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Can recombinant milk proteins replace those produced

by animals?
Kasper Hettinga and Etske Bijl

The consumption of animal proteins in general, and dairy
proteins in particular, is associated with sustainability and
animal welfare issues. Recombinant synthesis of milk proteins
is therefore receiving increasing interest, with several studies
showing synthesis of milk proteins using a wide range of
expression systems. Achieving a high yield and purity is
essential for economic production. Besides the synthesis, also
the construction of the specific structure in which milk proteins
are present in animal milks, casein micelles, is needed. Looking
at the current state-of-the-art, the steps to produce
recombinant dairy products are technically feasible, but
whether it can be implemented at low cost, with the process
being environmentally friendly, remains to be seen in the
coming years.
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Introduction

Animal source food products play an important role in
diets worldwide, supplying on average 17% of the energy
and 35% of the protein in the diet [1] with a higher intake
in Western countries. This high intake of animal source
food products is an important sustainability issue, as
livestock is responsible for 18% of global greenhouse
gas (GHG) emissions [2]. Milk production is an important
contributor to the overall GHG emissions [3] and land use
[4] within the livestock sector. Therefore, in both acade-
mia and food industry there are many initiatives that aim
at replacing dairy foods by plant-based products. [5].
These plant-based products are, however, generally
unable to replace the nutritional quality of dairy products,
as dairy products are a source of high quality protein and
many micronutrients [6]. In addition, the physicochemi-
cal functionality (e.g. solubility, gelling ability, and
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emulsifying properties) of plant-based proteins is often
inferior to those of milk proteins [7]. Because of these
difficulties in replacing milk proteins by plant-based
proteins, synthesizing nature-identical milk proteins
would be a possible solution. Different companies have
recently started to research the production of dairy pro-
ducts based on recombinant milk protein synthesis [8].
"This review will provide an overview of the properties of
relevant milk proteins, the current state-of-the-art in
recombinant milk protein synthesis, as well as future
research challenges before animal-free dairy products
can be produced.

Milk protein composition and functionality
Bovine milk contains hundreds of different proteins
among which six are the most abundant; four types of
caseins and two whey proteins. The two whey proteins
(a-lactalbumin and B-lactoglobulin) represent approxi-
mately 15% of the total milk protein. Both these whey
proteins are globular proteins that are highly soluble and
sensitive to heat treatment. In milk, they play an impor-
tant nutritional role by providing essential amino acids.
Approximately 80% of the total bovine milk protein
content is composed of the four caseins (ag-casein,
agp-casein, B-casein and k-casein) [9]. These caseins
occur in many genetic variants, where specific amino acid
replacements occur that may change protein functionality
[10,11], as shown in Table 1. These four caseins are
assembled into supramolecular protein structures called
casein micelles (Figure 1), consisting of thousands of
individual casein molecules together with calcium salts
in the form of calcium phosphate nanoclusters [12,13].

The different caseins are phosphorylated and/or glycosy-
lated to different extents with variability in the extent of
modification (Table 1). Phosphorylation of caseins is
catalyzed by kinase enzymes that attach a phosphate
group to the amino acids residues Ser and Thr, in a
Ser/Thr-Xxx-Glu/pSer/Asp motif. Whereas glycans can
be linked at Thr residues of k-casein by glycosyltransfer-
ase enzymes via O-glycosidic bonds, with mono-sacchar-
ides, di-saccharides, tri-saccharides and tetra-saccharides
being attached [10]. The phosphorylation plays an impor-
tant role in the interaction with calcium salts, whereas the
glycosylation plays an important role in the stabilization
of the micelles [10].

The internal structure of the casein micelle consists of a
matrix of all caseins with calcium phosphate nanoclusters.
The calcium phosphate plays an important role in the
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Table 1

Overview of the number of known milk protein genetic variants,
and the variation in the degree of phosphorylation and glycosy-
lation of the four different caseins that exist in bovine milk [11]

Protein Genetic variants  Phosphorylation  Glycosylation
agq-casein 7 9-10

agp-casein 3 10-13

B-casein 12 5

K-casein 11 1-2 0-6

structural integrity of the casein micelle [13,14°]. The
surface of the casein micelle consists of a hairy layer of
k-casein, that provides stabilization of the micelles in
milk. During cheese making, the hairy layer of k-casein is
proteolytically cleaved, which destabilizes the micelles
and thereby causes aggregation into a protein network [9].
To make animal-free dairy products, it would thus be
required to synthesize caseins, have them post-transla-
tionally modified, as well as assembled into micelles.

