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1. Rationale for Undertaking the Research  
 

The concentration of milk oligosaccharides (MOs) in human milk is 12–14 g/L, a concentration 
that is higher than the protein content. This suggests the importance of milk oligosaccharides 
for the nutrition and development of the human infant. Two of the major human milk 
oligosaccharides (HMOs), 3’sialyllactose and 6’sialyllactose, are sialylated forms of lactose, i.e. 
the sugar sialic acid (Sia) has been attached to the disaccharide lactose making the two 
sialyllactose trisaccharides. Sialylated human milk oligosaccharides account for about 20% of all 
HMOs. Much is known about the types and roles of free oligosaccharides in bovine milk but 
much less has been proven of the sialyllactoses. A number of studies, including our own, have 
shown that sialylated oligosaccharides possess anti-adhesive effects against certain pathogens. 
Furthermore, we have shown that 6’sialyllactose is capable of increasing adhesion of beneficial 
commensal Bifidobacterium strains to human intestinal. Therefore there is growing evidence 
that these sialylated oligosaccharides can act as binding sites for specific pathogens and toxins. 
In addition they are thought to play a role in brain development and immunoregulation.  
 
The obvious and widely available source of MOs is bovine milk, however 3’sialyllactose and 
6’sialyllactose are present at significantly lower levels in bovine milk compared to human milk. 
Pilot-scale enrichment from bovine milk using microfiltration techniques has successfully 
yielded an impressive enrichment of some oligosaccharides but translation to a semi-industrial 
scale has proven very difficult. 
 
Infant milk formula (IMF) is of enormous benefit in situations where a mother cannot feed her 
child. The gold standard IMF would be human milk rather than bovine milk because a human 
milk-derived formula would have all the components in the exact proportions required for a 
baby. Clearly human milk is not a commercial or viable source of IMF, however, a human milk-
like formula could be produced by addition of some specific human oligosaccharides to bovine 
milk formula in the knowledge that these specific oligosaccharides have an important role to 
play in human, possibly not bovine, development.  
 
In summary, addition of 3’sialyllactose and 6’sialyllactose to IMF derived from bovine milk 
could potentially improve the health benefits of current IMFs. At present there is not sufficient 
evidence in the literature to prove the full benefits of 3’sialyllactose and 6’sialyllactose: this is 
simply because the large quantities of these sugars required for clinical interventions are not 
available.  
 
While isolation approaches (from bovine and other milks) might prove fruitful in the future, we 
have chosen to look at other synthetic routes to produce 3’sialyllactose and 6’sialyllactose. 
 

2. Research Approach  
 

The sialyllactoses are, as their name suggests, sialylated forms of lactose. In effect the sugar 
sialic acid (Sia) is attached to the disaccharide lactose. Lactose is widely and cheaply available as 
a component of milk or whey permeate. Attachment is mediated by an enzyme, a so called 
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sialyltransferase. If the enzyme is an ‘ST3Gal’ then it adds Sia to one position on lactose to give 
3’sialyllactose. If the enzyme is an ‘ST6Gal’ then it adds Sia to a different position on lactose to 
give 6’sialyllactose.  
 
This project focused on alternative sources and methods of producing two major sialylated 
HMOs, 3’ and 6’sialyllactose, from lactose present in whey permeate. The first approach 
involved the in vitro production of the sialyllactoses using purified enzymes (ST3Gal or ST6Gal) 
while the second approach involved the metabolic engineering of bacteria to produce the 
sialyllactoses in live culture.  
 
In the in vitro approach (led by NUI Galway) the goal was to make the enzymes – the ST3Gal or 
ST6Gal enzymes. A cheap and robust source of enzyme together with available substrates 
(lactose and Sia) would allow synthesis in bulk of the sialyllactoses like any other (bio)chemical 
synthesis. The enzymes were to be produced in mammalian cell lines in an engineered system 
that would secrete the enzyme into the growth media of the cell line. Subsequently the enzyme 
would be isolated and purified. An additional goal was to identify an enzyme that would show 
high performance in an industrial scale-up. The sialyltransferase enzymes that are required to 
make the sialyllactoses exist in all vertebrate species. Nature has selected sialyltransferases to 
carry out this enzymatic step in a range of environmental conditions. Consider fish, for 
example, that live and function in temperatures ranging from as low as -2oC to as high as 45oC. 

Their sialyltransferase enzymes will have adapted to different conditions of heat, salinity, pH, 
etc in comparison to mammalian enzymes that have adapted to be fully active at 37oC in the 
consistent conditions of the mammalian body regulated by the bloodstream. By producing a 
number of enzymes sourced from the genes of a range of species (human, fish, birds) we hoped 
to find robust enzymes. 
 
