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S UM M A RY  
Human milk is considered the gold standard in terms of infant nutrition. Human milk 
contains a number of protective/health-promoting factors called human milk 
oligosaccharides (HMOs). The concentration of these HMOs in bovine milk and 
consequently, in infant milk formula is low. Supplementing infant formula with 
synthetic HMOs is a way to improve infant nutrition. This FIRM Plus project builds on 
two different strands of the previous SIALenz project (coordinated by Dr MT Cairns). 
Our goal has been (1) to develop a cheaper substrate source (CMP-Neu5Ac) for CHO 
cell production of milk oligosaccharides, in this case sialyllactoses, by co-expressing 
the CMP synthetase (CMAS) gene and (2) to expand the repertoire of 
oligosaccharides produced from the bacterial fermentation approach. Both zebrafish 
CMAS and human CMAS fusions to human ST6Gal1 were successfully constructed. 
The human CMAS clone was successfully constructed in E. coli and stably transfected 
into CHO cells. Towards the end of the project, we thought it best to concentrate on 
assigning additional biological functions to 3’-sialylactose (3’SL) and 6’-sialylactose 
(6’SL) which had been the targets of the SIALenz project. What we found is that when 
3’SL and 6’SL were incubated with a prototype infant strain of bifidobacteria, its 
adhesion to intestinal cells increased in similar levels when compared to when the 
bacteria was incubated with an entire pool of human milk oligosaccharides. This study 
was recently published (Quinn et al., 2018). HMOs manufactured through these 
processes display exact structural identity to those found in human breast milk. It is 
anticipated that more and more distinct HMOs will be added to infant formulas as 
they become available at commercial levels, making the research described important 
in revolutionizing the landscape of paediatric nutrition. 

 
K E Y WO R DS  
Milk oligosaccharides, lactose, enzymes 

 

 
A C R ON YM     EFFICIenz 

P R OJE CT  COO R DI N ATO R ,  
I NS TI T UT I ON      

Prof Lokesh Joshi, NUI Galway. 

E M AI L     Lokesh.joshi@nuigalway.ie 

C OL L ABO R A TO RS,  
I NS TI T UT I ON    

Dr Rita Hickey, Teagasc. 

P U BLI C ATI ON  D AT E  July 2020. 

 

 
  



 

Start Date 

01 November 2016 

End Date 

30 September 2017 

Research Programme 

Food Institutional Research Measure 

TRL Scale 

TRL 5: Technology validated in relevant environment 

NRPE Priority area 

Food for Health 

Total DAFM Award 
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Rationale for undertaking the Research 

Human milk is considered the gold standard in terms of infant nutrition. In addition to the primary nutrients, human milk also contains a number of 

protective/health-promoting factors called human milk oligosaccharides (HMOs). The concentration of these HMOs in bovine milk and consequently, in infant 

milk formula is low. Breast-feeding is not always possible, therefore there is a consumer need for an infant formula which more closely mimics that of human 

breast milk. Supplementing infant formula with synthetic HMOs is one accepted way to improve infant nutrition. On a commercial level, infant nutrition 

companies are interested in adding HMOs to their formula – however, a key obstacle is that the large quantities of purified HMOs needed for this have until 

recently been unavailable. This extension of Project no 13F477, proposed to meet this demand by providing a source of the major HMOs: 3’-sialyllactose, 6’-

sialyllactose and 2’fucosyllactose (2’-FL). These three lactose derivatives can be produced in an inexpensive manner using both in vitro and in vivo methods 

based on animal genes or “food-safe” microbes. In addition, the goal was to derive all substrate lactose from whey permeate, a by-product of cheese-making. 

Methodology 

Two strategies were used for the production of sialylated oligosaccharides for use in infant formula supplementation. One strand described the in vitro 

reaction of sialic acid and lactose catalysed by novel animal sialyltransferases while the second strand described bacterial fermentation on lactose using 

metabolically engineered bacteria. Production of sialyllactoses by the in vitro approach was explored using novel purified CHO expressed sialyltransferases as 

an inexpensive supply of the substrate CMP-Neu5Ac (CMP-activated sialic acid). We used purified CMP synthetase (CMAS) to convert Neu5Ac to CMP-

Neu5Ac. Because CMP-Neu5Ac is relatively unstable, a secondary goal was to fuse CMAS with ST6Gal1 making a complex that transfers labile CMP-Neu5Ac 

directly from CMAS to ST6Gal1 thereby making 6’sialyllactose from lactose and sialic acid. In our second approach to HMO production, we used the expertise 

gained in the SIALenz project to explore expanding our repertoire of oligosaccharides and to examine their biological function. We created a metabolically 

engineered E. coli strain capable of producing 3’ and 6’-sialyllactose. 