Production of recombinant milk proteins

Recombinant proteins are products of recombinant DNA
technology which encompasses the insertion of a geneti-
cally modified protein gene into the cell of a host organ-
ism. This technology is already extensively used for many
recombinant proteins for medical purposes [15], for exam-
ple, to human-identical proteins and hormones, as well as
for use in food processing, for example, to produce
specific enzymes [16]. However, such recombinant pro-
tein synthesis has not been used to produce the bulk
proteins constituting food products. With cost declining
and technology improving, mass production of the major

Figure 1

food proteins, such as milk proteins, is expected to
become feasible. For example, with current prices for
casein being around €10 per kg [17], which is similar to
recombinant proteins produced for industrial purposes,
such as cellulases by Trichoderma [18,19], recombinant
synthesis of milk proteins may indeed become economi-
cally feasible. This economic feasibility is confirmed by
modelling studies on recombinant fungal production of
enzymes [19], and on bacterial production of the whey
protein a-lactalbumin [20].

Recombinant production of proteins has been shown for
all classes of micro-organisms, including, for example, the
bacterium Escherichia coli [21°], the yeast Pichia pastoris
[22], and the filamentous fungus Riizopus [23]. The
choice of micro-organism for protein production has
important implications for yield, purity, and post-transla-
tion modifications of the synthesized protein, as reviewed
elsewhere [24]. For producing milk proteins, all these
aspects are relevant, as a low yield and/or low purity
would make mass production of food proteins uneconom-
ical, whereas the post-translation modifications are impor-
tant to achieve the correct techno-functional properties.

Previous studies on recombinant milk protein synthesis
were mostly based on the bacterium E. co/i. For example
the whey proteins a-lactalbumin [25] and B-lactoglobulin
[21°,26] as well as a4 -casein [27,28], B-casein [29], and
k-casein [30] have all been synthesized this way. Modi-
fying bacteria is generally cheap and easy to perform, but
leads to relatively low yield and complex purification
[31°°]. Bacterial recombinant protein synthesis generally
leads to proteins that are not post-translationally modified
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Schematic representation of a casein micelle.
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[29,31°°], as was shown in a study by the absence of
phosphorylation on recombinant human B-casein and
bovine B-lactoglobulin [29,32]. The synthesis of
recombinant B-lactoglobulin, which is not post-transla-
tionally modified in its bovine form, has been shown to
lead to a protein with similar folding and functionality
[21°,32].

Yeast-based secretion of milk proteins has been per-
formed with both Saccharomyces cerevisiae and P.
pastoris. Only one study reported the production of o-
casein [33], whereas other studies were on the whey
proteins a-lactalbumin [34] and B-lactoglobulin [35,36].
Although yeast-based secretion generally leads to higher
yields compared to bacterial protein production [31°°], it
often also leads to additional post-translational modifica-
tions that do not occur in regular milk proteins, such as
extensive mannosylation of B-lactoglobulin [34,36],
changing the functionality of the synthesized milk pro-
teins. For example, the formation of casein micelles may
be hindered by the presence of glycosylation on the
caseins, although the specific glycosylation of the C
terminal domain of k-casein is important for its function-
ality [10]. P. pastoris usually leads to lower levels of
glycosylation than §. cerevisiae [31°°].

Synthesis of milk proteins by filamentous fungi has
hardly been reported, with the only example being
production of lactoferrin [37]. In general, fungal synthe-
sis usually leads to the highest yields, although this
strongly depends on protein to be expressed [31°°].
One disadvantage of fungal synthesis is the common
co-secretion of proteases that may lead to proteolytic
damage to the produced proteins [23]. Knowing that the
caseins are very sensitive to proteolytic cleavage [9], this
may be a possible challenge of using fungal synthesis for
milk proteins. Still, taking into account that for food
proteins the production of high yields at low cost is
required, fungal synthesis may be the most economical
route [18,38°].

