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1. Rationale for Undertaking the Research  
 
The first one thousand days of life represents a crucial period in early development when organs and 
tissues rapidly develop and this period offers a critical window for influencing long term health via 
optimum nutrition while in utero during pregnancy and following birth.  From birth, a diverse and 
complex microbial ecosystem develops in the infant gastrointestinal tract, which is now well accepted to 
have a positive influence on health throughout life. Colonization with a healthy gut microbiota is 
thought to be an essential aspect of infant health, particularly with respect to protection against 
infection and development of the immune system. However, little is known about how this composition 
may be manipulated in a positive sense through nutrition for the developing infant. This project was 
therefore undertaken to generate a thorough understanding of the evolving composition and metabolic 
capabilities of the gut microbiota in early life, thereby providing nutrient-based opportunities for its 
manipulation in a positive sense.  
 

 

2. Research Approach  
 
The techniques developed and used in the project were state of the art and included new method 
development for study of the infant gut microbiota, including new primer sets specifically targeting 
bifidobacteria unique to the infant gut and new bioinformatics piplelines for analysis. 
 
Ethical approval for the study was granted by the Clinical Research Ethics Committee of the Cork 
Teaching Hospitals and recruitment of infants was undertaken at CUMH.  Cohort 1 was normal delivery 
infants and fed exclusively on breast milk for minimum of first four weeks of life, Cohort 2 was infants 
delivered via assisted delivery (LSCS and Forceps) and fed exclusively on breast milk for minimum of first 
four weeks of life and Cohort 3 was preterm infants. A total of 219 infants have been recruited in total 
to the INFANTMET study.  
 
Stool and urine samples were collected at various time points from birth to 2 years of age, in addition to 
data collection on infant nutrition and infant health, via questionnaires. Microbial DNA was extracted 
from each fresh stool sample, quantified and stored at -80C for sequencing. Bioinformatics analyses was 
carried out at UCC and all of the data have been successfully run through a pipeline developed by Dr. 
Denise Lynch, UCC and interpreted using statistical analysis tools. A large amount of metadata has been 
collected about the infants (health status, nutritional information, etc) and correlated with the microbial 
sequencing data.  
 
Total aerobic and anaerobic bacteria populations were enumerated in all stool samples from all three 
cohorts, and bacterial counts recorded as colony forming units (CFU) per gram of faeces. For the 
development of a unique bank of infant-derived gut microbes, all stool samples taken from cohorts 1 
and 2 (i.e from healthy full-term breast-fed babies) have been subjected to microbiological analysis and 
enumerated for total Lactobacillus spp. and total Bifidobacterium spp. using selective media. Fifteen 
colonies were picked at random from the highest dilution series, which represent the predominant 
Lactobacillus and Bifidobacterium strains comprising the populations in the samples. These colonies 
were streaked onto agar plates of appropriate selective medium and isolates were chosen based on 
morphology following anaerobic incubated at 37°C for 2-3 days. The selected isolates were stocked in 
duplicate in 40 % glycerol and stored at -80°C in the INFANTMET Culture Collection. The INFANTMET 
Culture Collection currently houses over 7,400 putative Lactobacillus and Bifidobacterium spp. The 
biobank has been partially screened for a number of different characteristics including microbial 
production of ribosomally synthesized bacteriocins and exopolysaccharide production which are 
beneficial traits for a probiotic. Stress tolerance assays have been performed on a subset of the banked 
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isolates for ability to survive bile, acid and heat stress. This method of screening will ensure the survival 
of these potential probiotic strains during gastric transit.  
 