In the bacterial expression approach (led by Teagasc), the aim was to metabolically engineer 
bacteria to generate sialic acid and to express sialyltransferase genes. This living system would 
then grow on sugars and produce sialyllactoses in a simple fermentation. Bacteria do not 
naturally do this so it would be necessary to knock out genes that naturally metabolise 
(breakdown) the two substrates lactose and Sia. At the same time sialyltransferase genes would 
need to be inserted. Generally bacterially sialyltransferase genes are common in highly 
pathogenic bacteria therefore two genes (bacterial equivalents of ST3Gal and ST6 Gal) from 
non-pathogenic Photobacterium species were selected and cloned.  

 

3. Research Achievements/Results  
 

Eleven ST6Gal1 and three ST3Gal enzymes have been expressed in stable CHO cell lines. The 
genes for these enzymes originate in various mammalian, avian and fish species (Task 1). The 
proteins were secreted into the media from which they were purified (Task 3). From 180ml of 
media the yields of purified sialyltransferases were typically ~100µg. This yield is low and 
suggests that several steps require optimisation. All enzymes showed activity in an indirect 
assay under standard conditions (Task 2). One human form (clone B1) showed improved 
activity over a commercially available purified enzyme. When substrates lactose (whey 
permeate) and Sia were incubated with the purified enzymes the corresponding sialyllactoses 
was identified by HILIC-HPLC (Task 4). Yields of sialyllactoses were approximately 3-6%. Again 
these values are low. In regard to the objectives of the approved original proposal, 3’ and 6’ 
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sialyllactoses have therefore been produced from waste lactose which has the potential to add 
value to existing product streams (i.e. waste lactose) but additional efforts are required to 
improved yields at specific stages of the process.  
A bacterial strain was made in which lactose metabolism was successfully knocked out. This 
strain was then further engineered to prevent the metabolism/breakdown of Sia. The two 
Photobacterium sialyltransferases were cloned (Task 5) into this strain. This construct should 
produce sialyllactose, however, due to time constraints, sialyllactose was not detected under 
the initial fermentation conditions used. 
The enzymes have been identified from novel marine sources: fish sialyltransferases included 
Fugu (Takifugu rubripes) and stickleback (Gasterosteus aculaeatus) which are both freshwater 
and seawater fishes) and the two Photobacterium sialyltransferases were from marine bacteria. 
Time constrained our ability to determine how robust these enzymes are. The vertebrate 
enzymes that include the fish enzymes are safe sources as they are highly similar to human and 
bovine enzymes. The bacterial enzymes are less similar structurally to human and bovine 
enzymes but do perform similar functions. These bacterial sources are not pathogenic to 
humans unlike many of the current sources of bacterial sialyltransferases. 
 
Novelty & Innovation: 
1. Using the vector system we have developed (from Gateway Technology) we can now take 
any sialyltransferase gene (in fact any gene for which the sequence is known), transiently 
transfect it into any amenable FlpIn cell line and produce a stable cell line within 2-3 weeks. 
2. The sialyltransferase assay (using Malachite) proved a simple, safe and rapid assay for 
screening samples (indirectly) for activity. However, the assay was not robust, partly because 
the assay measures phosphate which is notoriously omnipresent as a contaminant in chemicals 
and biologicals.  
3. Enzymes were successfully immobilised on Ni Sepharose which allowed both their 
purification and the possibility of on-column direct reaction with substrates for production of 
sialyllactoses. 
4. HILIC-HPLC was successfully used to identify and quantify sialyllactoses 
5. λ recombinase was used successfully to target and knock out any bacterial gene. 
6. Novel Photobacterium genes were cloned (Teagasc) 
 

 

4. Impact of the Research 
Scheme 1 was an in vitro approach using vertebrate sialyltransferases to add Sia to lactose 
generating sialyllactoses. This was successfully completed and cell lines generating several 
sialyltransferases are available – this is a resource (if maintained) that can be returned to and 
reinitiated with minimal effort. However, two key areas need optimisation – (a) yield of 
enzyme, and (b) yield of enzymatic conversion (lactose to sialyllactoses). In 2018 a new 
publication described expression of sialyltransferases in much higher yields: although not 
without its disadvantages there are new ideas that could be incorporated into our system. The 
commercial possibilities of our approach depend on the identification (through further 
characterisation) of novel properties for these sialyltransferases. 
Scheme 2 used bacterial sialyltransferases and bacteria as living cells to yield sialyllactoses as 
products of metabolism. Unfortunately this requires further optimisation of the fermentation 
set up to show production of sialyllactoses. However, this approach has promise to yield 
sialyllactoses as a commercial process as the strain has the correct genetic machinery to 
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produce the oligosaccharides once conditions are optimised. Bacteria grow rapidly from cheap 
substrates so high yields can be expected. 
 
Both partners have developed techniques (below) that have added great strengths to their 
respective research groups.  
 

