—y
‘%J
/

Genome Editing and the Future of Farming
Conference held September 6th, 2016 at The Roslin Institute, Edinburgh

Improving milk for human consumption through
genetic engineering technologies

GOtz Laible, Stefan Wagner, Jingwei Wei, Marion Wright, Brigid Brophy, Sally Cole,
Animal Science, AgResearch Ruakura Research Centre, Hamilton, New Zealand

Cecilia DiGenova, Animal Science, AgResearch Ruakura Research Centre, Hamilton, New
Zealand and University of Bologna, Italy

Yanzhen Bi, Institute of Animal Science and Veterinary Medicine, Hubei Academy of
Agricultural Science, Wuhan, China

Corresponding Author:
goetz.laible@agresearch.co.nz

BETTER POLICIES FOR BETTER LIVES

The opinions expressed and arguments employed in this publication are the sole responsibility of the
authors and do not necessarily reflect those of the OECD or of the governments of its Member countries.

The Conference was sponsored by the OECD Co-operative Research Programme on Biological Resource
Management for Sustainable Agricultural Systems, whose financial support made it possible for some
of the invited speakers to participate in the Conference.

National Institutes of Bioscience Journal 2016, Vol. 1

http://www.nibjournal.ed.ac.uk/ http://dx.doi.org/10.2218/natlinstbiosci.1.2016.1744



http://www.nibjournal.ed.ac.uk/
http://dx.doi.org/10.2218/natlinstbiosci.1.2016.1744
mailto:goetz.laible@agresearch.co.nz

Improving milk for human consumption through
genetic engineering technologies

GOtz Laible, Stefan Wagner, Jingwei Wei, Marion Wright, Brigid Brophy, Sally Cole,
Animal Science, AgResearch Ruakura Research Centre, Hamilton, New Zealand

Cecilia DiGenova, Animal Science, AgResearch Ruakura Research Centre, Hamilton, New
Zealand and University of Bologna, Italy

Yanzhen Bi, Institute of Animal Science and Veterinary Medicine, Hubei Academy of
Agricultural Science, Wuhan, China

Corresponding Author:
goetz.laible@agresearch.co.nz

ABSTRACT

Improved living conditions, food security and particularly access to comprehensive health-
care systems have resulted in a continuous increase of the human life expectancy. However,
living longer does not immediately mean that quality of life can be maintained into old age,
which is commonly compromised by disease. The full benefit of a longer life can only be
realised when the later stages of life can be enjoyed in good health. This has generated
strong demand for new innovative foods that are not only safe and nutritious but also have
health enhancing properties. Genetic modification technology provides a direct approach to
enhance existing attributes that are beneficial for human health, minimize any undesirable
characteristics or enable the introduction of novel, health promoting traits. Focused on milk
as an important human food source, we will review the humble beginnings of testing
transgenic approaches with mouse models, transfer of these simple overexpression
strategies into livestock species, application of programmable nucleases for the targeted
modifications of milk characteristics and discuss future opportunities that are becoming

feasible with today’s sophisticated technologies.
INTRODUCTION

Milk is a complex biological fluid that evolved to provide a single source of balanced
nutrition able to support the growth and survival of all mammalian offspring. Because of its

high nutritional value, humans have embraced milk of dairy animals as a source of high
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quality nutrition with health promoting characteristics. Dairy milk is consumed not only in its
raw form but is also processed into many different dairy foods, including yoghurt and
cheese. However, nature has optimised dairy milk for the nutritional demands of calves,
lambs and kids and hence, is not specifically tailored to provide the best possible benefits
for human consumption. The advent of transgenic technology with the ability to make
targeted changes to the composition of milk made it feasible to improve dairy milk for
human consumption. It immediately triggered intensive discussions on possible strategies to
improve the overall composition of milk, the fatty acid composition of milk fat as well as
individual milk proteins (Boland et al. 1992; Jimenez-Flores and Richardson 1988; Wilmut et
al. 1990). Since then, the technical capabilities for the efficient and precise modification of
livestock genomes have advanced tremendously (Laible et al. 2015; Tan et al. 2016). In the
following we will provide a brief summary of past and current efforts and what may be

possible in the near future.

