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ABSTRACT 

Preterm birth complications represent a leading cause of mortality in children under 
five years old. To mitigate these complications, strategies such as the use of donor 
human milk, fortification with human milk fortifiers (protein supplements), and 
probiotic administration are employed. This thesis aimed to thoroughly understand 
the microbiota composition of preterm human milk and the influence of various 
factors on specific probiotics' properties.  

The study began with analyzing human milk microbiota from healthy 
Argentinian women across different gestational ages, focusing on changes in 
microbiota from birth to term equivalent age. It was found that term milk exhibited 
greater microbial diversity than preterm milk, and by term equivalent age, the 
microbiota composition of human milk closely resembled that of term milk, 
suggesting breastfeeding's role in promoting microbial maturity. The research further 
assessed the stability of probiotics, specifically Lacticaseibacillus rhamnosus GG 
and Bifidobacterium animalis ssp. lactis Bb12, during cold storage of human milk. 
Results indicated that these probiotics maintained their viability for up to 72 hours. 
Additionally, this thesis examined the effect of liquid or powdered human milk 
fortifiers on the adhesion properties of these probiotics in donor human milk, finding 
that fortification did not adversely affect probiotic adhesion. The final study of the 
thesis explored the role of polyamines, in modulating the adhesion of probiotics and 
pathogens with intestinal mucus in infants. The presence of the polyamine 
spermidine significantly enhanced the adhesion of Bb12 in infant mucus under six 
months, whereas the polyamine spermine reduced the adhesion of Cronobacter 
sakazakii. 

In conclusion, the thesis showed that the microbiota profiles of human milk 
significantly vary with gestational age. A key finding is that the microbiota 
composition of preterm human milk undergoes a transformation, eventually 
resembling that of term milk as the infant reaches term equivalent age. It was also 
found that probiotic adhesion properties are unaffected by cold storage or the 
fortification of donor human milk. However, the influence of polyamines on 
bacterial adhesion to mucus varies based on the bacterial strain and the mucus 
donor's age employed. These insights should be considered for developing optimized 
gut colonization strategies for infants, particularly for those born preterm. 

KEYWORDS: Human milk microbiota, donor human milk, fortification, probiotics, 
adhesion, polyamines, storage  
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TIIVISTELMÄ 

Ennenaikaisen synnytyksen komplikaatiot ovat yleisin alle viisivuotiaiden lasten 
kuolinsyy. Luovutettua äidinmaitoa, äidinmaidon täydentämistä proteiinilisällä sekä 
probioottien antamista käytetään näiden komplikaatioiden ehkäisemiseksi. Tämän 
opinnäytetyön tavoitteena oli selvittää ennenaikaisesti synnyttäneiden äitien rinta-
maidon mikrobistokoostumusta ja eri tekijöiden vaikutusta tiettyjen probioottien 
ominaisuuksiin.  

Tutkimuksessa analysoitiin terveiden argentiinalaisten naisten äidinmaidon 
mikrobikoostumusta keskittyen mikrobiston muutoksiin ennenaikaisesta synny-
tyksestä laskettuun aikaan. Huomattiin, että täysiaikaisesti synnyttäneiden naisten 
äidinmaidon mikrobiston monimuotoisuus oli suurempaa kuin ennenaikaisesti 
synnyttäille naisilla. Laskettuna aikana ennenaikasesti synnyttäneiden äidinmaidon 
mikrobikoostumus muistutti läheisesti täysiaikaisen maidon mikrobistoa, mikä 
viittaa siihen, että imetyksellä on tärkeä rooli mikrobiston kypsymisen edistämi-
sessä. Tutkimuksessa, jossa arvioitiin Lacticaseibacillus rhamnosus GG:n ja 
Bifidobacterium animalis ssp. lactis Bb12 -probioottien stabiiliutta äidinmaidossa 
kylmävarastoinnin aikana, nämä probiootit säilyttivät elinkykynsä jopa 72 tuntia. 
Lisäksi havaittiin, että äidinmaidon vahvistaminen nestemäisellä tai jauhemaisella 
vahvikkeella ei vaikuttanut haitallisesti probioottien tarttumisominaisuuksiin 
luovutetussa äidinmaidossa. Opinnäytetyön viimeisessä tutkimuksessa selvitettiin 
polyamiinien roolia bakteerien tarttumisen säätelyssä imäveisen suolistolimassa. 
Polyamiini spermidiinin läsnäolo paransi merkittävästi Bb12:n kiinnittymistä alle 
kuuden kuukauden ikäisen imeväisten limaan, kun taas spermiini vähensi 
Cronobacter sakazakii-bakteerin tarttumista.  

Opinnäytetyö osoitti, että äidinmaidon mikrobistoprofiilit vaihtelevat merkittä-
västi raskauden keston mukaan. Ennenaikaisen synnytyksen jälkeen äidinmaidon 
mikrobistokoostumus muuttuu ja alkaa lopulta muistuttaa täysiaikaisen synnytyksen 
äidinmaidon mikrobistokoostumusta vauvan saavuttaessa taysiaikaista vastaavan 
iän. Lisäksi havaittiin, että kylmävarastointi tai luovutetun äidinmaidon vahvista-
minen eivät vaikuttaneet probioottien tarttumisominaisuuksiin. Polyamiinien 
vaikutus bakteerien tarttumiseen limaan vaihtelee bakteerikannan ja liman-
luovuttajan iän mukaan. Tulokset auttavat kehittämään optimoituja suoliston koloni-
saatiostrategioita vastasyntyneille ja erityisesti keskosille. 

AVAINSANAT: äidinmaidon mikrobiota, luovuttajamaito, väkevöinti, probiootit, 
adheesio, polyamiinit, varastointi 
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1 Introduction 

Preterm birth is the leading cause of neonatal mortality worldwide. Preterm neonates 
are hospitalized for longer periods of time due to low birth weight and immaturity of 
several organ systems, which increases the risk of developing infections and 
necrotizing enterocolitis (NEC) and imposes a significant financial burden on society 
(Jiang et al., 2020; S. W. Kim et al., 2021). Although the pathogenesis of NEC 
remains poorly understood, it is believed that gut microbes and intestinal dysbiosis 
play a significant role in its development. 

After delivery, preterm infants harbor distinct gut microbiota compared to term 
infants, which possibly contributes to the development of NEC (M. C. Collado, 
Cernada, et al., 2012). Thus, different microbiota modulation interventions, 
including the use of human milk (HM) are employed to establish a normal 
commensal gut microbiome. Although the mechanism of protection is not yet clear, 
numerous reports suggest that the human milk microbiota (HMM) plays a critical 
role in directing the initial colonization pattern of the preterm gut and for this reason 
it is important to characterize it. When a mother's own milk is not available, preterm 
newborns typically receive pooled milk from donors who delivered at full term 
which is pasteurized and stored. Although the viability of beneficial bacteria is 
diminished with pasteurization of HM, evidence shows that the protective properties 
of HM in reducing NEC are maintained (Yang et al., 2020). 

Probiotic therapy, i.e., administration of beneficial microbes, is another way to 
modulate the neonatal gut microbiota. Studies on very low birth weight infants argue 
that the use of HM supplemented with specific probiotics appears to confer better 
protection against NEC than non-supplemented HM (Bin-Nun et al., 2005). Preterm 
infants are also at high risk of experiencing growth failure as a result of inadequate 
nutrient intake. Despite its beneficial composition, HM alone cannot meet the protein 
requirements of preterm neonates. As a result, protein supplements, known as HM 
fortifiers, are routinely used to improve the nutritional properties of both mother's 
own and donor HM. Alternatively, bioactive compounds known as polyamines may 
guide the intestinal maturation of newborns and therefore could be investigated in 
combination with donor HM as an alternative feeding strategy when the mother's 
own milk is not available. (Plaza-Zamora et al., 2013). 
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Thus, this project aims to understand the influence of specific perinatal factors, 
including gestational age and term equivalent age on the HMM configuration of 
Argentinian mothers. In addition, we aim to assess the impact of cold storage, and 
fortification of donor HM, and the presence of polyamines on the adhesion properties 
of specific probiotics. 
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2 Review of the Literature 

2.1 Common Problems related to Preterm Birth 
Preterm birth is divided into three categories based on gestational age at birth: 
extremely preterm (<28 weeks), very preterm (28-<32 weeks) and moderate to late 
preterm (32-37 weeks) groups (Ohuma et al., 2023). Neonates in these gestational 
age categories are characterized by a varying degree of immaturity in several organ 
systems including respiratory, central nervous system, gastrointestinal tract, and 
immunologic function. The level of physiological immaturity is reflected in disease 
risk and need for postnatal medical and nutritional care. Neonates born less than 
1500 g are defined as very low birth weight (VLBW) infants, and the vast majority 
of them are born prematurely.  

Prematurity can have profound long-term health consequences and may contribute 
to the development of childhood and adolescent obesity. A recent meta-analysis of 
four studies involving 156,439 infants confirmed this hypothesis, indicating that 
preterm birth increases the risk of childhood obesity in these infants between the ages 
of six and sixteen when compared to those born full term (Ou-Yang et al., 2020). 
Prematurity, but also accelerated weight gain in preterm neonates, may increase the 
risk of obesity later in life. Indeed, a recent animal study found that preterm newborn 
pigs gained weight faster than their term counterparts (Adjerid et al., 2021). Research 
also shows that preterm infants who survive the neonatal period have a higher risk of 
respiratory and digestive issues, sight and hearing problems, as well as learning 
difficulties (M. C. Sullivan et al., 2012). Health issues linked to preterm birth or 
VLBW are also extending into adulthood. Indeed, prematurity combined with VLBW 
can predispose newborns to noncommunicable diseases such as cardiovascular disease 
and asthma later in life (Arroyas et al., 2020; Crump et al., 2019; Lewandowski et al., 
2020). A recent cohort study including 6 million individuals from four Nordic nations 
(Finland, Sweden, Norway, and Denmark) assessed the effect of preterm birth in 
premature adult death caused by non-communicable diseases (Risnes et al., 2021). 
Data analysis showed that young adults who were born preterm had an increased risk 
of dying from cardiovascular diseases and diabetes. 

However, not all prematurely born infants make it through the neonatal period 
(the first 28 days of life). Although the mortality rate for children under the age of 
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five has decreased dramatically over the last three decades, significant progress 
remains to be made (Perin et al., 2021). In fact, an estimated 5 million children under 
the age of five lost their lives in 2020, with nearly half (47%) dying during the 
neonatal period (UN IGME, 2021). The risk of death during the neonatal period is 
significantly higher in low-income countries than in high-income countries (UN 
IGME, 2022). Newborns born in Sub-Saharan Africa and Southern Asia, in 
particular, have a lower chance of surviving past the first month following birth. 
Preterm birth complications, neonatal sepsis, and lower respiratory infections are 
among the leading causes of neonatal deaths (UN IGME, 2019). 

2.1.1 The Neonatal Intestinal Dysbiosis 
Neonatal intestinal dysbiosis in preterm infants refers to an imbalance in the 
composition of the gut microbiota (GM), where there is a disruption in the normal, 
healthy balance of microbial species in the intestine. This condition is particularly 
concerning in preterm infants due to their underdeveloped immune system and 
gastrointestinal tract, which make them more susceptible to adverse health outcomes. 

The metabolic barrier integrity is one of the functions directly influenced by the 
composition and diversity of the GM (Butel, 2014). In healthy infants, the GM 
comprises a diverse array of microorganisms that play critical roles in digestion and 
regulate the intestinal immune system. The composition of the human GM is 
primarily characterized by the presence of four phyla: Actinobacteria, Bacteroidetes, 
Firmicutes, and Proteobacteria (Bilen et al., 2018).  

However, in preterm infants, this balance can be disrupted, leading to an 
overgrowth of potentially harmful bacteria and a decrease in beneficial bacteria. This 
imbalance in the GM can have several consequences for preterm infants, such as an 
increased risk of necrotizing enterocolitis (NEC), a severe and potentially life-
threatening intestinal disease (Neu, 2020). It can also contribute to the development 
of late-onset sepsis, a significant infection that occurs after the first week of life. 
Additionally, there is growing evidence that dysbiosis may impact long-term health 
outcomes, including the development of allergies, asthma, and other immune-related 
conditions (Hufnagl et al., 2020; Mezouar et al., 2018). 

Dysbiosis in preterm infants is characterized by low bacterial diversity and an 
increased relative abundance of Enterobacteriaceae, which precedes the 
development of NEC and postnatal growth failure (Pammi et al., 2017). Indeed, the 
GM of preterm infants is characterised by a higher abundance of Enterobacteriaceae, 
enterococci, and staphylococci, and a lower abundance of bifidobacteria and 
lactobacilli (Xiang et al., 2023). This could mean that dysbiosis in preterm neonates 
is associated with lower prevalence of beneficial bacteria and higher prevalence of 
potentially pathogenic bacteria. Factors contributing to dysbiosis in preterm infants 
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include birth before reaching term gestational age, the underdevelopment of the 
neonatal gut and immune system, the use of antibiotics, and the type of feeding 
(human milk versus formula) (Arboleya et al., 2022). 

2.2 Potential Clinical Intervention Strategies 
Low birth weight and infections prolong the hospitalization of preterm neonates, 
imposing a significant financial burden on society. In fact, annual spending on 
preterm neonates in Finland reaches EUR 30 million while the United States spends 
$26.2 billion per year (Behrman et al., 2007; Terveyden Ja Hyvinvainnin Laitos, 
2018). The costs associated with preterm birth are inversely related to gestational 
age. According to a cohort study including 11 European countries, children born at 
<28 weeks of gestation have significantly higher care costs than preterm neonates 
born later, even up to 5 years of age (S. W. Kim et al., 2021). Nonetheless, negative 
outcomes associated with premature birth could be addressed through infant 
nutrition, which is a critical piece of the infant mortality puzzle. Nutritional 
interventions for preterm neonates, in particular, aim to achieve postnatal growth 
comparable to that of the infant while still in utero. These include exclusive 
breastfeeding, probiotic administration, and other promising strategies discussed in 
detail in the following chapters. 

2.2.1 Human Milk 

2.2.1.1 Protective Functions 

Multiple studies have proposed HM as a key mediator for reducing the incidence of 
NEC in preterm neonates (Gomart et al., 2021; Lapidaire et al., 2021; Savarino et 
al., 2021). When it comes to which type of infant feeding is optimal, evidence from 
clinical trials clearly favors the use of HM over infant formula in extremely preterm 
newborns. Indeed, preterm neonates following an infant formula diet develop NEC 
and/or late onset sepsis (LOS) significantly more often than those exclusively fed 
with HM (Schanler et al., 2005; S. Sullivan et al., 2010). Complementary to that, a 
recent systematic review and meta-analysis of six randomized trials (1472 neonates) 
and 43 observational studies (14950 neonates) showed that the provision of HM to 
preterm and/or VLBW neonates results in a lower incidence of NEC and LOS 
compared to formula feeding (Miller et al., 2018). Later, Altobelli et al. conducted a 
meta-analysis of six randomized controlled trials (1626 neonates) and 18 
observational studies (6405 neonates) to understand the occurrence of NEC among 
breastfed and formula-fed neonates, confirming Miller and colleagues' previous 
findings (Altobelli et al., 2020). Moreover, in their recent work Morais and 
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colleagues demonstrated a significant increase in fecal alkaline phosphatase activity 
of very preterm neonates fed with HM compared to those fed with formula (Morais 
et al., 2021). Higher activity of this particular enzyme was previously reported to 
protect against NEC in mouse models (Rader, 2017). 

Preterm infants are known to have an immature immune system, leaving them 
vulnerable to potential microbial infections. So, providing HM could be beneficial 
for infants born preterm from an immunological perspective. For example, 
immunoglobulins (Igs) present in HM are more stable in the preterm stomach than 
the term stomach. By surviving digestion, Igs could enhance the immature immune 
function of the preterm infant and provide additional protection against pathogens 
(Demers-Mathieu et al., 2018). In fact, recent evidence does not only underline the 
role of HM IgA in protecting against NEC development, but also proves that this 
bioactive component plays a crucial part in modulating the GM composition in 
preterm neonates (Gopalakrishna et al., 2019). Although the development of the 
infant GM is affected by multiple determinants, mentioned in the Neonatal Intestinal 
Dysbiosis chapter (2.1.1.), infant diet is singled out as the greatest contributor 
(Galazzo et al., 2020). Therefore, HM may also play a significant role in the 
microbial colonization of the infant gut. To support this hypothesis, Pärnänen and 
colleagues investigated the impact of HM and infant formula feeding on the infant 
GM configuration (K. M. M. Pärnänen et al., 2021). Findings from this study indicate 
that formula feeding does not only result in a higher load of opportunistic pathogens 
in the gut, but also contributes to increased amounts of antibiotic resistance genes. 
Increased resistance to antibiotics could be detrimental for infants with severe 
infections. Conversely, the load of beneficial bacteria including Bifidobacterium and 
Akkermansia muciniphila is higher in the gut of neonates fed with HM indicating 
that formula feeding delays intestinal bacterial colonization and possibly intestinal 
maturation (K. M. M. Pärnänen et al., 2021; Rader, 2017). Altogether, it is evident 
that HM, besides protecting against NEC and LOS, contributes to the maturation of 
the immune system and the establishment of a beneficial infant GM and ensures an 
optimal infant neurodevelopment (Boquien, 2018; Chiurazzi et al., 2021). 

Due to all these protective and biological functions, many scientists have 
collectively released statements recommending HM as the optimal feeding for all 
premature and VLBW neonates (Arslanoglu et al., 2019; Committee on Nutrition et 
al., 2017; Moro et al., 2015). Although it is not yet clear what confers this protection, 
it is likely that multiple compounds present in HM could simultaneously contribute 
to these beneficial effects. 
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2.2.1.2 Composition 

The milk composition is unique and distinct across mammalian species, differs 
substantially between mothers and changes according to the lactation stage 
(Boquien, 2018). It is hypothesized that the temporal variations in the HM 
composition occur to adjust to the growing infant's nutritional needs. As lactation 
progresses the HM composition converts from an immune-rich to a nutrient-rich 
source (S. Y. Kim & Yi, 2020). Therefore, HM is divided in three lactation stages 
according to its composition: colostrum (0-5 days postpartum), transitional milk 
(6-15 days postpartum), and mature milk (>16 days postpartum) (Floris et al., 
2020).  

Colostrum, is rich in antibodies, immune factors, and growth hormones, 
compounds that could protect against infections and assist in the postnatal 
development of the newborn (Godhia & Patel, 2013). Transitional milk on the other 
hand, is characterized by reduced levels of antibodies compared to colostrum, has 
higher fat content and is more caloric dense than colostrum (Samuel et al., 2020). 
Finally, mature milk is having an altered but stable composition compared to the one 
of colostrum and transitional milk (Ballard & Morrow, 2013). Besides lactation 
stages, the composition of HM can vary even during a single feeding. Indeed, marked 
differences have been observed between foremilk (start of feeding) and 
hindmilk (end of feeding), with the former having lower fat and vitamins A and E 
content than the later (Nielsen et al., 2017). The different constituents of HM, from 
nutrients to bioactive compounds and microbes, are discussed in the following 
subchapters and are summarized in Figure 1.  
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Figure 1. Nutrients, bioactive factors, and cells of human milk. Own drawing, adapted from 

(Mantziari, 2016). 

2.2.1.2.1 Nutrients 

In HM, the primary energy sources for the newborn infant are fat, followed by 
carbohydrates. The milk fat content varies over the day, changes throughout lactation 
and is affected by maternal genetic factors, diet, and gestational age (Italianer et al., 
2020; H. Lee et al., 2018). In fact, changes in HM fatty acid composition can be 
achieved within a short period in time by changing dietary fat content (Nasser et al., 
2010). Fat in HM is comprised of a complex mixture of different lipids encapsulated 
in a milk fat globule membrane (MFGM). The MFGM has received much attention 
in recent years due to its ability to impact on infant metabolism and offer protection 
from pathogenic bacteria (Brink & Lönnerdal, 2020). The milk fat globule is also 
rich in polyunsaturated fatty acids (PUFAs), including docosahexaenoic acid, 
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required for optimal brain growth and development (Wei et al., 2019). The 
proportion of docosahexaenoic acid in HM can be modified by changing the diet. 
For example, docosahexaenoic acid was about 2.5 times higher in the milk of 
mothers following a low fat diet compared to those following a high fat diet (Nasser 
et al., 2010). 

The second major energy source for the infant is carbohydrates in the form of 
lactose. Lactose represents approximately 40% of HM's energy content, and its 
concentration correlates positively with milk yield (Nommsen et al., 1991). Like 
lactose, human milk oligosaccharides (HMOs) consist of glucose and galactose but 
also contain fucose, sialic acid, and N-acetylglucosamine (Bode et al., 2016). 
However, although the HMO composition is relatively stable throughout the 
lactation period, it is unique to each mother, depends on secretor status, and varies 
depending on maternal pre-pregnancy body mass index (BMI) (Lagström et al., 
2020). Interestingly, these compounds are also included as added ingredients in 
infant formulas due to the number of biological functions that they offer. Among 
them is their ability to prevent pathogen adhesion to the intestinal epithelium or 
suppress their growth (Ackerman et al., 2017; Monteagudo-Mera et al., 2019). In 
addition, HMOs can shape the infant GM through their metabolism by specific 
bacteria in the gut that in turn produce short-chain fatty acids (SCFAs), thus favoring 
the growth of beneficial bacteria against pathogens (M. Li et al., 2014). A recent 
study has also suggested that a specific HMO could be a potential biomarker to 
predict NEC in preterm neonates (Masi et al., 2020).  

HM is rich in a diverse mixture of proteins that differ in composition and 
structure from those of other species' milk. Moreover, their concentration depends 
not only on gestational age (preterm milk has a higher protein content than term 
milk) but also changes during the course of lactation to reflect the developmental 
needs of the growing infant (Gidrewicz & Fenton, 2014). Caseins and whey are the 
main HM proteins known to offer a variety of bioactive functions. Caseins may 
protect the infant against pathogen infection and bind minerals, thus enhancing their 
bioavailability, while whey proteins like α-Lactalbumin demonstrate antimicrobial 
activity and may regulate the immune system after their digestion (Layman et al., 
2018; Pellegrini et al., 1999).  

Vitamins and minerals are also present in HM and play an essential role in infant 
development. For example, B vitamins facilitate the maintenance of nervous system 
functions and play an essential role in glucose, amino acid, and fatty acid metabolism 
(Calderón‐Ospina & Nava‐Mesa, 2019). On the other hand, vitamin A is associated 
with rapid postnatal growth (Soares et al., 2019). Finally, vitamin D is essential for 
bone development as it regulates the absorption of two minerals also present in HM: 
calcium and phosphorus (Rigo et al., 2018). However, calcium and phosphorus 
should be included as a supplement in preterm infant nutrition to avoid the 
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development of rickets and supplementation with vitamin D is necessary for all 
infants (Abrams, 2020). Other essential minerals of HM include iron and zinc that 
are involved in various biological functions. Iron, for instance, is an essential element 
of several proteins, including hemoglobin which is involved in oxygen transport, and 
its deficiency has been associated with anemia (Tong & Vichinsky, 2021). Similarly, 
zinc is known for its role in the metabolism of nutrients, and its deficiency is linked 
with delayed growth and immune system dysfunction (S.-G. Park et al., 2017). 