 

4(a) Summary of Research Outcomes 

 

(i)  Collaborative links developed during this research 
1. A strong collaborative link between NUI Galway and Teagasc (Moorepark) 

 

(ii)  Outcomes where new products, technologies and processes were developed 

and/or adopted  
1. Modified a commercial vector to make it Gateway compatible: this allowed 
rapid and accurate cloning by recombination rather than ligation  
2. Adopted use of CHO FlpIn cell lines: this allowed rapid and precise 
incorporation of gene constructs into the genome of the CHO cell line thereby 
establishing stable cell lines in a 2-3 week period 
3. Adopted the Sialyltransferase Assay from R & D Systems. Sialyltransferase 
assays present various difficulties. This indirect assay was fast and simple (when 
working) but as it is based on assaying phosphate it was not very robust. 
4. Adopted the λ red recombination method to inactivate genes in E. coli  

 

(iii) Outcomes with economic potential  
1. We have shown that the purified enzymes DO convert lactose to sialyllactose. 
However, (a) the yields of purified enzymes need to be optimised, (b) the 
conversion yield by the enzyme of lactose to sialyllactose needs to be optimised, 
and (c) a source of the second substrate (Sia) has to be developed. 
2. The economic potential of this in vitro approach depends on the novel 
properties of the enzymes. Although we produced more than 12 active enzymes 
from different sources we did not fully characterise these enzymes. A very heat-
stable enzyme that could be fully regenerated after synthesising sialyllactoses 
would have potential – in this field or others.  

 

(iv) Outcomes with national/ policy/social/environmental potential 
In the current situation of abundance and choice, companies are unwilling to 
take on any food that has a hint of genetic manipulation associated with it. Even 
though the sialyllactoses are not engineered (they are exactly the same product), 
Irish companies were generally not interested. On the other hand, some EU 
companies recognised that this is not an engineered product. (This comment 
reflects the findings of our EI Feasibility Support consultant’s report) 
There is a need to debate and understand what is an engineered food and where 
any dangers may lie. The Irish public generally have no problem taking medicines 
that are produced more directly by engineered CHO cells than is described in this 
project. We may need to be ready for a time when food is not so widely available 
or where markets necessitate a less traditional approach to food. 
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4 (b)  Summary of Research Outputs 

 

(i) Peer-reviewed publications, International Journal/Book chapters. 

 
1. Houeix, B., Cairns, M.T. (2018/9) Vertebrate sialyltransferases expressed and 
isolated from CHO cells PeerJ 

 

(ii) Popular non-scientific publications and abstracts including those presented 

at conferences  
 

1. Presentations related to human milk oligosaccharides (A.Thompson) at the 4th 
PropioBifido Symposium Sept 2016, Cork 

2. Expression of stable sialyltransferases for the production of sialyllactoses (M 
Cairns) (Poster) at Membrane Proteins From A to Z: Symposium Dec 2015, Leeds, 
UK 

3. Sialyllactose synthesis using novel sialyltransferases (B Houeix) at Sialoglyco 
Nov 2016, Santa Barbara, Calif. US 

 (iii) National Report 
 

None 
 

(iv) Workshops/seminars at which results were presented  
 

 

(v)  Intellectual Property applications/licences/patents 
 

NUI Galway submitted an Invention Disclosure Form to the internal Technology 
Transfer Office (TTO) entitled “An in vitro technology for the production of 
sialyllactoses from milk ingredients using purified animal enzymes”. 

 

(vi) Other 
1. Dissemination to Kerry (Naas). Discussion of the application of our technology 
to Kerry's interests. (by invitation, 18/01/17, Cairns, M.T.) 
2. Dissemination to Danone. Discussion of common interests given their interest 
in milk oligosaccharides/GOS. (by invitation, 14/03/17, Hickey, R.M.) 
3. Dissemination to Dupont. Discussion of common interests given their interest 
in milk oligosaccharides. (by invitation, 11/01/17, Hickey, R.M.) 
4. Dissemination to Cremo. Discussion re: establishing collaboration on 
oligosaccharide research. (by invitation, 23/11/16, Hickey, R.M.) 
 

5. Scientists trained by Project 
 
Erinn Quinn will submit her thesis in autumn 2018. Erinn supported Aoife Thompson in the 
initial months of her PhD but mainly focussed her efforts on investigating the biological activity 
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of milk oligosaccharides including 3’ and 6’ sialyllactose. During her PhD she developed high-
throughput techniques which can quickly define the colonising ability of bacterial strains to 
human cells in vitro and investigated a variety of oligosaccharides isolated from different milk 
sources for their ability to increase the adherence of bifidobacteria to intestinal cells in vitro. 
The assays and results she generated can be used further down the line once fermentation 
conditions for sialyllactose have been optimized. 
 