TRANSGENIC MOUSE MODELS WITH IMPROVED MILK CHARACTERISTICS

Initially these concepts could only be tested in mouse models which showed the feasibility
of overexpressing the major milk proteins from livestock species (Wall et al. 1997). Correct
incorporation of recombinant livestock caseins into the casein micelles of mouse milk
further validated this approach (Gutierrez-Adan et al. 1996; Hiripi et al. 2000; Hitchin et al.
1996; Persuy et al. 1995). Compared to cows’ milk, human milk contains much higher
amounts of the two anti-microbial whey proteins: lysozyme and lactoferrin. Overexpression
of the human forms of lysozyme (Maga et al. 1998) and lactoferrin (Seyfert et al. 1996) was
tested in mouse models to demonstrate the feasibility of humanizing the milk of another
species to provide additional health benefits by boosting passive immunity following
consumption. In addition, different strategies were investigated to address lactose-
intolerance. This affects more than 70% of adult consumers of cows’ milk and causes
intestinal disorders due to inadequate intestinal lactase activity levels resulting in
insufficient lactose digestion after the consumption of milk (Sahi 1994). As alternatives to
expensive post-harvest milk processing two strategies for reducing the milk lactose content
were evaluated in transgenic mouse models. Disruption of the gene encoding a-lactalbumin,
which is an essential component of the lactose synthetase complex, resulted in lactose-free

milk (Stinnakre et al. 1994). But because lactose is also the main osmotic regulator in milk, a
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lack of lactose resulted in highly viscous milk and inability of the transgenic mice to sustain
lactation and adequate nutrition for the suckling young. To dissect the impacts of osmolarity
and lactose levels Jost and co-workers overexpressed a mammalian lactose hydrolysing
enzyme in the mammary gland (Jost et al. 1999). With this approach, milk lactose levels
were reduced by 50-85% but because lactose was converted into the osmotically active
monosaccharides, glucose and galactose, this did not interfere with the osmolarity of the

milk.

In addition to proteins and carbohydrates, milk fat is an important nutritional component of
milk that has significant impact on human health. Like other animal fats, milk fat has a high
content of saturated fatty acids which are considered ‘unhealthy’ and have been associated
with cardiovascular and coronary heart disease. Hence, reducing unhealthy, saturated fats
in favour of healthier unsaturated fats is a major target for the improvement of dairy
products. A promising concept was the complementation of transgenic mice with a
desaturase, normally not found in vertebrates, which would enable the transgenic mice to
endogenously synthesise essential poly-unsaturated fatty acids. Indeed, conversion of
dietary derived n-6 fatty acids into omega-3 poly-unsaturated fatty acids, known for
lowering the risk of morbidity and mortality from atherosclerosis and coronary heart
disease, could be achieved with the expression of the n-3 fatty acid desaturase from
Caenorhabditis elegans following the insertion of the fat-1 gene (Kang et al. 2004; Kao et al.

2006).
TRANSFER OF EARLY CONCEPTS FROM MOUSE TO LIVESTOCK

The early mouse models can only be regarded as feasibility studies that validated the principle
concepts for changing individual milk components. Because the composition of milk, and with
it the closely linked functional characteristics of milk, varies greatly between different
species, the true effects on changes to the composition of the milk, any associated nutritional
and health benefits and potential impact on the processing characteristics of the milk
resulting from any direct changes to milk components ought to be assessed in dairy animals

as the ultimate target species for producing dairy foods for human consumption.