2.2.1.2.2 Bioactive Factors and Human Cells 

The benefits of HM go beyond just providing essential nutrients to the newborn and 
extend to immunomodulatory and antimicrobial functions specifically relevant for 
the preterm neonate who is characterized by a naïve immune system. Among the 
most important immunological and functional compounds are Igs, growth factors, 
cytokines, mucins, polyamines, and milk extracellular vesicles (EVs). 
Immunoglobulins like IgA, IgG, IgM, and their isotypes can block the adhesion of 
pathogens to intestinal epithelial cells and modulate the function of dendritic cells 
(DC) (Corthesy, 2013). Epidermal growth factor (EGF) is a major growth factor of 
milk and can stimulate the growth of the gastrointestinal (GI) tract, as illustrated by 
Sullivan et al., who found that EGF intravenous administration in premature 
neonates with severe NEC resulted in faster mucosal repair (P. B. Sullivan et al., 
2007). Interestingly, greater concentrations of EGF were detected in the milk of 
mothers who delivered preterm versus term neonates (Jakaitis & Denning, 2014; 
Oguchi et al., 1997). 

Cytokines are proteins involved in cell signaling, interacting with cells 
influencing the infant's immune responses by either decreasing or increasing 
inflammation. The most prevalent cytokines in HM are interleukins (IL) IL-1β, IL-
6, IL-8, IL-10, and tumor necrosis factor-α (Ballard & Morrow, 2013). Mucins are 
glycosylated proteins with many functions, including bacterial and viral infection 
prevention (Linden et al., 2008). On the other hand, polyamines are non-protein 
nitrogen compounds secreted in HM known for their immunomodulatory effects and 
significance in neonatal gut tissue development (Ojo-Okunola et al., 2020). Milk 
EVs are protein-, lipid-, and nucleic acid-containing structures secreted by cells 
(Matei et al., 2019). Milk EVs are the current focus of HM bioactives research due 
to their promising functional effects (Y. He et al., 2021; Yi & Kim, 2021). Most 
importantly, recent evidence from preclinical studies illustrates their potency in 
reducing the incidence of NEC or reducing its severity (Besner et al., 2020; S. He et 
al., 2021; Miyake et al., 2020; X. Wang et al., 2019). Lastly, cell-free DNA and 
microRNA have also been detected in HM and could be involved in cellular growth, 
and differentiation (Song et al., 2020; Tingö et al., 2021) 
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Aside from nutrients and bioactive compounds, HM is enriched with human 
immune, epithelial, and stem cells. Providing immune cells like leukocytes to 
newborns through milk is essential as neonates have little antigen exposure. 
Interestingly, when the infant or its mother becomes infected, the concentration of 
leukocytes in HM increases and returns to initial levels after recovery (Hassiotou et 
al. 2013). On the other hand, stem cells present in HM may assist in the development 
of the infant through their migration and differentiation in different organs 
(Hassiotou et al., 2014).  

Preterm infants have immune systems characterized by developmental 
immaturities. As previously discussed, this predisposes them to severe infections 
compared to term infants but following a feeding regime of HM instead of infant 
formula gives them a protective advantage against NEC development. A potential 
mechanism behind this finding is that some beneficial HM bacteria may colonize the 
infant gut, assisting in developing the immune system and thus providing protection 
against infections (Gritz & Bhandari, 2015). 

2.2.1.2.3 The Human Milk Microbiota 

Potential Origins 

Twenty years ago, when HM research was still in its infancy, scientists argued that 
HM is sterile and instead, the presence of bacteria indicates maternal infection. 
Indeed, maternal infections like mastitis result in the overall increase of specific 
bacteria like Staphylococcus aureus in HM (Marín et al., 2017). However, as HM 
research progressed, the view of sterility was challenged. Various studies have since 
found viable bacteria in the milk of healthy women free from infections, and thus the 
current most popular opinion is that HM is a source of several hundred microbes 
(Cabrera-Rubio et al., 2012; M. C. Collado et al., 2009; Gueimonde et al., 2007; 
Heikkilä & Saris, 2003).  

But how did these microbes end up in HM? Research has led to three hypotheses 
that could also hold true concurrently: the resident mammary gland microbiota, the 
retrograde inoculation pathway, and the enteromammary pathway. The exact 
mechanisms, however, are yet to be elucidated (Gueimonde et al., 2007). Several 
observational studies in non-lactating women have suggested commensal bacteria of 
the mammary gland as factors that play a role in the HMM composition (Klann et 
al., 2020; Urbaniak et al., 2014). Additionally, HM and breast tissue of healthy 
lactating mothers appear to share specific microbes including Cutibacterium acnes, 
Staphylococcus epidermidis, and Streptococcus agalactiae in their breast tissue 
(Togo et al., 2019). Nevertheless, more studies are required to elucidate the role of 
mammary gland bacteria in the microbial composition of the HM ecosystem. 
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Besides the hypothesis of a commensal mammary microbiota, retrograde 
inoculation is another logical source of microbes since, during delivery, the infant is 
exposed to either vaginal or maternal skin microbes (Rodriguez, 2014). These 
microbes could potentially colonize the infant's mouth, which comes in contact with 
the nipple through breastfeeding. Additional evidence to substantiate this hypothesis 
is derived from the observation that microorganisms detected in HM are also 
identified in maternal skin (Staphylococcus, Corynebacterium, Propionibacterium) 
and the infant oral cavity (Streptococcus, Veillonella, Variovorax) (J.-E. Lee & Kim, 
2019; Murphy et al., 2017; Togo et al., 2019). In a more recent work, Kordy et al. 
explored the microbial composition of HM employing SourceTracker analysis, a tool 
used to predict the source of microbes from a given habitat (Kordy et al., 2020). 
Interestingly, their results indicated that the presence of specific bacteria in HM does 
not only originate from the maternal areola skin but also the infant's mouth. The 
microbial composition of HM, maternal, and infant GM from 20 mother-infant dyads 
was compared in the same study. As a surprise, a specific Bifidobacterium breve 
strain detected in the milk of one mother who delivered by cesarean section was also 
found in the maternal and infant gut. Similarly, a recent report from China confirmed 
a co-occurrence of seven bifidobacterial phylotypes, including Bifidobacterium 
breve, across the same three niches in 23 mother-infant pairs (Yan et al., 2021). As 
bifidobacteria are generally strictly anaerobic (certain species are aerotolerant), this 
does not only point out a vertical transmission of specific bacteria to the infant's gut 
through HM but also implies the existence of another HMM seeding pathway beside 
the mammary microbiota and the retrograde inoculation theories. In fact, 
complementary findings suggest that bacteria commonly colonizing the oral cavity 
are preceding delivery, as they were identified in precolostrum samples (Ruiz et al., 
2019). 

Indeed, scientists have speculated the existence of an enteromammary pathway 
(Figure 2) where maternal intestinal microbes are trapped inside DCs or 
macrophages and translocated to the mammary glands (Selvamani et al., 2021). 
Given the hormonal changes and the increased intestinal permeability of late 
pregnancy, immune cells may be introducing openings between the tight junctions 
of the intestinal epithelium (Selma-Royo, García-Mantrana, et al., 2021). There 
immune cells could sample microbes, carry them through the lymphatic and blood 
circulation to the mammary ducts and secrete them in the milk (Rodríguez et al., 
2021). Current knowledge indicates that besides influencing the infant GM 
composition after birth, HMOs are detected in amniotic fluid, suggesting a fetal 
exposure to these compounds already during gestation (Wise et al., 2018). Additional 
evidence argues that prenatal HMOs are detected in maternal serum during 
pregnancy (Hirschmugl et al., 2019; Jantscher-Krenn et al., 2019). Assuming the 
enteromammary pathway hypothesis is true, specific HMOs might reach the 
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maternal GI tract through the bloodstream and modulate the selection of bacteria to 
be transferred to the mammary gland.  

 
Figure 2.  Origins of Human Milk Microbiota: Enteromammary pathway hypothesis. Own drawing, 

adapted from (Mantziari, 2016). 

Composition 

Since 2003, many scientists have attempted to identify which microorganisms are 
present in HM and what function they serve (Fernández et al., 2020). The 
composition of the HMM was first accessed by culturing HM in appropriate growth 
media, a method that enables the detection of viable and culturable microorganisms 
in HM. New molecular technologies, such as polymerase chain reaction (PCR), have 
been developed and integrated into HMM research over the years. Indeed, since the 
late 2000s, new culture-independent techniques like quantitative polymerase chain 
reaction (qPCR) and next-generation sequencing (NGS) have begun to replace 
traditional culturing methods although culturing gives information on the viability 
of bacteria in HM. According to culture-independent studies, such methods can 
detect dormant or unculturable microorganisms (Bodor et al., 2020). Furthermore, 
they are more sensitive than culture-dependent methods and have made clear that 
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HMM diversity is greater than previously anticipated. Given the distinct advantages 
of both methodologies, their simultaneous implementation for the accurate 
assessment of HMM profiles, seems well-grounded. In this context, a recent 
systematic review including 9183 lactating women demonstrated that 26% of the 
detected species were shared between culture-dependent and culture-independent 
approaches while 62% and 12% were solely identified by molecular methods and 
traditional culturing, respectively (Togo et al., 2019).  

Despite these variations, both analytical approaches suggest that microbes 
belonging to 7-9 taxa are constituting the “core HMM” (Hunt et al., 2011; Jiménez 
et al., 2015). The most prevalent and consistently identified genera in HM are 
Staphylococcus and Streptococcus (Fernández et al., 2020). However, further 
investigations revealed that HM is a source of beneficial aerobic and anaerobic 
microbes including species belonging to Bifidobacterium and Lactobacillus genera 
(N. Li et al., 2020; Murphy et al., 2017; Olivares et al., 2015; Urbaniak et al., 2016). 
As previously discussed in the HMM Potential Origins subchapter, a few genera in 
HM are also part of the skin microbiota (i.e., Propionibacterium, Cutibacterium, and 
Corynebacterium) or the GM (i.e., Acinetobacter, Bacteroides, Blautia, Clostridium, 
Dorea, Enterococcus, Escherichia, Mucispirillum, Pseudomonas, Rothia, 
Salmonella, Serratia, Shigella, and Veillonella) (Togo et al., 2019; Zimmermann & 
Curtis, 2020). However, bacteria are not the only microbial agents in HM. In fact, 
evidence from observational studies in healthy mothers showed a great abundance 
of viruses (Myoviridae, Podoviridae, Siphoviridae, Phycodnaviridae, Iridoviridae, 
and Imiviridae), fungi (Malassezia, Candida, Saccharomyces, Rhodotorula, 
Davidiella, Sistotrema, and Penicillium), archaea (Haloarcula, Halorhabdus, 
and Halomicrobium), and protozoa (Giardia and Toxoplasma) in their milk (Boix-
Amorós et al., 2017, 2019; Jiménez et al., 2015; Pannaraj et al., 2018). Finally, the 
microbial content of HM is extremely variable from one mother to another and is 
influenced by several factors discussed in detail in the following chapters. 

Functions 

HM is a biological fluid with lower bacterial biomass (between 103-105 CFU/mL) 
than other human sites. However, microorganisms present in HM could have 
beneficial implications for infant health. Some argue that the protective effect of HM 
against the incidence of NEC and LOS may be due to a combination of factors, as it 
contains a variety of bioactive compounds like HMOs and microbes (Murphy et al., 
2021). This implies that the HMM could be another explanation as to why HM can 
protect VLBW neonates from NEC. In fact, preterm infants fed with mother’s own 
milk (MOM) rather than infant formula, which lacks the diverse bacterial 
communities found in HM, are less likely to develop NEC (T. J. Johnson et al., 
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2015). Moreover, Altobelli and colleagues found that only the combination of 
mother's own milk and pasteurized donor HM (DHM) significantly reduces the risk 
of NEC in preterm neonates (Altobelli et al., 2020). DHM refers to HM from 
different lactation stages, expressed by mothers who delivered at term and produced 
HM in excess, which was pooled, pasteurized, and frozen. This decrease could be 
attributed to the restoration of microbial content in pasteurized DHM following 
supplementation with the mother's own preterm milk (Mallardi et al., 2021).  

Overall, the protection against NEC may be mediated by the altered GM profiles 
and increased GM richness and diversity observed in preterm infants who breastfed 
compared to those who received formula (Cong et al., 2017; Z. Wang et al., 2020; 
Zanella et al., 2019). More specifically, breastfeeding has been linked to a higher 
abundance of beneficial bacteria like Bifidobacterium and Lactobacillus in the infant 
gut compared to formula feeding (Harmsen et al., 2000). Moreover, the relative 
abundance of these genera is lower in the feces of infants suffering from NEC than 
in their healthy counterparts (Ellaby, 2018; Stewart et al., 2016). Consequently, it is 
possible that the HMM plays an important role in seeding the infant gut, providing 
protection against infections (Gritz & Bhandari, 2015; Pannaraj et al., 2017). For 
instance, preliminary evidence from in vitro experiments suggests that specific 
Lactobacillus strains isolated from HM can suppress the growth of gastrointestinal 
nosocomial pathogens (Jara et al., 2011)  

HM is indeed recognized as a major selective factor in shaping the composition 
of the infant GM as many microbes found in HM are also detected in infant feces 
(Corona-Cervantes et al., 2020; K. Pärnänen et al., 2018). This was also 
demonstrated in a recent study on healthy mothers and their respective infants, which 
reported a significant association between specific microbial clusters of HM and 
infant GM, suggesting that microbes in HM may play an essential role in infant GM 
composition (Pace et al., 2021). In addition, HM bacteria like Staphylococcus, 
Faecalibacterium, Akkermansia, Bifidobacterium, and Lactobacillus have also been 
isolated from infant feces. In fact, infants who breastfeed have a higher prevalence 
of Staphylococcus in their feces than in formula-fed ones (Balmer & Wharton, 1989). 
Members of this genus utilize oxygen while growing in the gut. This is necessary for 
the proliferation of beneficial members of the HMM and infant GM like 
Faecalibacterium, Akkermansia, Bifidobacterium, and Lactobacillus in the gut who 
are known to generate short-chain fatty acids as an end product of their metabolic 
activity (LeBlanc et al., 2017).  

The subsequent production of short-chain fatty acids in the gut could reduce the 
risk of dysbiosis-related diseases like NEC. For instance, Faecalibacterium 
prausnitzii produces butyrate and thus could modulate inflammation 
while Akkermansia muciniphila and Bifidobacterium produce acetate, which may 
help prevent pathogenic infection (Belzer & de Vos, 2012; Martín et al., 2018). Since 
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the relative abundance of Akkermansia, Bifidobacterium and Lactobacillus is lower 
in the feces of NEC infants than in their healthy counterparts (Ellaby, 2018; Stewart 
et al., 2016; Tarracchini et al., 2021), HM, rather than formula, could be a source of 
these bacteria for this vulnerable population. Indeed, breastfeeding has been 
associated with a higher abundance of Bifidobacterium and Lactobacillus in the 
infant gut (Boudry et al., 2021). However, not all studies have identified 
bifidobacteria in HM while their relative abundance is low (Yan et al., 2021) and 
this may also impact their prevalence in the infant gut. In fact, recent evidence 
suggests that certain species of Akkermansia, Bifidobacterium and Lactobacillus can 
utilize HMOs, which could improve their survival and enhance their persistence in 
the neonatal gut (Kostopoulos et al., 2020; Thongaram et al., 2017a). By colonizing 
the gut, HM-related bacteria can protect the host by interfering with pathogen 
adhesion to the intestinal mucus and therefore suppress or inhibit their growth 
(García-Ricobaraza et al., 2021). 

Finally, in addition to their beneficial role in infant health, several members of 
the Bifidobacterium and Lactobacillus genera in HM are significantly associated 
with the absence of breast infections in lactating mothers suggesting a protective 
effect against mastitis (Togo et al., 2019; Urbaniak et al., 2016). Nonetheless, the 
microbial content of HM varies greatly from one mother to another (Asbury et al., 
2020) and is influenced by a number of factors (Figure 3), which are discussed in 
detail in the following chapter. 
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What Defines the Human Milk Microbiota Composition? 

 
Figure 3.  Factors driving the Human Milk Composition. Own drawing, adapted from (Mantziari & 

Rautava, 2021) 

Maternal Health Status 
Gestational prehypertensive status and maternal obesity contribute to lower 
microbial diversity and changes in the configuration of the HMM. Gestational 
prehypertensive status is responsible for a lower relative abundance of Lactobacillus 
in HM (Wan et al., 2020). Staphylococcus, Corynebacterium, and 
Brevundimonas are elevated in the milk of obese mothers compared to overweight 
or healthy-weight mothers (LeMay-Nedjelski, Butcher, et al., 2020). In addition, 
overweight and obese mothers produce milk with higher levels of Staphylococcus, 
Akkermansia, and Granulicatella and lower Bifidobacterium counts than normal-
weight women (Cabrera-Rubio et al., 2012; M. C. Collado, Laitinen, et al., 2012; 
Williams, Carrothers, et al., 2017). Similarly, a lower abundance of Bifidobacterium 
was found in the milk of mothers with allergy or celiac disease than in healthy 
mothers (Grönlund et al., 2007; Olivares et al., 2015).  

Maternal postnatal distress can also contribute to a less diverse HMM and is 
associated with its altered composition (Browne et al., 2019). Indeed, high 
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psychosocial distress leads to a significant decrease in the relative abundance of 
Staphylococcus in HM, while low psychosocial distress significantly increases the 
relative abundance of Lactobacillus, Acinetobacter, and Flavobacterium. Doing the 
month is a 20–30-day postpartum confinement program typical in Asian cultures. 
This practice uniquely combines dietary and herbal therapies and is associated with 
fewer postpartum physical and depressive symptoms in mothers. Adhesion to this 
program led to a higher prevalence of Lactobacillus, Bifidobacterium, and 
Archaea in the HM (Chen et al., 2020; Chien et al., 2006).   

Maternal infections, including lactational mastitis and breast abscess (which may 
be developed as a complication of mastitis), are significant modulators of the HMM. 
Both conditions have been associated with an overall lower bacterial diversity, the 
dominance of Staphylococcus aureus (often the cause of mastitis), and a complete 
absence of Bifidobacterium breve in the milk of infected mothers (Jiménez et al., 
2015; Togo et al., 2019). Most importantly, the absence of both mastitis and breast 
abscess correlates with several bifidobacteria and lactobacilli in HM. Lower 
diversity, increased bacterial loads, and altered composition were also confirmed in 
HM of mothers with sub-acute mastitis (Boix-Amorós et al., 2020). Viral infections 
have also been linked to changes in HMM composition (Almand et al., 2017; 
Domínguez-Díaz et al., 2019). However, conversely to mastitis infected mothers, 
HIV-infected mothers were found to have a more diverse HMM characterized by 
higher counts of Lactobacillus and decreased abundance of Staphylococcus 
(González et al., 2013). 

Antibiotics are a common strategy against maternal infections which may occur 
during pregnancy, perinatal period, or lactation. However, numerous reports indicate 
that the prophylactic use of antibiotics has significant effects on several HMM 
parameters. For instance, a recent study focused on the preterm mother's milk 
microbiota showed that mothers who received antibiotics perinatally had a less 
diverse HMM composition when compared to those never exposed to them (Asbury 
et al., 2020). Previous work in term milk has also shown that mothers who received 
antibiotics during delivery have an altered HMM composition but an increased 
bacterial diversity. At the same time, Bifidobacterium is only detected in the milk of 
those mothers who did not receive intrapartum antibiotics (Hermansson et al., 2019). 
Other groups have also confirmed a lower relative abundance of Bifidobacterium 
and Lactobacillus in the milk of mothers who received antibiotics during pregnancy 
or lactation (Padilha, Iaucci, et al., 2019; Soto et al., 2014). 

Infant Sex, Delivery Mode, Feeding Mode, and Geographic Location 
Contrasting findings have been presented for infant sex and mode of delivery as 
determining factors of the HMM composition. Previous studies reported a higher 
prevalence of Rothia (Moossavi, Sepehri, et al., 2019) and Staphylococcus 
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(Williams, Carrothers, et al., 2017) in the milk of mothers of female infants and a 
significant association between infant sex and HMM composition (M. R. Simpson 
et al., 2018a). Regarding delivery mode, the milk of mothers who delivered by 
cesarean section is less diverse and characterized by a lower relative abundance of 
Bifidobacterium, Lactobacillus, and Leuconostocaceae than the milk of mothers 
who delivered vaginally (Cabrera-Rubio et al., 2012; Hermansson et al., 2019; 
Khodayar-Pardo et al., 2014). Contrary to these findings, Urbaniak and colleagues 
did not observe any differences in the HMM profiles based on the sex of the infant 
and mode of delivery (Urbaniak et al., 2016). Different study designs in terms of 
sample size, collection, and analytical methods could cause the inconsistencies 
between the studies mentioned above.  

A recent study led by Holdsworth and colleagues, has shown that breastfeeding 
patterns, specifically the total duration and frequency (breastfeeding sessions 
separated by >30 seconds) of breastfeeding, as well as the frequency of non-maternal 
physical contact, have an influence on the diversity and/or composition of the HMM 
(Holdsworth et al., 2023). In further detail, the study revealed a negative correlation 
between the frequency of breastfeeding sessions and non-maternal physical contact, 
and the richness of HMM. The group of mothers who breastfed for a shorter time 
exhibited the lowest abundance levels of Bifidobacterium. 

It has also been shown that each mother harbors a unique microbial pattern in 
each breast (Tušar et al., 2014). However, not all mothers resolve to feed their 
newborn through direct breastfeeding, and those who decided to express their milk 
using a breast pump had a lower abundance of Bifidobacterium and a higher 
abundance of Enterobacteriaceae and Pseudomonadaceae (Moossavi, Sepehri, et 
al., 2019). Conversely, mothers who fed their infants through direct breastfeeding 
produced milk enriched in Gemellaceae, Vogesella, and Nocardioides. Moreover, 
using a breast pump instead of manual expression by hand results in a lower 
abundance of cultivable staphylococci and a higher content of bacterial DNA in milk 
(Treven et al., 2019).  

The impact of geographic location on the HMM composition has been evidenced 
in multiple studies (Kumar et al., 2016; Lackey et al., 2019). Bacteroidetes 
dominated the milk of vaginally-delivering mothers from Spain compared to their 
Finnish, Chinese, and South African counterparts who delivered vaginally (Kumar 
et al., 2016). On the other hand, Actinobacteria were the most predominant phylum 
in milk produced by Chinese mothers who delivered by cesarean section compared 
to their European or African counterparts. On the genus level, Bifidobacterium, 
Propionibacterium, Veillonella, and Serratia were present in lower levels in the milk 
of Central African Republic mothers (Meehan et al., 2018) compared to US or Swiss 
mothers (Hunt et al., 2011; Jost et al., 2013). Similarly, HMM differences can be 
found among populations in rural and urban areas. Generally, residing in rural areas 
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results in a more diverse HMM composition (Järvinen, 2018) and may contribute to 
higher levels of Lactobacillus in the milk (Taghizadeh et al., 2015). These 
differences could stem from the distinct environmental exposures and dietary 
patterns of rural communities. 