 

3. Research Achievements/Results  
 
In the INFANTMET study, we compared gut microbiota development of full term and preterm (<35 
weeks gestation) infants that were either spontaneous vaginally delivered or delivered by Caesarean 
section, from birth to two years of age, in initially breast fed infants (n = 199). We have recently 
reported on microbiome development in this cohort during the first 24 weeks of age (Hill et al., 2017), 
and confirmed that mode of delivery and gestational age at birth both have significant effects on early 
neonatal microbiota development. Vaginally delivered infants had a more mature microbiota at just one 
week of age, which remained relatively stable over the first 6 months compared to infants born by C-
section, whose initial microbiota was very different with significantly lower Actinobacteria and 
Bacteroidetes at one week of age.  Indeed, there was very little development of the microbiota 
composition of vaginally delivered infants throughout the first 24 week of life, while infants born by C-
section developed a similar composition to the former group after 8 weeks of age. Of particular note 
was the high prevalence of Actinobacteria and Bacteroidetes in vaginally delivered infants during the 
first 4 weeks of life, however the prevalence of these taxa were found to a much lesser extent in those 
born by C-section. Interestingly, the gut microbial species present within the preterm infant group and 
the full term C-section were required to “catch up” during the first 24 weeks of life, in order to resemble 
that of a full term vaginally delivered infant. At 24 weeks, all infants whether preterm or full-term and 
born vaginally or by C-section had similar though distinct gut microbiota compositions. Bifidobacterium 
was found to be a major component of the infant gut throughout this period, while prolonged 
breastfeeding (> 4 months) was found to impact the gut microbiota of C-section delivered but not 
vaginally delivered infants. Using the above methodology, gut microbiota of all infants was subsequently 
analysed at 1 and 2 years of age and found to increase in diversity over this time period, becoming more 
adult-like in composition by 2 years of age. The INFANTMET cohort also contained 10 twin sets, and we 
found that the twin microbiota was more similar to one another than to random infants, reflecting the 
influence of host genetics and environment on early microbiota composition. In summary, the results of 
the INFANTMET study indicate that the gut microbiota composition of newborn infants is initially in a 
state of flux and consequently stabilises by 2-3 years of age, to more closely resemble that of an adult. 
In this study, we found that the microbiota of full-term vaginally born, exclusively breast fed infants, 
with no previous exposure to antibiotics is the “gold standard” in early life.   
 
The INFANTMET Culture Collection, which currently houses over 7,400 putative Lactobacillus and 
Bifidobacterium spp. has great potential to deliver future probiotics for infant nutrition. Characterisation 
of these potential probiotics has led to the identification of exopolysaccharide producing bifidobacteria 
and lactobacilli which have proved to be tolerant under gastric stress conditions and are of GRAS status.  

 
 

4. Impact of the Research 
 
Outputs from this study provide Infant Milk Formula manufacturers information on the optimized 
microbiome development from birth, thus providing opportunities for optimization of new food 
ingredients for infant formula, and identification of probiotic strains for infant nutrition applications, in 
addition to dietary advice. The data derived from INFANTMET will likely lead to identification of 
biomarkers of health status. The results of this study provide an understanding of the optimal nutritional 
regimen required for the beneficial development of the gut microbiome composition/functionality, an 
appealing strategy to promote health and reduce disease risk. While breast milk is the optimum first 
food for microbiome evolution following birth, alternative feeding regimes, based on infant milk formula 
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require further research to develop and confirm the efficacy of microbiome modulating ingredients, 
including prebiotics/probiotics to mirror these benefits of human milk. Perturbation of optimum 
microbiota development, as a result of C-section, preterm delivery and antibiotic exposure, can have 
likely long-term implications for microbial diversity and consequent health. The preschool years (i.e. 1–5 
years of age) is a time of rapid and dramatic postnatal brain development and neural plasticity, and thus 
of fundamental acquisition of cognitive development (i.e. working memory, attention and inhibitory 
control). Therefore, ensuring optimal nutrition during this period is essential for long-term health into 
adulthood, but currently little is known about how early gut microbiome is positively manipulated 
through nutrition. 
 