The concept of overexpressing a milk protein was first transferred to livestock for an

agricultural application with the aim of improving the nutrition and survival of piglets.
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Transgenic sows that overexpressed bovine a-lactalbumin in their milk could markedly
improve the survival rates of suckling piglets and hence increases the overall efficiency of pig
production (Wheeler et al. 2001). In an attempt to improve milk for human consumption, the
human variant of a-lactalbumin was overexpressed in cows’ milk (Wang et al. 2008). Analyses
of the milk showed no apparent changes to the abundance of endogenous milk proteins when
compared to milk produced by wild-type cows with nutritional benefits expected from the
additional human a-lactalbumin in the milk. Casein represents 80 % of the protein content of
milk and essentially constitutes the milk component that makes up cheese when milk is
processed into cheese. Casein’s nutritional importance and relevance for the processing of
milk makes it a highly valuable milk component. To increase casein content, cheese yield and
improve milk processing properties, bovine 3- and k-casein were overexpressed in transgenic
cattle (Brophy et al. 2003). This resulted in a threefold increase in k-casein whilst 3-casein
and total protein levels were only modestly elevated. The increased levels for these two
caseins were associated with complex changes in the abundance of endogenous milk
proteins, milk fat content and composition and mineral balance (Laible et al. 2016). The
enhanced content of sialic acid, considered to be an important nutrient for the developing
brain and the augmented levels of beneficial micronutrients such as calcium, magnesium and
zinc underlines the milk’s potential for improved health characteristics. The impact of the
changed milk composition on the physicochemical properties, important for dairy processing,
was immediately noticeable with a marked difference in the colour of the milk produced by
the transgenic cows compared with wild-type, and by the substantially reduced size of the
main protein particles in milk, the casein micelles (Laible et al. 2016; Laible et al. 2007). To
determine whether these changes may have a positive effect on different milk processing
processes needs further investigation. Other pioneering studies were aimed at enhancing the
abundance of milk proteins with anti-microbial activity. Overexpression of the human forms
of lysozyme and lactoferrin in goats and cattle further improved the health benefits of dairy
milk by boosting innate defence mechanisms against pathogenic microorganisms (Cooper et
al. 2015). A longer shelf life of the milk and protection of lactating animals against mastitis-
causing pathogens as a consequence of increased levels of these anti-microbial proteins in
milk provide further evidence for the milk’s health-promoting effects (Maga et al. 2006;

Simojoki et al. 2010).

National Institutes of Bioscience Journal 2016, Vol. 1

http://www.nibjournal.ed.ac.uk/ http://dx.doi.org/10.2218/natlinstbiosci.1.2016.1744



http://www.nibjournal.ed.ac.uk/
http://dx.doi.org/10.2218/natlinstbiosci.1.2016.1744

The concept of engineering a dairy animal for the production of healthier milk fat was first
explored with transgenic goats. The mammary gland-specific overexpression of the key
enzyme involved in converting saturated fatty acids into mono-unsaturated fatty acids,
stearoyl-CoA desaturase, improved the milk fat composition by increasing the levels of
unsaturated fatty acids and lowering the amounts of saturated fatty acids (Reh et al. 2004).
However, the transgenic goats were unable to sustain the altered fatty acid ratios possibly
due to instabilities of the transgene-derived mRNA. Enabling livestock with the endogenous
production of omega-3 fatty acids, which are highly beneficial for human health and mainly
available through the consumption of oily fish, provides a new, more sustainable food
source for omega-3 fatty acids and was demonstrated in pigs, sheep and cattle (Lai et al.
2006; Saeki et al. 2004; Zhang et al. 2013; Cheng et al. 2015). Transgenic cattle,
constitutively expressing the Caenorhabditis elegans fatl gene that was optimised for
mammalian expression, produced milk with high levels of omega-3 poly-unsaturated fatty

acids and strongly reduced levels of the n-6 fatty acids (Wu et al. 2012).