Lactation Stage and Gestational Age 
Current evidence suggests that the HM composition changes with time according to 
the infant's immediate physiological needs and therefore is divided into three distinct 
stages: colostrum, transitional milk, and mature milk. The first stage, colostrum, is 
characterized by increased bacterial diversity with predominant bacteria belonging 
to the Weisella, Leuconostoc, Staphylococcus, Streptococcus, and Lactococcus 
genus (Cabrera-Rubio et al., 2012). As the lactation period progresses, total bacterial 
concentration increases while bacterial diversity decreases. The relative abundance 
of Bifidobacterium, Enterococcus, Veillonella, Leptotrichia, Prevotella, 
Lactobacillus, and Staphylococcus was increased in transitional and mature milk 
when compared to colostrum (Khodayar-Pardo et al., 2014). This variation across 
the lactation period can be partly explained by the retrograde inoculation pathway 
since an increased abundance of typical oral bacteria has been reported in milk from 
the later stages. Indeed, levels of oral bacteria in milk (mainly Streptococcus and 
Rothia) are on the rise after each breastfeeding session, accompanied by an increased 
bacterial diversity (Biagi et al., 2018).  

Limited evidence shows conflicting results regarding gestational age and 
compositional changes of the HMM. Khodayar-Pardo et al. conducted an 
observational study, assessing the HMM composition of Spanish mothers with 
preterm and term gestations. The authors reported higher levels of Enterococcus and 
lower levels of Bifidobacterium in the milk of preterm-delivering mothers compared 
to those who delivered at term (Khodayar-Pardo et al., 2014). Moreover, 
understanding how the different subcategories of prematurity affect the HMM 
configuration is the first step for understanding whether the current practice, namely 
term DHM, is the best solution for feeding preterm infants in the Neonatal Intensive 
Care Unit (NICU). Interestingly, when examining the different degrees of 
prematurity, Khodayar-Pardo et al. detected an overall lower bacterial load in the 
milk of mothers of extreme preterm compared with those of late preterm infants in 
contrast to a later study which found no differences (Urbaniak et al., 2016). A more 
recent study by Moossavi and coworkers agreed with the findings of Urbaniak et al. 
(Moossavi, Sepehri, et al., 2019). However, the authors recruited mothers delivering 
at >35 weeks of gestation, thus excluding extremely preterm pregnancies from their 
study. The significant discrepancies between these reports underline the importance 
of controlling for other confounding factors which could affect the HMM 
configuration, including the nutritional content of HM.  
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Maternal Diet and HM nutrients 
Generally, the effect of maternal diet on the nutritional content of HM has been 
scarcely explored (Rodríguez et al., 2021). Similarly, few research groups have 
investigated the impact of maternal diet on the HMM composition. Most recently, 
Seferovic and coworkers did not report any significant changes in the HMM profiles; 
however, maternal diet was found to profoundly influence the HMM function 
through changes in the HMO composition (Seferovic et al., 2020). HMOs, in turn, 
can induce changes in the HMM composition while their content in milk is 
dependent on the maternal secretor status. This was demonstrated by a group of 
Spanish scientists who found significant associations between specific HMOs and 
HMM guided by maternal secretor status (Cabrera-Rubio et al., 2019). In addition, 
Bifidobacterium was more frequently detected in the milk of secretor mothers. 
Significant associations between certain HMOs and the relative abundance of 
Bifidobacterium in milk have also been documented (Moossavi, Atakora, et al., 
2019). Moreover, HMO-degrading bifidobacteria can enhance the growth of non-
HMO-degrading bifidobacteria, at least in vitro (Lawson et al., 2020). This 
observation could potentially lead to their dominance in HM, affecting its microbial 
composition. Altogether, these findings could justify the higher bifidobacterial 
abundance observed in the gut of infants of secretor mothers (Lewis et al., 2015). 

The impact of specific nutrient intake by the mother on her respective HMM 
profiles has been explored. A Brazilian study found a positive correlation between 
Vitamin C intake during pregnancy and Staphylococcus in the HM of full-term 
delivering mothers (Padilha, Danneskiold-Samsøe, et al., 2019). In the same study, 
the relative abundance of Pseudomonas in HM was increased after high Vitamin B9 
intake and decreased after high sugar intake during the lactation period. 
Bifidobacterium and specific fatty acid (PUFAs and linoleic acid) intake during 
lactation were also positively associated. Interestingly, another study indicated that 
saturated fatty acid intake is negatively associated with Corynebacterium in the milk 
(Williams, Carrothers, et al., 2017). Dietary intake of specific nutrients affects their 
concentration in HM (Keikha et al., 2017). This finding could directly impact the 
HMM composition as many nutrients in HM could serve as growth substrates for 
bacteria. Indeed, saturated fatty acids in HM were negatively associated with 
Streptococcus and Acinetobacter, while the presence of Bifidobacterium and 
Lactobacillus was inversely related to monounsaturated fatty acids and n-3 PUFA 
milk phospholipids (Kumar et al., 2016). Greater protein concentration in HM was 
related to an increase in the levels of Bacillus, Peptoniphilus, and Anaerococcus 
(Boix-Amorós et al., 2016) and a decrease in the relative abundance of 
Novosphingobium (Williams, Price, et al., 2017). However, none of these studies 
looked for differences in the lactose, protein, and fat content of preterm HM or 
whether these relate to changes in the preterm HMM composition. Indeed, none of 
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the studies mentioned above provided gestational age information besides Padhila 
and coworkers who recruited mothers of term infants. Nevertheless, this information 
is essential for developing nutritional strategies specifically targeting the different 
categories of prematurity.  

Accordingly, other milk constituents could modulate the bacterial taxonomic 
composition of HM. For example, concentrations of the polyamine putrescine in HM 
are correlated with the levels of Gammaproteobacteria and have a strongly negative 
correlation with other Proteobacteria, Clostridia, and Actinobacteria (Gómez-
Gallego et al., 2017). The presence of other nutritional substances like nitrite and 
nitrate in HM has received little attention. These anions can be provided through diet 
or synthesized endogenously and are involved in various physiological processes, 
including stimulation of mucus secretion (Jansson et al., 2007) and protection against 
hypoxia and ischemia (L. Ma et al., 2018) among others. Moreover, preliminary 
evidence in mice shows that nitrite, a precursor of nitric oxide, could be considered 
as a preventive strategy against NEC (Yazji et al., 2013). Despite that, no reports 
have been available on the impact of nitrites/nitrates on the HMM composition itself. 

Probiotics 
External factors like probiotics (described in detail in the Probiotics chapter, 2.2.2) 
may have an impact on the HMM composition in HM. However, conflicting 
evidence has been presented. According to a few studies, while prenatal and 
postnatal maternal administration of specific probiotics can result in their presence 
in HM, it has no effect on the diversity and composition of HMM (Hermansson et 
al., 2019; M. R. Simpson et al., 2018b). Other probiotic strains, on the other hand, 
have been shown to effectively reduce the numbers of S. aureus in the milk of 
mothers with mastitis or increase the relative abundance of the lactobacilli and 
bifidobacteria (Jiménez et al., 2008; Mastromarino et al., 2015). This difference 
could be due to the ability of HM isolated probiotics to metabolize HMOs directly 
or due to other factors such as mode of delivery. Indeed, maternal probiotic 
supplementation in the late stages of pregnancy increased the concentration of 
certain HMOs in colostrum (Seppo et al., 2019). This modulation is likely to affect 
not only the HMM configuration, but also which bacteria are transferred from mother 
to infant and established in the newborn infant gut.  

2.2.1.3 Human Milk Processes 

2.2.1.3.1 Pasteurization and Cold Storage 

Preterm neonates or infants born with a health condition that needs special care are 
admitted to the NICU. However, feeding infants in the NICU is quite different from 
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feeding healthy infants and remains an ongoing challenge. This is likely because 
preterm neonates have a weak suckling capability or their digestive system is still 
underdeveloped and immature (C. Lau, 2015). As discussed at the beginning of this 
chapter, HM is the best nutrition for the preterm infant; however, in some cases, 
MOM is not available, or insufficient to meet the nutritional needs of the newborn 
(A. L. Patel et al., 2020). This could occur because the mother is either receiving 
specific medication, fighting certain viral infections, physically far from the NICU, 
or producing low HM volumes (Davanzo, 2018). To overcome this challenge, many 
NICUs offer DHM either as the sole source of feeding or as a complement to MOM. 
The use of DHM in the NICU results in significantly lower hospital treatment costs 
for prematurity-related conditions (Carroll & Herrmann, 2013; Gephart & Newnam, 
2019).  

The collection, processing, and distribution of DHM is the responsibility of the 
HM bank, which then provides it to the NICUs. Most European HM banks follow 
the recommended thermal treatment for HM, which is Holder pasteurization (62.5°C 
for 30 minutes) to eliminate potential pathogens. The same applies to storage after 
pasteurization, where DHM in most HM banks is stored at temperatures ≤-18°C for 
up to 3-6 months. Nevertheless, a small percentage of European HM banks still store 
pasteurized DHM in the fridge (+4°C) for 24-72h (Kontopodi et al., 2021). Both 
processes have been found to profoundly impact the composition of specific HM 
nutrients and bioactives while others are preserved or even increased. For instance, 
the concentration and bioactivity of lactoferrin and lysozyme are both reduced to a 
certain extent in DHM (Binte Abu Bakar et al., 2021; Paulaviciene et al., 2020).  

On the other hand, HMOs, some cytokines, and growth factors remain stable 
while free fatty acid, IL7, and IL-8 concentrations increase (Daniels et al., 2017; 
Peila et al., 2016; Riskin, 2020). Similarly, the storage of DHM may affect its 
composition. According to a study by Meng and coworkers, storing DHM at room 
temperature (RT) for 12h can significantly decrease the total protein content and 
secretory IgA activity (Meng et al., 2016). Alternatively, storage at 4°C for up to 7 
days preserves the total protein content, lysozyme, and secretory IgA activity in 
DHM. A similar effect was observed for vitamin C in DHM that is stable during 6-
day refrigeration (4°C) but significantly decreases when DHM is stored for a month 
at -20°C or -80°C (Abramovich et al., 2013). A significant decrease in total IgM has 
been reported after pasteurization and storage of HM at -20°C for an hour, although 
other immunoglobulins (secretory IgA, total IgA, and IgG) withstood these 
treatments (Demers-Mathieu et al., 2019). Finally, a recent study has shown that the 
use of fresh HM has an impact on the diversity of the infant GM composition and is 
associated with higher levels of Lactobacillus and Bifidobacterium than frozen HM 
(Merter & Altay, 2024). Despite the adverse effects of thermal process and cold 
storage, many studies present favorable results towards using DHM over formula in 
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the NICU (L. Fang et al., 2021). Indeed, a recent meta-analysis including high-
quality randomized controlled trials showed incidence of NEC is lower in VLBW 
neonates receiving DHM as compared to those receiving preterm infant formula 
(Yang et al., 2020).  

As pasteurization and cold storage might impact the composition of DHM, it 
would make sense to supplement it with specific probiotics that would partly restore 
its microbial content. Indeed, many NICUs will administer specific probiotics to 
preterm neonates due to their role in reducing NEC development (discussed in detail 
in chapter 2.2.2.1). Interestingly, evidence from an Australian NICU suggests that 
simultaneous introduction of DHM and probiotics in very preterm neonates can 
significantly reduce mortality and, although not significantly due to the small sample 
size but clinically relevant, reduce the incidence of NEC (Sharpe et al., 2018). In 
addition, a recent meta-analysis indicated that probiotics combined with an exclusive 
HM diet (either MOM or DHM) have resulted in a significant reduction of LOS in 
preterm neonates (Aceti et al., 2017). Probiotic powdered preparations are first 
mixed with MOM or DHM in the NICU milk kitchen before administration through 
a nasogastric tube or mouth (Robertson et al., 2020; Watkins et al., 2018). However, 
the suitability of DHM as a matrix candidate for the delivery of probiotics in preterm 
infants is not yet clear. This is relevant information when developing NICU 
nutritional regimes as the delivery matrix of probiotics can have a profound impact 
on probiotic characteristics, like viability and adhesion ability to the intestinal 
mucus, and therefore affect probiotic functionality and efficacy (Yoha et al. 2021). 

2.2.1.3.2 Human Milk Fortification 

An infant born prematurely is missing out on the nutrients passed in utero during the 
final weeks of pregnancy. While HM is the best possible feeding alternative, it is not 
adequate to meet the nutritional needs and growth requirements of these fragile 
neonates (Schulz & Wagner, 2021). In addition, Holder pasteurization can 
significantly reduce protein, lipid, and lactose content in DHM (Piemontese et al., 
2019). For these reasons, HM is fortified with human milk fortifiers (HMFs) which 
are essentially protein and mineral supplements. The vast majority of commercially 
available fortifiers derive from bovine milk, contain different amounts of protein, 
carbohydrates, and minerals, and may be enriched with fatty acids or vitamins 
(Arslanoglu et al., 2019). Specifically, protein to energy intake ratio is crucial for the 
synthesis of new tissue, and supplementing HM with protein has previously led to 
short-term increases in weight gain, linear and head growth (Kuschel & Harding, 
2000). Moreover, increased postnatal protein intake in extremely preterm infants was 
associated with higher white matter integrity in their brains (Hortensius et al., 2021) 
which could contribute to better neurodevelopmental outcomes (Feng et al., 2019).  
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Despite the benefits, some healthcare professionals and scientists have expressed 
their skepticism regarding the use of fortification in preterm infants due to its 
potential contribution to childhood obesity and positive association with NEC 
development (Lucas et al., 2020; Thoene et al., 2016; Villar et al., 2019). However, 
a recently published ten-year retrospective analysis in preterm infants demonstrated 
opposite effects (Jordan et al., 2021). Especially extremely premature infants had 
less risk of developing NEC if they were fed with HMF. While HMFs are available 
in two forms powdered (pHMF) and liquid (lHMF), the overall growth of VLBW 
neonates fed with fortified HM seems to be independent of the type of HMF used 
(Cibulskis & Armbrecht, 2015; Masoli et al., 2021). Nevertheless, liquid HMF is 
recommended over powder HMF due to safety concerns of pathogen transfer and 
infection or in those cases when the produced HM volume is limited (Pillai et al., 
2018).  

Given the different beneficial effects of fortified HM and probiotics, fortifying 
HM and enriching it with probiotics may be a good strategy for feeding neonates in 
the NICU, and thus worth exploring. However, there is still no information on the 
suitability of fortified HM as a carrier matrix for probiotics or whether the type of 
fortifier can influence specific probiotic properties. This should be defined as it could 
profoundly impact probiotic survival and extended function. 

2.2.2 Probiotics 

2.2.2.1 Normalization of Intestinal Microbiota Composition and 
Protective Functions 

Probiotics are defined as “live microorganisms which, when administered in 
adequate amounts, confer a health benefit on the host” (FAO/WHO, 2002; Hill et al., 
2014). Gram-positive bacteria, particularly strains of the Lactobacillus and 
Bifidobacterium genera, are the most commonly used probiotics in preterm neonates 
(Ayivi et al., 2020). More specifically, Lacticaseibacillus rhamnosus GG (LGG; 
previously known as Lactobacillus rhamnosus GG) and Bifidobacterium animalis 
subsp. lactis Bb12 (Bb12) are the two most studied probiotic strains in clinical trials 
(Dronkers et al., 2020).  

Lactobacilli and bifidobacteria are common GM constituents of full-term 
breastfed infants (S. Wang et al., 2020) and their administration in preterm neonates 
may be able to reverse the altered GM composition (Alcon-Giner et al., 2020; Yousuf 
et al., 2020) and delayed gut colonization by bifidobacteria which is associated with 
formula feeding and antibiotic exposure (Senn et al., 2020). Indeed, administration 
of Bb12 to preterm neonates improved their GM composition as evidenced by the a 
higher levels of bifidobacteria and a lower levels of potentially pathogenic 



Review of the Literature 

 37 

enterobacteria in their feces (Mohan et al., 2006). Exposure to HM and 
Bifidobacterium longum subsp. infantis EVC001 for a month, resulted in persistent 
GM changes which lasted up to 1 month post intervention (Frese et al., 2017). A few 
of these changes include increased numbers of Bifidobacteriaceae, and a significant 
decrease in enteropathogens. A recent follow up study confirmed the increased 
Bifidobacteriaceae load in infants who received the probiotic and extended the 
effects on the gut colonization to a year (O’Brien et al., 2021). Moreover, B. 
infantis EVC001 supplementation silenced intestinal inflammation in newborn 
children (Henrick et al., 2020). 

Probiotics have also surfaced as promising preventive strategies for preterm 
neonate complications, with a large number of randomized control trials (RCTs) and 
meta-analysis studies successfully demonstrating that probiotics can prevent or 
reduce the risk of NEC, LOS and overall mortality (Bi et al., 2019; Denkel et al., 
2016; Dermyshi et al., 2017; Gray et al., 2020; C. S. M. Lau & Chamberlain, 2015). 
Considering these benefits many NICUs around the world are implementing the use 
probiotics in preterm infants some routinely and others occasionally. More 
specifically in 2016, 14% of the NICUs in the USA (Viswanathan et al., 2016) 
administer probiotics to preterm neonates while preliminary results focusing in 
European NICUs (mostly from France) report a use of 55% (Blanchetiere, 2021). On 
the other hand, recognized risk factors associated with probiotics belonging to the 
Lactobacillus and Bifidobacterium genera include bacteremia which may lead to 
neonatal sepsis (Bertelli et al., 2015; Kunz et al., 2004; Zbinden et al., 2015). 
Nevertheless, a few researchers have argued that it is preferable to administer 
probiotics proven to be safe and might confer a benefit to these vulnerable newborns 
than not administering anything at all (Szajewska et al., 2023; Usman et al., 2018).  

To overcome safety concerns, researchers investigated which specific probiotic 
strains or their combination could have the same protective potential against NEC 
without the previously mentioned risks, resulting in the publication of a position 
paper (van den Akker et al., 2020). In this work, it became evident that not all 
probiotic strains are equally effective, and that only thoroughly tested and safe strains 
should be used. Most importantly only two preparations, LGG and a mix of 
Bifidobacterium longum subsp. infantis BB-02, Bb12 and Streptococcus 
thermophilus TH-4 appeared to reduce NEC.  

However, there is still no consensus on whether a single strain or combination of 
probiotics would be more effective in reducing NEC or LOS in preterm infants. In a 
recent meta-analysis of 25 randomized controlled trials, Aceti at al evaluated the 
efficacy of probiotics in reducing LOS incidence in breastfeed VLBW preterm 
neonates. Surprisingly, the incidence of LOS was significantly lower in infants who 
received a probiotic mix compared to those who received a single strain (Aceti et al., 
2017). Hui and colleagues found that preterm infants who received a combination of 
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LGG and Bb12 starting on the third day after birth had a lower risk of NEC and 
lower relative abundance of Klebsiella in their feces, a microbe whose abundance is 
found increased before NEC diagnosis (Hui et al., 2021; Olm et al., 2019). The 
prophylactic administration of this combination was confirmed in a recent network 
meta-analysis where Bb12+LGG was among the best probiotic mix supplementation 
options for reducing NEC risk in preterm neonates (Beghetti et al., 2021). 
Furthermore, recent findings from a UK NICU suggest that routine prophylactic use 
of Lactobacillus and Bifidobacterium in preterm neonates results in a significant 
reduction in NEC, surgical NEC, and LOS (Robertson et al., 2020). 

2.2.2.2 Mechanisms of action 

The mechanisms through which probiotics influence infant health are diverse, strain 
specific and not yet fully elucidated. They are, however, primarily organized into 
four major categories: 1) reduction of intestinal permeability, 2) modulation of 
mucus production, 3) modulation of the immune system and 4) antagonism against 
pathogens (Figure 4).  

As discussed previously, the preterm gut is characterized by an increased 
intestinal permeability which may be a risk factor of NEC development (B. Ma et 
al., 2018). This means that the integrity of the intestinal epithelium, which forms a 
physical barrier between the lumen and the lamina propria, is compromised, allowing 
pathogenic microorganisms to pass through and cause infection. The tight junction 
proteins that keep epithelial cells bound together play an important role in the 
stability of the intestinal barrier. According to research in various epithelial cell lines, 
certain probiotics increase the expression of these proteins, ensuring the stability of 
the intestinal barrier (La Fata et al., 2018). An in vitro study, for example, found that 
pretreatment of epithelial cells with LGG before infection with a pathogenic 
Escherichia coli had a protective effect, preventing the decrease and redistribution 
of tight junction proteins normally caused by the pathogen (Johnson-Henry et al., 
2008). Bb12 displayed similar effects as its fermentation products led to an increased 
tight junction integrity (Commane et al., 2005). Moreover, specific probiotics have 
been reported to promote mucus production. For instance, LGG can induce the 
expression and production of mucin in epithelial cells and mice via its cell wall 
protein, p40 (L. Wang et al., 2014). This increased mucus production mediated by 
LGG has been also shown to be responsible for inhibiting pathogen adhesion to the 
intestinal epithelial cells.  
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Figure 4. Probiotic mechanisms. Probiotics can produce antimicrobial compounds that act 

pathogens and prevent their adhesion to the gut epithelium. They are also capable or 
regulating a various range of immune responses such as activation of immune cells and 
cytokine and antibody production. Own drawing, adapted from (Mantziari, 2016). 

Pathogenic microorganisms can be recognized by host cells via a variety of 
receptors, each of which is specialized in binding a specific bacterial structure such 
as lipopolysaccharides (LPS), lipoproteins, lipoteichoic acid, peptidoglycan, 
flagellin and bacterial RNA and DNA (Warshakoon et al., 2009). In response to 
pathogen infection, host cells increase the production of signaling molecules known 
as pro-inflammatory cytokines which attract and activate immune cells (Figure 5). 
However, excessive pro-inflammatory responses could lead to tissue damage and 
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eventually to organ failure and death (Delano & Ward, 2016). On the other hand, 
probiotic bacteria are able to induce anti-inflammatory cytokine production such as 
interleukin‐10 (IL-10) in macrophages and dendritic cells (Kaji et al., 2018). Anti-
inflammatory cytokines are essential for achieving homeostatic balance as they can 
inhibit pro-inflammatory cytokine secretion (de Moreno de LeBlanc et al., 2011). 

 
Figure 5.  Probiotics modulate the host’s immune response and on the pathogen on a specific 

manner. MDP: muramyl dipeptide; NLRP1: NACHT [NAIP (neuronal inhibitory protein), 
CIITA (MHC class II transcription activator), HET-E (incompatibility protein from 
Podospora anserina) and TP1 (telomerase-associated protein)] domain-, leucine-rich 
repeat-, and PYRIN containing protein 1; IL-1β and IL-18: interleukin 1 beta and 18, 
respectively; LPS: lipopolysaccharide; TLR 4, TLR 2, and TLR 9: toll-like receptor 4, 2, 
and 9, respectively; NF-κB: nuclear factor kappa B; SCFAs: short-chain fatty acids. Own 
drawing, adapted from (Mantziari et al., 2020). 