Most of these published studies on recombinant milk
protein synthesis have been performed between 10 and
30 years ago. That work was mostly based on scientific
curiosity, without the aim of application in food produc-
tion. However, due to tremendous progress in protein
expression technologies, leading to lower cost of recom-
binant proteins, this has become of interest for food
production. Recent research in this field is mainly driven
by start-ups such as Perfect Day, New Culture, Formo,
Those Vegan Cowboys, and others [8]. Of these, only
Perfect Day has regulatory approval for its whey protein
and has an actual product on the market. What all these
companies have in common is that they aim to synthesize
milk proteins, with most focusing specifically on caseins.
Both information provided by companies, as well as some
of their patents [39,40°] show that they focus on several

hosts for recombinant protein synthesis, but especially
yeast and fungi.

For recombinant milk protein synthesis, independent of
the microbial specie used, both the human and bovine
milk protein genes have been used as the DNA template.
The use of human genes may allow the synthesis of
proteins for infant formula, as these proteins may lead
to a product that is more similar to human milk [41]. Using
bovine genes as a DNA template allows the production of
animal-free dairy products similar to those based on
bovine milk. This also allows the selection of specific
genetic variants of the milk proteins, which may be
advantageous for the making of for example cheese,
where specific genetic variants have been shown to lead
to better properties [42].

The DNA template for the chosen milk protein then
needs to be included in a host-specific vector. This vector
is composed of a promotor, which can either be inducible
or constitutive, a signal peptide, that is either host-spe-
cific or part of the milk protein gene, then the DNA
encoding the milk protein itself, and finally a termination
element [38°,43,44°45]. An often used vector is a plasmid,
which can either be self-replicating or be integrated in the
host genome at a desired location, with the last option
often being preferred [43,44°,46]. As mentioned earlier,
the post-translational modification of caseins is essential
to its functionality. For the specific phosphorylation pat-
terns, co-expression of casein kinase would be the most
logical approach to achieve this, with other recombinant
kinases being possible alternatives [47]. Replicating the
specific glycosylation pattern of animal k-casein may be
more challenging, although site-directed mutagenesis
may be used to achieve this [48]. Finally, for the preven-
tion of proteolytic cleavage of the produced protein,
which is a high risk for the unstructured casein molecules,
knocking-out proteases in the host organism may be
required [38°,43,45,49].

After the milk proteins have been produced using the
above described recombinant production systems, they
need to be isolated with sufficient purity before dairy
products can be produced. This downstream processing
may vary in complexity, which is relevant for the
overall economic feasibility. It is currently unknown
how high the purity of the proteins isolated during
downstream processing needs to be, to achieve a proper
balance between cost and functionality of the milk
proteins.

Production of dairy products based on
recombinant milk proteins

As explained in the section on milk protein composition
and functionality, the casein micelle structure is essential
for many dairy products. Casein would first need to be
isolated, either as single caseins or as mixed casein
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overview of the different stages of the production process of animal-free dairy products, as well as well as the associated research challenges.

fractions followed by a separate casein micelle formation
process. Several procedures exist for the production of
reassembled casein micelles from solubilized caseins
[13,50,51]. These all have in common that calcium and
phosphate, often in combination with other ions, are
added to a solution of caseins.

Not all four caseins may be required as, for example,
human milk lacks ag,-casein [41] and elephant milk does
not contain either of the a-caseins [52]. A previous study
showed that using only (human) B-casein and (bovine)
k-casein was sufficient to produce reassembled casein
micelles [53]. The precise number and concentration
of the salts to be added is relevant, as next to calcium
and phosphate also magnesium and citrate may be
needed [54], as these are also present in regular casein
micelles [9]. Tprocedure for pH control differs between
direct pH adjustment by NaOH [55] whereas also urea
combined with urease has been used for a more gradual
pH change [51].

For the production of reassembled casein micelles, the
cost and complexity of the process is relevant for its
application. More complex procedures may lead to
micelles that are more similar to those occurring in regular
milk. However, if less complex procedures lead to reas-
sembled casein micelles that are functionally sufficiently
similar to bovine casein micelles, this may be preferred.