For many years, technical limitations restricted the modification of livestock genomes to the
overexpression of transgenes that were integrated into random chromosomal sites (Laible
et al. 2015). Although still based on a simple overexpression strategy, the expression of
small interfering RNAs to degrade or block specific mRNAs offers a relatively simple way to
modulate the activity of an endogenous gene. The concept was verified in cattle with the
expression of artificial microRNAs designed to target the mRNA for the bovine milk protein
gene for B-lactoglobulin (Jabed et al. 2012). Milk produced by a cow expressing the
microRNAs under the control of a milk protein promoter no longer contained detectable

levels of B-lactoglobulin, a major allergen in cows’ milk.

ENGINEERING MILK PHENOTYPES WITH PROGRAMMABLE NUCLEASES

The recent development of programmable nucleases has lifted most of the technical
limitations and enabled the efficient, site-specific modification of livestock genomes (Tan et
al. 2016). These nucleases, including zinc finger nucleases (ZFNs), transcription activator-like

effector nucleases (TALENs) and clustered, regularly interspaced short palindromic repeat
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(CRISPR) — CRISPR-associated nuclease 9 (Cas9), can be designed to target a unique site in
the genome where they introduce a DNA double strand break. This induces the error-prone
non-homologous end joining (NHEJ) repair mechanism or, in the presence of a homologous
repair template, can facilitate homology-directed repair (HDR). Repair of DNA double strand
breaks by NHEJ frequently generates small deletions and insertions (indels), which can be
utilised to disrupt genes, while HDR can be employed to modify a genomic locus with full
precision, including insertions of specific mutations or knock-ins of transgenes. To reduce
the allergenicity of cows’ milk, ZFN-induced NHEJ was applied to disrupt the gene for B-
lactoglobulin. The live calf that was produced was biallelically modified at the target site.
However, both introduced mutations were small in-frame deletions still permitting the
production of a truncated form of B-lactoglobulin, potentially still retaining the allergenic
properties (Yu et al. 2011). The use of a HDR-based strategy ensures a more predictable
outcome with the insertion of a defined mutation. This approach was recently verified by
the TALEN-mediated introduction of a pre-mature stop codon at the beginning of the gene
for B-lactoglobulin directly in bovine embryos (Wei et al. 2015). The efficient knock-in
capabilities through the application of programmable nucleases were also used to humanise
goats’ milk and improve its nutritional characteristics. The human milk protein genes for
lactoferrin and a-lactalbumin were knocked-in to endogenous milk protein genes in goats
essentially replacing the endogenous milk protein B-lactoglobulin with a different human
whey protein (Cui et al. 2015; Zhu et al. 2016). In addition, cattle were generated with a
knock-in of the human lysozyme gene into the bovine B-casein locus albeit for providing
protection for the lactating cow against infections of the mammary gland rather than

primarily for nutritional reasons (Liu et al. 2014).

NEW OPPORTUNITIES GENERATED BY TECHNOLOGICAL ADVANCEMENTS

Genome editing with programmable nucleases makes it possible to very efficiently
introduce natural mutations that have been shown to be causatively linked to specific
phenotypes. This was recently exemplified with the introduction of the POLLED mutation
known from beef cattle into dairy cattle (Carlson et al. 2016). Importantly, genome editing
leaves no technological footprint, rendering the edited mutation indistinguishable from a
naturally occurring mutation. Based on rapidly growing sequence information on individual