Besides their interaction with immune cells, probiotics can directly inhibit 
gastrointestinal pathogens by either secreting antibacterial metabolites or by 
competing for common host adhesion sites and nutrients sites (Plaza-Diaz et al., 
2019). Antibacterial metabolites commonly produced by probiotic lactic acid 
bacteria include SCFAs, bacteriocins, and hydrogen peroxide. Apart from 
modulating the intestinal microbiota composition, SCFAs may protect against 
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pathogen infection by compromising cellular metabolic reactions, impacting cellular 
physiology, or regulating virulence gene expression (Sun & O’Riordan, 2013). For 
instance, propionate produced by LGG (LeBlanc et al., 2017) and acetate produced 
by Bb12 (Merenstein et al., 2021) may influence pathogen virulence as both of these 
SCFAs were shown to inhibit the expression of Salmonella typhimurium invasion 
genes (Lawhon et al., 2002). Bacteriocins, on the other hand, interfere with pathogen 
cell growth and prevent biofilm formation. At the same time, hydrogen peroxide 
produced by some lactobacilli may disrupt the integrity of bacterial DNA strands by 
inducing direct breaks, thus leading to transcriptional errors and ultimately to the 
loss of cell viability (N.-N. Kim et al., 2019; Piekarska-Radzik & Klewicka, 2021). 
Probiotics may inhibit pathogen adhesion to intestinal surfaces through competitive 
exclusion. In short, various probiotic surface-bound compounds interact with the 
host pattern recognition receptors or with mucus glycoproteins, resulting in their 
adhesion to host cells or intestinal mucus respectively which in turn induces immune 
responses (do Carmo et al., 2018; Muscariello et al., 2020). Lastly, probiotics can 
enhance the diversity of the GM. Probiotic administration, has been shown to 
increase the levels of beneficial bacteria like bifidobacteria in the gut, thus enriching 
microbial diversity (Krumbeck et al., 2018). 

2.2.2.3 Quality assurance criteria for probiotics 

2.2.2.3.1 Adhesion Ability to Intestinal Surfaces 

One of the main selection criteria and functional characteristic of probiotics required 
to confer a health benefit is adhesion to the intestinal mucosa. Indeed various in vitro 
and in vivo studies of well-known and well-characterized probiotic strains indicate 
their good adhesion capacity to mucus (Ouwehand & Salminen, 2003). Adhesion to 
intestinal mucus is also one of the first steps for transient colonization that enables 
probiotics to modulate GM composition (Korpela et al., 2016; Monteagudo-Mera et 
al., 2019).  

As mentioned before, by adhering to intestinal mucus, probiotics may stimulate 
the immune system, promote local host defenses, and act against pathogens. Thus, 
administration of probiotics could effectively shift the microbial pattern of the gut 
and help prevent diseases by inhibiting pathogen attachment to the gut epithelium. 
This could also lead to reduced epithelium permeability, by triggering enhanced pro-
inflammatory cytokine, mucin, or sIgA production and increasing the barrier 
integrity (Bermudez-Brito et al., 2012). Competitive exclusion of pathogens has 
been demonstrated in many studies. For instance, Lee and Puong showed that  LGG 
can compete with Salmonella spp. and E. coli for the same adhesion sights to Caco-
2 intestinal cells presumably by steric hindrance (Y.-K. Lee & Puong, 2002). 
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Consequently, this probiotic ability interferes with pathogen growth on the mucosal 
surface and protects against potential infections. It is also important to include that 
specific combinations of probiotics were reported to be more effective in inhibiting 
pathogens from adhering to mucosal surfaces than single probiotic strains in vitro  
(M. C. Collado et al., 2006; M. c. Collado et al., 2007; M. C. Collado et al., 2008). 
The adhesion of probiotics to intestinal surfaces is mediated by cell surface 
compounds of probiotic bacteria including but not limited to proteins, glycoproteins, 
lipoproteins, lipoteichoic acids, lipopolysaccharides, adhensins, and flagellins. For 
instance, the cell wall bound SpaCBA pili of LGG have been well described to 
mediate its adhesion to the both human intestinal epithelial cells (Caco-2) and human 
intestinal mucus (Lebeer et al., 2012; Ossowski et al., 2013). More specifically, one 
of the three pilling subunits SpaC pilin has been proved to be essential for the binding 
of mucus by this probiotic (Kankainen et al., 2009). In addition, increased ability to 
adhere to intestinal surfaces may be due to the production of probiotic metabolic 
products. Evidence from in vitro experiments indicates that adhesion of L. 
acidophilus LB to Caco-2 cells was increased when an extracellular protein was 
present. This protein was present in the spent culture supernatant and mostly a 
metabolic by-product of probiotic growth (Chauvière et al., 1992).   

Models to Study Probiotic Adhesion Ability In Vitro 

Screening for strongly adherent probiotic candidate strains should be optimally 
carried out in the host for which the probiotic is intended to be used. However, due 
to the complexity of host physiology, GM composition and increased ethical 
concerns of using animal models, this becomes a challenging task. Therefore, 
various in vitro models have been developed over the years giving a more simplified 
view of what is the situation in vivo. Indeed, some of these models appear to have 
strong correlation with in vivo colonization ability of potential probiotic lactic acid 
bacteria (Sugimura et al., 2011). The most commonly used models to study probiotic 
adhesion to mucosal surfaces are mainly purified mucins, intestinal mucus, intestinal 
epithelial cells, host tissues, and biopsies (Ouwehand & Salminen, 2003). Each 
model serves a different mechanistic purpose: mucus models target mucin 
glycoprotein-microbe interactions while cell line models study host-microbe 
interactions (Tassell & Miller, 2011). 

2.2.2.3.2 Factors Affecting Probiotic Stability in Milk 

As outlined before, besides adhesion ability, another one of the key criteria for a 
microorganism to qualify as a probiotic is to be alive in the delivery matrix 
throughout shelf life and during consumption at an efficacious dose (Binda et al., 
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2020). Although probiotic doses for specific effects are not yet clearly defined, there 
are multiple studies suggesting that probiotics have to be viable and in amounts of 
approximately 106 -108 CFU/ml or g of the food product per day (A. Mortazavian et 
al., 2007).  

For many years, cell viability has been considered a necessary property for 
clinically effective probiotics. This stems from the fact that most probiotic efficacy 
studies have been carried out using viable probiotics. In particular, cytokine and IgA 
production were higher after administration of viable than non-viable lactobacilli in 
mice, demonstrating a positive correlation between probiotic viability and effective 
gut immune stimulation (Galdeano & Perdigon, 2004). On the other hand, recent 
evidence has shown that inactivated probiotics, their metabolites, or cell wall 
components can also confer clinical health benefits, indicating that more than one 
mechanism of action may be responsible for a specific clinical health benefit 
(Mantziari et al., 2020). However, by definition, probiotics are live microorganisms, 
and therefore it is critical to enumerate them accurately in every production stage, 
including their supplementation into the food matrices and subsequent storage. This 
is because the beneficial effects of probiotics are based on the number of viable 
organisms present in the beginning and at the end of the recommended shelf-life. 

There are numerous factors affecting probiotics' ability to survive during storage, 
including, but not limited to, delivery matrix, probiotic strain, temperature, and 
storage time. In the NICU, sachets containing lyophilized probiotic powder are 
mixed with a diluent (most commonly sterile water, MOM, or DHM) before 
administration to the infant (Watkins et al., 2018). Interestingly, nature and 
composition (pH, dissolved oxygen, buffering capacity, the concentration of 
metabolites) of the diluent may modify the probiotic stability and its tolerance to 
gastrointestinal conditions, thus compromising or enhancing its beneficial properties 
and efficacy (Tripathi & Giri, 2014). Sterile water is a universal solvent, but 
compared to whole milk processed at ultra-high temperature, it appears to be a 
suboptimal carrier matrix for probiotics (Lo Curto et al., 2011). This difference is 
probably due to the higher buffering capacity (good resistance to pH change) of milk 
that offers probiotic protection from the harsh gastrointestinal environment. In 
general, probiotics in dairy matrices, like fermented milks, can tolerate exposure to 
simulated gastric juices (Sagheddu et al., 2018). Likewise, many milk components, 
including casein, whey protein, and lactose, are known as cryoprotectants and are 
extensively used in the commercial production of freeze-dried probiotics (Reddy et 
al., 2009). Indeed, glycomacropeptide, a bioactive peptide derived from κ-casein, 
and whey protein can stimulate the growth of bifidobacteria and/or lactobacilli in 
milk (Gustaw et al., 2016; Janer et al., 2004). Nevertheless, all these components and 
their concentration in milk can have a different effect on stability. This depends on 
each probiotic strain's technological and physiological characteristics. For instance, 
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LGG maintained its viability in yogurt during storage for 2-3 weeks at 4°C compared 
to other Lactobacillus strains tested in the same conditions (Mani-López et al., 2014; 
Schillinger, 1999; Vinderola et al., 2011). 

Our current knowledge suggests that matrix composition, strain properties, 
storage temperature and storage time are all crucial in ensuring probiotic survival in 
milk. An experiment investigating the effect of storage conditions on goat milk 
fermented by B. animalis and L. acidophilus showed that both strains were stable for 
10 days in 5-7°C (Kongo et al., 2006). In contrast, viability was compromised when 
the fermented milk was stored at 22°C. Higher storage temperature promotes the 
growth of lactic acid bacteria and, in extent, their metabolic activity. Besides carbon 
dioxide and acetic acid, aerobic growth leads to hydrogen peroxide formation, which 
can be bacteriostatic for lactic acid bacteria thus reducing their stability in the 
product before consumption (Liptáková et al., 2017; Piard & Desmazeaud, 1992). 
Moreover, as indicated by a study by Oliveira and coworkers, the viable counts of L. 
bulgaricus LB340, L. acidophilus LAC4, L. rhamnosus LBA, and B. lactis BL 04 in 
fermented skim milk were retained for 7 days at 4°C (De Souza Oliveira et al., 2011). 
Likewise, another probiotic strain, L. casei BL23, was shown to be stable in 
fermented skim milk supplemented with whey protein hydrolysate (WPI) for up to 
90 days of cold storage at 4°C (Cordeiro et al., 2018). Data also suggest that goat’s 
milk fermented by L. rhamnosus CRL1505 and S. thermophilus maintained the 
stability of the former for up to 20 days of cold storage at 4ºC (Salva et al., 2011). 
Also, one of the world’s most studied probiotic, B. animalis subsp. lactis Bb12, 
maintained its viable numbers in fermented goat’s and cow’s milks after storage at 
the same temperature for 21 days (Martı́n-Diana et al., 2003). However, this was not 
the case for L. acidophilus LA-5 since storage at the same conditions was found to 
negatively affect its stability in both milk matrices and goat’s milk yogurt (Senaka 
Ranadheera et al., 2012). Therefore, the effect of storage temperature and time seems 
to be both strain and matrix dependent. 

Methods to Study Probiotic Stability 

Based on the current understanding, viability is an essential determinant of probiotic 
clinical efficacy and required by the definition. Therefore, it is critical to enumerate 
probiotics accurately in every production stage, including their supplementation into 
the food matrices and subsequent storage. Various methods have been developed 
over the years to assess probiotic viability, mainly falling under two categories: 
traditional culture and molecular methods.  

The most popular method to address viability is to plate a proper dilution of the 
product to be tested on a selective growth medium and count the colonies formed 
followed by the incubation under appropriate conditions. This method enumerates the 
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number of bacteria that are metabolically or physiologically active and are able to form 
visible colonies on specific nutrient media (Ayyash et al., 2016). Although this method 
is inexpensive and does not require laborious sample preparation, it has a long 
turnaround time, in most cases, more than 24 hours. Another shortcoming is the need 
for at least three replicate plates for each dilution due to the difficulty obtaining 
reproducible counts (Sohrabvandi et al., 2012). Indeed, the colony-forming units on 
each plate depend on the influence of neighbour cells (which are competing for the 
same nutrients), growth medium, incubation time, and temperature. This is particularly 
relevant for cold storage, during which probiotic bacteria are subjected to stress and 
may be sub lethally damaged (Figure 5). When damaged, cells might become dormant 
and retain metabolic activity (VBNC, viable but not able to be cultured) or 
unculturable losing their ability to form colonies and will consequently not be detected 
(Figure 6) (Lahtinen et al., 2005; L. Li et al., 2014). Indeed, some bacteria have been 
reported to enter into a VBNC state after pasteurization of milk, something that would 
lead to their underestimation by traditional culture methods (Gunasekera et al., 2002; 
Quigley et al., 2013). Thus, conventional culture-dependent methods might lead to 
underestimation of the total viable probiotics. 

 
Figure 6.  Bacterial states and their characteristics (L. Li et al., 2014). Own drawing, adapted from 

(Mantziari, 2016) 

To overcome this limitation and to enable the accurate enumeration of probiotics, 
alternative culture-independent methods focused on nucleic acid amplification have 
been developed (Figure 7). One of the most used cell quantification methods to date 
is quantitative polymerase chain reaction (qPCR) that can measure bacterial load 
accurately up to strain level. The benefits of qPCR include increased sensitivity, 
specificity, and reduced time to obtain results. In short, this method is based on the 
amplification of bacterial DNA using species-specific primers in the presence of a 
component that can fluoresce upon binding to double-stranded DNA. In every 
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amplification cycle, this fluorescent signal is measured and can be used to estimate 
the amount of DNA in the tested sample by comparing it to a standard curve obtained 
from dilution series of reference DNA (Carey et al., 2007).   

 
Figure 7.  Advantages and disadvantages of plate count technique and qPCR. Own drawing with 

the assistance of AI. 

However, traditional qPCR is mainly used to confirm culturing results because 
it cannot avoid the identification of multiple copies of the 16S rRNA gene that many 
bacteria possess nor the DNA amplification from dead bacterial cells (Klumpp & 
Hwa, 2014; Young et al., 2007). The accurate assessment of probiotic viability by 
qPCR can also become challenging due to the presence of varying numbers of gene 
copies in different cell growth stages (Ibal et al., 2019). Consequently, these factors 
contribute to an overestimation of DNA concentration and thereby to a misleading 
assumption of the probiotic viability that can be minimized by using a combination 
of both plating and molecular techniques. Interestingly, Lahtinen and co-workers 
assessed the stability of bifidobacteria in fermented oatmeal by both methods and 
found that qPCR results differed significantly from plate counts of both tested 
bifidobacteria (Lahtinen et al., 2006). Therefore, a combination of methods is 
essential when determining the total cell count of probiotics in the delivering matrix. 

2.2.3 Polyamines 
Polyamines (PAs) are primordial polycations mainly known for their essential role 
in cell proliferation and differentiation (Muñoz-Esparza et al., 2019). Putrescine 



Review of the Literature 

 47 

(PUT), spermidine (SPD), and spermine (SPM) are the most abundant PAs in the 
human body. These compounds are required and accumulated in large amounts in 
rapidly growing tissues like the gastrointestinal epithelium and may provide 
protection against environmental challenges (Pegg, 2009; Timmons et al., 2012). In 
addition, PAs due to their positive charge bind to proteins and by changing their 
conformation may modulate signaling pathways (Schuster & Bernhardt, 2011).  

Other PA functions include processes such as metabolite biosynthesis and 
development of the immune function during the postnatal period (Hesterberg et al., 
2018; Muñoz-Esparza et al., 2019). Evidence from animal studies suggests that 
dietary PAs may play an important role in neonatal and infant development (T. Fang 
et al., 2016; van Wettere et al., 2016). Indeed, administration of exogenous PAs in 
suckling rats appeared to protect against decreased small intestinal mucosal weight 
induced by a PA deficient diet (Löser et al., 1999). This may indicate the implication 
of PAs in the gastrointestinal tract maturation.  

The main sources of PAs are diet and synthesis by the host cells or the GM and 
diet (Bekebrede et al., 2020). In terms of infant diet, human milk, the optimal source 
of nutrition for the newborn infant, is rich in PAs. While polyamine concentration in 
HM varies between mothers and is greatly affected by gestational age, the average 
amounts are 0.058, 0.580, and 0.825 ppm for PUT, SPD, and SPM (Gómez-Gallego 
et al., 2016; Plaza-Zamora et al., 2013). Similarly, Gallego and coworkers reported 
a median concentration of 0.019, 0.512, and 1.03 ppm for PUT, SPD, and SPM, 
respectively in HM (Gómez-Gallego et al., 2017). In addition, PA concentration is 
significantly higher in preterm HM compared to term HM while recent studies on 
neonatal blood metabolome revealed a negative correlation between PAs and 
gestational age (Ali et al., 2014; Ernst et al., 2020; Muñoz-Esparza et al., 2019; 
Plaza-Zamora et al., 2013). The higher concentration of PAs in preterm milk may 
not only reflect the increased nutritional demands of these infants based on their 
gestational age, but also potentially contribute to an improvement in the integrity of 
their intestinal barrier. This is particularly relevant for preterm infants as they tend 
to exhibit higher levels of intestinal permeability compared to their full-term 
counterparts (Taylor et al., 2009). Most dietary exogenous polyamines are absorbed 
in the upper digestive tract (Uda et al., 2003). In terms of biosynthesis, endogenous 
PAs like PUT and SPD are produced by intestinal bacteria present in the lower parts 
of the intestine, including the colon, and these microbes are able to synthesize PAs 
by multiple pathways (Hanfrey et al., 2011; Kitada et al., 2018; Matsumoto et al., 
2012).  

Although the metabolism and function of PAs in eukaryotic cells have been 
widely studied, their effect on bacteria has not been fully explored (Igarashi & 
Kashiwagi, 2019). Similar to eukaryotic cells, PUT, SPD, and SPM are the main PAs 
together with cadaverine, with recent studies highlighting their role in bacterial 
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activity (Tofalo et al., 2019). More specifically, PAs can influence bacteria–host 
interactions with various reports describing the mechanism by which PAs may 
contribute to bacterial pathogenesis (Banerji et al., 2021; Di Martino et al., 2013). 
For instance, SPD production by Pseudomonas aeruginosa protects the pathogen 
against antibiotics while agmatine (a precursor of SPD and PUT) derived by the same 
pathogen can reduce the pro‐inflammatory response of airway epithelial cells (L. 
Johnson et al., 2012; McCurtain et al., 2019). At the same time, PAs are involved in 
pathogen biofilm synthesis and maturation and their transport inside the bacterial 
cell contributes to pneumococcal virulence (Nanduri & Swiatlo, 2021; Shah et al., 
2011). PAs might contribute also to the activity of beneficial microbes since PA 
transport has been observed in several species while their production by intestinal 
microbiota could beneficially impact the host (Mikelsaar et al., 2020; Sugiyama et 
al., 2018). 

The impact of probiotics on polyamine production by the intestinal microbiota 
has been scarcely explored. Recently Singh and coworkers studied the effect of a 
probiotic mix on the intestinal microbiota composition of mice and its associated 
metabolic activities (Singh et al., 2021). Interestingly they found that probiotic 
treatment decreased polyamine biosynthesis-associated genes, suggesting that 
probiotics may have unbeneficial side effects on the structure of intestinal 
microbiota. However, this disagrees with earlier studies that used different probiotic 
strains. Oral administration of Bifidobacterium animalis subsp. lactis LKM512 or 
Lactobacillus acidophilus NCFM and lactitol modulated the intestinal microbiota 
composition and increased the concentration of PAs in the feces of mice and healthy 
adults respectively (Matsumoto et al., 2011a; Ouwehand et al., 2008). Therefore, this 
effect may be related to the probiotic strain used or the type of predominant bacteria 
in the gut. 

Adhesion to intestinal mucus is the first event in the process by which microbes 
interact with the intestinal barrier and it could play a critical role during colonization 
in early life (Harata et al., 2021). However, the role of PAs in bacterial adherence to 
intestinal tract mucus and epithelium is not known but studies in protozoan parasites 
suggest that polyamine metabolism and secreted PUT are linked to host cell 
adherence (Garcia et al., 2005). Considering that probiotic administration may 
increase and modulate the PA‐producing colonic microbiota, (Matsumoto et al., 
2011b) it will be interesting to evaluate whether exogenous PAs in similar 
proportions to those reported in HM can alter the adhesive properties of probiotics 
to intestinal mucus. Likewise assessing the effects of PAs on commensal and 
pathogen adhesion capacity might also be of relevance in early life. 
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3 Aims 

The primary goal of this thesis was to investigate two popular infant GM modulating 
strategies: human milk microbiota and specific probiotics. We hypothesized that 
gestational age can influence the composition of the HMM whereas other factors 
such as pasteurization, fortification, and storage of HM and presence of polyamines 
can modify the viability and adhesion ability of probiotics. To evaluate their extent 
and impact four studies were designed.  
 
The specific aims were: 
1. To characterize the human milk microbiota profiles of healthy Argentinian 

women who delivered at different gestational ages and to study the changes in 
the preterm human milk microbiota composition between birth and term 
equivalent age (I) 

2. To assess the stability of probiotics in human milk during storage (II) 
3. To determine the effect of fortified donor human milk on the adhesion properties 

of probiotics (III) 
4. To investigate the role of polyamines on probiotic and pathogen interactions 

with intestinal mucus (IV) 
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4 Materials and Methods 

4.1 Subjects, sample collection and preparation 
In study I, twenty-four healthy breastfeeding mothers from Santa Fe, Argentina, 
were recruited and grouped as follows: T group (full-term deliveries at ≥ 37 weeks 
of gestation, n= 12), and P group (preterm deliveries at < 37 weeks of gestation, 
n=12). Milk samples from both T and P groups were collected during the first 
postpartum days. In addition, mothers in P group donated a second milk sample 
(n=12) at term equivalent age (TEA, PT group), which is the age at which the infant 
would have been born if it had not been born prematurely (37-42 weeks 
postmenstrual age). Mothers from the T group were recruited spontaneously in Santa 
Fe and mothers from P (and PT) group were recruited from public (J. B. Iturraspe) 
and private (San Gerónimo) hospitals in Santa Fe. Written informed consent was 
obtained from all participants. Approval of the Ethical Committee of Santa Fe 
(number 640/2017) was obtained. For HM collection, the skin around the nipple was 
cleaned with soap and water, and the first 500-600 µL were discarded. Less than 5 
mL were collected from preterm mothers, while 5-10 mL were collected for the full-
term group. Milk was collected in sterile containers, refrigerated, and processed in 
the laboratory within less than two hours after collection.  

For study II, a total of eight frozen human milk samples corresponding to eight 
healthy mothers of term infants from South Africa were included. These samples 
were used previously in a larger study that was conducted at Functional Foods 
Forum, University of Turku (Kumar et al., 2016). Before the experiment, samples 
were thawed overnight in a refrigerator, mixed gently, and pooled in equal parts 
under a laminar hood. For study III, frozen human milk was donated by five healthy 
mothers of term infants and stored in -80°C until further use.  

The fecal samples that were used to isolate the infant intestinal mucus used in 
studies III and IV, were obtained from healthy adult subjects from Finland (25–52 
years old, n = 14) and from two age groups of healthy Finnish infants: 0–6-month-
old infants that were exclusively breastfed (mucus<6; n=5) and from 6–12-month-
old infants that were exclusively breastfed and introduced to solid food (mucus>6; 
n=5).  



Materials and Methods 

 51 

4.2 Pasteurization, fortification, and storage of 
Human Milk  

To prepare the DHM for pasteurization (studies II and III), the milk was first pooled 
and then Holder pasteurized (62.5°C for 30 min) in a thermostatically controlled 
water bath (model GD100; Grant Instruments Ltd., Cambridgeshire, UK). To ensure 
that the temperature of the milk was maintained throughout the pasteurization 
process at 62.5°C, a temperature probe was submerged in a bottle containing Milli-
Q water. Following heat processing, the milk samples were rapidly moved onto ice 
to allow cooling (<4 ◦C).  

