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Abstract: The quality and nutritional value of dietary proteins are determined by the quantity,
digestibility and bioavailability of essential amino acids (EAA), which play a critical role in human
growth, longevity and metabolic health. Plant-source protein is often deficient in one or more EAAs
(e.g., branched-chain amino acids, lysine, methionine and/or tryptophan) and, in its natural form,
is less digestible than animal-source protein. Nevertheless, dietary intake of plant-source protein
has been promoted because of its potential health benefits, lower cost of production and lower
environmental impact compared to animal-source protein. Implementation of dietary strategies that
improve both human and planetary health are of critical importance and subject to growing interest
from researchers and consumers. Therefore, in this review we analyse current plant protein intake
patterns and discuss possible countermeasures that can enhance plant protein nutrition, examples
include: (1) combining different plant proteins with complementary EAA profiles; (2) identification
and commercial cultivation of new and novel high-quality plant proteins; (3) industrial and domestic
processing methods; and (4) genome-editing techniques.

Keywords: amino acids; climate change; dietary proteins; essential amino acids; humans; lysine;
plant proteins; protein quality; recommended dietary allowances; sustainable development

1. Introduction

Dietary protein is an important macronutrient that plays a critical role in human health and
longevity [1]. All 20 amino acids (AA) are required, in adequate amounts, for tissue protein synthesis
and maintenance of normal metabolic function [1–4]. The nine essential amino acids (EAA) are
particularly important as they cannot be synthesised in human cells at sufficient rates to meet metabolic
demand (MD), so must be obtained from dietary protein sources [1–4]. Recommended dietary
allowance (RDA) for protein for adults is currently ~0.8 g·kg−1

·d−1, but is higher for populations with
greater MD (e.g., infants, children, pregnant/lactating women, athletes) [5]. In developing regions,
protein malnutrition is a major issue [6,7], whereas in developed regions protein intake is generally
sufficient and discussions are based on whether higher protein intakes are positively or negatively
impact health and fitness outcomes [1,8].

Over the last 60 years, the per capita global protein consumption has increased [9], but rapid
population growth and climate change threaten food security, and human and planetary health [6,10–14].
In response, scientists and politicians have encouraged a transition away from animal- to plant-sourced
foods as a means to meet sustainable development goals (SDGs) [11–14]. However, the affordability,
validity and nutritional adequacy of plant-based diets have been questioned [15–17].
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Plant crops are the primary harvesters of solar energy acting as a cost and energy-efficient
nutrient-rich sink—and a valuable source of protein, carbohydrate, essential vitamins and minerals [18].
Hence, by necessity or choice, plant foods and plant-based diets have been popular throughout human
history, with large segments of the population adopting them because of personal, ethical, religious or
philosophical beliefs. Consequently, we deem it pertinent to evaluate and review dietary strategies that
can be used to enhance the nutritional value of plant-sourced protein (PSP) for human consumption.

2. Plant Protein Consumption: Trends and Patterns

Hundreds of plant species have been identified and commercially cultivated for human
consumption, however, most of the world’s population only depend on ~20 plant crops-grouped into a
few broad categories (e.g. cereals, legumes, vegetables, starchy roots, fruit and nuts) [9,18]. Supply data
from the Food and Agriculture Organisation Corporate Statistical Database (FAOSTAT) indicate that
PSP accounts for ~60% of the global protein supply (50 g·capita−1

·d−1 plant protein of 83 g·capita−1
·d−1

total protein) [9], but varies significantly by region—ranging from over 80% in sub-Saharan Africa to
under 40% in Western Europe, North America and Oceania (Figure 1). Historical data recorded over the
last 60 years show that global protein consumption has increased 18 g·capita−1

·d−1 (64 g·capita−1
·d−1

in 1967 to 82 g·capita−1
·d−1 in 2017) and the percent contribution of animal-sourced protein (ASP) by

9 percentage points [9]—driven by a rapid increase in ASP consumption in developing regions [19].
Globally, cereal crops are the most widely consumed PSP across all regions, where three cereal crops
(i.e., wheat, rice and maize) account for 36% of all protein consumed and 60% of the PSPs [9] (Figure 2).
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3. Human Protein and Amino Acid Requirements

In humans, the nutritional value of dietary protein is determined by its ability to meet protein and
AA requirements for growth, maintenance and basic physiological needs [1–5]. However, over the last
century the mensuration of human physiological needs and, consequently, protein/AA requirements
have been widely debated [2–5]. Dietary protein/AA provide nitrogen (N), which is required to
support basic metabolic processes such as synthesising new tissue proteins and producing nitrogenous
compounds that support metabolism (e.g. hormones, neurotransmitters, creatine phosphate, purines
and pyrimidine bases). Therefore, in theory, protein/AA requirements are directly proportional to
MD [2,3]. Specifically, the supply of the nine EAAs (i.e., histidine (His), isoleucine (Ile), leucine
(Leu), lysine (Lys), methionine (Met), phenylalanine (Phe), threonine (Thr) and valine (Val)),
and conditionally essential AA under certain conditions (e.g., arginine (Arg), asparagine (Asp),
cysteine (Cys), tyrosine (Tyr), taurine (Tau), glycine (Gly), glutamine (Glu) and proline (Pro)) are
required as they cannot be biosynthesised at an adequate rate to meet MD [2–4,18].

For adolescents and adults, a RDA of ~0.8 g·kg−1
·d−1 (~132 mg N·kg−1

·d−1) is recommended
for N-balance (i.e., N-loss equals N-intake), with the estimated average requirement (EAR) of
protein (i.e., minimum N intake required to attain N-balance for half of the population) set at
0.66 g·kg−1

·d−1 [5,20]. But, those with higher MD (e.g., children, elderly, pregnant/lactating
women, athletes and some clinical populations) generally require greater amounts of protein
(>1.0 g·kg−1

·d−1) [5,20–22]. It is important to note that RDA estimates derived from N-balance
data represent the most efficient use of dietary protein (i.e., the amount needed to offset protein losses
through metabolism and excretion) [3,21,22]. However, these recommendations fail to consider that
several desirable physiological outcomes occur at intakes > RDA values, which reflect a minimal
rather than an optimal level of protein intake [4,21–23]. Indeedmore recently, higher RDA estimates
(i.e., >1.0 g·kg−1

·d−1) have been (re)calculated and (re)quantified via segmented regression and the
indicator amino acid oxidation (IAAO) technique [21,22].