dairy cattle and associated phenotypic data sets, genome-wide association screens are used
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to identify sequence variants, or in other words mutations, that are causatively linked with a
specific trait. Because milk production and composition are important traits with economic
relevance, tremendous efforts go into the discovery of causative traits with relevance for
milk. At present, only a small number of causative mutations with impact on milk have been
identified. One such already characterised mutation is a lysine to alanine substitution in the
DGAT1 gene which results in increase milk fat content (Grisart et al. 2004; Spelman et al.
2002). However, it can be expected that this number will rapidly increase in the coming
years providing many new candidates for the improvement of milk. Once causative
mutations are known, they can be directly introgressed by genome editing into elite genetic
backgrounds of high performing dairy cattle, fast-tracking the efficient production of milk
with improved characteristics. Undesirable characteristics, such as allergenicity can be
addressed by disrupting the relevant gene function which was exemplified for 8-
lactoglobulin (Wei et al. 2015). If the immune-reactive regions of the proteins have been
identified, it would even be possible to just delete the encoding sequence for the allergenic
epitope to minimise any changes to the overall composition of the milk. HDR with
programmable nucleases provides now also an efficient method to humanise milk by
replacing the endogenous milk protein gene variants of dairy animals with the
corresponding human gene variants which might be better suited for human consumption.
An alternative approach which does no longer rely on naturally evolved variants could
involve the generation of entirely novel variants. Milk proteins could be improved through
rational design with the aim of increasing the nutritional value and digestibility of the
protein component in milk or enhance processability of milk into various dairy products.
Milk proteins are also a source of bioactive peptides that are released during digestion and
could be engineered to increase the availability of these peptides which could then be
modified to serve as vaccines (Whitelaw et al. 2016). Similarly, specific nutritional
requirements could be addressed by modifying milk proteins to optimise their content of
essential amino acids or tailor amino-acid contents according to specific dietary conditions
such as low phenylalanine for sufferers of phenylketonuria who cannot metabolise the
amino acid (Laible 2009). Thus, this technology offers a unique opportunity to address

individual dietary needs and provides a direct route towards personalised nutrition.
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CONCLUSION

Transformational improvements of the technical abilities to genetically modify livestock
with precision and efficiency makes it now feasible to better customise dairy milk for human
consumption. However, technological interference with animal derived foods through
genetic modification has been tarnished by low public acceptance. Overwhelming scientific
evidence supports the view that the technology carries no more risk than other commonly
practised food production technologies (Anon 2010). It will be up to the scientists to provide
compelling evidence of the safety of any new products to consumers and to the welfare of
production animals and, more importantly, to invent novel products that offer very clear
consumer benefits to change today’s predominant consumer perception. However, for
consumers to have the choice they deserve and the opportunity to decide for themselves,
these products would need to be available for purchase. This will only be possible when the
present regulatory uncertainties are replaced with a predicable regulatory approval

pathway to market.

REFERENCES

Anon (2010) European Commission. A decade of EU-funded GMO research.
http://www.ema.europa.eu/ema/index.jsp?curl=pages/special topics/document _lis
ting/document listing 000318.jsp. (accessed 3 December 2016)

Boland MJ, Hill JP, Creamer LK (1992) Genetic manipulation of milk proteins and its
consequences for the dairy industry. Australasian Biotechnology 2 (6):355-360

Brophy B, Smolenski G, Wheeler T, Wells D, L'Huillier P, Laible G (2003) Cloned transgenic
cattle produce milk with higher levels of beta-casein and kappa-casein. Nature
Biotechnology 21 (2):157-162

Carlson DF, Lancto CA, Zang B, Kim ES, Walton M, Oldeschulte D, Seabury C, Sonstegard TS,
Fahrenkrug SC (2016) Production of hornless dairy cattle from genome-edited cell
lines. Nat Biotechnol 34 (5):479-481. doi:10.1038/nbt.3560

Cheng G, Fu C, Wang H, Adoligbe C, Wei S, Li S, Jiang B, Zan L (2015) Production of
transgenic beef cattle rich in n-3 PUFAs by somatic cell nuclear transfer.
Biotechnology letters 37 (8):1565-1571. doi:10.1007/s10529-015-1827-z

Cooper CA, Maga EA, Murray JD (2015) Production of human lactoferrin and lysozyme in the
milk of transgenic dairy animals: past, present, and future. Transgenic Res 24
(4):605-614. doi:10.1007/s11248-015-9885-5

Cui C, Song, LiuJ, Ge H, Li Q, Huang H, Hu L, Zhu H, Jin Y, Zhang Y (2015) Gene targeting by
TALEN-induced homologous recombination in goats directs production of B-