For Study III, two forms of HMF, liquid and powdered (Enfamil® Human Milk 
Fortifier Acidified Liquid and Enfamil® Human Milk Fortifier Powder respectively; 
Mead Johnson, Evansville, IN, USA), were tested and diluted in DHM following the 
manufacturer’s instructions. The fortifiers were provided without cost by Mead 
Johnson, but the company had no influence on the study design.  

Frozen pooled HM (II) or fortified DHM (FDHM) (III) were room- (23°C), 
cold- (+4°C) or freeze-stored (-20°C) to assess the influence of the HM matrix on 
the stability of probiotic bacteria along storage. The storage conditions of milk are 
summarized in Table 1. 

Table 1.  Storage conditions of HM to evaluate the stability of probiotics in studies II and III. 

Temperature Time  Matrix 
Room temperature 0 h probiotic + frozen pooled milk (II) 

probiotic + FDHM (III) 
6 h probiotic + frozen pooled milk (II) 

+4oC 6 h probiotic + frozen pooled milk (II) 
24 h probiotic + frozen pooled milk (II) 

probiotic + FDHM (III) 
72 h probiotic + frozen pooled milk (II) 

-20oC 7 days probiotic + frozen pooled milk (II) 

4.3 Culturing 

4.3.1 Bacterial strains and growth conditions 
The bacterial strains used in this work included two probiotic strains 
Lacticaseibacillus rhamnosus GG (LGG) (ATCC 53013), Bifidobacterium animalis 
subsp. lactis Bb12 (DSM15954) (Chr. Hansen, Copenhagen, Denmark), one 
pathogen (Cronobacter sakazakii, ATCC 29544) and one potential opportunistic 
pathogen (Escherichia coli TG1, obtained from C. K. Lim). For both stability and 



Anastasia Mantziari 

 52 

adhesion studies, the bacterial strains were first reactivated from stocks stored at 
−70°C in 25% glycerol. LGG and E. coli were grown overnight aerobically in de 
Man, Rogosa and Sharpe (MRS; Merck, Darmstadt, Germany) broth at 37°C while 
Bb12 and C. sakazakii in Gifu Anaerobic Medium (GAM; Nissui Pharmaceutical, 
Tokyo, Japan) at 37°C for 48 h under anaerobic conditions (10% H2, 10% CO2, and 
80% N2; Concept 400 anaerobic chamber, Ruskinn Technology, Leeds, United 
Kingdom). A growth temperature of 37°C is the best conditions of production of 
LGG cells with high adhesion ability (Deepika et al., 2012). 

4.3.2 Plate counts 
To confirm the stability of the probiotics in studies II and III, milk samples were 
serially diluted (10−4 to 10−6), plated in triplicate on MRS (for LGG) or GAM agar 
(for Bb12) and incubated at an anaerobic condition at 37°C for 48 and 72 h, 
respectively. The stability assay was performed three times. Finally, all microbial 
counts were expressed as log10CFU/mL. 

4.4 DNA extraction (I-III) 

4.4.1 DNA extraction using MasterPure™ kit (I) 
HM samples (1.5 mL) were centrifuged (20000 × g, 20 min, 4ºC) to remove the HM 
fat fraction and washed twice with 500 µL saline solution. Genomic DNA was 
extracted using the MasterPure™ Complete DNA and RNA Purification Kit 
(Epicentre, Madison, Wisconsin) according to the manufacturer's instructions. 
Subsequently, the concentrations of the extracted DNA were estimated by Qubit 2.0 
fluorometer (Life Technology, Carlsbad, CA, USA) and normalized to 5 ng/μL. 

4.4.2 DNA extraction using KingFisher (II) 
For the qPCR and the 16S rRNA gene sequencing analyses, total DNA was extracted 
from 1.5 mL of human milk using the InviMag Stool DNA kit (Stratec Molecular, 
Berlin, Germany) and automated KingFisher magnetic particle system (Thermo 
Fisher Scientific, Vantaa, Finland). Briefly, human milk samples were mixed with 
0,2 g glass beads (1.5mm) and centrifuged at 14,000 rpm for 20 min at 4°C to create 
a fat layer that was discarded along with the supernatant. Next, the pellet was mixed 
with lysis buffer P and cells were mechanically lysed by two rounds of bead beating 
(FastPrep®, FP120-230, Bio 101 ThermoSavant, Holbrook, NY) and heat treatment 
for 15 min at 95°C. This procedure was repeated twice. The DNA was eluted in 100 
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μl of Elution Buffer and its quantity and purity were determined using NanoDrop 
2000 (Thermo Fisher Scientific) before storage at −70°C. 

4.4.3 DNA extraction from colonies (II and III) 
Selected colonies were suspended in 50 μL of ultrapure DNase/RNase-Free water 
and heated at 95°C for 10 minutes. After cooling on ice for 2 minutes, samples were 
centrifuged at 13,300 rpm for 15 min to precipitate any cellular debris. Finally, the 
supernatant/lysate containing DNA was stored at −20°C for later analysis. A total of 
1 μL lysate was used in the colony PCR. 

4.5 Confirmation by colony polymerase chain 
reaction (cPCR) (II and III) 

Colony PCR (cPCR) was performed with strain-specific primers to confirm that the 
counted colonies in studies II and III were indeed LGG and Bb12. The primers used 
were respectively Lrhamn1 (5´-CAATCTGAATGAACAGTTGTC-3´), Lrhamn2 
(5´-TATCTTGACCAAACTTGACG-3´), BB12-tuf-F (5´-GTGTCGAGCGCGGCAA-
3´), and BB12-tuf-R (5´-CTCGCACTCATCCATCTGCTT-3´). Amplification of the 
DNA was performed using a PCR iCycler apparatus (Bio-Rad, Espoo, Finland). 
Initially, PCR reactions were carried out using 1 μL (10 ng/μL) of DNA template, 
12.5 μL of Kapa2G Robust HotStart ReadyMix (2X) (Kapa Biosystems, South 
Africa), 10.5 μL of DNAse/RNAse free H2O, and 10 pmol/μL of each gene-specific 
primer in a final volume of 25 μL. The PCR amplification conditions for LGG and 
Bb12 were respectively as follows: initial denaturation step at 95°C for 3 min; 35 
cycles of denaturation at 95°C for 15 s, annealing at 50°C for LGG, 60°C for Bb12, 
extension at 72°C for 15 s, followed by a final extension step at 72°C for 5 min. PCR 
products were separated and confirmed by electrophoresis in a 1% (w/v) agarose gel 
and visualized with ethidium bromide under ultraviolet (UV) light.  

4.6 Identification of human milk isolates by Sanger 
Sequencing (II) 

DNA from the unknown isolated colonies in study II was amplified with the same 
cPCR conditions mentioned above using the PLB16 (5´-
AGAGTTTGATCCTGGCTCAG-3´) and MLB16 (5´-
GGCTGCTGGCACGTAGTTAG-3´) primer set that targets the amplification of a 
470-bp fragment of the 16S ribosomal RNA gene. The annealing temperature used 
for this primer set was 50°C. The amplicon size was verified by electrophoresis in 
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1% (w/v) agarose gel, and the amplified DNA was then purified with polyethylene 
glycol 8000/NaCl (PEG 8000; AppliChem, Darmstadt, Germany).  

The quantity and purity of the amplicons were determined using NanoDrop 2000 
(Thermo Fisher Scientific). Finally, the purified amplified DNA was diluted 
correctly and sequenced with the ABI Prism-3130XL genetic analyzer (Applied 
Biosystems, Foster City, CA) by Turku Center for Biotechnology (Turku, Finland) 
or by the Institute for Molecular Medicine Finland (FIMM, Helsinki, Finland). The 
resulting sequences were identified using BLAST searches (NCBI) against the 
GenBank database with ≥ 97 % sequence similarity. 

4.7 Quantitative polymerase chain reaction (qPCR) 
analysis (II) 

To measure the number of probiotic cells in human milk in study II, quantitative 
PCR was employed using species-specific primers. Amplification of the DNA was 
performed with an ABI 7300 Real-Time PCR system (Applied Biosystems). 
Amplification reactions were performed in 20 μl containing 10 μl of 1x SensiFAST 
SYBR Hi-ROX kit (Bioline, London, UK), forward and reverse primers at a final 
concentration of 0.2 μM, and 1 μl template DNA. The amplification program 
consisted of an initial cycle of 95°C for 3 min and 40 cycles of amplification (95°C 
for 5 s, annealing at primer-specific temperature for 30s, and extension at 72°C for 
30s), followed by a dissociation stage (95°C for 15 s, 60°C for 15 s, 95°C for 15 s). 
Fluorescence was measured at the end of the extension step of each thermal cycle 
and a melt curve analysis was carried out at the end of the amplification. Samples 
were analyzed in duplicate in two independent qPCR runs.  

To determine the detection limit of the qPCR assay, standard curves were created 
using serial 10-fold dilutions of bacterial DNA of different reference strains (Ct 
value vs. CFU/ml). This DNA was obtained from pure cultures with a bacterial 
population ranging from 2 to 8 log10 CFU/ml estimated by standard plating 
procedures. CFU/ml in test samples were then determined by interpolation from the 
standard curve using their respective Ct values. The following reference strains were 
used to construct the standard curves and to determine the detection limit of the 
qPCR: Bifidobacterium animalis subsp. lactis Bb12 (DSM15954) for Bb12 and 
Lacticaseibacillus rhamnosus GG (ATCC 53013) for LGG. The sequences and 
annealing temperatures of the primers used for qPCR studies I and II are summarized 
in Table 2.  
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Table 2.  Primers used for the quantification of probiotics in probiotic-supplemented HM by qPCR. 

Target 
group Primer Sequence (5’ to 3’) 

Annealing 
temp. Reference 

Bb12 BB12-tuf-F GTGTCGAGCGCGGCAA 68°C (Solano-Aguilar et 
al., 2008) BB12-tuf-R CTCGCACTCATCCATCTGCTT 

LGG Lrhamn1 CAATCTGAATGAACAGTTGTC 60°C (Brandt & 
Alatossava, 2003) Lrhamn2 TATCTTGACCAAACTTGACG 

4.8 16S rRNA gene sequencing analysis of human 
milk microbiota (I) 

The 16S rRNA gene (V3-V4 region) was amplified by PCR and sequenced using the 
Nextera XT Index Kit. After 16S rRNA gene amplification, the multiplexing step 
was performed using the Nextera XT Index Kit. Amplicons (1 μL) were quantified 
using a Bioanalyzer DNA 1000 chip and the libraries were then sequenced using a 2 
× 300 bp paired-end run (MiSeq Reagent kit v3) on a MiSeq-Illumina platform 
(FISABIO sequencing service, Valencia, Spain). To rule out possible reagent 
contaminations during DNA extraction and sequencing, we included negative 
controls from the DNA extraction and no-template controls (NTCs) respectively. 

4.9 In vitro adhesion assays with radiolabeled 
bacteria (III and IV) 

4.9.1 Bacterial radiolabeling 
The bacterial strains tested for their ability to bind to intestinal mucus glycoproteins 
included two probiotic strains (LGG and Bb12 or their combination), one pathogen 
(C. sakazakii) and one potential opportunistic pathogen (E. coli). For adhesion 
assays, the strains were labelled metabolically, by inoculating 5 μL from each of the 
reactivated bacteria with 10 μL of [3H]-thymidine (Perkin Elmer NET355001MC, 
PerkinElmer, Waltham, MA, USA) in 1 mL of the respective media (see bacterial 
strains and growth conditions section). After growth, the bacteria were harvested by 
centrifugation (2000× g, 5 min), washed twice, and resuspended in HEPES (N-2-
hydroxyethylpiperazine-N′-2-ethanesulphonic acid)-Hanks buffer (HH; 10 mM of 
HEPES; pH 7.4). The optical density (OD600nm) was adjusted to 0.25 ± 0.01 (~108 
CFU/mL). The number of bacteria (CFU/mL) was determined from non-labelled 
bacterial suspensions by plating 10-fold serial dilutions on appropriate agar plates. 
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4.9.2 Preparation of bacteria prior to in vitro adhesion 
assays 

In study III, two forms of HMF, liquid and powdered, were tested and diluted in 
DHM following the manufacturer’s instructions. The aim was to compare the 
probiotic adhesion between DHM and FDHM, considering DHM as control. To 
prepare DHM + probiotics and FDHM + probiotics, the same volume used to adjust 
the optical density was added to DHM and FDHM. To test if the adhesion of LGG 
is influenced by the presence of Bb12 and vice versa, radiolabeled LGG was mixed 
with an equal amount (~5 × 107 CFU/mL) of non-labeled Bb12 and the other way 
around. In study IV, putrescine (PUT, D13208; Aldrich), spermidine (SPD, 2626; 
Sigma), spermine (SPM, 85590, Fluka) and their combination in high (MixHigh) 
and low (MixLow) concentrations were assessed for their effect on the adhesive 
properties of the above-mentioned bacteria. The concentration levels tested for each 
polyamine separately were 5 μg/mL. For the low concentration group the levels were 
0.5 μg/mL PUT, 10 μg/mL SPD and 20 μg/mL SPM, and for the high concentration 
group 1 μg/mL PUT, 20 μg/mL SPD and 40 μg/mL SPM. For both polyamine 
combination groups we chose to use a proportion similar to the one reported in HM 
(1.6% for PUT, 32.8% for SPD and 65.6% for SPM). (Gómez-Gallego et al., 2012)  

4.9.3 Isolation of human intestinal mucus from feces  
Human intestinal mucus was prepared from the feces of healthy Finnish infants. In 
short, 2 g from each fecal sample was suspended in phosphate buffer saline (PBS) 
supplemented with protease inhibitors and sodium azide and mixed for 1 h at 4°C. 
The samples were then centrifuged at 13.800 × g at 4°C for 30 min. The crude mucus 
was then isolated by dual ethanol precipitation and further purified by fractionation 
using an XK26 column packed with Sepharose CL-4B (GE Healthcare, Chicago, IL, 
USA). In the first step of the purification procedure, the crude mucus (5ml) was 
applied to the column and fractionated using a peristaltic pump (Alitea XV U1-M; 
Alitea, Stockholm, Sweden) at a 3.1% rpm flow rate. This process was repeated once 
more. The void volume was dialyzed against distilled water at 4°C overnight and 
lyophilized. Equal amounts of lyophilized mucus glycoproteins from each individual 
were pooled to make a stock suspension of 10 mg/mL in HH that was stored in -
20°C.  

4.9.4 In vitro adhesion assay 
For the adhesion assay, mucus glycoproteins were diluted (0.5 mg/mL) in HH, and 100 
μL/well of the suspension was immobilized on a polystyrene microtiter plate 
(Maxisorp, Nunc, Denmark) by overnight incubation at 4°C. Excess mucus was 
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removed by washing the wells twice with 200 μL of HH. In study III, DHM+probiotics 
and FDHM+probiotics were added to the immobilized mucus. To study whether 
probiotic adherence to mucus is increased after mucus treatment with FDHM, the wells 
were incubated at first only with FDHM for an hour at 37°C (INC37).  

In contrast, in study IV, polyamines were added to the radiolabeled bacterial 
suspension just before the adhesion assay to avoid degradation by polyamine 
oxidase. Prior to the adhesion assay, the wells were washed twice with 200 μl of HH 
to remove excess mucus. To quantify the adhesive ability of the tested bacteria, 100 
μL of radioactively labeled strains in HH, DHM, or FDHM were added to the wells 
and incubated at 37°C for 1.5 h. Non-adherent bacteria were removed by three times 
washing with 200 μL of HH. The adhered bacteria were released and lysed with 1% 
sodium dodecyl sulphate (SDS) in 0.1 M NaOH (200 μL per well) at 60°C for 1 h. 
The lysate was then removed and mixed with the scintillation liquid. The 
radioactivity of the lysed suspension was measured with a 1450 Microbeta Liquid 
Scintillation Counter (Wallac Oy, Turku, Finland). The adhesion assay was carried 
out as three independent experiments, with each experiment performed in triplicate. 
The adhesion ratio (in %) was calculated by dividing the radioactivity of the bacteria 
bound (triplicate 100 μL samples) by the radioactivity of the bacteria added to the 
infant intestinal mucus. 

4.10 Statistical analyses 
All statistical analyses were carried out using the IBM SPSS statistics 23.0 or 26.0 
software (IBM Corp., Armonk, NY, USA). 

4.10.1 Microbiota composition of human milk samples 16S 
rRNA gene sequencing (I) 

4.10.1.1 Bioinformatics 

All data preprocessing of MiSeq raw sequence reads was performed in USEARCH 
10 (Edgar & Flyvbjerg, 2015) following a modified version of the pipeline proposed 
by Logares (Logares, 2017). Correction of sequencing errors based on the Hamming 
graph and Bayesian subclustering were performed using the BayesHammer error 
correction tool in SPAdes v3.5.0 genome assembler software (Nikolenko et al., 2013; 
Nurk et al., 2013). Then, in USEARCH 10, a quality check was performed using the 
"fastq_filter" command to remove low quality reads. Using the "UNOISE2" 
command (Edgar, 2018), the high quality sequences with a minimum abundance of 
ten reads were denoised and clustered into zero-radius operational taxonomic units 
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(zOTUs), also known as amplicon sequence variants (ASVs). zOTUs with 
abundance 10 or less reads were removed from the dataset to ensure that our 
conclusions are not affected by sequencing errors. 

The sequencing yielded a total of 2,299,797 reads (67,641 ± 40,237; sequencing 
reads per sample) from 34 samples. zOTUs identified in the sequencing controls were 
considered contaminants and were removed from the dataset. Generation of the zOTU 
table was done using "otutab" command in USEARCH 10 following the removal of 
Cyanobacteria- (77 zOTUs) and Archaea- (8 zOTUs) affiliated zOTUs. The final 
zOTU dataset was assigned to taxonomic identifications based on BLAST search 
(Altschul et al., 1990), using the SILVA v132 database (SSU Ref NR99) as a reference 
(Quast et al., 2013).  Samples PT1 and P6 were excluded from downstream analyses 
due to low number of reads (< 10,000) and an irregular distribution of reads and higher 
abundance in most zOTUs in comparison to the rest of the samples, respectively. 

Next, in R software all analyses were performed in R v.3.2.3. to draw rarefaction 
curves zOTU rarefaction curves were constructed, using vegan v.2.5 to evaluate 
whether richness was saturated. The rarefaction of each sample was performed to all 
the following analyses, including the taxonomic diversity and richness determination. 
The taxonomic diversity and richness of communities were estimated with the 
Simpson, Inverse Simpson (E. H. Simpson, 1949), and Chao1 (Hughes et al., 2001) 
indices, respectively, using vegan v.2.5. In adittion, R software 4.1.3 (R Core Team, 
2017) was used to create the non-metric multidimensional scaling (NMDS) plot which 
displayed the group distribution based on the dissimilarity matrix. 

4.10.1.2 Statistical analysis 

Alpha-diversity indexes, i.e., Richness, Chao1, and Phylogenetic Diversity (PD), 
were calculated using R. 

Using the Paleontological Statistics (PAST) software package (Hammer et al., 
2001) permutational multivariate analysis of variance (PERMANOVA) was applied 
to assess significant differences in the microbiota composition between the different 
milk sample groups, notably P, PT, and T. The analysis was performed with Bray-
Curtis distances using 9999 permutations. The SIMPER (similarity percentage) 
analysis was then used to determine those zOTUs that contributed the most to the 
differences across groups. Prior to subsequent analysis, the Ryan-Joiner normality 
test was applied to determine whether relative abundance at phylum, family, and 
genus levels followed a normal distribution. Independent groups, pairs P vs. T and 
PT vs. T, was carried out by the Student’s t-test or Mann-Whitney test according to 
the data distribution. The pair P vs. PT was analyzed with paired t-test or Wilcoxon 
Rank Sum Test according to the data distribution. The significance level for all 
statistical analyses was set at p < 0.05.  
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Linear regression was used to assess the associations between the HM microbiota 
(alpha diversity, taxa abundance at phylum level) and maternal and infant factors. 
The independent variables were delivery mode, administration of antibiotics and 
corticoid prenatal. The dependent variables considered were phyla and alpha 
diversity indices. The continuous variables with no normal distribution were center 
log-ratio transformed following zero-replacement (Gloor & Reid, 2016). After the 
individual linear regressions using SSPS software, the β coefficient with p < 0.05 
was used in the web tool ClustVis to visualize the heatmap (Figure 12) (Metsalu & 
Vilo, 2015). Then, Spearman’s Rank correlation was carried out considering the taxa 
abundance at phylum and genera levels, alpha diversity indices, gestational age, and 
TEA by SPSS software. It included Staphylococcus and Streptococcus, and less 
abundant genera such as Bifidobacterium, Enterobacter, Pseudomonas, Ralstonia, 
and Rothia (> 1% abundance and showing significant differences among groups). 

4.10.2 Viability Assays (II and III)  
Collected data from both culturing and qPCR methods were converted from CFU/ml 
to decadic logarithm of CFU/ml. The bacterial counts are shown as means with 
standard deviations. Data from study II were subjected to repeated measures 
Analysis of Variance (ANOVA) using the time as a factor with four categories; time 
points 0 (baseline), 6, 24 and 72 hours for the 4oC to compare the probiotic counts 
between baseline and 6, 24 and 72 hours storage at 4oC. Paired t-test was used for 
comparison of mean values between baseline and 6 hours at room temperature and 
baseline and at -20°C for 7 days (baseline with 6 hours at room temperature and 
baseline with seven days at -20°C). For study III, a paired t-test was conducted to 
examine any significant differences in the viable cell count (CFU/ml) between 0 
hours (baseline) and 24 hours of storage at 4°C for each probiotic and type of fortifier 
separately. Statistical significance was set at 0.05 (two-tailed).  

4.10.3 Adhesion Assays (III and IV) 
In study III, due to the normal distribution of data, a two-sample t-test was used to 
identify differences between the control and the probiotic combination, presence of 
DHM, type of HMF, and subject age. A paired t-test was used to determine the 
statistical difference between the 0 hours (baseline) and 24 hours of storage at 4°C. 
In study IV, normal distribution of data was tested using the Shapiro-Wilk test. Due 
to normal distribution, one-way ANOVA followed by Tukey's post-hoc test was 
performed to analyze the differences between means. Statistics with a value of 
p<0.05 were considered significant.  
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5 Results 

5.1 HMM composition affected by prematurity (I) 

5.1.1 Clinical Data Profile and Human Milk Microbiota Profile 
The characteristics of the mother-infant dyad populations are summarized in Table 
3. No differences in clinical data were observed between preterm and term groups, 
except for the gestational age and weight at birth.  

Table 3. Clinical data of the mother-child pair. 