4. Protein Quality

In addition to the protein RDA, the quality of the protein must be considered as it is inextricably
linked to RDA and protein adequacy. Protein quality is based on the ability of the protein to deliver the
individual EAAs in sufficient amounts to meet requirements. Indeed, several studies have reported
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differences between isonitrogenous PSP and ASP, showing that PSP is utilised with a lower efficiency,
implying that PSP is lower-quality than ASP [20].

Quantitative assessment of dietary protein quality was devised to reflect postprandial
bioavailability of the EAAs in relation to requirements, determined by the content and profile
of EAA and the true ileal digestibility of the protein. Although several methods exist to evaluate
protein quality, the digestible indispensable amino acid score (DIAAS) has been adopted by the World
Health Organisation (WHO)/Food and Agriculture Organisation (FAO)/United Nations University
(UNU) [24,25]. The DIAAS is calculated as the mg amount of digestible EAA in 1 g of dietary protein
(mixed or single-source) divided by the mg amount of the digestible EAA in 1 g in an ‘ideal’ reference
protein [24,25]. For foods susceptible to damage from processing, digestible reactive (bioavailable) Lys
is used rather than total digestible Lys [24]. The lowest scoring EAA is the DIAAS and the first limiting
EAA (LEAA). Consequently, for the EAR of protein (0.66 g·kg−1

·d−1) the DIAAS represent the fraction
of the minimum daily requirement of the first LEAA consumed. Thus, 0.66 g·kg−1 of protein with a
DIAAS of 1.0 will, in theory, supply 100% of the minimum daily requirements of the first LEAA and all
other EAAs [24,25]. If the protein has a DIAAS of >1.0 the protein is considered ‘excellent/high’ quality,
>0.75 ‘good’ quality and <0.75 no protein quality claim can be made. Generally, ASP is considered
‘excellent’ quality, whilst PSP, in its natural form, is generally considered ‘low’ quality with most
scoring <0.75 (Table 1).

In the main cereal crops, Lys is the first LEAA, and the sulphur-containing amino acids
(SAA: Met and Cys) are usually the first LEAA in the legume crops, although there are exceptions
where Trp (e.g., haricot beans, split yellow peas, chickpea, pinto beans) or Lys (black-eyed peas) is
the first LEAA (Table 1), but it should be noted that PSPs also have lower branched-chain amino acid
(BCAA) (Ile, Leu, Val) and Trp scores than most ASPs (Table 1) [7,18]. In the last decade, some new
and novel high-quality PSPs have been identified and researched (e.g., fungi, pseudo-cereals, aquatic
plants and algae), however, they are yet to be commercially cultivated for human consumption [26].

Protein RDA is based on high-quality protein intake (i.e., DIAAS > 1.0) [24,25], but for lower-quality
proteins (i.e., DIAAS < 0.75) a larger quantity of protein would have to be consumed to meet protein/AA
requirements. For example, if dietary protein consumption was entirely dependent on three main
cereal staples (i.e., wheat, rice and maize), the DIAAS (based on a weighted mean average (Table 1))
would be ~0.5 (LEAA: Lys). Consequently, to meet minimum requirements for Lys, the EAR of
protein would need to double (i.e., >1.3 g·kg−1

·d−1). However, in most instances fold increases in
PSP intake would not be necessary to meet requirements as normally multiple different dietary PSPs
and ASP are consumed [9]. Nevertheless, it is necessary to consider protein quality alongside RDA,
particularly for populations with higher MD and thus, EAA and protein requirements (e.g., infants,
children, pregnant, elderly, physically active, athletes) acute and/or chronic disease (e.g., pneumonia,
gastrointestinal infection, cachexia/sarcopenia) limited access to a variety of PSPs and/or consuming
insufficient quantities of food and protein in general [5–7,20–22].

As the DIAAS is calculated per gram of protein, comparative evaluation of the DIAAS between
different protein sources is conducted on an isonitrogenous basis [24]. Consequently, the DIAAS fails
to consider that, in their natural form, plant-sourced foods typically have a lower protein density
(i.e., unit of protein mass per unit of product mass) and higher caloric density (i.e., kcal per unit
of protein mass) compared to animal-source foods [4]. For example, to provide a 0.3 g·kg−1 of
protein (i.e., a meal-sized serving), the caloric equivalent for soybeans would be higher than poultry
meat despite having similar DIAAS (3.4 kcal·kg−1 vs. 1.9 kcal·kg−1) [27]. Animal-source foods with
low protein density (e.g., whole milk at 3–4% protein) would also have higher caloric equivalents
(4.9 kcal·kg−1), but score markedly better than low-quality, low-density plant foods (e.g., 14.6 kcal·kg−1

for wheat flour and 13.9 kcal·kg−1 for groundnuts). In most instances, consuming greater amounts of
PSP to compensate for inferior protein quality is not always feasible and may negatively impact health
(e.g., obesity, metabolic syndrome, malnutrition and gastrointestinal distress due to overconsumption
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of calories, carbohydrate, dietary fibre and antinutrients). Therefore, it is pertinent that we review
dietary strategies that enhance the quality of PSP [28–31].

Table 1. Global plant protein supply (% total plant protein intake), digestibility and digestible
indispensable amino acid score (DIAAS) range. CP, crude protein; whey protein concentrate (WPC)
and whole milk powder (WMP) are provided as animal protein references. Leu, leucine; Lys, lysine;
SAA, sulphur amino acids (methionine and cysteine); Trp, tryptophan. First limiting amino acid is in
bold. a World Health Organisation (WHO)/Food and Agriculture Organisation (FAO)/United Nations
University (UNU) adult indispensable amino acid (IAA) reference pattern as mg IAA·g protein−1

(Leu, 66; Lys, 57; SAA, 27; Trp, 8.5) [24].