The reviewers of the original proposal stated that the project was “technically challenging and 
is commended for its aggressive timing”. The expertise (both technical and organisational) of a 
post-doctoral researcher at both centres was required to keep to this tight schedule. 
Considering the tasks involved required a high degree of technical skill that could only be 
achieved with experienced molecular biologists, we did not consider it appropriate to include a 
PhD student at the expense of an experienced independent researcher. However, it should be 
noted that a Walsh Fellowship was awarded in 2013 to Erinn Quinn who is co-supervised by 
Prof Lokesh Joshi and Dr Rita Hickey at Moorepark. Her PhD project entitled “Production of milk 
oligosaccharides using bacterial fermentation-living factory approach” (RMIS No. 6319) is very 
strongly linked to the proposed project and, as she is internally funded by Teagasc, her research 
directly contributes to this project at no extra cost. Erinn occasionally acted as an extra 
researcher on the project and gained considerably both from working side-by-side with a post-
doctoral researcher employed on the project and from regular meetings of the whole interest 
group.  

 

 

Total Number of PhD theses:       _0___ 

 

Total Number of Masters theses:       __0__ 

 
 
 

6. Permanent Researchers  

 

Institution Name Number of Permanent staff 

contributing to project  

Total Time contribution (person 

years) 

NUI Galway 1 0.150 person years 

TEAGASC 1 0.143 person years 

   

Total   
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7. Researchers Funded by DAFM 

 

Type of Researcher Number Total Time contribution (person 

years) 

Post Doctorates/Contract 

Researchers 

3 6.579 

PhD students 0  

Masters students 0  

Temporary researchers 0  

Other   

Total 3 6.579 

 

 

 

8. Involvement in Agri Food Graduate Development Programme 

 

Name of Postgraduate / contract 

researcher 

Names and Dates of modules attended 

  

N/A  

 

 

9. Project Expenditure 

 

Total expenditure of the project:    €523,368.43 

 

Total Award by DAFM:     € 507,243.88 

 

Other sources of funding including benefit in kind and/or  

cash contribution(specify):     €  
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Breakdown of Total Expenditure 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

10. Leveraging 
 

Funded: 
1. Dr Cairns, in collaboration with the TTO at NUI Galway, applied to the Enterprise Ireland 
Commercialisation Fund: Feasibility Support to fund a consultant to investigate the commercial 
value of the SIALenz project (25th Nov 2016). A report “Commercialisation feasibility report on 
mammalian cell-based sialyllactose production” was provided by Formium Consulting (Dr Tim 
Roche). €10,000 
2. Drs Cairns & Hickey (PI: Prof Lokesh Joshi) applied again to DAFM for Research Plus funding 
to progress some parts of this project. Support for the project “Enzymes For Efficient Milk 
Oligosaccharide Production” (EFFICIenz) to progress SIALenz further towards commercialisation 
amounted to €98,877. 
3. Dr. Hickey (PI Paul Cotter/Mark Fenelon) received internal funding (2017) from Teagasc for a 
Walsh fellowship PhD project on “Formulation of a prototype functional beverage containing 
the ingredients /nutrients  required to specifically enhance the growth of health promoting 
microbes” -amounted to €88,000 
4. Dr. Hickey awarded industry funding (2017) from Biostime for a Walsh fellowship PhD project 
(confidential)- amounted to €88,000 
5. Dr. Hickey received internal funding (2014) from Teagasc for a Walsh fellowship PhD project 
on “Changing the barrier to infection: modulation of the mucosal glycome using dairy-derived 
ingredients” - amounted to €88,000 

Category NUI Galway Teagasc Total 

Contract staff 83,577.20  83,577.20 

Temporary staff    

Post doctorates 
139,769.09 117,202.94 256,972.03 

 

Post graduates    

Consumables 45,244.52 13,187.86 58,432.38 

Travel and 

subsistence 

3,459.61 149.88  3,609.49 

Sub total 272,050.42 130,540.68 402,591.10 

Durable 

equipment 
   

Other    

Overheads 81,615.13 39,162.20 120,777.33 

Total 353,665.55 169,702.88 523,368.43 
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11. Future Strategies  
 

This project was developed further through the DAFM Research Plus funded project “Enzymes 
For Efficient Milk Oligosaccharide Production” (EFFICIenz), and through the above mentioned EI 
Commercialisation Fund: Feasibility Support.  
However, as of May 2018, there will probably be little development of this project by NUI 
Galway as the lead scientist and the post-doctoral researcher have both left the group. The lead 
(Dr Michael Cairns) did catalogue, label and handover all relevant constructs to the 
Glycoscience Group (Prof Lokesh Joshi) in the hope that the publication (currently under 
review) might garner interest from other scientists. It is our hope that some research group in 
Ireland or abroad will continue this research.  
The bacterial fermentation approach will be continued by Teagasc pending the award of 
internal Teagasc funding for another Walsh fellowship. 