Future research perspective

As described in this review, the recombinant synthesis of
recombinant milk proteins, the formation of reassembled
casein micelles, and the production of dairy products have
separately been shown to be possible. However, to be
able to make such recombinant dairy products on an
industrial level, these different elements need to be
combined. For example, although the synthesis of reas-
sembled casein micelles has been shown, the ability of

making such micelles from recombinant caseins has not
been shown. Figure 2 shows the different stages of the
production process, as well as the research challenges that
need to be solved before animal-free dairy products can
be made.

In addition to studying the ability of linking all steps from
microbial milk protein synthesis to dairy products, a
number of specific issues can be studied to achieve
optimal production of animal-free dairy products:

1) How can the post-translational modifications of the
milk proteins be optimized to have the required
functionality of the recombinant milk proteins?

2) What is the environmental impact of the overall pro-
cess and how does this compare to regular bovine milk
products?

Finally, the production of animal-free dairy products also
depends on legislation and societal acceptance. Milk
proteins produced using recombinant synthesis would
be seen as novel food, and therefore require specific
regulatory approval. In addition, the societal acceptance
is also something that is unsure: how will consumers
perceive this type of products?

In conclusion, looking at the current state-of-the-art, the
separate steps of producing of animal-free dairy products
using recombinant synthesis are technically feasible, but
whether it can be achieved at such a low cost and at a low
ecological footprint that it will be economically and
environmentally sustainable is to be shown in the coming
years.

Conflict of interest statement
Nothing declared.

Current Opinion in Biotechnology 2022, 75:102690

www.sciencedirect.com



Can single cell milk proteins replace animal milk? Hettinga and Bijl 5

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

of special interest

ee Of outstanding interest

Council for Agricultural Science and Technology: Animal
Agriculture and Global Human Food Supply. 1999.

2. Steinfeld H, Gerber P, Wassenaar T, Castel V, Rosales M, de
Haan C: Livestock’s Long Shadow. 2006.

3. Food and Agriculture Organization: Greenhouse Gas Emissions
from the Dairy Sector A Life Cycle Assessment. 2010.

4. Poore J, Nemecek T: Reducing food’s environmental impacts
through producers and consumers. Science (80-) 2018,
360:987-992.

5. Rabobank: Dare Not to Dairy. 2018.

6. Springmann M, Wiebe K, Mason-D’Croz D, Sulser TB, Rayner M,
Scarborough P: Health and nutritional aspects of sustainable
diet strategies and their association with environmental
impacts: a global modelling analysis with country-level detail.
Lancet Planet Health 2018, 2:e451-e461.

7. Qamar S, Manrique YJ, Parekh H, Falconer JR: Nuts, cereals,
seeds and legumes proteins derived emulsifiers as a source of
plant protein beverages: a review. Crit Rev Food Sci Nutr 2019,
60:2742-2762 http://dx.doi.org/10.1080/
10408398.2019.1657062.

8. CellAgri: Cellular Agriculture Companies. https://www.cell.ag/
companies.

9. Walstra P, Wouters JTM, Geurts TJ: Dairy Science and
Technology. Taylor and Francis; 2006.

10. Bijl E, Holland JW, Boland M: Posttranslational modifications of
caseins. Milk Proteins 2020:107-132 http://dx.doi.org/10.1016/
B978-0-12-815251-5.00005-0.

11. Farrell HM, Jimenez-Flores R, Bleck GT, Brown EM, Butler JE,
Creamer LK, Hicks CL, Hollar CM, Ng-Kwai-Hang KF,
Swaisgood HE: Nomenclature of the proteins of cows’ milk—
sixth revision. J Dairy Sci 2004, 87:1641-1674.

12. Holt C, Carver JA, Ecroyd H, Thorn DC: Invited review: caseins
and the casein micelle: their biological functions, structures,
and behavior in foods. J Dairy Sci 2013, 96:6127-6146.

13. Huppertz T, Gazi |, Luyten H, Nieuwenhuijse H, Alting A,
Schokker E: Hydration of casein micelles and caseinates:
implications for casein micelle structure. Int Dairy J 2017, 74:1-
11.

