419 

seeds, legumes and grains. Phytate levels in cereals can be reduced through milling and 420 

refining, because more of the phytate is present in the bran of wheat, the germ of corn or the 421 

pericarp of rice, which are typically removed during refining processes. In legumes, however, 422 

most phytate is found in the cotyledon, together with the protein, so this is largely retained 423 

during frac�ona�on and refinement. Phytase is heat-stable, but can be broken down by 424 

enzymes (phytase) and fermenta�on. Breakdown or removal of phytate has been shown to 425 

improve protein diges�bility (Elliot et al. 2022), though overall effects of phytate on protein 426 

diges�bility are smaller than those of trypsin inhibitors and tannins.  427 



Mini dic�onary of terms 428 

 429 

Amino acid digestibility: frac�on of amino acids that can be absorbed in the gastro-intes�nal 430 

tracts a�er protein diges�on. 431 

  432 

Animal-based protein: dietary protein derived from animal-based sources, such as meat, fish, 433 

dairy and eggs. 434 

 435 

Dispensable amino acids: amino acids that can be synthesized by the human body. 436 

 437 

Indispensable amino acids: amino acids that cannot be synthesized by the human body. 438 

 439 

Phytate: a phosphate ester present in plant-based foods and food ingredients that can impair 440 

protein diges�on. 441 

 442 

Plant-based protein: dietary protein derived from plant-based sources, such as grains, cereals, 443 

legumes, nuts and vegetables 444 

 445 

Protein digestion: breakdown of proteins by gastro-intes�nal enzymes 446 

 447 

Protein glycation: non-enzyma�c covalent bond forma�on between amines in proteins 448 

(mainly lysine residues) and reducing carbohydrates. 449 

 450 



Protein quality: the extent to which a protein is able to provide indispensable amino acids in 451 

diges�ble form rela�ve to a reference patern. 452 

 453 

Tannins: class of water-soluble polyphenols present in plant-based foods and food ingredients 454 

that can impair protein diges�on  455 



Summary points: 456 

• Dietary protein quality strongly differs between countries and regions 457 

• Higher animal protein intake is o�en related to higher dietary protein quality 458 

• The presence of an�-nutri�onal factors can strongly reduce protein quality 459 

• Protein glyca�on reduces protein diges�bility and amino acid bioavailability 460 

• Tannins and phytates can reduce protein diges�bility via complexa�on with proteins and 461 

diges�ve enzymes 462 

• Processing can reduce an�nutri�onal factors but can also impair protein diges�bility via 463 

glyca�on and protein aggrega�on 464 

• Considera�on of protein quality at a consumer product level rather than raw material level 465 

is cri�cal  466 



 467 

Figure 1: protein intake across countries and regions 468 

 469 

Legend to Figure 1: Es�mated protein intake (in g per capita per day) from animal-based and 470 

plant-based food sources for 220 countries and regions in 2020 (data from FAO food balance 471 

sheets).  472 
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 473 
Figure 2: Global differences in protein intake from different sources 474 

 475 

Legend to Figure 2: Calculated gender-averaged of total protein intake percentage (%) from 476 

animal, plant and unclassifiable food sources among different countries. Data for European 477 

countries from Halkjaer et al. (2009), for South American countries from Herrera-Cuenca et al. 478 

(2023), for United States from Hoy et al. (2022), for Indonesia from Khusun et al. (2022) and 479 

for Malaysia from Drewnowski et al. (2020).  480 
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 481 
Figure 3: Protein quality in diets in different countries 482 

 483 

Legend Figure 3: Es�mated DIAAS values of mixed diets from different countries (data from 484 

Moughan (2021)).  485 
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 487 
 488 
Figure 4: Effect of tannins on protein diges�bility 489 

 490 

Legend to Figure 4: Effect of tannin, added in the form of tannin-rich faba bean hull material, 491 

on the apparent fecal diges�bility of caseins in rat (data from Jansman et al. (1994)).492 
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Table 1: Main dietary animal protein sources in different regions 