Plant Source
Global

Supply %
Protein
% Mass

CP True Ileal
Digestibility %

DIAAS a

Leu Lys SAA Trp

Wheat [24,27,32–36] 32 11–17 71–94 0.82–1.06 0.20–0.54 0.64–1.51 1.15–1.62
Rice [27,32,33,35–37] 21 8–9 73–90 0.84–1.17 0.37–0.73 0.40–2.11 0.84–2.29
Maize [27,32,36,37] 8 7–9 70–76 1.31–2.01 0.48–0.54 0.68–1.46 0.70–1.04

Pulses [27,33,34,36–38] 5 22–30 78–90 0.97–1.16 1.05–1.53 0.46–0.85 0.78–1.82
Beans [27,36–38] 3 23–25 58–83 0.72–1.09 0.93–0.98 0.49–0.60 0.76–1.86
Potatoes [27,36] 3 2–3 52–58 0.34–0.39 0.42–0.46 0.38–0.77 0.49–1.42

Soya [27,34,36,37] 3 12–43 68–88 1.14–1.39 1.10–1.25 0.93–1.12 2.04–2.11
Sorghum [27,33,36] 2 10–11 65–83 1.58–1.79 0.26–0.29 0.54–0.97 0.57–1.05

Groundnuts [27,36,37] 2 26 77–91 0.84–0.94 0.38–0.52 0.58–0.98 0.74–1.58
Millet [27,35,36] 1 8–17 80–90 1.70–1.73 0.07–0.10 0.62–1.17 0.77–1.82

WPC [27,34,36,37] N/A 80–85 95–98 1.91–1.98 1.80–2.41 1.99–2.00 2.99–3.40
WMP [24,27,36] N/A 28 96 1.62 1.54 1.43 1.82

5. Protein Complementation

As the DIAAS is expressed in standardised units (i.e., mg of EAA per g of protein), different
protein sources can be compounded at discrete time intervals (e.g., per meal or per diem basis).
In this approach, two complementary protein sources (with different LEAAs) can be combined to affect
the DIAAS, greater than either individual protein. For example, 100 g serving of rice (Oryza sativa)
and 100g of lentils (Lens culinaris) would be classified, individually, as low-quality protein sources
(DIAAS of 0.74 and 0.54, respectively) [33]. Whereas a 100 g serving of 65 g of rice and 35 g of lentils
has a high-quality score (DIAAS = 1.0), because rice and lentils have complementary EAAs (i.e., rice is
deficient in Lys (DIAAS = 0.54) but has sufficient amounts of the SAAs (DIAAS = 2.05), whereas lentils
are SAA deficient (DIAAS = 0.54) but Lys sufficient (DIAAS = 1.53)), which together form a ‘balanced’
EAA profile [24].

Cereal and legume crops are generally complementary (Table 1). However, current global
consumption patterns indicate that cereal and legume proteins are consumed at an imbalanced ratio
of 6:1 (i.e., 6 g of cereal protein is consumed per 1 g of legume protein)—where a ~2:1 ratio would
be required to optimise PSP quality scores [9,24]. In developed regions, imbalanced intake of PSP is
not a major issue as is typically offset by ASP consumption, which accounts for ~40% global protein
consumption (regional range: 16% in East Africa to 65% in Oceania) [9,10,18,24]. Nevertheless, if ASP
intake is low or to be lowered, attention needs to be directed towards the quality of the PSP component
of the diet. As such, protein complementation is a well-known, long-established, but often overlooked
dietary strategy to improve PSP quality.

6. Timing and Distribution

The RDA for protein is normally expressed per diem, which does not consider the timing
(i.e. the time between eating occasion (EO)) or distribution (i.e. the number of EO and amount of
protein per EO) of protein consumption throughout the day. For PSP, it should be noted that the
LEAA Lys (and Thr) are unique among the EAAs as it appears that they can be conserved, indicating
that they do not need to be co-ingested with the other EAAs at each EO (i.e., fed ‘out-of-phase’) [2].
Evidence for this comes from the analysis of the muscle tissue EAA pool 7 h after ingestion of albumin
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protein, which reports Lys (and Thr) concentrations twice that of the other EAAs (also remaining above
baseline-levels) [39]. The conservation of Lys (and Thr) is thought to be related to its slower turnover
rate, more efficient recycling from tissue protein and larger free-pools of Lys compared to other EAAs
(e.g., BCAA and Trp) [2,39]. Thus, it is possible that the endogenous pool of Lys could be utilised to
meet postprandial MD if the dietary protein source is deficient in Lys [2,18,39].

In addition to providing nitrogen, some other AAs also activate signalling pathways that regulate
metabolism (e.g., protein turnover, immune function, mitochondrial activity, fatigue, satiety, cognitive
function, and lipid and glucose metabolism) [1,2,4,23]. Each signalling pathway is sensitive to transient
changes in postprandial plasma and intracellular AA concentrations, and thus, dependent on the
temporal pattern of protein intake throughout the day. The effect that the timing and distribution of
high-quality ASP has been robustly investigated over the last two decades—and there is some consensus
on the optimal dose per EO (i.e., >0.3 g·kg−1) and distribution of protein throughout the day (i.e. equally
balanced across 3–5 EOs consumed at 3–5 h intervals) for muscle protein synthesis—yielding per diem
equivalents higher than the current RDA (i.e., >0.9 g·kg−1

·d−1) [22,23,40,41].
In theory, postprandial deficiencies in Lys (and Thr) in PSP can be drawn from body-pools,

but postprandial deficiencies in other EAAs (e.g., BCAA, particularly Leu, and Trp) [2], would limit
postprandial anabolic/metabolic potential. For example, to reach an equivalent quantity of digestible
Leu from a milk protein (2.0 g Leu per 20 g protein), higher doses of wheat protein (1.1 g Leu per
20 g protein) or soy protein (1.4 g Leu per 20 g protein) would need to be consumed (i.e., 36 g and
29 g respectively) [24,27,34]. In a recent study comparing postprandial myofibrillar protein synthesis
(myoPS) in healthy older adults, 35 g of casein protein stimulated an increase in myoPS, whereas, a 35 g
of wheat protein did not [42]. However, a 65 g dose of wheat protein (delivering the same amount of
Leu as 35 g of casein) robustly stimulated myoPS [42], and in a separate study 32 g of fungal protein
(Fusarium venenatum) stimulated postprandial myoPS to a greater extent than a Leu-matched 26 g
bolus of milk protein [43].