Project Results 

A stable cell line expressing human CMP synthetase (CMAS) is now available. Common practice is to adopt an enzymatic reaction for the preparation of 

sialylated oligosaccharide derivatives because they are very difficult to prepare using standard chemical synthesis methods. Existing animal-derived purified 

enzymes (human/rat) are prohibitively expensive for anything other than very small-scale reactions. In order to up-scale it is necessary to produce a 

recombinant enzyme that has robust physicochemical properties suited to industrial fermentation systems. Mammalian enzymes function at 37°C because 

that is the constant environment maintained by the body. Here we have shown that we can express these genes in CHO cells.   

• Both (human CMAS and zebrafish CMAS) fusion clones were successfully constructed for CHO expression are available for any number of 

applications not limited to oligosaccharide production.   

• The E. coli strains generated here are capable of sialic acid and fucose synthesis from simple carbon sources and transfer of this sialic acid to lactose 

to produce 3’- and 6’-sialyllactose simultaneously.  

• Optimised fermentation conditions were established whereby whey can act as the source of lactose for oligosaccharide production 

 

 

 

 



 

Summary of Project Findings 

The outcome of this project provides potential ingredient manufacturers with an opportunity for functional product commercialisation. It may also have value 

to the biomedical and the marine sectors. Proof that sialic acid production can be scaled up has many implications and provides a first opportunity to consider 

sialyllactoses as functional ingredients. Given the various benefits associated with HMO’s (such as promoting the growth of certain beneficial bacteria in the 

gut, modulation of the immune system and inhibition of pathogen adhesion to/invasion of gut epithelium), there is great interest in figuring out how to 

introduce them into food products such as infant milk formula. Previous methods including extraction from human milk have been unpractical. Here we 

describe the construction of mammalian expression systems for sialic acid. On a commercial level, infant nutrition companies are interested in adding HMO to 

their formula, however, a key obstacle is that the large quantities of purified HMO’s needed for this are currently unavailable. The methods described here for 

the production of HMO, can be up-scaled to produce high yields of the sialylated oligosaccharides. 

 

Summary of Staff Outputs 

Research Output Male Female Total Number 

Post Doctorates 1 1 2 

Other / Temporary 1 0 1 

 

Summary of Academic Outputs 

Research Outputs Total Number Details 

Peer Reviewed Conference Papers 5 1. Quinn, E. M., Slattery, H, Thompson A. P., Kilcoyne M., Joshi L. and Hickey R.M. (2018) Mining 

milk for factors which increase the adherence of Bifidobacterium longum subsp. infantis to 

intestinal cells. Foods 7(12), 196.   

2. Feeney, S., Joshi, L. and Hickey R. M. (2019) Chapter 1: Biological roles and production 

technologies associated with bovine glycomacropeptide in Novel Proteins for Food, 

Pharmaceuticals and Agriculture: Sources, Applications and Advances. Pages 1-50. Wiley 

Blackwell. Ed. M. Hayes  

3. Feeney, S., Morrin, S. T., Joshi, L. and Hickey R. M. (2019) Chapter 16: The Role of 

Immunoglobulins from Bovine Colostrum and Milk in Human Health Promotion” in Novel 

Proteins for Food, Pharmaceuticals and Agriculture: Sources, Applications and Advances. 

Pages 291-314. Wiley Blackwell. Ed. M. Hayes   

4. Fenelon, M. A. Hickey, R. M. Buggy, A. McCarthy N. and E. G. Murphy (2019) Chapter 12: 

Whey proteins in infant formula” in Whey Proteins: from Milk To Medicine. Pages 439-494. 

Academic Press. Eds. H. C. Deeth and N. Bansal.  

5. Morrin, S. T., Irwin, J. A., Carrington S. D. and R. M. Hickey* (2018) The role of milk 

oligosaccharides in host-microbial interactions and the defensive function of the gut. In 

Handbook of Food Bioengineering Diet Microbiome and Health (Volume 11) Multi-Volume 

SET – ELSEVIER. Academic press. Editors A.M. Holban and A.M. Grumezescu. p199-236 

Other 6 • Cairns, M.T. Invention Disclosure Form (IDF) submitted to Technology Transfer Office (TTO) at 

NUI Galway: “An in vitro technology for the production of sialyllactoses from milk ingredients 

using purified animal enzymes” (14th Sept 2016)  

• Cairns, M.T. Enterprise Ireland Commercialisation Fund: Feasibility Support Funded. Support 

to employ a consultant to investigate the commercial value of the SIALenz project (25th Nov 

2016)  

• Cairns, M.T. Initial Meeting with Dr Tim Roche, Consultant. Initiation of EI Feasibility Support 

(25th Jan 2017)  

• Cairns, M.T.”Commercialisation feasibility report on mammalian cell-based sialyllactose 

production” for NUI Galway (23 May 2017). Final report of EI Commercialisation Fund 

Feasibility Support by Dr Tim Roche, Consultant.  