The results of the INFANTMET study represent the largest, well-phenotyped analysis of the longitudinal 
microbiota development of preterm infants after leaving the hospital environment. The data suggest 
that preterm microbiota differs significantly from full term and that antibiotic treatment, gestation 
length, and C-section birth are factors which disturb the establishment of the neonatal microbiota in this 
subgroup. Future studies may focus upon best methods for restoration of the natural composition of the 
neonatal gut following perturbation by any of the aforementioned factors.   
 

4(a) Summary of Research Outcomes 

 

(i) Collaborative links developed during this research 
This Platform Project put us firmly on the map for infant microbiome research, and 
allowed the INFANTMET team to successfully gain further funding for infant 
microbiome research, including funding from FP7 (MYNEWGUT), SFI/APC research and 
DAFM (Toddlerfood), SFI/Mead Johnson (APC/COMBINE)  
 

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

and/or adopted  
In terms of product, the INFANTMET Culture Collection currently houses over 7,400 
putative Lactobacillus and Bifidobacterium spp. with potentially health benefiting 
properties. An IDF has been submitted on The Infantmet Culture Collection. The 
biobank has been partially screened for a number of different characteristics including 
microbial production of bacteriocin and exopolysaccharide production which are 
beneficial traits for a probiotic. This biobank of probiotic isolates has been tested under 
conditions mimicking those found during gastric transit. Subsequently, the strongest 
contenders have been chosen for future IP and further testing, with the intent of 
providing beneficial bacteria to the market, with strong evidence of health promoting 
properties. 
In addition, the latest form of next generation sequencing technology was adopted for 
the analysis of the INFANTMET gut microbiota development. Illumina MiSeq 
sequencing technology is currently the most utilised platform being implemented 
worldwide for DNA sequencing of the gut microbiome. Thus, the INFANTMET project 
has adopted one of the best sequencing technologies available for generating the 
previously described dataset.  

 
 

(iii) Outcomes with economic potential  
The strains within the INFANTMET Culture Collection provide a source of 
Bifidobacterium and Lactobacillus isolates of GRAS status, currently housed within 
Teagasc, Moorepark, of interest to Infant Formulae Manufacturers in providing infant 
derived probiotic strains with health beneficial properties to replenish the infant gut.    
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(iv) Outcomes with national/ policy/social/environmental potential 
The findings from this project were instrumental to changing policy at CUMH, 
introducing the use of probiotics for preterm infants at the NICU at CUMH, for 
improved health outcomes for preterm infants. For practitioners, the health 
questionnaires completed in this study will be invaluable for future follow up studies 
and indeed particularly for clinicians they will provide a trend in terms of antibiotic 
usage in infants before and after they have left the hospital, as well as duration of 
breast feeding and subsequent GP visits. Understanding the effects of early-life 
perturbations, such as antibiotic therapy, in the developing infant gut, will provide 
insight for practitioners and policy makers when it comes to standardised procedures 
for antibiotic administration in hospitals. Ethics committee’s will also benefit from the 
findings in this study for debate in future clinical trials.  

   

 

4 (b)  Summary of Research Outputs 

 

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

1. Hill CJ, Lynch DB, Murphy K, Ulaszewska M, Jeffery IB, O'Shea CA, Watkins C, Dempsey E, Mattivi 

F, Tuohy K, Ross RP, Ryan CA, O' Toole PW, Stanton C. (2017). Evolution of gut microbiota 

composition from birth to 24 weeks in the INFANTMET Cohort.  Microbiome, 5(1):4. (4 citations; 

IF: 9.0). DOI PMCID: PMC5240274. 

2. Hill CJ, Brown JR, Lynch DB, Jeffery IB, Ryan CA, Ross RP, Stanton C, O'Toole PW. (2016). Effect of 
room temperature transport vials on DNA quality and phylogenetic composition of faecal 
microbiota of elderly adults and infants. Microbiome. 10;4(1):19. doi: 10.1186/s40168-016-
0164-3. 