National Institutes of Bioscience Journal 2016, Vol. 1

http://www.nibjournal.ed.ac.uk/ http://dx.doi.org/10.2218/natlinstbiosci.1.2016.1744



http://www.nibjournal.ed.ac.uk/
http://dx.doi.org/10.2218/natlinstbiosci.1.2016.1744
http://www.ema.europa.eu/ema/index.jsp?curl=pages/special_topics/document_listing/document_listing_000318.jsp
http://www.ema.europa.eu/ema/index.jsp?curl=pages/special_topics/document_listing/document_listing_000318.jsp

10

lactoglobulin-free, high-human lactoferrin milk. Scientific reports 5.
doi:10.1038/srep10482

Grisart B, Farnir F, Karim L, Cambisano N, Kim JJ, Kvasz A, Mni M, Simon P, Frere JM,
Coppieters W, Georges M (2004) Genetic and functional confirmation of the
causality of the DGAT1 K232A quantitative trait nucleotide in affecting milk yield and
composition. Proceedings of the National Academy of Sciences of the United States
of America 101 (8):2398-2403. doi:10.1073/pnas.0308518100

Gutierrez-Adan A, Maga EA, Meade H, Shoemaker CF, Medrano JF, Anderson GB, Murray JD
(1996) Alterations of the physical characteristics of milk from transgenic mice
producing bovine kappa-casein. Journal Of Dairy Science 79 (5):791-799

Hiripi L, Baranyi M, Szabo L, Toth S, Fontaine ML, Devinoy E, Bosze Z (2000) Effect of rabbit
kappa-casein expression on the properties of milk from transgenic mice. The Journal
Of Dairy Research 67 (4):541-550

Hitchin E, Stevenson EM, Clark AJ, McClenaghan M, Leaver J (1996) Bovine beta-casein
expressed in transgenic mouse milk is phosphorylated and incorporated into
micelles. Protein Expression And Purification 7 (3):247-252

Jabed A, Wagner S, McCracken J, Wells DN, Laible G (2012) Targeted microRNA expression
in dairy cattle directs production of B-lactoglobulin-free, high-casein milk.
Proceedings of the National Academy of Sciences of the United States of America
109 (42):16811-16816. d0i:10.1073/pnas.1210057109

Jimenez-Flores R, Richardson T (1988) Genetic engineering of the caseins to modify the
behavior of milk during processing: a review. Journal Of Dairy Science 71:2640-2654

Jost B, Vilotte JL, Duluc |, Rodeau JL, Freund JN (1999) Production of low-lactose milk by
ectopic expression of intestinal lactase in the mouse mammary gland. Nature
Biotechnology 17 (2):160-164

Kang JX, Wang J, Wu L, Kang ZB (2004) Transgenic mice: fat-1 mice convert n-6 to n-3 fatty
acids. Nature 427 (6974):504

Kao BT, Lewis KA, DePeters EJ, Van Eenennaam AL (2006) Endogenous production and
elevated levels of long-chain n-3 fatty acids in the milk of transgenic mice. Journal Of
Dairy Science 89 (8):3195-3201

Lai L, Kang JX, Li R, Wang J, Witt WT, Yong HY, Hao Y, Wax DM, Murphy CN, Rieke A, Samuel
M, Linville ML, Korte SW, Evans RW, Starzl TE, Prather RS, Dai Y (2006) Generation of
cloned transgenic pigs rich in omega-3 fatty acids. Nature Biotechnology 24 (4):435-
436

Laible G (2009) Enhancing livestock through genetic engineering-Recent advances and
future prospects. Comparative immunology, microbiology and infectious diseases 32
(2):123-137. doi:10.1016/j.cimid.2007.11.012

Laible G, Brophy B, Knighton D, Wells DN (2007) Compositional analysis of dairy products
derived from clones and cloned transgenic cattle. Theriogenology 67 (1):166-177