Parameter Preterm Term p-value 
Number of samples 24 12 Not applicable 
Number of mothers 12 12 Not applicable 
Days postpartum, 1st sample 8 ± 3 8 ± 3 0.7992 
Days postpartum, 2nd sample 22 ± 9 Not applicable Not applicable 
Relation vaginal/Caesarean section 3/9 4/8 Not applicable 
% Caesarean section 75 (9/12) 67 (8/12) Not applicable 
Gestational age (weeks) 33.4 ± 1,2 38.3 ± 1,2 0.0001 
Neonatal weight (g) at birth 1968 ± 308 2925 ±484 0.0001 
Neonate Sex (M/F) 6/6 5/7 Not applicable 
Age (years) of mothers3 25.7 ± 7.5 29.1 ± 8.2 0.3001 
Allergies of mothers (Yes/No) 5/7 4/7 Not applicable 
Diabetes before pregnancy (Yes/No) 0/12 1/11 Not applicable 
Hypo/Hyper Thyroidism (Yes/No) 2/10 1/11 Not applicable 
Anemia during pregnancy (Yes/No) 2/10 2/10 Not applicable 
Gestational diabetes (Yes/No) 2/10 2/10 Not applicable 
Antenatal corticosteroids (Yes/No) 11/1 2/10 Not applicable 
Antibiotics (Yes / No) 10/2 7/5 Not applicable 
Active smoker during pregnancy (Yes / No) 2/10 2/10 Not applicable 
Passive smoker during pregnancy (Yes / No) 5/7 3/9 Not applicable 

1 Student's T-test for independent samples for parametric data 
2 Mann-Whitney U test for non-parametric data 
3 the age of the mothers was measured at partum 
* p <0.05, significant 
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5.1.2 Overall Human Milk Microbiota Composition 
The most abundant phylum was Firmicutes with relative abundance ranging from 
80.5% to 85.6%, followed by Proteobacteria (10.2–13.4%), Actinobacteria (2.5–
5.6%), and Bacteroidetes (0.6–1.4%) (Figure 8a). The core genera were 
Staphylococcus (36.13–66.17%) and Streptococcus (13.60–36.89%) (Figure 8c). 
Less abundant genera, such as Pseudomonas (0.57-2.67%), Acinetobacter (0.30–
2.24%), Corynebacterium (0.53-1.22%), and Cutibacterium (0.33-1.18%) were 
found in all samples. Nearly all human milk samples contained Rothia (0.03-1.93%), 
except for one from the P group. The relative abundances of Lactobacillus (0.26–
0.76% abundance) and Bifidobacterium (0.01–2.71% abundance) in the samples 
tested were 85% and 55%, respectively. Enterobacter, Klebsiella, and Gemella were 
present in at least 85% of the samples. 
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(c) 

Figure 8.  Relative abundance in human milk samples by 16S rRNA gene-sequencing at the 
phylum (a); at the family (b); and at the genus levels (c). Preterm group P comprised of 
mothers who gave birth before 37 weeks of gestation and HM was collected between 3 
to 12 days postpartum. Preterm group PT consisted of the same mothers as the P group, 
but samples were collected when the infants reached the age of term equivalent (TEA, 
37-42 weeks postmenstrual age). Full-term group (T) consisted of mothers who gave 
birth at or after 37 weeks of gestation. 

5.1.3 Evolution of the HMM Composition from Preterm Birth 
to TEA (P versus PT)  

Alpha diversity of the HMM composition was stable over time (Figure 9). In 
addition, the NMDS plot (Figure 10), indicates that there was greater data dispersion 
in group PT compared to group P, showing a non-defined pattern while the 
PERMANOVA analysis did not show changes in the HMM composition over time 
when comparing groups P and PT.  

In more detail, no differences were observed at phylum level between the two 
timepoints (P vs. PT). At family level, Carnobacteriaceae relative abundance was 
found to increase over time from 0.02 % to 0.77 % (p = 0.028). When looking for 
differences at the genus level, the relative abundance of Dolosigranulum and Rothia 
was increased with the passage of time from 0.01 % to 0.52 % (p = 0.043, Table 4) 
and from 0.03 % to 0.76% (p = 0.021, Table 4), respectively. Likewise, Lactobacillus 
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and Veillonella tended to increase from preterm birth towards TEA (0,27 % in P vs. 
0,74 % in PT, p = 0,090; and 0,51 in P vs. 2,69 % in PT, p = 0,070; Table 4), but this 
tendency was not significant. Finally, the relative abundance of Enterobacter 
significantly decreased from 1.80 % to 0.06 % (p = 0.028, Table 4) over time.  

 

 
         (a) 

 
        (b) 

 
         (c) 

Figure 9.  Alpha diversity and richness indices of human milk samples. (a) Simpson, (b) Inverse 
Simpson, and (c) Chao1 indices. Preterm group P: mothers who gave birth before 37 
weeks of gestation (HM collection: 3-12 days postpartum). Preterm group PT: same 
mothers as the P group (HM collection: when the infants reached 37-42 weeks 
postmenstrual age). Full-term group T: mothers who gave birth at or after 37 weeks of 
gestation. Mann–Whitney U test for independent non-parametric samples, * p < 0.05. 
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Figure 10. Non-metric multidimensional scaling (NMDS) plot corresponding to the human milk 

samples. Human milk samples were grouped into three time points according to the 
postmenstrual age at the time of sampling: preterm (P: <37weeks), term equivalent age 
TEA (PT: 37-42 weeks), and term (T: 37–41 weeks). 

Table 4. Summary of the significant differences between the studied groups at the genus level. 

Phylum Family Genus Groups p-value 
   P PT  
Firmicutes  Carnobacteriaceae Dolosigranulum 0,01 0,52 0,0432* 
 Veillonellaceae Veillonella 0,51 2,69 0,0702 
Proteobacteria Enterobacteriaceae Enterobacter 1,80 0,06 0,0282* 
 Pseudomonadaceae Pseudomonas 1,04 0,56 0,0751 
Actinobacteria Micrococcaceae Rothia 0,03 0,76 0,0212* 
   PT T  
Firmicutes  Veillonellaceae Veillonella 2,69 0,37 0,0511 
 Lactobacillaceae  Lactobacillus 0,74 0,27 0,0911 
Proteobacteria  Beijerinckiaceae Methylobacterium 0,19 0,06 0,0131* 
 Burkholderiaceae Ralstonia 0,00 4,49 0,0061* 
 Pseudomonadaceae Pseudomonas 0,56 2,71 0,0371* 
Actinobacteria Atopobiaceae Atopobium 0,29 0,00 0,0131* 
 Propionibacteriaceae Cutibacterium 0,33 0,75 0,0161* 
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Phylum Family Genus Groups p-value 
   P T  
Firmicutes Staphylococcaceae Staphylococcus 66,26 36,65 0,0041* 
 Streptococcaceae Streptococcus 13,57 37,33 0,0071* 
Proteobacteria Burkholderiaceae Ralstonia 0,00 4,49 0,0061* 
 Xanthomonadaceae  Stenotrophomonas 0,00 0,15 0,0371* 
 Rhodobacteraceae  Paracoccus 0,10 0,01 0,0441* 
Actinobacteria  Micrococcaceae Rothia 0,03 1,95 0,0001* 

1 Student's T-test for independent samples for parametric data or Mann-Whitney U test for non-
parametric data. 
2 Dependent samples T-test for parametric data or Wilcoxon signed rank test for non-parametric 
data. 
* p <0.05, significant 

5.1.4 Differences In Human Milk Microbiota Profiles 
Between Mothers of Preterm Infants at TEA And Full-
Term Infants (PT versus T) 

There were no differences between term milk and milk at TEA (group T and group 
PT, respectively) regarding the alpha diversity and richness (Figure 9). Milk at TEA 
presented a higher data dispersion in comparison to term milk while the 
PERMANOVA analysis did not show significant differences between the two milk 
groups. 

At the phylum level, no significant differences in the relative abundance were 
observed between milk at TEA and milk from term pregnancies (Figure 8a). At the 
family level, HM from TEA had a higher abundance of Atopobiaceae (0.29 vs. 0.00 
%, p = 0.013), Veillonellaceae (2.70 vs. 0.43 %, p = 0.044) and Beijerinckiaceae 
(0.29 vs. 0.09 %, p = 0.016) when compared to term milk (Figure 8b). In contrast, 
term milk was richer in Propionibacteriaceae (0.75% relative abundance compared 
to 0.33%, p = 0.019) and Pseudomonadaceae (2.71 compared to 0.56%, p = 0.037) 
in comparison to milk at TEA. 

At the genus level, term milk was richer in Ralstonia (4.49 vs. 0.00 %, p = 0.006), 
Cutibacterium (0.75 vs. 0.33 %, p = 0.016, Table 4) and Pseudomonas (2.71 vs. 0.56 
%, p = 0.037, Table 4) than milk at TEA, but had lower abundances of Atopobium 
(0.00 vs. 0.29 %, p = 0.013, Table 4) than milk at TEA. A trend towards a reduction 
in Veillonella content was observed in term milk compared to milk at TEA, but it 
was not significant (2.69 vs. 0.37 %, p = 0.051, Table 4). Furthermore, 
Staphylococcus haemolyticus was found in lower abundance in term milk compared 
to milk at TEA (0.00 vs. 0.08 %, p = 0.004, Table 4).  
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5.1.5 Differences In Human Milk Microbiota Profiles 
Between Mothers of Preterm and Full-Term Infants 
(P versus T)  

Term milk, in comparison to preterm milk had higher alpha diversity indices when 
the Simpson (p = 0.004) and Simpson Inverse (p = 0.005) indices were considered. 
Nevertheless, no significant differences were observed for richness according to the 
Chao1 index (p = 0.840) (Figure 9). The NMDS analysis revealed that the preterm 
milk samples were positioned towards the left side of the plot, whereas the term milk 
samples were positioned towards the right side of the plot (Figure 10). When the 
taxonomic compositions were analyzed by PERMANOVA, the preterm milk 
samples were significantly different from the samples of term milk (p = 0.004). A 
SIMPER analysis determined the OTUs that were responsible for the observed 
differences: OTU_1, assigned as Staphylococcus, contributed up to 30% of the 
observed differences, while OTU_2 and OTU_3 contributed up to 54%, both 
identified as Streptococcus.  

At the phylum level, no differences were observed between the two different 
milk groups in terms of relative abundance (Figure 8a). At the family level however, 
term milk had higher levels of Streptococcaceae (37.41 vs. 13.59%, p = 0.006) and 
Micrococcaceae (2.01 vs. 0.14%, p = 0.001) than preterm milk (Figure 8b). In 
contrast Staphylococcaceae (66.27 vs. 36.65%, p = 0.004) and Rhodobacteraceae 
(0.13 vs. 0.03%, p = 0.019) were in higher abundance in preterm milk than in term 
milk. Looking closer at the genus level, preterm milk was richer in Staphylococcus 
(66.26 vs. 36.65%, p = 0.004, Table 4) and Paracoccus (0.10 vs. 0.01%, p = 0.044, 
Table 4) and had lower abundances of Streptococcus (13.57% vs. 37.33%, p = 0.007, 
Table 4), Ralstonia (0.00% vs. 4.49%, p = 0.006, Table 4), Rothia (0.03% vs. 1.95%, 
p = 0.000, Table 4), and Stenotrophomonas (0.00% vs. 0.15%, p = 0.037, Table 4) 
that term milk.  

Considering the abundance and significance of Staphylococcus in HM, we 
decided to identify potential species from this genus. Upon analysis of all collected 
HM samples, the following Staphylococcus species were detected: Staphylococcus 
aureus (OTU_6), Staphylococcus haemolyticus (OTU_7, OTU_9, OTU_13, and 
OTU_23), and a non-cultivable species of Staphylococcus (OTU_1 and OTU_4).  

When looking into the prevalence of Staphylococcus in the two milk groups we 
found that term milk had significantly higher levels of S. aureus compared to preterm 
milk (10.12% vs. 0.30%, p = 0.000). In contrast, preterm milk had a higher 
abundance of S. haemolyticus (0.20% vs. 0.00%, p = 0.007) and non-cultivable 
species (65.77% vs. 26.52%, p = 0.002) than term milk. 



Results 

 67 

5.1.6 Human Milk Microbiota and its Association with 
Delivery Mode, Antenatal Corticoids, Antibiotics, 
Gestational and Term Equivalent Ages 

Gestational age and weight at birth differed among groups (Table 3). The 
administration of prenatal antibiotics and corticosteroids was higher in the mothers 
of the preterm group, compared to that of mothers who gave birth at term. In fact the 
administration of antibiotics to prospective mothers prior to caesarean sections and 
prenatal corticosteroids to improve neonatal outcomes after preterm birth 
(Thevathasan et al., 2023). No significant association was observed between HMM 
composition at phylum level and mode of delivery, prenatal corticoids, or antibiotics 
(Table 5 and Figure 11).  

Table 5.  Regression coefficients and significances of clinical data association with milk 
microbiota at phylum, genera levels, and alpha diversity indices. 

Comparison β p-value 
Delivery mode vs. Actinobacteria phylum 0.124 0.484 
Delivery mode vs. Bacteroidetes phylum -0.154 0.384 
Delivery mode vs. Firmicutes phylum 0.052 0.771 
Delivery mode vs. Proteobacteria phylum 0.021 0.904 
Delivery mode vs. Chao1 index -0.167 0.351 
Delivery mode vs. Inverse Simpson index 0.057 0.749 
Delivery mode vs. Shannon index -0.005 0.976 
Antenatal Corticosteroids vs. Actinobacteria phylum -0.079 0.659 
Antenatal Corticosteroids vs. Bacteroidetes phylum 0.063 0.663 
Antenatal Corticosteroids vs. Firmicutes phylum 0.137 0.441 
Antenatal Corticosteroids vs. Proteobacteria phylum 0.065 0.716 
Antenatal Corticosteroids vs. Chao1 index 0.133 0.455 
Antenatal Corticosteroids vs. Inverse Simpson index -0.259 0.125 
Antenatal Corticosteroids vs. Shannon index -0.064 0.718 
Antibiotics vs. Actinobacteria phylum -0.004 0.984 
Antibiotics vs. Bacteroidetes phylum 0.171 0.334 
Antibiotics vs. Firmicutes phylum 0.139 0.538 
Antibiotics vs. Proteobacteria phylum -0.154 0.383 
Antibiotics vs. Chao1 index 0.152 0.391 
Antibiotics vs. Inverse Simpson index -0.262 0.134 
Antibiotics vs. Shannon index -0.121 0.495 
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Figure 11. Clinical data association with milk microbiota composition at phylum and alpha diversity 

indices. Delivery mode: Cesarean section/Vaginal. Prenatal administration of antibiotics 
and corticoids: Yes/No. β coefficients of univariate associations with linear regression 
are visualized for taxa abundance and alpha diversity index value. *p < 0.05, **p < 0.001. 

Correlations between HMM and gestational age and HMM and TEA were assessed 
by Spearman rank correlation. More specifically, higher gestational age was associated 
with a higher abundance of Proteobacteria, Pseudomonas and Cutibacterium. Finally, 
higher TEA was positively correlated with Actinobacteria, Cutibacterium, Rothia and 
Streptococcus and negatively correlated with Staphylococcus (Figure 12).  

 
Figure 12. Human milk microbiota associated with gestational, and term equivalent ages (per weeks). 

Spearman’s rank correlation coefficient was performed on the taxa abundance at the 
phylum and genera (>1%) levels and alpha diversity index values. * p < 0.05, ** p < 0.001. 
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5.2 Storage of Human Milk and its Effect on 
Microbial Stability (II and III) 

The second study (II) showed that the viability of probiotic cells was not 
significantly reduced when LGG or Bb12 was mixed in HM and stored at room 
temperature, 4°C, and -20°C for 6 hours, 72 hours, and 7 days (p > 0.05, Figure 13a 
and 13b).  

 
Figure 13. Average bacteria count of probiotic-supplemented human milk samples stored in 

different conditions. (a) Samples of human milk supplemented with LGG evaluated by 
conventional culturing. (b) Samples of human milk supplemented with Bb12 evaluated 
by conventional culturing. (c) Samples of human milk supplemented with LGG evaluated 
by qPCR. (d) Samples of human milk supplemented with Bb12 evaluated by qPCR. 

Although not statistically significant, the greatest drop in cell viability for both 
probiotics occurred after 72 hours at 4°C when accessed by traditional culturing 
(LGG: 0.6 (SD 0.3); Bb12: 0.3 (SD 0.2)) (Table 6). The qPCR analysis confirmed 
the culturing results; however, when supplemented in HM and stored at room 
temperature for 6 hours, the copy number count of LGG increased slightly (p = 
0.046) (Table 7). Generally, when the stability of both probiotic strains in HM during 
storage was assessed by qPCR, we found copy number counts that were one log 
lower than the viable counts detected using the culturing method (Figure 13c and 
13d). Slight differences in concentrations detected by the qPCR method between 
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different time points could be due to DNA loss during the extraction and purification 
procedures. When the milk used as control was cultured, we were able to isolate only 
two bacterial species identified as Staphylococcus epidermidis (211 CFU/mL) and 
Staphylococcus warneri (61 CFU/mL).  

Table 6.  Results of conventional plate count analysis for probiotic counts (means log CFU/mL 
and SD) when added in HM (n=3) and stored under different conditions 

  LGG Bb12 

0h at Room temperature 8.3 (SD 0.2) 8.3 (SD 0.1) 

6h at Room temperature 8.4 (SD 0.1) 8.1(SD 0.5) 

6h at +4ºC 8.2 (SD 1.2) 8.3 (SD 0.3) 

24h at +4ºC 8.0 (SD 0.1) 8.2 (SD 0.3) 

72h at +4ºC 7.7 (SD 0.3) 8.1 (SD 0.2) 

7d at -20ºC 8.0 (SD 0.1) 8.1 (SD 0.2) 

6h at RT vs. baseline (p-value)* 0.046 0.447 

7d at -20ºC vs. baseline (p-value)* 0.056 0.296 

ANOVA (p-value) 0.162 0.263 
*paired t-test 
SD = standard deviation 

Table 7.  Results of quantitative PCR analysis for probiotic counts (means log CFU/mL and SD) 
when added in HM (n=3) and stored under different conditions 

  LGG Bb12 

0h at Room temperature 7.3 (SD 0.4) 7.3 (SD 0.2) 

6h at Room temperature 7.7 (SD 0.3) 7.1 (SD 0.3) 

6h at +4ºC 7.3 (SD 0.3) 7.0 (SD 0.3) 

24h at +4ºC 8.0 (SD 0.6) 6.8 (SD 0.3) 

72h at +4ºC 7.5 (SD 0.7) 7.1 (SD 0.1) 

7d at -20ºC 7.4 (SD 0.3) 7.2 (SD 0.4) 

6h at RT vs. baseline (p-value)* 0.549 0.530 

7d at -20ºC vs. baseline (p-value)* 0.789 0.612 

ANOVA (p-value) 0.443 0.247 
*paired t-test 
SD = standard deviation 

Similar to fresh HM, fortified DHM supplemented with LGG or Bb12 was a 
good matrix for preserving the viability of both probiotic preparations as colony 
counts of LGG and Bb12 were maintained during storage at 4°C for 24 hours (p > 
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0.05, Figure 14) (III). However, there was a significant difference in the CFU/mL 
of both bacteria between baselines of liquid and powder FDHM (LGG: 7.9 log10 
CFU/mL (liquid FDHM), 7.7 log10 CFU/mL (powder FDHM), p < 0.001; Bb12: 7.8 
log10 CFU/mL (liquid FDHM), 7.7 log10 CFU/mL (powder FDHM), p < 0.001).  

 
Figure 14. Stability of LGG and Bb12 in fortified donor human milk (FDHM) after storage at 4°C for 

24 h is presented with box plots.  

5.3 Probiotic adhesion affected by donor human 
milk (III) 

The adhesion percentage varied between LGG and Bb12; nevertheless, both strains 
demonstrated a tendency for high levels of adherence to infant mucus. The adhesion 
assay conducted on the control sample, where probiotics were dispersed in HH 
buffer, revealed that the adhesion levels of LGG were comparable when combined 
with Bb12 (56.3%) and when LGG was evaluated as a single strain (46.3%, p = 0.19; 
Figure 15a). Similar observations were made for Bb12 where its combination with 
LGG resulted in an adhesion percentage of 34%, while Bb12 alone resulted in an 
adhesion of 32.5% (p = 0.72; Figure 15b). In contrast to the HH buffer, DHM 
significantly reduced the adhesion ability of the two probiotics. (LGG: 11.3%, p < 
0.001; Bb12: 19.1%; p = 0.012).  
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Figure 15. The adherence of LGG (a) and Bb12 (b) to human intestinal mucus glycoproteins in 

vitro as presented with box plot with outliers marked with a circle (o). 

While the type of fortifier had little effect on the adhesion ability of either 
probiotic, the overall presence of fortifier had a negative impact on the adhesion of 
LGG and Bb12. In more detail, both liquid FDHM (12.4%, p < 0.001) and powdered 
FDHM (13.8%, p = 0.006) lowered the adhesion capacity of LGG to the infant 
intestinal mucus. Similar findings were observed for Bb12: liquid FDHM: 14.3%, p 
< 0.001; powdered FDHM: 11.9%; p < 0.001).  

In fact, the next best adhesion levels of Bb12 besides those achieved in the 
control sample (HH buffer), were obtained when Bb12 was added to the mucus after 
it had been treated with powder FDHM (21.5%). These adhesion levels were 
significantly higher than when Bb12 was mixed in powder FDHM and then added 
to the infant mucus (11.9%, p = 0.012; Figure 16b). 
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Figure 16. Mucus adhesion of LGG (a) and Bb12 (b) in fortified donor human milk (FDHM) or after 

initial mucus treatment with FDHM as presented with box plot with outliers marked with 
a circle (o). 

The adhesion of probiotics to mucus was found to be significantly influenced by 
the subject age, with the specific strain employed also playing a crucial role. LGG 
had a higher tendency for adhesion to mucus obtained from infants over 6 months 
old than to the mucus obtained from infants under 6 months old, although the 
difference was not found to be statistically significant (43.3%; p = 0.26; Figure 17). 
In contrast, the adhesion of Bb12 to mucus obtained from infants aged less than six 
months was significantly higher (37.3%; p = 0.05) compared to mucus obtained from 
infants aged over six months (27.8%). 
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Figure 17. Adhesion of LGG and Bb12 as affected by age of mucus donor. Box-plot graphs 

represent the median and quartiles of adhesion (%) for the three independent 
experiments in triplicate. 

Finally, storage did not significantly affect probiotic adhesion to intestinal mucus 
(Figure 18). Interestingly, only Bb12 in liquid FDHM saw a notable decline in its 
adhesion capacity after storage for 24h at 4°C (Baseline: 14.3%, Storage: 11.9%; p 
= 0.034).  

 
Figure 18. Mucus adhesion of LGG and Bb12 in fortified donor human milk (FDHM) after storage 

at 4°C for 24 h are presented with box plots. Outliers are marked with a circle (o). 
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5.4 Probiotic and pathogen adhesion modulated 
by exogenous polyamines (IV) 

Overall, in the absence of polyamines LGG, Bb12, and C. sakazakii presented higher 
adherence to the adult mucus than to the infant mucus (Figure 19). Both probiotic 
strains examined in the present study exhibited similar adhesive capacity to our 
mucus model in line with previous studies (Harata et al., 2021; Ouwehand, Niemi, 
et al., 1999). LGG and Bb12 showed the lowest adherence when added to the mucus 
of infants aged 0–6 months. However, the presence of PAs resulted in altered 
adhesion patterns (Figure 19). These changes were observed to be dependent on the 
specific type of polyamines and their respective concentrations (Figure 20).  