 

Legend to Table 1: Calculated gender-averaged percentage contribu�on of different product 

categories to dietary animal protein intake in different countries and regions. 
Country and 

region Dairy 
Total 
meat Beef Pork Muton 

Red 
meat Poultry 

Processed 
meat Fish  Eggs References 

Greece 
34.7 39.7       24.6 9.9 3.4 21.5 2.7   

Spain 
            

Granada 
27.2 40.9    15.9 12.3 12.1 24.6 4.3   

Murcia 
22.6 47.8    17.4 15.6 12.9 22.1 4.8   

Navarra 
19.0 50.4    21.6 12.1 14.7 22.4 5.8   

San Sebas�an 
17.7 51.1    26.2 12.3 10.3 23.9 6.1   

Asturias 
22.4 47.5    21.6 10.6 13.4 22.7 5.4   

Italy             
Ragusa 

27.5 57.1    33.0 15.6 7.4 11.0 3.1   
Naples 

35.6 47.1    28.0 9.6 8.9 10.0 3.0   
Florence 

27.1 58.6    27.1 18.4 9.8 9.6 2.8   
Turin 

29.0 57.1    26.6 17.1 11.6 8.8 3.2   
Varese 

29.6 59.5    27.0 16.0 15.3 6.2 2.1   

France 
          

Halkjær et al., 
2009 

South coast 
35.4 44.7    18.0 13.8 9.3 14.4 3.0   

South 
34.0 46.9    22.8 13.2 9.0 12.6 3.3   

North-East 
33.3 47.3    22.9 12.2 9.3 13.6 3.2   

North-West 
29.8 46.6 NA NA NA 20.0 14.5 10.2 17.8 3.3   

Germany             
Heidelberg 

27.8 58.3    25.2 10.7 21.4 6.4 3.2   
Potsdam 

25.7 57.0    21.8 9.0 25.3 8.4 3.8   
The Netherlands 

            
Bilthoven 

32.8 57.6    30.7 8.1 18.1 5.0 3.8   
Utrecht 

41.6 49.0    26.0 8.8 13.9 4.6 3.9   
United Kingdom             

General 
popula�on 30.3 52.9    20.5 18.3 13.2 11.5 3.2   

Health-conscious 
49.8 26.6    7.5 10.8 7.7 10.8 5.1   

Denmark             
Copenhagen 

31.3 52.1    31.6 9.4 10.1 11.7 4.1   
Aarhus 

34.5 50.4    29.7 9.4 10.1 9.7 4.3   
Sweden             
Malmo 

33.7 48.6    26.5 6.7 14.4 11.6 4.0   
Umea ̊

39.3 43.8    20.3 4.3 14.3 10.1 3.8   
Norway 

            
South and East 

34.7 45.7    16.7 10.2 16.1 12.4 4.5   
North and West 

32.7 41.2       18.4 4.6 16.8 18.8 4.1   

Malaysia 

18.76 
(egg 
and 

dairy) 19.43 1.47 1.41 0.30 NA 16.25 NA 12.12 NA 
Drewnowski et 
al., 2020 



                        

Indonesia 2.46 NA 3.44 0.13 0.04 NA 8.43 NA 9.81 10.32 
Khusun et al., 

2022 

                        

Philippines NA NA NA 17 NA NA NA NA 17 

5 
(eggs 
and 
egg 

dishes
) 

(Angeles-
Agdeppa and 

Custodio 2020) 

                       

World                 16.9     

Africa         18.4    

Burundi         28.1    

Ethiopia         1.6  
Obiero et al., 

2019 

Kenya NA NA NA NA NA NA NA NA 7.3 NA   

Rwanda         25.1    

Tanzania          22.5    

Uganda                 30.1     



Table 2: Main dietary plant protein sources in different regions 

 