Laible G, Smolenski G, Wheeler T, Brophy B (2016) Increased gene dosage for B- and k-
casein in transgenic cattle improves milk composition through complex effects.
Scientific reports 6. doi:10.1038/srep37607

Laible G, Wei J, Wagner S (2015) Improving livestock for agriculture - technological progress
from random transgenesis to precision genome editing heralds a new era.
Biotechnology journal 10 (1):109-120. doi:10.1002/biot.201400193

Liu X, Wang ¥, Tian¥Y,YuY, Gao M, Hu G, SuF, Pan S, Luo Y, Guo Z, Quan F, Zhang Y (2014)
Generation of mastitis resistance in cows by targeting human lysozyme gene to B-

National Institutes of Bioscience Journal 2016, Vol. 1

http://www.nibjournal.ed.ac.uk/ http://dx.doi.org/10.2218/natlinstbiosci.1.2016.1744



http://www.nibjournal.ed.ac.uk/
http://dx.doi.org/10.2218/natlinstbiosci.1.2016.1744

11

casein locus using zinc-finger nucleases. Proceedings of the Royal Society B:
Biological Sciences 281 (1780). doi:10.1098/rspb.2013.3368

Maga EA, Anderson GB, Cullor JS, Smith W, Murray JD (1998) Antimicrobial properties of
human lysozyme transgenic mouse milk. Journal Of Food Protection 61 (1):52-56

Maga EA, Cullor JS, Smith W, Anderson GB, Murray JD (2006) Human lysozyme expressed in
the mammary gland of transgenic dairy goats can inhibit the growth of bacteria that
cause mastitis and the cold-spoilage of milk. Foodborne pathogens and disease 3
(4):384-392

Persuy MA, Legrain S, Printz C, Stinnakre MG, Lepourry L, Brignon G, Mercier JC (1995) High-
level, stage- and mammary-tissue-specific expression of a caprine kappa-casein-
encoding minigene driven by a beta-casein promoter in transgenic mice. Gene 165
(2):291-296

Reh WA, Maga EA, Collette NM, Moyer A, Conrad-Brink JS, Taylor SJ, DePeters EJ,
Oppenheim S, Rowe JD, BonDurant RH, Anderson GB, Murray JD (2004) Hot topic:
using a stearoyl-CoA desaturase transgene to alter milk fatty acid composition. J
Dairy Sci 87 (10):3510-3514

Saeki K, Matsumoto K, Kinoshita M, Suzuki |, Tasaka Y, Kano K, Taguchi Y, Mikami K,
Hirabayashi M, Kashiwazaki N, Hosoi Y, Murata N, Iritani A (2004) Functional
expression of a Deltal2 fatty acid desaturase gene from spinach in transgenic pigs.
Proc Natl Acad Sci U S A 101 (17):6361-6366

Sahi T (1994) Genetics and epidemiology of adult-type hypolactasia. Scandinavian Journal Of
Gastroenterology Supplement 202:7-20

Seyfert H-M, Henke M, Interthal H, Klussmann U, Koczan D, Natour S, Pusch W, Senft B,
Steinhoff UM, Tuckoricz A, Hobom G (1996) Defining candidate genes for mastitis
resistance in cattle: the role of lactoferrin and lysoyme. Journal of Animal Breeding
and Genetics 113:269-276

Simojoki H, Hyvonen P, Orro T, Pyorala S (2010) High concentration of human lactoferrin in
milk of rhLf-transgenic cows relieves signs of bovine experimental Staphylococcus
chromogenes intramammary infection. Veterinary immunology and
immunopathology 136 (3-4):265-271. d0i:10.1016/j.vetimm.2010.03.017

Spelman RJ, Ford CA, McElhinney P, Gregory GC, Snell RG (2002) Characterization of the
DGAT1 gene in the New Zealand dairy population. Journal Of Dairy Science 85
(12):3514-3517