 
3. Murphy K, Curley D, O'Callaghan TF , O'Shea CA, Dempsey EM , O'Toole PW, Ross RP, Ryan CA, 

Stanton C. (2017). The Composition of Human Milk and Infant Faecal Microbiota Over the First 
Three Months of Life: A Pilot Study. Sci Rep. 2017 Jan 17;7:40597. (1 citation; IF: 5.228). DOI 
PMCID: PMC5240090 

4. Arboleya S, Watkins C, Stanton C, Ross RP. (2016). Gut Bifidobacteria Populations in Human 
Health and Aging., Front Microbiol. 19;7:1204. doi: 10.3389/fmicb.2016.01204. eCollection, 
Review. 
 

5. Murphy, K, CA O’ Shea, C A Ryan, E Dempsey, P W O' Toole, C Stanton and R P Ross. (2015). The 
gut microbiota composition in dichorionic triplet sets suggests a role for host genetic factors. 
PLOS One 10(4): e0122561.  
 

6. Murphy, K, C Ryan, E Dempsey, P W O' Toole, R P Ross, C Stanton and C A Ryan (2015). Neonatal 
sulfhemoglobinemia and hemolytic anemia associated with intestinal Morganella morganii 
Pediatrics  vol. 136 no. 6 e1641-e1645. 
 

7. Barrett E, Deshpandey AK, Ryan CA, Dempsey EM, Murphy B, O'Sullivan L, Watkins C, Ross RP, 
O'Toole PW, Fitzgerald GF, Stanton C. (2015). The neonatal gut harbours distinct bifidobacterial 
strains. Arch Dis Child Fetal Neonatal Ed. 100(5):F405-10. doi: 10.1136/archdischild-2014-
306110.  
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8. Rodriguez, JM, K Murphy; C Stanton; RP Ross; O Kober; N Juge; E Avershina; K Rudi; A Narbad; 
MC Jenmalm; J Marchesi; MC Collado (2014). The composition of the gut microbiota throughout 
life; with an emphasis on early life. Microbial Ecology in Health & Disease, 25: 26050. 

 
9. Hill, C., R P Ross, C Stanton, and P W O’Toole The human microbiome in health and disease. 

Book Chapter,  “Drug Discovery in Infectious Diseases”  Vol. 6  “Host - Pathogen Interaction: 
Microbial Metabolism, Pathogenicity and Antiinfectives” 
 

10. Barrett, E., Kerr, C., Murphy, K., O'Sullivan, O., Ryan, C. A., Dempsey, E. M., Murphy, B. P., 
O'Toole, P. W., Cotter, P. D., Fitzgerald, G. F., Ross, R. P. & Stanton, C. (2013). The individual-
specific and diverse nature of the preterm infant microbiota. Archives of Disease in Childhood-
Fetal and Neonatal Edition, 98, F334. 
 

11. Barrett, E., Guinane, C. M., Ryan, C. A., Dempsey, E. M., Murphy, B. P., O'Toole, P. W., Fitzgerald, 
G. F., Cotter, P. D., Ross, R. P. & Stanton, C. (2013). Microbiota diversity and stability of the 
preterm neonatal ileum and colon of two infants. Microbiology open, 2, 215-225. 

 

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

at conferences  

 
• Press release in the Irish Examiner, “Teagasc research can benefit infant formula producers, says 

expert”, November 2013.  
 

• Catherine Stanton, Kiera Murphy and Claire Watkins featured on an episode of “10 Things to 
Know About …” a science television series on RTÉ One on 16th November 2015, discussing 
INFANTMET.  
 

• Claire Watkins competed in the Thesis in Three Final competition in November 2015 in Dublin 
with “Born into a bacterial world: A helping hand for a healthy start!” discussing the importance 
of the work carried out in INFANTMET. 