If available and consumed in appropriate amounts and/or combinations, it appears that adequate
levels of protein/AA nutrition can be attained from PSP. However, whether optimal levels of protein/AA
nutrition can be achieved exclusively from PSP, especially for clinical and athletic populations with
higher MDs, is questionable—as, in its natural form, higher intakes from PSP may not be practicable
and may negatively affect health (e.g., obesity, metabolic syndrome, malnutrition and gastrointestinal
distress due to overconsumption of calories, carbohydrate, dietary fibre and antinutrients).

7. Digestibility and Bioavailability

In addition to the content and profile of EAA, the quality and the nutritional value of the protein
is affected by the true ileal digestibility of the protein. PSP, in its natural form, generally has lower
digestibility than ASP (75–80% vs. 90–95%) (Table 1), due to its stronger cell walls, seed-coats and
microstructural arrangement of the protein (e.g., protein cross-linking, secondary beta-conformation
and protein chain rigidity), antinutritional factors (ANFs) (e.g., protease inhibitors, lectins, polyphenols,
tannins, phytic acid) and a high non-protein component (NPC) (e.g., insoluble dietary fibre and
non-starch polysaccharides) [44–46]. However, prior to human consumption most plant foods undergo
some form of domestic or commercial processing—usually performed to increase shelf-life, palatability
and/or change some other functional properties of the food (e.g., solubility, binding-capacity, texture,
colour) rather than to increase nutritional value [46]. Nevertheless, processing methods can be also
used to improve the digestibility, and thus, the quality and nutritional value of PSP [45,46].

Indeed, there are several domestic processing methods that have been shown to improve PSP
digestibility (e.g., heating, dehulling, soaking, autoclaving, microwaving, drying, germination and
fermentation) [46]. For example, boiling peas (Pisum sativum L.) in water increases protein digestibility
(75% up to 80%) [47]. Industrial processing methods (e.g., milling, microfiltration, alkali-solubilisation
acid precipitation, centrifugation, flocculation, fractionation, enzymatic-hydrolysis, ultra-heat treatment
and spray-drying) can increase protein digestibility of peas, and other plants, up to 97% (Table 1).
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Improved digestibility of PSP through domestic and/or industrial processing is a result of inactivating
ANFs and changing the structural and functional properties of the plant—whereby partial denaturation
of the tertiary and quaternary structure makes the PSP more susceptible/accessible to the digestive
proteases [45,46]. However, it should be noted that some thermal and chemical processes may
also reduce digestibility and nutritional value [45,46]. In particular, non-enzymatic browning as
a consequence of the Maillard reaction (used in roasting, baking or frying), appears to negatively
affect protein conformation and digestibility by increasing protein crosslinking, protein aggregation,
protein–protein interaction and protein glycation [46,48]. For example, during baking, the wheat
protein in the bread crumb and crust are exposed to different heat intensities (~100 ◦C and ~180 ◦C,
respectively) leading to different digestibility scores, with the crust having lower digestibility than the
crumb [48].

The ease by which the peptides and AA can be liberated from the microstructure influences
digestibility and nutritional value. For PSP, complete elimination of the microstructure and the NPC
appears to enhance digestibility and protein quality [37,46,47]. Still, the role of the food structure,
nutritional value of the NPC and the interaction between the protein and NPC must be considered
(collectively termed the food matrix effect) [49]. The food matrix effect can be synergistic or antagonistic,
defined by the desired outcome of the diet. For example, dietary fibre and the ANFs contained in plant
food generally reduces digestibility and protein quality [44,45]. However, dietary fibre is considered
beneficial for other aspects of health (e.g., gastrointestinal function, immune function, lipid and glucose
metabolism) [45,46]. Plant ANFs such as polyphenols and phytic acid act in a similar manner having
antioxidant, anti-inflammatory, antibacterial effects [45]. Whilst domestic processing methods have
been reasonably well investigated, there is a paucity of research focused upon commercial processing
methods specifically designed to enhance PSP quality [46]. Hence, the degree, accuracy and efficiency
that commercial processing methods can be used to enhance PSP quality remains an ongoing scientific
and technological challenge.

8. Genetic Engineering and Selective Breeding

PSP is usually deficient in one or more EAAs (i.e., BCAAs, Met, Lys, Trp) (Table 1) as they lack
the enzymes for de novo biosynthesis. The three main cereal crops (i.e. wheat, rice and maize) are
deficient in Lys and heavily relied upon in developing regions [9]. Hence, over the last 50 years, several
approaches have been developed to improve the Lys content of cereal crops. An early indication
that the genome could be altered to improve AA-content of plants was the discovery of the opaque-2
mutation, which increased the Lys and Trp content of maize [50]. After its discovery, the opaque-2 gene
was used normal inbred lines with mixed results—effectively increasing Lys but also causing abnormal
phenotypic traits and lower-crop yields [51]. In the 1990s the opaque-2 mutant was used in a parent
line to develop quality protein maize (QPM), which had comparable phenotypic traits and crop-yield
to other maize cultivars, but with a two-fold increase in the content and greater bioavailability of Lys
(~90%) [30,51]. In populations that are reliant on maize, a substitution of maize for QPM was shown to
increase growth weight and height in infants and children with mild to moderate undernutrition [30].
Despite the commercial and nutritional importance of the QPM, attempts to breed for similar genotypes
in other cereals crops has been unsuccessful, calling for alternative methods [51].

There are inherent difficulties in classical genetic and breeding approaches used to increase the
nutritional value PSP, due to the tightly regulated Lys metabolic pathway and their deleterious effects
crop yields and plant growth [51]. Thus, other genetic engineering approaches have been used to good
effect. To date, only two genetically modified (GM) events have been commercialised in cereal crops
to modify AA-traits [52]. These are the dapA-gene (Corynebacterium glutamicum), which increases
free-Lys content and the cor-dapA gene, which encodes the enzyme that catalyses the first reaction in
the Lys biosynthetic pathway [52].