• Cairns, M.T. Close out meeting with Enterprise Ireland re: Feasibility Support (17th May 2017)  

• Hickey R.M. invited to write booked chapter on “Dairy glycoproteins: extraction, 

characterisation and potential bioactivities” in the following book Novel Proteins for Food, 

Pharmaceuticals and Agriculture: Sources, Applications and Advances (April 2017)  

• Hickey R.M. invited to contribute to a book chapter “Whey proteins in infant formula” in the 

following book: Whey Proteins: from Milk To Medicine (Feb 2017) 

 

 



Intellectual Property 

Cairns, M.T. Invention Disclosure Form (IDF) submitted to Technology Transfer Office (TTO) at NUI Galway: “An in vitro technology for the production of 

sialyllactoses from milk ingredients using purified animal enzymes” (14th Sept 2016) 

 

Potential Impact related to Policy, Practice and Other Impacts 

Impact Details 

Industry Proof that sialic acid and sialylated oligosaccharide production can be scaled up has many implications and provides a 

first opportunity to consider sialyllactoses as functional ingredients. The innovation is under development in terms of 

scale up to larger fermentations e.g., 100L and over. 

 

Dissemination Activities 

Activity Details 

Workshops at which results were 

presented 

1. Hickey R.M. presented outputs of project to global dairy company given their interest in milk 

oligosaccharides/GOS (March 14th, 2017)  

2. Hickey R.M. presented outputs of project to global dairy company given their interest in human milk 

oligosaccharides (Jan 11th, 2017)   

3. Hickey R.M. Meeting with a dairy ingredients company to establish collaboration on oligosaccharide research 

(Nov 23rd, 2016) 

 

  

Knowledge Transfer Activities 

 

Identify knowledge outputs 

generated during this project. 

The project has gone a long way in developing a cheaper substrate source sialic acid (CMP-Neu5Ac) for CHO cell 

production of milk oligosaccharides, and also generated a bacterial strain which can be used as workhorse to expand 

the repertoire of oligosaccharides produced from bacterial fermentation. Currently, this strain is capable of 

simultaneously producing 3’ and 6’ sialylactose, oligosaccharides with proven health benefits. These oligosaccharides 

are known to positively influence the composition of neonatal gastrointestinal microbial communities, protect the 

newborn against infection by pathogens and have been associated with the development and maturation of the 

immune system. In terms of methodologies, the project has allowed the expansion of HPLC methods to detect and 

quantify milk oligosaccharides at both RPOs. 

Identify any knowledge transfer 

activities executed within the 

project. 

The outputs of project were presented to two multi-national global dairy companies both of which add milk 

oligosaccharides to their formulas. Both companies expressed an interest in learning more about the any future results 

arising from the project.  The outputs were also presented to an Irish dairy ingredients company to establish 

collaboration on oligosaccharide research. Discussions are on-going to this end. 

List any impacts resulting from the 

knowledge transferred during the 

project. 

One of the major impacts arising from the project is that the research groups at NUIG and Teagasc are both recognised 

as experts in the field of oligosaccharide production and analysis. As a result of the project, many companies have since 

requested oligosaccharide analysis to be carried out on a client contract basis with two companies contracting Teagasc 

to isolate milk oligosaccharides in gram scale quantities. Discussions are ongoing with one European company on 

optimising the production of oligosaccharides from cow’s milk. 

  

 

 

 

 

 

 

 

 

 

 



 

Leveraging Metrics 

Type of Funding Resource Funding € Summary 

Non-Exchequer National Funding €10,000.00 Cairns, M.T. Enterprise Ireland Commercialisation Fund: Feasibility Support 

Funded. Support to employ a consultant to investigate the commercial value of the SIALenz 

project (25th Nov 2016). Although again this relates to the initial FIRM project SIALenz 

(13/F/477), this funding was a direct consequence of both SIALenz and EFFICIenz as we were 

able to state the new proposal (EFFICIenz) and successful outcome to support the EI funding 

request. 

 

Future Strategies 

The bacterial fermentation approach will be continued by Teagasc with the aim of cloning further glycosyltransferases in turn leading to further HMO 

structures. Applications will made through the Teagasc Walsh Scholarship call. 
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