 
Figure 19. Age‐dependent adhesion properties of (a) LGG, (b) Bb12, (c) Cronobacter sakazakii, 

and (d) E. coli TG1 in the presence of exogenous polyamines. Box plots represent the 
median and quartiles of adhesion percentage. The letters are indicating significant 
differences at p < 0.05 when comparing mucus from different age categories.  

The adhesion capacity of LGG between the different types of PAs was not 
significantly different between the two infant groups. Despite that, PUT and SPD 
(No PAs: 63.5%, PUT: 67.5%, SPD: 68.9%; Figure 20a) appeared to slightly 
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promote the adhesion of LGG in the younger age group, although not significantly 
at the concentration tested. The results however for the adult group were different 
compared to the infant group. In the adult mucus, LGG adhesion was decreased 
significantly by the high PAs com‐ bination (No PAs: 73.5%, high PAs: 57.7%; p < 
0.05; Figure 20a).  

Bb12 exhibited better adhesion properties to the mucus of the older infant group 
(20.8%) than to the mucus originating from the feces of infants aged <6 months 
(16.1%, p < 0.05; Figure 19b). Additionally, Bb12 was able to adhere significantly 
better in mucus from the youngest group of infants in the presence of SPD (No PAs: 
16.1%, SPD: 20.3%; p = 0.05) and well in low PAs combination (No PAs: 16,1%, 
low PAs: 20.2%; p = 0.055; Figure 20b).  

Regarding C. sakazakii, our results show that adhesion to intestinal mucus of 
adults was higher than to infant mucus (0–6‐month‐old: 8%, 6–12‐month‐old: 8.9%, 
adult: 14.9%; Figure 19c). The adhesion levels of C. sakazakii in adult mucus in our 
study are in line with those previously reported by Collado and coworkers (M. C. 
Collado et al., 2008). Specifically for the mucus obtained in early infancy (0-6 
months), we found that SPM was significantly more effective than PUT and 
polyamine combinations in high concentrations in reducing the adhesion of C. 
sakazakii (p < 0.05; Figure 20c).  

The adhesion of E. coli TG1 in our study was moderate (10–20%) compared with 
previously reported for pathogenic E. coli NCTC 8603 and was independent of the 
presence of exogenous polyamines at any age in the concentrations tested (M. C. 
Collado et al., 2005, 2006). Despite the non‐significant effect, worth mentioning is 
that SPM tended to slightly decrease the adhesion of E. coli to the mucus isolated 
from the younger age group (No PAs: 12.5%, SPM: 11%; Figure 20d) while in the 
presence of low concentration of polyamines, E. coli adhesion was significantly 
lower in the early infant mucus (11.5%) than in adult mucus (16.1%, p < 0.05, Figure 
19d). 
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Figure 20. Adhesion to human intestinal mucus of (a) LGG, (b) Bb12, (c) Cronobacter sakazakii, 

and (d) E. coli TG1 in the presence of exogenous polyamines. Box plots represent the 
median and quartiles of adhesion percentage. Different letters indicate statistically 
significant differences at p < 0.05 among polyamine exposure for each type of mucus. 
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6 Discussion 

6.1 Human Milk Microbiota Composition is 
impacted by Gestational Age and alters with 
time (I) 

Research indicates that HM does not only offer vital nutrients but also plays a critical 
role in immune development and the establishment of a healthy GM in infants, 
influencing their long-term health and development. The microbiota in HM is crucial 
for forming the infant's GM. Studies highlight that microbes in HM contribute 
significantly to the infant’s GM. For instance, Le Doare and colleagues emphasized 
the importance of HM in providing most microbes needed for the development of 
the infant GM (Le Doare et al., 2018). Additionally, it is reported that HM microbes 
constitute around 25% of the infant's GM (Pannaraj et al., 2017; Selma-Royo, Calvo 
Lerma, et al., 2021).  

As discussed in chapter 2.2.1.2.3 The Human Milk Microbiota, perinatal factors 
like geographical location shape the HM bioactive components, including the 
microbial profile of HM. For example, Chinese mothers have higher levels of 
Streptococcus in their milk than mothers from South Africa, Finland, and Spain. On 
the other hand, the milk of Spanish mothers is richer in Cutibacterium and 
Pseudomonas (Kumar et al., 2016). Likewise a recent study in Dubai showed 
differences between Emirati and UAE-expatriated women in terms of the HMM 
configuration (Ayoub Moubareck et al., 2020). More specifically it was shown that 
Dubai-based mothers had significantly lower Bifidobacterium and Lactobacillus 
levels in their milk while Pseudomonas was detected at a higher abundance 
compared to the milk of mothers from other countries. Altogether, the 
aforementioned studies have unveiled the influence of geographic location on the 
composition of HMM, underscoring the significance of understanding and 
characterizing the HMM of the Argentinean population.  Therefore, in study I, we 
aimed to define the HMM composition of Argentinian mothers and the differences 
between samples obtained from mothers who delivered preterm and full-term 
infants. When comparing between our study and the findings of Padilha and 
colleagues who investigated Brazilian HM, we noted that while the levels of 
Proteobacteria and Bacteroidetes remained similar between Argentinian and 
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Brazilian HM, notable differences were observed in other bacterial phyla (Padilha, 
Danneskiold-Samsøe, et al., 2019).. In Argentinian HM, the Firmicutes phylum 
accounted for over 80% and the Actinobacteria phylum was less than 6%, 
contrasting with Brazilian HM, where Firmicutes and Actinobacteria constituted 
70% and 14%, respectively. Despite Argentina and Brazil being neighboring 
countries in Latin America, these variations in HMM highlight the significant 
influence of geographic location, along with other factors, in determining the 
composition of HMM. 

Overall all genera observed in our study were part of the 10 more frequently 
found genera in HM identified in the systematic review of Zimmermann and Curtis 
(Zimmermann & Curtis, 2020). In more detail, our data agreed with previous studies 
that had identified a predominance of the genera Staphylococcus and Streptococcus 
in HM (Fernández et al., 2020; Fitzstevens et al., 2017; Stinson et al., 2021). 
Specifically two of the most known studies on the HMM composition, the MAMI 
(MAternal MIcrobes study) and CHILD (Canadian Healthy Infant Longitudinal 
Development Study) identified a “core genera” of the HMM which primarily 
includes Staphylococcus and Streptococcus (Cortes-Macías et al., 2021; Fehr et al., 
2020). This observation in our study population could be related to the maternal diet 
that may modulate specific genera in HM as discussed in chapter 2.2.1.2.3 The 
Human Milk Microbiota. Recent studies have shown that diets rich in carbohydrates, 
trans-fat, or saturated fatty acids are correlated with an increased presence of 
Staphylococcus in HM (Azagra-Boronat et al., 2020; LeMay-Nedjelski, Asbury, et 
al., 2020). Additionally, a study by Tavella and colleagues examining trans and 
saturated fats in various food items revealed that Argentinian products have higher 
contents of trans fatty acids compared to similar products from other parts of the 
world (Tavella et al., 2000). Moreover, half of the female Argentinian population 
has been classified as overweight or obese, and the typical daily diet includes a high 
intake of sugars, refined grains, white bread, rice, red meats, and saturated fats 
(Becaria Coquet et al., 2020; Instituto Nacional de Estadística y Censos (INDEC)—
Secretaría de Gobierno de Salud de la Nación, 2019).  

Another genus present in HM but less abundant was Corynebacterium which is 
also a commensal of the skin and other mucous membranes (S. Park et al., 2016). 
There are reports linking Corynebacterium isolated from the placenta and vaginal 
tract of pregnant women with preterm birth outcomes respectively (Onderdonk et al., 
2008; Shukla et al., 2003). Corynebacterium is also relevant from the preterm 
neonate perspective due to potential cause of fatal infections and is known as one of 
the bacteria causing infectious mastitis (Berner et al., 1997; Mediano et al., 2017),  

A further objective of this study was to understand whether the HMM profile of 
preterm milk will resemble the one of term milk when the infant born preterm would 
reach the TEA (>37-41 weeks). Understanding this point could contribute to novel 



Anastasia Mantziari 

 80 

approaches to address the nutritional management of preterm neonates. When 
examining the changes in the preterm HMM from birth to TEA, we observed that 
Inverse Simpson diversity significantly increased over time. A recent study that 
looked for changes in the alpha diversity of preterm MOM during post-partum weeks 
1–12, reported similar results (Filatava et al., 2023). Consistent with our findings, 
Filatava and colleagues found that preterm HM was dominated by Firmicutes 
(76.2%), Proteobacteria (12.8%), and Actinobacteria (9.5%). Another commonality 
of the two studies is identified at the genus level, where Streptococcus and Rothia 
tended to increase with time, while Staphylococcus tended to decrease. The same 
findings regarding Streptococcus and Staphylococcus were confirmed by Asbury 
and co-workers (Asbury et al., 2020). Streptococcus and Rothia are microorganisms 
normally present in the oral cavity of infants (Ruiz et al., 2019) which in addition to 
the present study have been identified in preterm HM after the infants had breastfed 
(Biagi et al., 2018). These findings support the hypothesis of neonatal oral microbe 
retrograde transfer to the mammary gland. In turn, the same study showed that the 
provision of Streptococcus and Rothia to those infants through breastfeeding was 
associated with increased levels of Bifidobacterium in their feces. Although we can 
only speculate, it could be possible that the increase in fecal bifidobacteria could be 
due to interactions between Streptococcus and Rothia with bifidobacteria present in 
the HM. However, this needs to be elucidated in future studies focusing on 
understanding microbe-microbe interactions in HM.  

Another genus whose abundance increased over time was Dolosigranulum 
which was previously identified in HM with its abundance being inversely associated 
with the number of respiratory tract infections experienced (Cheema et al., 2022; Lif 
Holgerson et al., 2023; Selma-Royo, Calvo Lerma, et al., 2021). In contrast, a 
reduction in the Enterobacter levels was observed from preterm birth to TEA. This 
genus was also recently identified by Japanese scientist in preterm HM (Miura et al., 
2023). The probable origin of Enterobacter in HM could be the maternal areolar skin 
or the offspring’s mouth (Kordy et al., 2020). Since Enterobacter species are often 
responsible for NICU infections we consider its reduction in TEA as positive. 
However, presence of Enterobacter in preterm HM could potentially increase the 
risk for nosocomial infections in NICUs. Indeed, earlier studies have indicated that 
Enterobacter is a predominant bacterium in the gut of preterm infants, and this event 
has been linked to an increased likelihood of developing NEC (Korpela et al., 2018).  

In terms of differences between preterm and term milks, our research indicates 
that preterm milk collected in the first few days after birth contains a higher level of 
Staphylococcus, particularly S. hemolyticus, compared to term milk from the same 
period. This observation aligns with findings from other studies in this area (Soeorg 
et al., 2017). Notably, while HM is generally not a common source of S. 
haemolyticus, its elevated presence in preterm HM has been linked to late-onset 
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sepsis in preterm neonates. Additionally, the gut and skin of preterm neonates are 
more frequently colonized with S. haemolyticus than those of term infants, as 
reported in further research by Soeorg and colleagues (Soeorg et al., 2019). One 
factor that could contribute to the higher levels of  Staphylococcus in preterm than 
in term HM is maternal BMI but due to lack of data this remains speculative (Daiy 
et al., 2022; Filatava et al., 2023). Indeed, the relative abundance of Staphylococcus 
was found to be higher in HM from overweight or obese mothers than in milk from 
mothers with lower BMIs (Asbury et al., 2020). In contrast, Streptococcus, 
Ralstonia, Rothia, and Stenotrophomonas were more abundant in term milk. As 
mentioned before, Streptococcus and Rothia are common oral bacteria and their 
higher abundance in term milk can be attributed to the fact that term infants are 
breastfed, whereas premature neonates receive HM through enteral feedings. 
Consequently, there is no physical contact between the mouth of the preterm neonate 
and the mother's breast. On the other hand, Stenotrophomonas is often detected in 
hospitals, particularly in the water supply and is a cause of infections (Miura et al., 
2023). The differences in the abundance of different genera in HM between preterm 
and term infants can be attributed to various factors, including the relationship 
between HMM and HMOs. Studies have begun to elucidate this relationship, with 
findings indicating that certain bacterial genera are associated with specific HMOs 
with this association being influenced by the secretor status of the mother (Aakko et 
al., 2017; Cabrera-Rubio et al., 2019). Secretor status is also modulating the 
concentration of specific HMOs in preterm milk (Thurl et al., 2017). In addition, 
preterm milk differs from term in regards to its HMO composition (Austin et al., 
2019; Chiurazzi et al., 2021). This could possibly be influencing its microbial 
configuration. Moreover, a recent study found that HMO concentration and 
composition in the serum of pregnant women was not only shaped by maternal body 
composition but also by gestational age and secretor status (Jantscher-Krenn et al., 
2019). However, because we did not control for secretor status this remains 
speculative. Regarding alpha diversity, our study identified differences between 
preterm and term HM, which contrasts with the findings of Urbaniak and colleagues 
who reported no significant differences in this regard (Urbaniak et al., 2016). 
However, it's important to note that our study had a limitation in the relatively small 
number of HM samples analyzed. This limited sample size could potentially 
introduce bias into the observed differences, suggesting that our results should be 
interpreted with caution. Further research with a larger sample size would be 
beneficial to validate and expand upon these findings. 

Finally, when comparing between TEA and term milk, Pseudomonas, and 
Ralstonia, which were more prevalent in term HM, had also previously been found 
at high levels in HM from mothers with acute and subacute mastitis (S. H. Patel et 
al., 2017). Considering that most episodes of mastitis occur in the first six weeks 
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after delivery, it would have been more likely to find these genera in milk from TEA. 
Recent studies have also revealed a loss of microbiome diversity in mastitis cases, 
but this was not observed in term milk of our study nor we controlled for cases of 
clinical mastitis in our study (Angelopoulou et al., 2018). It is important to note that 
we found no differences in the bacterial diversity between TEA and term milk and 
that the relative abundance of Rothia was significantly higher in both groups when 
compared with preterm milk from the first days after birth. These observations could 
potentially explain why the GM diversity of exclusively breastfed preterm infants 
increases with age and is similar to that of the term infant at two years of life (Dahl 
et al., 2018). Preterm neonates typically reach TEA between 38 to 42 weeks 
postmenstrual age (Huf et al., 2023). The research conducted by Korpela and 
colleagues is significant in this context, as it demonstrates that preterm infants fed 
HM may develop a GM similar to that of term infants (Korpela et al., 2018). 
Furthermore, their study found a correlation between postmenstrual age and GM 
maturation in these infants. Considering these insights, along with our own findings, 
TEA could be considered in future studies when trying to understand HMM 
maturation in preterm births.  

6.2 Fortification and Storage of Human Milk and 
their Impact on Microbial Stability (II and III) 

In studies II and III we chose to use LGG and Bb12 as both probiotic strains are 
generally recognized as safe for infant consumption (Luoto et al., 2010; Szajewska 
et al., 2010). To exert a beneficial effect on the host, probiotic strains should retain 
their viability and functional activity throughout the storage period. The probiotic 
concentrations in food should be between 1x106 and 1x108 CFU/mL at the end of the 
storage period (Ferdousi et al., 2013). For this reason, a concentration of 1x108 
CFU/mL for both probiotic strains for both studies was chosen.  

The strains isolated from the DHM in study II, namely S. epidermidis and S. 
warneri, did not have any negative impact on the viability of LGG and Bb12. 
However, the concentration of these bacteria was lower (102 CFU/mL) than the 
concentration of LGG or Bb12 (108 CFU/mL) which may limit their interaction with 
the added probiotic strains. 

Moreover, in study II we showed that the viability of LGG and Bb12 was 
maintained in unfortified HM for 24h at 4°C, when assessed by both culturing and 
genetic methods. Since some probiotic strains do not grow well in milk, we 
hypothesized that the probiotic viability would be compromised during storage under 
the examined conditions. Our hypothesis was based on the fact that LGG lacks the 
ability to utilize lactose or intact casein and that Bb12 is an anaerobic microorganism 
(Kankainen et al., 2009). Additionally it is known that both lactobacilli and 
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bifidobacteria exibit limited growth in cow’s milk although the growth rate could be 
strain dependent (Champagne et al., 2005; Slačanac et al., 2013).  

Previous studies confirm our observations. For instance, LGG can grow at a 
minimal temperature of 2.7°C in ultrahigh temperature-processed milk (Valik et al., 
2013) and is able to remain stable during storage at 5°C to 7°C for 28 days in yoghurt 
and cultured buttermilk (Nighswonger et al., 1996). Likewise, freeze-dried Bb12 in 
skimmed milk remained viable during storage for 30 days at 4°C and presented 
moderate oxygen tolerance (P. J. Simpson et al., 2005). Recently an US NICU 
evaluated the viability of a probiotic mix including Bb12, Bifidobacterium infantis 
Bb-02, and Streptococcus thermophilus (TH-4) (Schimmoeller et al., 2021). Results 
indicated that storage at RT for an hour followed by storage at 4°C for 3h did not 
impact the viability of probiotics as it was maintained in all the tested matrices 
including preterm formula and HM. Additionally, they did not observe any changes 
in viscosity as all samples passed easily through the feeding tube. However, this 
study assessed the total count of probiotics that survived storage. This does not 
explain whether one strain reduced and another increased. 

Several studies suggest that the food matrix is an important factor that affects the 
viability of the added probiotics (Loh & Maznah, 1999). The main factors 
contributing to the decline in probiotic viability have been determined as reduction 
in the pH of the medium and the presence of hydrogen peroxide and organic acids, 
among other factors (A. M. Mortazavian et al., 2007). Given that HM has a pH range 
of approximately 7-7.4 during the 10-month postpartum period, it is reasonable to 
hypothesize that the alkaline nature of HM may be associated with the findings we 
have observed (Βasdeki et al., 2021). Nevertheless, the lack of DHM pH 
measurement in our study leaves this hypothesis unexplored. 

Multiple other factors may have an impact on the stability of the probiotics 
during cold storage. For instance, the probable fermentation of HMO constituent 
monomers or utilization of other constituents of HM by LGG (is able to ferment 
galactose, L-fucose, and N-acetyl-D-glucosamine) and Bb12 (is able to utilize 
lactose and hydrolyze the milk proteins of bovine milk) could explain why both 
strains remain stable in this study (Gonzalez-Rodriguez et al., 2013; Liepke et al., 
2002; Martinez-Villaluenga & Gómez, 2007; Salli et al., 2021; Thongaram et al., 
2017a). If indeed future studies indicate that these specific probiotics reduce the 
content of important HM constituents, it is crucial to also define at which extent. If 
the reduction is biologically significant then it would make sense to administer DHM 
and probiotics separately. At the same time, fermentation of carbohydrates in HM 
may result in taste change and sourness which in turn may discourage its intake by 
the infant. These parameters should be therefore considered in future studies. 

Fortifying HM has been shown to affect its nutrient composition and osmolality  
which in turn may have an impact on bacterial growth (Donovan et al., 2017). For 
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example, increased osmolality can drive water out of the bacterial cell, resulting in 
plasmolysis (Poolman et al., 2004). Similar to the findings of study II, study III 
demonstrated that the viability of both probiotics was maintained after cold storage 
and was not affected by the type of fortifier, when culturing the probiotic 
supplemented- liquid and powder FDHM and storing it for 24h at 4°C. In NICUs 
fortified DHM can be stored at 4°C for up to 24h, making the results clinically 
relevant for preterm neonates in similar units (Barbero et al., 2020). Similar findings 
were observed in previous studies, which focused on the HMM viability as affected 
by the type of fortifier and storage in RT or at 37°C. Despite an increase in milk 
osmolality after fortification with a powdered HMF, total bacterial colony counts did 
not significantly differ between fortified and unfortified HM after 24h storage at RT 
(Jocson et al., 1997). Recently, Codipilly et al. showed similar results for liquid HMF 
which increased osmolality but did not affect the growth of intrinsic lactobacilli and 
bifidobacteria in HM after 24h incubation at 37°C (Codipilly et al., 2020). The 
justification for storing fortified HM at RT in these studies is based on the limited 
availability of refrigeration for HM in certain regions. The purpose of these studies 
was to replicate the common practice observed in numerous NICUs in developing 
nations. In these settings, preterm neonates are often administered fortified HM that 
is maintained at RT (about 22°C) due to limited resources.  

Finally, it is worth noting that differences in the CFU/ml of both probiotics 
between liquid and powdered FDHM in study III could be due to differences in their 
composition and final osmolality. The two HMFs tested might have different 
carbohydrate content or different carbohydrate origin. Therefore, the HMF 
polysaccharides might be broken down by the probiotics to a different degree 
depending on the type of fortifier.  

6.3 Adhesion Properties of Probiotics (III and IV) 

6.3.1 Strain dependence of the probiotic adhesion 
properties (III) 

The findings of study III are consistent with previous research and indicate that both 
LGG and Bb12 exhibit strong adhesion properties to the mucus model utilized 
(Juntunen et al., 2001; Kirjavainen et al., 1998). This phenomenon can be partially 
explained by the fact that both strains exhibit resistance to acidic conditions (Deepika 
et al., 2012; Gorbach & Goldin, 1989; Li et al., 2010). According to Collado and 
coworkers, acid-resistant bifidobacteria show better adhesive properties when 
compared to their acid-sensitive derivative (M. C. Collado et al., 2006).  

Moreover, genomic analysis indicates that LGG presents cell wall-bound pili 
which are composed of proteins that have been shown to promote mucus adhesion. 
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More specifically, each pilus tip and backbone structure consists of SpaC pilin that 
is essential for the mucus binding of LGG (Kankainen et al., 2009). Therefore, it can 
be speculated that the increased adhesion noted in our study might be partly due to 
the presence of pili. However, Sybesma and colleagues, have noted that LGG 
isolated from dairy products was lacking the gene encoding for SpaC pilin compared 
to the American Type Culture Collection (ATCC) deposited LGG (Sybesma et al., 
2013). Thus, the cultivation method that is used for the large-scale production of 
probiotics is an important element influencing their health properties.  

There is increasing evidence that bifidobacteria also encode and express pili on 
their cell surface. In this regard, Bb12 harbors three proteins that are homologous to 
proteins documented to participate in sortase-dependent pili formation (Gilad et al., 
2011). Additionally, two more extracellular proteins were isolated which are 
homologous to proteins reported to bind to human mucus.  

When LGG and Bb12 were tested directly on infant mucus, we found that Bb12 
adhered well (28-37%) but not as well as LGG (43-49%). This could be attributed to 
the origins of the probiotic strains; LGG was isolated from a healthy human intestine, 
whereas Bb12 is derived from Chr. Hansen's collection of dairy cultures. When LGG 
and Bb12 were used together, there was no interference in adhesion, but rather, 
consistent with previous studies (Ouwehand et al., 2000), LGG adhesion appeared 
to be slightly, albeit statistically insignificantly, increased. In the presence of LGG, 
the same was observed for Bb12. 

6.3.2 The role of fortification and cold storage of DHM on 
probiotic adhesion (III) 

Human milk is a food matrix with a complex composition which contains diverse 
array of nutrients, bacterial and human cells, immune-modulating components, and 
human milk oligosaccharides. Although important for its use in the NICU, its 
potential as an optimal carrier for specific probiotics remains unclear. It is therefore 
crucial to find out because HM has been shown to play a critical role in the 
entrapment of probiotics and thus interfere with their adhesion to the infant intestinal 
mucus. Indeed a previous study has demonstrated that LGG has the ability to adhere 
to the milk fat globule membrane (MFGM), resulting in a reduction of its adherence 
to intestinal cells (Guerin et al., 2018). 