There is the potential that GM plants can significantly improve PSP quality and nutritional value,
however, the biosafety and bioefficacy have yet to be confirmed in humans. Moreover, even though
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GM crops are only granted regulatory approval after strict assessment (i.e., toxicity, allergenicity,
compositional analysis, ecological impact), like all other GM crops, the opportunity to improve PSP
quality via GM will be conditional on public acceptance [51,52]. To address some of the major concerns
with transgenic GM crops, alternative techniques have been developed (e.g., cisgenesis, intragenesis
and genome editing (GEd)) that do not require foreign genes. Indeed, GEd has been used in plant
crops to target the gene that encodes the enzyme acetolactate synthase (ALS), which catalyses the first
step in the biosynthesis pathway of the BCAAs [53,54]. To improve PSP quality, further efforts using
GEd technology can be used to increase biosynthesis, block catabolism, and increase expression of
recombinant proteins enriched in EAA in plants [51]. Given the high-precision of GEd systems such
as transcription activator-like effector nucleases (TALENs) and the clustered regularly interspaced
short palindromic repeats (CRISPR)/Cas9) system, development of higher-quality PSP can be expected
in future. Furthermore, since the GEd plants would be indistinguishable from crops developed via
selective breeding, there is hope that cultivation and commercialisation of GEd crops will be more
rapidly and broadly accepted than transgenic crops.

9. Sustainability and Nutrition

The 2019 special report by the Intergovernmental Panel on Climate Change (IPCC) describes
plant-based diets as a ‘major opportunity for mitigating and adapting to climate change’, which includes
a policy recommendation to reduce meat consumption [13]. Consequently, great emphasis has been
placed on plant foods and plant-based diets to align with the SDGs and reduce the environmental
footprint associated with food production (e.g., greenhouse gas emissions (GHGE), climate change,
land-use, energy-use and water-use) [11–14]. However, several criticisms have been raised, related to
the affordability and validity of plant-based diets/dietary recommendations [15–17], and in particular,
the reliance on modelling studies that make favourable and simplistic assumptions about dietary
substitutions and nutritional adequacy [16]. For instance, the environmental impact of different protein
sources is often compared per unit of mass, per serving, per kcal or protein mass [11,12], but when
the nutritional value and quality of the protein is considered the differences between some ASPs
and PSPs are negligible [55,56] (Figure 3). For example, recalculating GHGE equivalents [57] for
the two most commonly consumed ASPs (milk and poultry meat [9]) against wheat and soy (most
commonly consumed cereal and legume crops) indicates that poultry meat and wheat have similar
GHGE equivalents for Lys (0.19 kg CO2·g Lys−1 vs. 0.16 kg CO2·g Lys−1), and larger disparities exist
between different PSPs (i.e., wheat vs. soybeans) and ASPs (i.e., milk vs. poultry meat), than between
ASP and PSP (e.g. wheat vs. poultry meat) (Figure 3).
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SDGs aim to meet the needs of the present, without compromising the ability of future generations
to meet their own needs [58]. Animal-source foods provide EAAs and other essential nutrients that are
difficult to obtain in sufficient quantities exclusively from plant-source foods (e.g., vitamin B2, B12,
D3, heme-iron, iodine, calcium, essential fatty acids and zinc). Thus, from a nutritional perspective,
there is justification for modest increases in animal food intake in developing regions, particularly
those with higher MD [17]. Additionally, there is ample room to curtail inefficiencies in animal food
production (e.g., farming methods, processing, packaging and distribution) and consumption patterns
(e.g., food waste and overconsumption) in developed regions. However, if for ideological or political
reasons, a transition away from animal to plant-sourced foods is (en)forced, then improving the quality
and nutritional value of PSP, and the methods used to assess protein quality and dietary adequacy,
is of critical importance for the health of both current and future generations.

10. Summary and Conclusions

In this brief review, the nutritional value of PSP related to human protein/AA requirements is
highlighted and discussed. Increasing the RDA >1.0 g·kg−1

·d−1 may be a simple and effective strategy
to offset protein/AA deficiencies in PSP, however, in practice, this strategy may not always be practicable
or efficacious—particularly for those who rely on a limited variety of PSPs by necessity, not by choice.
In developed regions, increasing intake of PSP should be little concern as dietary strategies such as
protein complementation, supplementation and fortification of PSP with EAA can be implemented to
help meet protein/AA requirements. This is fortunate as increased pressure to find sustainable food
sources has led to a trend away from animal- to plant-source foods and plant-based diets. At present,
it appears that there is ample room to improve sustainable intensification of animal-source food
production, whilst simultaneously increasing in the intrinsic nutritional value of plant-source foods via
GEd or processing methods. This dual approach will favourably impact global nutrition and the health
of both current and future generations, but remains a significant scientific and technological challenge.



Nutrients 2020, 12, 2410 10 of 12

Author Contributions: R.W.D drafted the manuscript. R.W.D. and P.M.J. reviewed, edited, and approved the
manuscript for its intellectual content. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: Authors declare no conflict of interest.

References

1. Wu, G. Amino acids: Metabolism, functions, and nutrition. Amino Acids 2009, 37, 1–7. [CrossRef] [PubMed]
2. Millward, D.J. Metabolic Demands for Amino Acids and the Human Dietary Requirement: Millward and

Rivers (1988) Revisited. J. Nutr. 1998, 128, 2563–2576. [CrossRef] [PubMed]
3. Tomé, D.; Bos, C. Dietary protein and nitrogen utilization. J. Nutr. 2000, 130, 1868–1873. [CrossRef] [PubMed]
4. Wolfe, R.R.; Baum, J.I.; Starck, C.; Moughan, P.J. Factors contributing to the selection of dietary protein food

sources. Clin. Nutr. 2018, 37, 130–138. [CrossRef]
5. World Health Organisation (WHO); Food Agriculture Organisation (FAO) of the United Nations. Protein and

Amino Acid Requirements in Human Nutrition—Report of A Joint FAO/WHO/UNU Expert Consultation; WHO:
Geneva, Switzerland, 2007.

6. FAO; IFAD; UNICEF; WFP; WHO. The State of Food Security and Nutrition in the World 2017: Building Resilience
for Peace and Food Security; FAO: Rome, Italy, 2017; Available online: http://www.fao.org/3/a-i7695e.pdf
(accessed on 4 May 2020).