 

• Claire Watkins was presented with the Michael C Berdnt Medal for research at the Inaugrial 
INFANT’s Research Day hosted by the INFANT Centre and College of Medicine and Health at UCC 
in July 2015, discussing the work carried out on the INFANTMET biobank.  
 

• Press release on Hill et al., (2017) paper published in Microbiome.  

 

(iii) National Report 
   

(iv) Workshops/seminars at which results were presented.  

 
1. C Watkins presented at the ‘Summerschool on Bifidobacteria’ in Ulm, Germany. Title: "The 

neonatal gut harbours a unique bifidobacterial strain pattern among each individual; regardless 
of the feeding regime", 10min oral presentation, (August 2014). 
 

2. C Watkins presented a poster at the Irish & American Paediatric Society conference at the 
Clarion Hotel, Cork. Abstract title: “Optimal Conditions for Probiotic Viability in Milk Formulae 
for Infant Nutrition”, (Sept 2014). 
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3. C Watkins presented a poster at a symposium in Imperial College London, September 2014. 
Abstract title - “Breast fed infants; The Gold Standard for Probiotic Mining”. 
 

4. K Murphy presented a poster at FASEB Conference. Abstract title: “Origins and Benefits of 
Biologically Active Components in Human Milk”, Big Sky, Montana, USA, (2015). 

 
5. C Watkins presented at the College of Medical Health (CoMH) research day in UCC. Title: 

“Caesarean section decreases the level and complexity of bifidobacteria in the infant 
microbiome”, 15min oral presentation, (June 2015). 

 
6. C Watkins presented at the INFANT Research day in UCC. Title: “Characterisation of infant-

derived gut microbes”, 15min oral presentation, (June 2015). 
 

7. C Watkins presented a poster at the 8th Probiotics, Prebiotics & New Foods Conference. Abstract 
title: “The INFANTMET Study: Characterisation of infant-derived gut microbes”, Universita 
Urbaniana, Rome (September 2015).  

 
8. C Stanton presented the INFANTMET study at the Biostime Symposium, China, oral presentation 

(2015). 
 

9. C Watkins presented at the APC Forum in UCC –Title: “Characteristics of infant derived 
microbes: learning to adapt from the moment of birth”, 15min oral presentation, (September 
2016).  
 

10. C Watkins presented at the INFANT Research day in UCC. Title: “A dose-interval study of a dual 
probiotic preparation in preterm infants”, 15min oral presentation, (September 2016) 

 
11. C Stanton presented the INFANTMET study at a Metabolomics Conference, Dublin, oral 

presentation (2016). 
 

12. C Stanton presented the INFANTMET study at Abbott, OH, USA, oral presentation (April 2017). 
 

13. C Stanton presented the INFANTMET study at ISAPP Conference, Chicago, USA, invited oral 
presentation (July 2017). 

14. C Stanton presented the INFANTMET study at FEMS Conference, Valencia, Spain , invited oral 
presentation (July 2017). 
 

 

(v)  Intellectual Property applications/licences/patents 
IDF Infantmet Culture Collection (2017). 
 

(v) Other 

 

 

5. Scientists trained by Project 

 

Total Number of PhD theses:    3     

  

 
• Kiera Murphy, B.Sc. M.Sc started PhD. (Teagasc) on 01/11/2011.  
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Completed (2015) ‘Infant Nutrition and Gut Microbiome Development’. PhD, Microbiology, UCC. 
 

• Cian Hill B.Sc., started PhD. on (UCC) 01/01/2012.  
Completed (2016) ‘Evolution of Gut Microbiome: INFANTMET’. PhD, Microbiology, UCC. 
 

• Claire Watkins started on (UCC) 01/07/2013 as PhD student: Teagasc funded Walsh Fellow. 