Legend to Table 2: Calculated gender-averaged percentage contribu�on of different product 

categories to dietary plant protein intake in different countries and regions. 
Country and 

region 
Potatoes Vegetables Legumes Fruits Rice Cereals Tubers Cakes 

Non-
alcoholic 

drinks References 
Greece 

3.1 13.8 7.1 8.1   59.6   3.2 2.1   
Spain 

           
Granada 

5.8 11.2 7.9 12.3  47.6  3.0 2.3   
Murcia 

5.8 18.8 7.2 14.8  39.8  6.2 1.3   
Navarra 

4.8 11.9 9.7 11.9  47.0  4.1 1.7   
San Sebas�an 

6.5 12.7 13.7 11.3  42.3  3.1 1.4   
Asturias 

8.0 7.0 14.3 11.4  43.9  4.8 2.0   
Italy            

Ragusa 
2.8 9.3 4.3 7.9  64.0  3.1 1.3   

Naples 
2.9 13.0 3.7 7.4  60.7  3.5 2.7   

Florence 
2.9 12.3 3.8 6.9  62.0  2.7 2.3   

Turin 
3.1 15.2 1.6 8.0  60.5  3.2 2.2   

Varese 
3.3 12.0 2.2 8.2  62.6  3.2 2.8   

France 
         

Halkjær et al., 
2009 

South coast 
2.5 15.5 2.9 10.4  52.8  3.8 3.1   

South 
4.1 13.1 1.9 9.1 NA 56.2 NA 3.9 2.9   

North-East 
4.7 13.1 1.8 9.6  53.1  4.4 3.5   

North-West 
5.7 12.8 1.6 10.0  54.6  3.4 3.6   

Germany            
Heidelberg 

7.4 11.0 1.4 7.5  42.3  5.4 12.1   
Potsdam 

8.8 11.0 1.2 8.7  41.2  5.9 10.1   
The Netherlands 

           
Bilthoven 

9.8 8.7 1.3 9.8  52.8  2.7 5.8   
Utrecht 

8.7 9.6 1.3 11.9  51.2  3.2 6.7   
United Kingdom            

General 
popula�on 7.5 11.7 2.2 6.7  54.6  3.7 4.0   

Health-conscious 
5.2 10.0 3.7 12.9  40.6  3.0 2.1   

Denmark            
Copenhagen 

7.8 10.1 0.3 5.6  58.2  2.4 8.5   
Aarhus 

8.0 8.9 0.1 6.0  59.2  3.1 8.2   
Sweden            
Malmo 

9.1 7.9 1.4 5.6  53.7  4.6 4.7   
Umea ̊

9.1 6.2 0.8 4.8  58.4  7.2 3.4   
Norway 

           



South and East 
5.7 7.5 0.4 7.8  59.0  4.7 7.9   

North and West 
7.2 6.7 0.3 7.8   58.6   5.4 6.8   

Indonesia NA NA 19.31 NA NA 45.04 1.01 NA NA 
Khusun et al., 

2022 

                      

Philippines NA NA NA NA 19 NA NA NA NA 

(Angeles-
Agdeppa and 

Custodio 2020) 

             

                      

  



Table 3: Protein diges�bility in diets in different regions  
 
Legend to Table 3: Es�mated true human fecal diges�bility values for proteins in diets from 
different area and countries (data from Gilani et al. (2005)). 

Country or 
area 

Diet Diges�bility 
(%) 

North America Mixed 94 
North America Lactovegetarian 88 
North America Vegetarian 93 
India Rice, red gram dahl, milk powder, vegetables 75 
India Ragi, red gram, potatoes, milk powder, vegetables 54 
Guatemala Black beans, corn tor�lla, rice, wheat rolls, cheese, eggs, vegetables 77 
Nigeria Cassava, rice, dried fish, vegetables 91 
Ceylon Rice, meat, fish, dairy products, breads, fruits, vegetables 87 
Brazil Rice, beans, meat, eggs, vegetables 78 
Philippines Mixed 88 
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