14. Horne DS: Casein micelle structure and stability. Milk Proteins

2020:213-250 http://dx.doi.org/10.1016/B978-0-12-815251-
5.00006-2

20.

Vestergaard M, Chan SHJ, Jensen PR: Can microbes compete
with cows for sustainable protein production - a feasibility
study on high quality protein. Sci Rep 2016, 6:36421.

Keppler JK, Heyse A, Scheidler E, Uttinger MJ, Fitzner L, Jandt U,
Heyn TR, Lautenbach V, Loch JI, Lohr J et al.: Towards
recombinantly produced milk proteins: physicochemical and
emulsifying properties of engineered whey protein beta-
lactoglobulin variants. Food Hydrocoll 2021, 110:106132

Not only does this show the recombinant production of one of the major
milk proteins (beta lactoglobulin), but this is extended with structural and
functional analyses of the produced protein.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Karbalaei M, Rezaee SA, Farsiani H: Pichia pastoris: a highly
successful expression system for optimal synthesis of
heterologous proteins. J Cell Physiol 2020, 235:5867-5881.

Ward OP: Production of recombinant proteins by filamentous
fungi. Biotechnol Adv 2012, 30:1119-1139.

Pourmir A, Johannes TW: Directed evolution: selection of the
host organism. Comput Struct Biotechnol J 2012, 2:e201209012.

Chaudhuri TK, Horii K, Yoda T, Arai M, Nagata S, Terada TP,
Uchiyama H, Ikura T, Tsumoto K, Kataoka H et al.: Effect of the
extra N-terminal methionine residue on the stability and
folding of recombinant a-lactalbumin expressed in
Escherichia coli. J Mol Biol 1999, 285:1179-1194.

Batt CA, Rabson LD, Wong DWS, Kinsella JE: Expression of
recombinant bovine B-lactoglobulin in Escherichia coli. Agric
Biol Chem 1990, 54:949-955.

Kim YK, Chung BH, Yoon S, Lee K-K, Lonnerdal B, Yu D-Y: High-
level expression of human as1-casein in Escherichia coli.
Biotechnol Tech 1997, 11:675-678.

Goda SK, Sharman AF, Yates M, Mann N, Carr N, Minton NP,
Brehm JK: Recombinant expression analysis of natural and
synthetic bovine alpha-casein in Escherichia coli. Appl!
Microbiol Biotechnol 2000, 54:671-676.

Hansson L, Bergstrom S, Hernell O, Lonnerdal B, Nilsson AK,
Stromqvist M: Expression of human Milk B-casein in
Escherichia coli: comparison of recombinant protein with
native isoforms. Protein Expr Purif 1993, 4:373-381.

Kang YC, Richardson T: Molecular cloning and expression
of bovine k-casein in Escherichia coli. J Dairy Sci 1988, 71:29-
40.

Demain AL, Vaishnav P: Production of recombinant proteins by
microbes and higher organisms. Biotechnol Adv 2009, 27:297-
306

Provides an extensive overview of all the issues one has to deal with when
aiming to produce recombinant proteins. It gives a clear overview advan-
tage and disadvantages of different expression systems.

32.

The structure of the casein micelle, and its behaviour during dairy
processing, is essential for the technofunctional properties of dairy

products. Here, the construction of the micelle on the molecular level 33.

and how that impacts the technofunctional properties, and especially

stability, of dairy products are explained.

15.

16.

17.

18.

19.

Pham PV: Medical biotechnology: techniques and
applications. Omi Technol Bioeng Towar Improv Qual Life 2018,
1:449-469.

Khan S, Ullah MW, Siddique R, Nabi G, Manan S, Yousaf M, Hou H:
Role of recombinant DNA technology to improve life. Int J
Genomics 2016, 2016.

USDA: Dairy Market News at a Glance. https://www.ams.usda.
gov/mnreports/dywweeklyreport.pdf.

Puetz J, Wurm FM: Recombinant proteins for industrial versus
pharmaceutical purposes: a review of process and pricing.
Process 2019, 7:476.

Klein-Marcuschamer D, Oleskowicz-Popiel P, Simmons BA,
Blanch HW: The challenge of enzyme cost in the production of
lignocellulosic biofuels. Biotechnol Bioeng 2012, 109:1083-
1087.