7. Ghosh, S.; Suri, D.; Uauy, R. Assessment of protein adequacy in developing countries: Quality matters.
Br. J. Nutr. 2012, 108, 77–87. [CrossRef]

8. Kitada, M.; Ogura, Y.; Monno, I.; Koya, D. The impact of dietary protein intake on longevity and metabolic
health. EBioMedicine 2019, 43, 632–640. [CrossRef]

9. FAOSTAT: Food Balance Sheets. Available online: http://www.fao.org/faostat/en/#data/FBS
(accessed on 4 May 2020).

10. Food and Agriculture Organization of the UN; International Fund for Agricultural Development; UNICEF;
World Food Programme; WHO. The State of Food Security and Nutrition in the World; Food and Agriculture
Organization of the UN: Rome, Italy, 2018.

11. Pimentel, D.; Pimentel, M. Sustainability of meat-based and plant-based diets and the environment.
Am. J. Clin. Nutr. 2003, 78, 660–663. [CrossRef]

12. Willett, W.; Rockström, J.; Loken, B.; Springmann, M.; Lang, T.; Vermeulen, S.; Garnett, T.; Tilman, D.;
Declerck, F.; Wood, A.; et al. Food in the Anthropocene: The EAT–Lancet Commission on healthy diets from
sustainable food systems. Lancet 2019, 393, 447–492. [CrossRef]

13. IPCC. Climate Change and Land; The Intergovernmental Panel on Climate Change: Geneva, Switzerland, 2019.
14. World Health Organization (WHO). Sustainable Healthy Diets: Guiding Principles; Food & Agriculture Org:

Rome, Italy, 2019.
15. Hirvonen, K.; Bai, Y.; Headey, D.; Masters, W.A. Affordability of the EAT–Lancet reference diet: A global

analysis. Lancet Glob. Health 2020, 8, e59–e66. [CrossRef]
16. Ridoutt, B.; Hendrie, G.A.; Noakes, M. Dietary Strategies to Reduce Environmental Impact: A Critical Review

of the Evidence Base. Adv. Nutr. 2017, 8, 933–946. [CrossRef]
17. Adesogan, A.T.; Havelaar, A.H.; McKune, S.L.; Eilittä, M.; Dahl, G.E. Animal source foods: Sustainability

problem or malnutrition and sustainability solution? Perspective matters. Glob. Food Secur. 2020, 25.
[CrossRef]

18. Young, V.R.; Pellett, P.L. Plant proteins in relation to human protein and amino acid nutrition. Am. J. Clin. Nutr.
1994, 59, 1203–1212. [CrossRef] [PubMed]

19. Henchion, M.; Hayes, M.; Mullen, A.M.; Fenelon, M.; Tiwari, B. Future Protein Supply and Demand:
Strategies and Factors Influencing a Sustainable Equilibrium. Foods 2017, 6, 53. [CrossRef] [PubMed]

20. Rand, W.M.; Pellett, P.L.; Young, V.R. Meta-analysis of nitrogen balance studies for estimating protein
requirements in healthy adults. Am. J. Clin. Nutr. 2003, 77, 109–127. [CrossRef] [PubMed]

21. Pencharz, P.B.; Elango, R.; Wolfe, R.R. Recent developments in understanding protein needs—How much
and what kind should we eat? Appl. Physiol. Nutr. Metab. 2016, 41, 577–580. [CrossRef] [PubMed]

http://dx.doi.org/10.1007/s00726-009-0269-0
http://www.ncbi.nlm.nih.gov/pubmed/19301095
http://dx.doi.org/10.1093/jn/128.12.2563S
http://www.ncbi.nlm.nih.gov/pubmed/9868206
http://dx.doi.org/10.1093/jn/130.7.1868S
http://www.ncbi.nlm.nih.gov/pubmed/10867065
http://dx.doi.org/10.1016/j.clnu.2017.11.017
http://www.fao.org/3/a-i7695e.pdf
http://dx.doi.org/10.1017/S0007114512002577
http://dx.doi.org/10.1016/j.ebiom.2019.04.005
http://www.fao.org/faostat/en/#data/FBS
http://dx.doi.org/10.1093/ajcn/78.3.660S
http://dx.doi.org/10.1016/S0140-6736(18)31788-4
http://dx.doi.org/10.1016/S2214-109X(19)30447-4
http://dx.doi.org/10.3945/an.117.016691
http://dx.doi.org/10.1016/j.gfs.2019.100325
http://dx.doi.org/10.1093/ajcn/59.5.1203S
http://www.ncbi.nlm.nih.gov/pubmed/8172124
http://dx.doi.org/10.3390/foods6070053
http://www.ncbi.nlm.nih.gov/pubmed/28726744
http://dx.doi.org/10.1093/ajcn/77.1.109
http://www.ncbi.nlm.nih.gov/pubmed/12499330
http://dx.doi.org/10.1139/apnm-2015-0549
http://www.ncbi.nlm.nih.gov/pubmed/27109436


Nutrients 2020, 12, 2410 11 of 12

22. Traylor, D.A.; Gorissen, S.H.; Phillips, S.M. Perspective: Protein Requirements and Optimal Intakes in Aging:
Are We Ready to Recommend More Than the Recommended Daily Allowance? Adv. Nutr. 2018, 9, 171–182.
[CrossRef] [PubMed]

23. Layman, D.K.; Anthony, T.G.; Rasmussen, B.B.; Adams, S.H.; Lynch, C.J.; Brinkworth, G.D.; Davis, T.A.
Defining meal requirements for protein to optimize metabolic roles of amino acids. Am. J. Clin. Nutr. 2015,
101, 1330–1338. [CrossRef] [PubMed]

24. FAO. Dietary Protein Quality Evaluation in Human Nutrition: Report of an FAO Expert Consultation; FAO Food
Nutr Pap.: Rome, Italy, 2013.

25. Wolfe, R.R.; Rutherfurd, S.M.; Kim, I.-Y.; Moughan, P.J. Protein quality as determined by the Digestible
Indispensable Amino Acid Score: Evaluation of factors underlying the calculation. Nutr. Rev. 2016, 74,
584–599. [CrossRef]

26. Van Der Spiegel, M.; Noordam, M.Y.; Van Der Fels-Klerx, H.J. Safety of Novel Protein Sources (Insects,
Microalgae, Seaweed, Duckweed, and Rapeseed) and Legislative Aspects for Their Application in Food and
Feed Production. Compr. Rev. Food Sci. Food Saf. 2013, 12, 662–678. [CrossRef]

27. United States Department of Agriculture. FoodData Central. Available online: https://fdc.nal.usda.gov/

(accessed on 4 May 2020).
28. Young, V.R.; Scrimshaw, N.S.; Torún, B.; Viteri, F. Soybean protein in human nutrition: An overview.