• Completed (2018) ‘Microbial Biotherapeutics for Infant Gut’. PhD, Microbiology, UCC 
 

 

Total Number of Masters theses: none 

       
 

6. Permanent Researchers  

 

Institution Name Number of Permanent staff 

contributing to project  

Total Time contribution (person 

years) 

TEAGASC 6 0.822 

UCC 

 

2 0.200 

CUMH 3 0.200 

Total 11 1.222 

 
 

7. Researchers Funded by DAFM 

 

Type of Researcher Number Total Time contribution (person 

years) 

Post Doctorates/Contract 

Researchers 

  

PhD students 2 6.250 

Masters students   

Temporary researchers   

Other 1 0.500 

Total 3 6.750 

 

 

8. Involvement in Agri Food Graduate Development Programme 

 

Name of Postgraduate / contract 

researcher 

Names and Dates of modules attended 

Claire Watkins ‘Next Generation Food Formulation’ Agri 

food Graduate Development programme 

(Agri Food course - UCC) May 2015. 
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9. Project Expenditure 

 

Total expenditure of the project:     €403,009 

Total Award by DAFM:      €398,858 

Other sources of funding including benefit in kind and/or  

cash contribution(specify):      € 

 

 

 

10. Leveraging 
 

This project was a Platform Project, putting us firmly on the map for infant microbiome research, and 
allowed the INFANTMET team to successfully gain further funding for infant microbiome research, 
including funding from FP7 (MYNEWGUT), Teagasc (Walsh Fellowship-Claire Watkins), DAFM 
(Toddlerfood), SFI/Mead Johnson (APC/COMBINE) to the tune of €5.6 million. 

 
Additional funding leveraged from this award from include: 
 

• APC3 SFI FUNDS (2013-2018) 

• MYNEWGUT (EU FUNDS, 2013- 2018) 

• CFMATTERS (EU FUNDS, 2013-2016) 

• TODDLERFOOD (DAFM, 2013-2017) 

• ELDERFOOD (DAFM 2013-2016) 

• SMART_FOOD (DAFM 2013-2017) 

• MUCOL (EI COMMERCIALISATION FUND 2013-2016) 

• INFAMILK (DAFM 2016-2020). 

 
 
 

Category 
Name  

TMFRC 

Name 

 UCC 

Name  

CUMH 

Name 

Institution 4 
Total 

Contract staff   25,719  25,719 

Temporary staff      

Post doctorates      

Post graduates 62,750 77,190   139,940 

Consumables 81,842 28,261    650  110,753 

Travel and 

subsistence 
6,372 3,510 4,767  14,649 

Sub total 150,964 108,961 31,136  291,061 

Durable 

equipment 
     157       157 

Other 24,473    24,473 

Overheads 45,289 32,688 9,341  87,318 

Total 220,726 141,649 40,634  403,009 
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11. Future Strategies  
 
Funding has been received from DAFM for a follow-on project which aims to develop food solutions for 
replenishing disrupted microbiota in toddlers. The results from the INFANTMET study have contributed 
to the workflow and milestones for this project. The follow-on project, namely TODDLERFOOD, aims to 
identify a synbiotic food solution consisting of a probiotic mixture plus a non-digestible oligosaccharide 
prebiotic for replenishing a disrupted microbiota in infants as a result of C-section delivery or early-life 
antibiotic administration. Throughout the INFANTMET project the INFANTMET Culture 
Collection/biobank has been screened for potentially probiotic strains of Bifidobacterium and 
Lactobacillus. These potential probiotic strains are now being implemented within the TODDLERFOOD 
project which began in December 2014 and is part of a four year plan. A number of milestones have 
been set out to develop bifidogenic probiotic mixtures and subsequent symbiotic combinations (pre and 
probiotics) for replenishment of early gut microbiota. These will be tested through in vitro studies, 
based on fecal fermentation, and through preclinical rodent models to replenish the disrupted 
microbiotal composition associated with early antibiotic administration and/or C-section delivery. 
Engagement with funding agency such as Enterprise Ireland and industrial partners will be undertaken, 
in order to facilitate the testing of selected strains in human trials. 