34.

35.

36.

37.

Loch JI, Bonarek P, Tworzydto M, Polit A, Hawro B, kach A,
Ludwin E, Lewinski K: Engineered B-lactoglobulin produced in
E. coli: purification, biophysical and structural
characterisation. Mol Biotechnol 2016, 58:605-618.

Kim Yoo-Kyeong, Yu Dae-Yeul, Kang Hyun-Ah, Yoon Sun,
Chung B-H: Secretory expression of human as1-casein in
Saccharomyces cerevisiae. J Microbiol Biotechnol 1999, 9:196-
200.

Saito A, Usui M, Song Y, Azakami H, Kato A: Secretion of
glycosylated a-lactalbumin in yeast Pichia pastoris. J Biochem
2002, 132:77-82.

Totsuka M, Katakura Y, Shimizu M, Kumagai |, Miura K,
Kaminogawa S: Expression and secretion of bovine
B-lactoglobulin in Saccharomyces cerevisiae. Biochem J 2014,
54:3111-3116.

Kalidas C, Joshi L, Batt C: Characterization of glycosylated
variants of B-lactoglobulin expressed in Pichia pastoris.
Protein Eng Des Sel 2001, 14:201-207.

Sun X-L, Baker HM, Shewry SC, Jameson GB, Baker EN: IUCr:
structure of recombinant human lactoferrin expressed in
Aspergillus awamori.. urn:issn:0907-4449 Acta Crystallogr Sect
D 1999, 55:403-407.

www.sciencedirect.com

Current Opinion in Biotechnology 2022, 75:102690


http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0005
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0005
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0010
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0010
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0015
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0015
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0020
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0020
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0020
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0025
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0030
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0030
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0030
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0030
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0030
http://dx.doi.org/10.1080/10408398.2019.1657062
http://dx.doi.org/10.1080/10408398.2019.1657062
https://www.cell.ag/companies
https://www.cell.ag/companies
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0045
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0045
http://dx.doi.org/10.1016/B978-0-12-815251-5.00005-0
http://dx.doi.org/10.1016/B978-0-12-815251-5.00005-0
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0055
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0055
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0055
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0055
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0060
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0060
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0060
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0065
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0065
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0065
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0065
http://dx.doi.org/10.1016/B978-0-12-815251-5.00006-2
http://dx.doi.org/10.1016/B978-0-12-815251-5.00006-2
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0075
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0075
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0075
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0080
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0080
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0080
https://www.ams.usda.gov/mnreports/dywweeklyreport.pdf
https://www.ams.usda.gov/mnreports/dywweeklyreport.pdf
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0090
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0090
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0090
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0095
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0095
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0095
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0095
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0100
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0100
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0100
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0105
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0105
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0105
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0105
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0105
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0110
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0110
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0110
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0115
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0115
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0120
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0120
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0125
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0125
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0125
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0125
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0125
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0130
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0130
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0130
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0135
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0135
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0135
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0140
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0140
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0140
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0140
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0145
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0145
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0145
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0145
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0150
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0150
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0150
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0155
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0155
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0155
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0160
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0160
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0160
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0160
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0165
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0165
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0165
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0165
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0170
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0170
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0170
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0175
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0175
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0175
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0175
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0180
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0180
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0180
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0185
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0185
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0185
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0185

6 Food biotechnology

38. Wei H, Wu M, Fan A, Su H: Recombinant protein production in

e the filamentous fungus Trichoderma. Chinese J Chem Eng
2021, 30:74-81

Provides a useful overview of the different approaches used for recombint

protein synthesis in Trichoderma, on of the interesting species due to its

expected relative low cost of producing recombinant proteins.

39. Pandya R, Gandhi P, Ji S, Beauchamp D, Hom L: Compositions
comprising a casein and methods of producing the same. Patent:
US20170273328A1.

40. Gibson M, Radman |, Abo A: Cheese and yogurt like compositions

e and related methods. Patent: WO2020223700A1. *Patent
describing multiple routes that can be used to synthesize caseins
recombinantly and how dairy products can be made from these
caseins.