J. Am. Oil Chem. Soc. 1979, 56, 110–120. [CrossRef]
29. Pellett, P.L.; Ghosh, S. Lysine Fortification: Past, Present, and Future. Food Nutr. Bull. 2004, 25, 107–113.

[CrossRef] [PubMed]
30. Gunaratna, N.S.; De Groote, H.; Nestel, P.; Pixley, K.V.; McCabe, G.P. A meta-analysis of community-based

studies on quality protein maize. Food Policy 2010, 35, 202–210. [CrossRef]
31. Ghosh, S.; Smriga, M.; Vuvor, F.; Suri, D.; Mohammed, H.; Armah, S.M.; Scrimshaw, N.S. Effect of lysine

supplementation on health and morbidity in subjects belonging to poor peri-urban households in Accra,
Ghana. Am. J. Clin. Nutr. 2010, 92, 928–939. [CrossRef] [PubMed]

32. Cervantes-Pahm, S.K.; Liu, Y.; Stein, H.H. Digestible indispensable amino acid score and digestible amino
acids in eight cereal grains. Br. J. Nutr. 2014, 111, 1663–1672. [CrossRef] [PubMed]

33. Shaheen, N.; Islam, S.; Munmun, S.; Mohiduzzaman, M.; Longvah, T. Amino acid profiles and digestible
indispensable amino acid scores of proteins from the prioritized key foods in Bangladesh. Food Chem. 2016,
213, 83–89. [CrossRef]

34. Mathai, J.K.; Liu, Y.; Stein, H.H. Values for digestible indispensable amino acid scores (DIAAS) for some
dairy and plant proteins may better describe protein quality than values calculated using the concept for
protein digestibility-corrected amino acid scores (PDCAAS). Br. J. Nutr. 2017, 117, 490–499. [CrossRef]

35. Han, F.; Han, F.; Wang, Y.; Fan, L.; Song, G.; Chen, X.; Jiang, P.; Miao, H.; Han, Y. Digestible indispensable
amino acid scores of nine cooked cereal grains. Br. J. Nutr. 2019, 121, 30–41. [CrossRef]

36. Moughan, P.J.; Gilani, S.; Rutherfurd, S.M.; Tomé, D. True Ileal Amino Acid Digestibility Coefficients for
Application in the Calculation Digestible Indispensable Amino Acid Score (DIAAS) in Human Nutrition.
Available online: http://www.fao.org/ag/humannutrition/36216-04a2f02ec02eafd4f457dd2c9851b4c45.pdf
(accessed on 4 May 2020).

37. Rutherfurd, S.M.; Fanning, A.C.; Miller, B.J.; Moughan, P.J. Protein Digestibility-Corrected Amino Acid
Scores and Digestible Indispensable Amino Acid Scores Differentially Describe Protein Quality in Growing
Male Rats. J. Nutr. 2014, 145, 372–379. [CrossRef]

38. Nosworthy, M.G.; Neufeld, J.; Frohlich, P.; Young, G.; Malcolmson, L.; House, J.D. Determination of the
protein quality of cooked Canadian pulses. Food Sci. Nutr. 2017, 5, 896–903. [CrossRef]

39. Bergström, J.; Fürst, P.; Vinnars, E. Effect of a Test Meal, without and with Protein, on Muscle and Plasma
Free Amino Acids. Clin. Sci. 1990, 79, 331–337. [CrossRef]

40. Mamerow, M.M.; Mettler, J.A.; English, K.L.; Casperson, S.L.; Arentson-Lantz, E.; Sheffield-Moore, M.;
Layman, D.K.; Paddon-Jones, D. Dietary protein distribution positively influences 24-h muscle protein
synthesis in healthy adults. J. Nutr. 2014, 144, 876–880. [CrossRef] [PubMed]

41. Phillips, S.M.; Chevalier, S.; Leidy, H.J. Protein “requirements” beyond the RDA: Implications for optimizing
health. Appl. Physiol. Nutr. Metab. 2016, 41, 565–572. [CrossRef] [PubMed]

http://dx.doi.org/10.1093/advances/nmy003
http://www.ncbi.nlm.nih.gov/pubmed/29635313
http://dx.doi.org/10.3945/ajcn.114.084053
http://www.ncbi.nlm.nih.gov/pubmed/25926513
http://dx.doi.org/10.1093/nutrit/nuw022
http://dx.doi.org/10.1111/1541-4337.12032
https://fdc.nal.usda.gov/
http://dx.doi.org/10.1007/BF02671432
http://dx.doi.org/10.1177/156482650402500201
http://www.ncbi.nlm.nih.gov/pubmed/15214255
http://dx.doi.org/10.1016/j.foodpol.2009.11.003
http://dx.doi.org/10.3945/ajcn.2009.28834
http://www.ncbi.nlm.nih.gov/pubmed/20720257
http://dx.doi.org/10.1017/S0007114513004273
http://www.ncbi.nlm.nih.gov/pubmed/24480298
http://dx.doi.org/10.1016/j.foodchem.2016.06.057
http://dx.doi.org/10.1017/S0007114517000125
http://dx.doi.org/10.1017/S0007114518003033
http://www.fao.org/ag/humannutrition/36216-04a2f02ec02eafd4f457dd2c9851b4c45.pdf
http://dx.doi.org/10.3945/jn.114.195438
http://dx.doi.org/10.1002/fsn3.473
http://dx.doi.org/10.1042/cs0790331
http://dx.doi.org/10.3945/jn.113.185280
http://www.ncbi.nlm.nih.gov/pubmed/24477298
http://dx.doi.org/10.1139/apnm-2015-0550
http://www.ncbi.nlm.nih.gov/pubmed/26960445


Nutrients 2020, 12, 2410 12 of 12

42. Gorissen, S.; Horstman, A.M.; Franssen, R.; Crombag, J.J.; Langer, H.T.; Bierau, J.; Respondek, F.; Van Loon, L.
Ingestion of Wheat Protein Increases In Vivo Muscle Protein Synthesis Rates in Healthy Older Men in a
Randomized Trial. J. Nutr. 2016, 146, 1651–1659. [CrossRef]