Stinnakre MG, Vilotte JL, Soulier S, Mercier JC (1994) Creation and phenotypic analysis of
alpha-lactalbumin-deficient mice. Proceedings Of The National Academy Of Sciences
Of The United States Of America 91 (14):6544-6548

Tan W, Proudfoot C, Lillico SG, Whitelaw CBA (2016) Gene targeting, genome editing: from
Dolly to editors. Transgenic Research 25 (3):273-287. d0i:10.1007/s11248-016-9932-
X

Wall RJ, Kerr DE, Bondioli KR (1997) Transgenic dairy cattle: genetic engineering on a large
scale. Journal Of Dairy Science 80 (9):2213-2224

Wang J, Yang P, Tang B, Sun X, Zhang R, Guo C, Gong G, Liu Y, Li R, Zhang L, Dai Y, Li N (2008)
Expression and characterization of bioactive recombinant human a-lactalbumin in
the milk of transgenic cloned cows. Journal Of Dairy Science 91 (12):4466-4476.
doi:10.3168/jds.2008-1189

National Institutes of Bioscience Journal 2016, Vol. 1

http://www.nibjournal.ed.ac.uk/ http://dx.doi.org/10.2218/natlinstbiosci.1.2016.1744



http://www.nibjournal.ed.ac.uk/
http://dx.doi.org/10.2218/natlinstbiosci.1.2016.1744

12

Wei J, Wagner S, Lu D, Maclean P, Carlson DF, Fahrenkrug SC, Laible G (2015) Efficient
introgression of allelic variants by embryo-mediated editing of the bovine genome.
Scientific reports 5. doi:10.1038/srep11735

Wheeler MB, Bleck GT, Donovan SM (2001) Transgenic alteration of sow milk to improve
piglet growth and health. Reproduction (Cambridge, England) Supplement 58:313-
324

Whitelaw CBA, Joshi A, Kumar S, Lillico SG, Proudfoot C (2016) Genetically engineering milk.
Journal of Dairy Research 83 (1):3-11. doi:10.1017/s0022029916000017

Wilmut |, Archibald AL, Harris S, McClenaghan M, Simons JP, Whitelaw CB, Clark AJ (1990)
Modification of milk composition. Journal Of Reproduction And Fertility Supplement
41:135-146

Wu X, Ouyang H, Duan B, Pang D, Zhang L, Yuan T, Xue L, Ni D, Cheng L, Dong S, Wei Z, Li L,
Yu M, Sun QY, Chen DY, Lai L, Dai Y, Li GP (2012) Production of cloned transgenic cow
expressing omega-3 fatty acids. Transgenic Research 21 (3):537-543.
d0i:10.1007/s11248-011-9554-2

YusS, Luo J, Song Z, Ding F, Dai Y, Li N (2011) Highly efficient modification of beta-
lactoglobulin (BLG) gene via zinc-finger nucleases in cattle. Cell research 21
(11):1638-1640. doi:10.1038/cr.2011.153

Zhang P, Liu P, Dou H, Chen L, Lin L, Tan P, Vajta G, Gao J, Du Y, Ma RZ (2013) Handmade
Cloned Transgenic Sheep Rich in Omega-3 Fatty Acids. PloS one 8 (2).
doi:10.1371/journal.pone.0055941

ZhuH, LiuJ, CuiC,Song ¥, Ge H, Hu L, Li Q, Jin Y, Zhang Y (2016) Targeting human a-
lactalbumin gene insertion into the goat B-lactoglobulin locus by TALEN-mediated
homologous recombination. PloS one 11 (6). doi:10.1371/journal.pone.0156636

National Institutes of Bioscience Journal 2016, Vol. 1

http://www.nibjournal.ed.ac.uk/ http://dx.doi.org/10.2218/natlinstbiosci.1.2016.1744



http://www.nibjournal.ed.ac.uk/
http://dx.doi.org/10.2218/natlinstbiosci.1.2016.1744