41. Loénnerdal B: Recombinant human milk proteins - an
opportunity and a challenge. Am J Clin Nutr 1996, 63:622S-
626S.

42. Jensen HB, Holland JW, Poulsen NA, Larsen LB: Milk protein
genetic variants and isoforms identified in bovine milk
representing extremes in coagulation properties. J Dairy Sci
2012, 95:2891-2903.

43. Gomes AMV, Carmo TS, Carvalho LS, Bahia FM, Parachin NS:
Comparison of yeasts as hosts for recombinant protein
production. Microorg 2018, 6:38.

44. Werten MWT, Eggink G, Cohen Stuart MA, de Wolf FA:

e  Production of protein-based polymers in Pichia pastoris.
Biotechnol Adv 2019, 37:642-666

Review on the use of Pichia pastoris for production of recombinant

proteins. Because of it relatively high yield and lower glycosylation

compared to others yeast, this seems to be the most suitable yeast

specie for recombinant milk protein synthesis.

45. Ntana F, Mortensen UH, Sarazin C, Figge R: Aspergillus: a
powerful protein production platform. Catal 2020, 10:1064.

46. den Haan R, Rose SH, Cripwell RA, Trollope KM, Myburgh MW,
Viljoen-Bloom M, van Zyl WH: Heterologous production of

47.

48.

49.

50.

51.

52.

53.

54.

55.

cellulose- and starch-degrading hydrolases to expand
Saccharomyces cerevisiae substrate utilization: lessons
learnt. Biotechnol Adv 2021, 53:107859.

Clegg RA, Holt C: An E. coli over-expression system for
multiply-phosphorylated proteins and its use in a study of
calcium phosphate sequestration by novel recombinant
phosphopeptides. Protein Expr Purif 2009, 67:23-34.

De Wachter C, Van Landuyt L, Callewaert N: Engineering of yeast
glycoprotein expression. Adv Biochem Eng Biotechnol 2018,
175:93-135.

Thak EJ, Yoo SJ, Moon HY, Kang HA: Yeast synthetic biology for
designed cell factories producing secretory recombinant
proteins. FEMS Yeast Res 2020, 20:9.

Schmidt D: Properties of artificial casein micelles. J Dairy Res
1979, 46:351-355.

Holt C, Wahigren MN, Drakenberg T: Ability of a B-casein
phosphopeptide to modulate the precipitation of calcium
phosphate by forming amorphous dicalcium phosphate
nanoclusters. Biochem J 1996, 314:1035-1039.

Madende M, Osthoff G, Patterton HG, Patterton HE, Martin P,
Opperman DJ: Characterization of casein and alpha
lactalbumin of African elephant (Loxodonta africana) milk. J
Dairy Sci 2015, 98:8308-8318.

Sood SM, Erickson G, Slattery CW: Formation of reconstituted
casein micelles with human B-caseins and bovine k-casein. J
Dairy Sci 2002, 85:472-477.

Hata T, Murakami K, Nakatani H, Yamamoto Y, Matsuda T, Aoki N:
Isolation of bovine milk-derived microvesicles carrying
mRNAs and microRNAs. Biochem Biophys Res Commun 2010,
396:528-533.

Schmidt DG: Properties of artificial casein micelles. J Dairy Res
1979, 46:351-355.

Current Opinion in Biotechnology 2022, 75:102690

www.sciencedirect.com


http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0190
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0190
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0190
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0205
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0205
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0205
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0210
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0210
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0210
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0210
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0215
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0215
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0215
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0220
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0220
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0220
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0225
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0225
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0230
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0230
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0230
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0230
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0230
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0235
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0235
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0235
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0235
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0240
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0240
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0240
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0245
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0245
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0245
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0250
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0250
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0255
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0255
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0255
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0255
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0260
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0260
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0260
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0260
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0265
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0265
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0265
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0270
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0270
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0270
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0270
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0275
http://refhub.elsevier.com/S0958-1669(22)00010-6/sbref0275

	Can recombinant milk proteins replace those produced by animals?
	Introduction
	Milk protein composition and functionality
	Production of recombinant milk proteins
	Production of dairy products based on recombinant milk proteins
	Future research perspective
	Conflict of interest statement
	References and recommended reading