43. Monteyne, A.J.; Coelho, M.O.; Porter, C.; Abdelrahman, D.R.; Jameson, T.S.; Jackman, S.R.; Blackwell, J.R.;
Finnigan, T.J.; Stephens, F.B.; Dirks, M.L.; et al. Mycoprotein ingestion stimulates protein synthesis rates to a
greater extent than milk protein in rested and exercised skeletal muscle of healthy young men: A randomized
controlled trial. Am. J. Clin. Nutr. 2020, 112, 318–333. [CrossRef] [PubMed]

44. Mongeau, R.; Sarwar, G.; Peace, R.W.; Brassard, R. Relationship between dietary fiber levels and protein
digestibility in selected foods as determined in rats. Plant Foods Hum. Nutr. 1989, 39, 45–51. [CrossRef]
[PubMed]

45. Gilani, G.S.; Xiao, C.W.; Cockell, K.A. Impact of Antinutritional Factors in Food Proteins on the Digestibility
of Protein and the Bioavailability of Amino Acids and on Protein Quality. Br. J. Nutr. 2012, 108, 315–332.
[CrossRef] [PubMed]

46. Sá, A.G.; Moreno, Y.M.; Carciofi, B.A. Food processing for the improvement of plant proteins digestibility.
Crit. Rev. Food Sci. Nutr. 2019, 1–20. [CrossRef]

47. Nagra, S.A.; Bhatty, N. In vivo (rat assay) assessment of nutritional improvement of peas (Pisum sativum L.).
East. Mediterr. Health J. 2007, 13, 646–653.

48. Pasini, G.; Simonato, B.; Giannattasio, M.; Peruffo, A.D.; Curioni, A. Modifications of wheat flour proteins
during in vitro digestion of bread dough, crumb, and crust: An electrophoretic and immunological study.
J. Agric. Food Chem. 2001, 49, 2254–2261. [CrossRef]

49. Turgeon, S.L.; Rioux, L.-E. Food matrix impact on macronutrients nutritional properties. Food Hydrocoll.
2011, 25, 1915–1924. [CrossRef]

50. Mertz, E.T.; Bates, L.S.; Nelson, O.E. Mutant Gene That Changes Protein Composition and Increases Lysine
Content of Maize Endosperm. Science 1964, 145, 279–280. [CrossRef] [PubMed]

51. Galili, G.; Amir, R. Fortifying plants with the essential amino acids lysine and methionine to improve
nutritional quality. Plant Biotechnol. J. 2013, 11, 211–222. [CrossRef] [PubMed]

52. Kumar, K.; Gambhir, G.; Dass, A.; Tripathi, A.K.; Singh, A.; Jha, A.K.; Yadava, P.; Choudhary, M.; Rakshit, S.
Genetically modified crops: Current status and future prospects. Planta 2020, 251, 1–27. [CrossRef] [PubMed]

53. Li, Z.; Liu, Z.-B.; Xing, A.; Moon, B.P.; Koellhoffer, J.P.; Huang, L.; Ward, R.T.; Clifton, E.; Falco, S.C.;
Cigan, A.M. Cas9-Guide RNA Directed Genome Editing in Soybean. Plant Physiol. 2015, 169, 960–970.
[CrossRef] [PubMed]

54. Svitashev, S.; Young, J.K.; Schwartz, C.; Gao, H.; Falco, S.C.; Cigan, A.M. Targeted Mutagenesis, Precise Gene
Editing, and Site-Specific Gene Insertion in Maize Using Cas9 and Guide RNA. Plant Physiol. 2015, 169,
931–945. [CrossRef] [PubMed]

55. Tessari, P.; Lante, A.; Mosca, G. Essential amino acids: Master regulators of nutrition and environmental
footprint? Sci. Rep. 2016, 6, 26074. [CrossRef]

56. Ertl, P.; Knaus, W.; Zollitsch, W. An approach to including protein quality when assessing the net contribution
of livestock to human food supply. Animal 2016, 10, 1883–1889. [CrossRef]

57. Clune, S.; Crossin, E.; Verghese, K. Systematic review of greenhouse gas emissions for different fresh food
categories. J. Clean. Prod. 2017, 140, 766–783. [CrossRef]

58. Brundtland Commission. Our Common Future; Oxford University Press: Oxford, UK, 1987.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.3945/jn.116.231340
http://dx.doi.org/10.1093/ajcn/nqaa092
http://www.ncbi.nlm.nih.gov/pubmed/32438401
http://dx.doi.org/10.1007/BF01092400
http://www.ncbi.nlm.nih.gov/pubmed/2540488
http://dx.doi.org/10.1017/S0007114512002371
http://www.ncbi.nlm.nih.gov/pubmed/23107545
http://dx.doi.org/10.1080/10408398.2019.1688249
http://dx.doi.org/10.1021/jf0014260
http://dx.doi.org/10.1016/j.foodhyd.2011.02.026
http://dx.doi.org/10.1126/science.145.3629.279
http://www.ncbi.nlm.nih.gov/pubmed/14171571
http://dx.doi.org/10.1111/pbi.12025
http://www.ncbi.nlm.nih.gov/pubmed/23279001
http://dx.doi.org/10.1007/s00425-020-03372-8
http://www.ncbi.nlm.nih.gov/pubmed/32236850
http://dx.doi.org/10.1104/pp.15.00783
http://www.ncbi.nlm.nih.gov/pubmed/26294043
http://dx.doi.org/10.1104/pp.15.00793
http://www.ncbi.nlm.nih.gov/pubmed/26269544
http://dx.doi.org/10.1038/srep26074
http://dx.doi.org/10.1017/S1751731116000902
http://dx.doi.org/10.1016/j.jclepro.2016.04.082
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Plant Protein Consumption: Trends and Patterns 
	Human Protein and Amino Acid Requirements 
	Protein Quality 
	Protein Complementation 
	Timing and Distribution 
	Digestibility and Bioavailability 
	Genetic Engineering and Selective Breeding 
	Sustainability and Nutrition 
	Summary and Conclusions 
	References