Interestingly, in study III we found that the supplementation of LGG and Bb12 
in DHM, liquid FDHM and powder FDHM resulted in a significant decrease in their 
adhesion. No difference was observed between the two fortifiers. This decrease 
could be explained by two possible mechanisms: either a milk constituent interacts 
with mucin glycoproteins, or it is interacting with the probiotics. For example, 
mannose-binding lectins (MBL) are proteins detected in HM whose binding activity 
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is not affected by Holder pasteurization (Cossey et al., 2009; Trégoat et al., 2002). 
Despite being a minor constituent, mannose moieties can be found in the structure 
of MUC2, the major colonic mucin in humans (Johansson et al., 2011). Depending 
on the glycosylation and degradation degrees of the intestinal mucus, this could 
indicate that MBLs present in HM with high affinity for MUC2 mannose receptors 
could potentially bind to the isolated mucus and interfere with the probiotic adhesion.  

In addition, mucin 1 (a constituent of the intestinal mucus), which is thermally 
stable after pasteurization and rich in mannose structures, has also been identified as 
one of the major mucins of HM (Liu & Newburg, 2013; Y. Ma et al., 2019; Parry et 
al., 2006). A recent analysis of the LGG genome has revealed two lectin-like proteins 
Llp1 and Llp2 with high binding specificity for D-mannose and mannan (Petrova et 
al., 2016). There is thus a possibility that LGG adheres to mucin 1 or other mannose-
containing HM glycoproteins through Llp1 and Llp2. Moreover, both LGG and 
Bb12 consist of a Gram-positive cell wall rich in peptidoglycans (Gilad et al., 2011; 
Lahtinen et al., 2004). Soluble toll-like receptor 2 (sTLR2), shown to be present in 
high concentration in HM, is a molecule responsible for recognizing bacterial 
peptidoglycan that could bind with both probiotics and prevent their adhesion 
(LeBouder et al., 2003). Finally, besides mucin 1, HM MBLs and sTLR2, κ-casein, 
a protein present in HM has a C-terminal whose sequence is similar to that of mucin 
(Thorn et al., 2015). In fact, the concentration of this protein is increased after Holder 
pasteurization of HM and could potentially prevent the adhesion of probiotics to the 
mucus glycoproteins (Y. Ma et al., 2019).  

In general, the best adhesion of LGG was achieved when it was tested directly 
on infant mucus rather than with DHM, fortified or not. One component of DHM 
that might contribute to this observation is HM macrophages, whose viability is 
decreased only slightly by the process of pasteurization. (Björkstén et al., 1980; 
Cress & Jr, 1977; Gibbs et al., 1977). Indeed, a recent study found that the SpaCBA 
pili of LGG are key molecules for adhering to macrophages (Vargas García et al., 
2015). Similarly, analysis of the extracellular proteome of Bb12 revealed that two 
identified proteins are involved in the binding of manganese, an essential trace 
element that is also present in HM (Gilad et al., 2011).  

Although pasteurization has a negative impact on the concentration/activity of 
some bioactive constituents of HM, it does not affect the content of HMOs (Bertino 
et al., 2008). These compounds are structurally very similar to mucus glycoproteins 
as they are both recognized by the same outer membrane enzyme systems (Marcobal 
et al., 2011). In addition, LGG contrary to Bb12 has been shown to ferment L-fucose 
which is a major constituent of both mucus and HMOs (Arnold et al., 2018; Becerra 
et al., 2015; Thongaram et al., 2017b). HMOs could, therefore, act as decoy receptors 
for probiotics interfering with their adhesion to the mucus layer.  
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Polyunsaturated fatty acids (PUFA) are known for their antimicrobial properties 
and have also been reported in HM. Kankaanpää and colleagues showed that 40 
μg/ml of different PUFA (α-linolenic acid, arachidonic acid, and docosahexaenoic 
acid) suppress the mucus adhesion of LGG but not its viability (Kankaanpää et al., 
2001). Supplementary to that, daily HM intakes (around 750 ml/day in the first 4 
months of life) contain an average concentration of 157, 134 and 66 μg/ml of α-
linolenic acid, arachidonic acid and docosahexaenoic acid respectively (Institute of 
Medicine (US) Committee on Nutritional Status During Pregnancy and Lactation, 
1991; Koletzko, 2016). These concentrations are 1.6-4 times higher than the PUFA 
concentration tested by Kankaanpää and coworkers indicating the possible 
interference of these molecules with the adhesion of probiotics. 

HM is also rich in antimicrobial proteins and proteolytic enzymes including 
lysozyme, defensins, and cathelicidins (Baricelli et al., 2015; Murakami et al., 2005). 
Lysozyme, an enzyme that degrades bacterial cell wall peptidoglycans has been 
reported to be decreased after Holder pasteurization, however, 60-76% of its activity 
is still retained (Evans et al., 1978; Viazis et al., 2007; Wills et al., 1982). In addition, 
Ouwehand and coworkers showed a marked decrease in the mucus binding of LGG 
after the probiotic was pretreated with lysozyme but observed no effect on Bb12 
(Ouwehand et al., 2001). The impact of defensins on probiotic adhesion remains 
unclear due to conflicting findings in the existing body of literature (De 
Keersmaecker et al., 2006; Lebeer et al., 2011; X.-F. Wang et al., 2015). 
Cathelicidins, however, may have a dual adhesion role, as they have the potential to 
interact with both mucus and probiotics. For instance, cathelicidin LL-37 was found 
to bind both mucin and negatively charged molecules on the cell wall of Gram-
positive bacteria (Felgentreff et al., 2006; Kainulainen et al., 2012). In our study, 
probiotics were subjected to centrifugation before their supplementation to DHM. 
Specifically, this step could damage the EPS layer of LGG unmasking its pili that 
are responsible for its adhesion to intestinal mucus (Bell & Camesano, 2005; Lebeer 
et al., 2009). At the same time, stripping the EPS from the probiotics before their 
supplementation to DHM could have negative effects on the probiotic viability.  To 
support this, Lebeer and colleagues showed that the viability of an EPS knock-out 
LGG mutant was compromised in the presence of LL-37 (Lebeer et al., 2011). 
However, there are no available data on the effect of LL-37 on Bb12. 

Recently, a study has shown that DHM can be safely stored up to 8 months after 
Holder pasteurization, without compromising its macronutrient and energy content 
(de Waard et al., 2018). Our observations indicate that the adhesion capacity of both 
LGG and Bb12 after their supplementation in FDHM was not affected by the 
subsequent storage at 4oC for 24h nor by the type of fortifier used. 
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6.3.3 Age dependency of probiotic, pathogen, and 
commensal adhesion ability to intestinal mucus (III 
and IV) 

It has been noted that not all probiotic strains can adhere in a similar capacity to 
mucus from different age groups (Kirjavainen et al., 1998; Ouwehand, Isolauri, et 
al., 1999). In accordance with the work of Arboleya and coworkers who confirmed 
that Bb12 adhered significantly better to mucus from 2-month-old infants than to 
that obtained from 6-month-old infants (Arboleya et al., 2011), in study III, Bb12 
adhered significantly better to mucus from infants aged less than 6 than to mucus 
from infants aged more than 6 months. In contrast, in study IV, Bb12 appeared to 
adhere significantly better to mucus of infants aged >6 months than their younger 
counterparts. At this point, it is necessary to clarify that the results regarding the 
adhesion properties of Bb12 are not comparable between studies III and IV. This is 
because in the analysis of Bb12 adhesion data in study III, we incorporated the 
adhesion of Bb12 when used alongside DHM and FDHM. We chose to do so due to 
the limited number of replicates (n=3) of Bb12 alone (without any substrate) which 
would hinder the development of statistically robust and reliable analytical results. 

For both studies III and IV, to prepare the mucus stock for each age group, equal 
amounts of lyophilized mucus from each individual were pooled to make a stock 
suspension of 10 mg/ml in HH buffer. From the stock suspension, a 0,5 mg/ml 
suspension was made in HH for the adhesion assay. Therefore, based on this 
preparation, the same amount of mucus for each group was guaranteed.  

Considering this, we hypothesized that the observed variations in the bacterial 
adhesion patterns within the mucus samples from different age groups may be 
attributed to the unique diets of each respective age group. Indeed, diet has been 
identified as a significant contributor to the glycosylation of intestinal glycoproteins 
which in turn impacts the susceptibility of mucins to degradation (Fekete & Buret, 
2023). The results of study IV revealed that mucus isolated from adults allowed for 
a better adhesion of Bb12 (although not significant) and a significantly better 
adhesion of LGG, C. sakazakii and E. coli compared to the mucus isolated from 
infants aged less than 6 months. The stronger adhesion of Bb12 and LGG to the 
mucus isolated from adults in study IV is in agreement with a recent report by Harata 
and coworkers (Harata et al., 2021).  

Regarding the differences between the two infant age groups in study IV, a 
previous study indicated that the mucus obtained from infants under the age of six 
months may include a higher concentration of mucin oligosaccharides compared to 
the one obtained from infants older than six months (Tassell and Miller, 2011). 
Although this observation may suggest that there are more binding sites available for 
probiotics to adhere, it is important to note that the composition of the mucus 
glycoproteins is a major factor in determining the adhesion of specific bacteria. 
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Specifically for Bb12, we found that it adhered significantly better to the mucus of 
infants aged more than 6 months. This infant group's diet is characterized by the 
introduction of foods other than HM (weaning), which can contribute to a transition 
from high sialylation to high fucosylation terminal in mucins (Gréco et al., 2001; 
Shub et al., 1983). Indeed, previous research indicates that α1,2-fucosylation is 
necessary for the adhesion of bifidobacteria and that cell-wall-associated sialidase 
can promote B. bifidum colonization by binding to sialylation conjugations (Lei et 
al., 2022; Nishiyama et al., 2017). In addition, weaning appears to increase mucus 
degradation and therefore alters its composition, which could be driven by an 
accelerated colonization of the infant gut by mucus degrading microbes (Midtvedt et 
al., 1994). The observed differences in probiotic adhesion patterns between the two 
age groups could explained by a possible degradation of the mucus obtained from 
infants aged 6-12 months.   

In the context of study III, it is worth noting that our analysis considered the 
adhesion of Bb12 and LGG when combined with DHM and FDHM. In this regard, 
an alternative explanation for the observed variations in adhesion between the two 
age groups in this study could be attributed to the level of presence of other 
glycoproteins, such as lactoferrin, in DHM. These glycoproteins may potentially 
interact with the studied probiotics, thereby interfering with the ability of probiotics 
to interact with the intestinal mucins. 

6.3.4 Adhesion Properties of Probiotics Mediated by 
Exogenous Polyamines (IV) 

As PAs are polycations, their presence at different concentrations can alter mucus 
secondary structure and viscosity in a way that is directly related to the number of 
charges (Bansil & Turner, 2018). The number of positive charges is also different 
for PUT (two), SPD (three), and SPM (four) and it could explain some of the 
differences in the adhesion of the examined bacteria observed among the different 
types of PAs and in their mixes (Ioannidis & Kotzabasis, 2007). In addition, different 
glycosylation patterns related to age and diet may influence how polyamines 
influence secondary mucus structure and, therefore, bacterial adhesion. However, 
this remains speculative and should be confirmed in future studies. Another possible 
explanation would be that bacteria utilize specific PAs to regulate the expression of 
multiple adhesive surface structures. We could expect that PAs bind to the negatively 
charged nucleic acids and there by tune the expression of the multiple genes in the 
studied microorganisms (Orlando et al., 2014). However, considering that PAs were 
not added in the growth medium of the tested microorganisms, further studies are 
essential to understand the mechanism of interaction of PAs to the nucleic acids of 
microorganisms. 
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PUT and SPD appeared to slightly promote the adhesion of LGG to early infant 
mucus. However, this increase in the adhesion was not significant at the 
concentration tested. This observation should be confirmed in future studies with 
higher concentrations of PAs because the concentration of PAs in the gastrointestinal 
tract is generally higher than in HM (Matsumoto & Benno, 2007). 

The higher adhesion levels of Bb12 when mixed with SPD or with low 
concentration of PAs mix, observed in study IV suggest that exogenous polyamines 
may influence Bifidobacterium adhesion properties in early life. We therefore 
consider that dietary polyamines via HM or infant formula in combination with 
specific probiotics may be used to promote a healthy colonization pattern in early 
life. This could be an important factor to consider when assessing the stepwise 
colonization of the gastrointestinal tract after delivery. In addition, by adhering to 
the mucus, specific bifidobacteria may result in altered composition of intestinal 
bacteria and an increased amount of PAs in the intestine. Indeed, research conducted 
in aging mice has shown that the intake of Bifidobacterium animalis subsp. lactis 
increased the production of PUT in the gut (Kibe et al., 2014). This implies that the 
administration of specific bifidobacteria could potentially enhance the endogenous 
production of PAs by bacteria in the gut. This effect holds particular significance for 
preterm neonates, who require high amounts of protein to fulfill their increased 
growth demands, with PAs playing a crucial role in facilitating protein synthesis. 

Regarding C. sakazakii, a decrease in its adhesion to early infant mucus was 
observed in the presence of SPM, however, this decrease did not reach statistical 
significance. The presence of SPM may potentially confer a protective effect against 
C. sakazakii infections, particularly in premature neonates with low birth weights 
who represent a vulnerable population likely susceptible to infections caused by this 
microorganism (Chandrasekaran et al., 2018). SPM is also one of the most prevalent 
PA in HM during the first five months of lactation (Muñoz-Esparza et al., 2021). Our 
findings are also consistent with a report from Collado and colleagues, who 
demonstrated C. sakazakii adhesion rates of 14% in adult mucus. (M. C. Collado et 
al., 2008). The same study also showed that in the presence of specific probiotics 
and their combination, the adhesion of C. sakazakii was reduced. Altogether and 
considering the above, future studies could focus on investigating the impact of PAs, 
either alone or in combination with specific probiotics, on the adhesion of C. 
sakazakii to mucus derived from premature neonates.  

Although E. coli degrades complex carbohydrates to a small extend and therefore 
is regarded as non‐mucolytic, several studies have demonstrated that it can interact 
with human mucus through its flagella (Erdem et al., 2007; H. Li et al., 2015). Our 
findings indicate that the adhesion ability of E. coli remained unaffected by 
exogenous polyamines at any age in the concentrations tested in contrast with the 
rest of the bacteria used in this study. Interestingly, a previous report indicated that 
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cadaverine, another PA with a similar structure and the same number of positive 
charges as PUT, may inhibit E. coli adherence (Torres et al., 2005). Based on that 
report, we would expect that PAs would reduce the adhesion of E. coli to intestinal 
mucus. However, the concentrations of PAs (ranging from 0.025–2 ppm) used in the 
current study were significantly lower than the concentration of cadaverine used by 
Torres and colleagues (30.7 and 51 ppm). The lack of effect could also be explained 
by the fact that E. coli uses a different PA biosynthetic pathway than the majority of 
human GM (Hanfrey et al., 2011). While E. coli is a minor microbial component in 
the adult human intestine, the genus Escherichia is predominant and the most 
abundant in the fecal microbiota composition of healthy infants at 3, 6, and 12 
months of life (Nowrouzian et al., 2003; Taddei et al., 2014). At the same time, two 
cohort studies involving 1‐month‐old infants showed an association between the 
presence of E. coli in their feces with an increased risk of developing eczema 
(Penders et al., 2006, 2007). Therefore, it would be interesting to investigate whether 
E. coli adhesion in the gastrointestinal tract can be modulated by other polyamines 
synthesized by intestinal microbiota—including cadaverine, agmatine, or 
thermospermine—and understand the mechanism behind this effect. 
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7 Limitations and Suggestions for 
Future Research 

We recognize that there are certain limitations associated with the research 
conducted for this thesis and outline a few ideas for further research: 

Study I 

• To illustrate, one of the weaknesses in Study I is the relatively small sample 
size and the absence of additional longitudinal data points. These limitations 
may have had an impact on the variability observed in the data. Several 
previous studies have emphasized the substantial intra- and inter-individual 
variability in the compositions of HM bioactives and the HMM (Hunt et al., 
2011; Samuel et al., 2020). Given the limited number of samples in Study I, 
it is essential to validate our findings in larger study cohorts.  

• It's worth noting that carrying out this type of study in Argentina was 
challenging. This is because some mothers were reluctant in providing 
multiple milk samples after hospital discharge, especially when multiple 
samples were requested over time. Having additional sampling points would 
imply that mothers would have to visit the hospital and this alone was 
challenging due to the mothers' limited resources or the considerable 
distance between their homes and the hospital. Additionally, the restricted 
research budget also posed a constraint that should be considered. However, 
for being the first of its kind aiming to understand and characterize the HMM 
of the Argentinean population, this study is valuable and establishes a 
foundation for future, more comprehensive studies.  

• Furthermore, more controlled studies are needed to establish causation as 
there are multiple factors that modulate the HMM profiles. For example, we 
found that three bacterial species correlated with gestational age but as 
previously discussed there are multiple factors that modulate the HMM 
profiles. Further studies which will include other factors are needed to 
indeed confirm that these correlations translate to causality.  
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• Moreover, while our study did not look at live bacteria in HM, a recent report 
found that 16S studies overestimate both richness and diversity of the HMM 
(Stinson et al., 2021). As a result, methods assessing the viable microbiota 
could be incorporated to provide a more accurate view of the HMM. Lastly, 
certain primer sets appear to favor the enrichment of specific bacterial 
groups, according to GM studies (Kameoka et al., 2021; Palkova et al., 
2021). Consequently, scientists should carefully consider which primers to 
use based on their research question and objectives. 

• Finally, this study did not assess whether the observed differences in the 
preterm HMM composition between birth and TEA are also reflected in the 
GM composition of the respective infant. This inclusion could help us 
understand better the link between HMM and infant GM maturation, and 
thus could be considered in future studies. 

Study II 

• Further studies in a larger number of samples are needed to evaluate the 
stability of added probiotics in HM, as different storage conditions, 
processing procedures, probiotic strains, and HM samples from different 
lactation stages could present different results.  

• Future studies may also consider isolating new probiotics from HM. 
Previous work has demonstrated potential in this effort. For example, 
Argentinian and Iranian scientists were able to isolate HM lactobacilli and 
bifidobacteria with probiotic potentials inducing IL-10 production by 
macrophages and restricting the growth of gastrointestinal pathogens (Dallal 
et al., 2021; Oddi et al., 2020). 
 

Studies III and IV 

• The past few years other HM processing techniques are gaining ground, 
namely UHT and freeze drying. In fact, freeze drying of HM has been shown 
to conserve protein, carbohydrate, polyphenol, and oxidant levels of HM.  
However, since we did not investigate whether these processes can influence 
the adhesion properties of the studied probiotics, we consider this as a 
potential area for future research.  

• Despite the lack of standardization, two major in vitro models are used to 
assess probiotic adhesion: the intestinal mucus model and the cell line 
model. The results between these two methods vary widely (Laparra & Sanz, 
2009). In studies III-IV, we chose to use the intestinal mucus model since 
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the mucus layer is the first interphase for host-probiotic interaction in the 
gastrointestinal tract. Previous reports have shown that subject age should 
be taken into consideration when determining probiotic adhesion properties 
– another reason why we found the mucus model more appropriate than the 
cell line model. The model has its limitations. Laparra and Sanz have 
reported that the mucus model cannot properly distinguish hydrophobic 
binding interactions from mucus binding interactions, making interpretation 
of results challenging. In addition, isolated mucus alone does not 
appropriately describe the in vivo situation and a combination of both mucus 
and cell culture models might be appropriate for future work. This could 
provide more information as it would include both host and mucus 
interactions.  

• Another drawback of the mucus in vitro model is the use of a radioactive-
based assay that has led to safety, waste disposal, and cost concerns. 
Vesterlund and coworkers have shown, however, that radioactive labels in 
adhesion assays are superior to fluorescence tagging or staining especially 
in the case of bacteria with poor adhesion properties (Vesterlund et al., 
2005). 

• Another limitation of studies III-IV was the omission of the in vitro 
digestion. Based on previous studies, passage through the stomach and small 
intestine could have a negative impact on the viability and the in vitro 
adhesive capacity of LGG and Bb12 to intestinal mucus (Miettinen et al., 
1999; Ouwehand et al., 2001). However, as discussed above, HM may 
influence the probiotics by either protecting them from digestion or 
interfering with their adhesion. Therefore, future studies should focus on 
investigating how the adhesion of probiotics is affected by the digestion of 
probiotic-supplemented HM. As the nutrient composition of DHM was not 
characterized before or after Holder pasteurization, we are unable to point 
out which of the HM components had the strongest influence in the adhesion 
of the tested probiotics. 

• The main limitation of studies III and IV is the lack of mucus 
characterization from infants aged <6 months, infants aged >6 months and 
adults. Therefore, we cannot be certain whether the differences in the 
adhesion between the two age groups are due to distinct glycosylation 
patterns of the mucus. In fact, characterizing the mucus would support 
stronger conclusions. However, when we attempted to previously 
characterize the mucus, we encountered issues with the protein, mucin, and 
carbohydrate analyses. It appears that the buffer in which we resuspended 
the dried mucus (Hepes-Hanks buffer) is interfering with the absorption. 
This should be taken into consideration for future studies that investigate 
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intestinal mucus adhesion and perhaps other buffers such as PBS or MilliQ 
water could be used instead. Another alternative could be characterizing the 
mucus before the freeze-drying step (at that point suspended in MilliQ). This 
in vitro approach has been previously employed by other authors (Juntunen 
et al., 2001; Ouwehand, Kirjavainen, et al., 1999) so we consider it a valid 
attempt to provide similar and comparable results. Considering this 
limitation, we recognize that that the current observations should be 
interpreted with caution because host-microbiota interactions in the human 
gastrointestinal tract are more complex.  

• For study IV, we experienced difficulties in finding preterm mucus. For this 
reason, we decided to include mucus from infants of <6months and 6-12 
months and therefore cannot extrapolate these findings to preterm infants. 
Future research could investigate the role of PA fortification in HM and 
infant formula and how it affects the adhesion of probiotics and relevant 
infant pathogens on preterm infant mucus. On this note, a previous 
systematic review indicates that L-arginine, a building block of PAs, appears 
to be directing the prevention of NEC in preterm infants (Mitchell et al., 
2014). If this effect is mediated by the synthesis and action of PAs remains 
to be elucidated. If this is confirmed, further studies could be conducted to 
determine whether giving specific PAs to preterm infants can prevent NEC 
in the NICU setting. 

• Finally, in relation to study IV, there are numerous additional future research 
ideas for PAs contained in HM. It will be interesting to demonstrate whether 
polyamine levels differ between MOM and DHM. As DHM is donated from 
mothers at term, future research may determine whether the lower PA 
content in term HM compared to preterm HM might have an impact on the 
intestinal maturation of preterm infants. It would also be interesting to see if 
HM PA levels differ depending on maternal factors such as genetics, diet, 
baseline health, medications or supplements taken, how mothers were fed as 
infants, mode of infant delivery, and so on. 
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8 Summary/Conclusions 

Considering the important role of gut microbiota (GM) composition for infant health 
during the neonatal period and beyond, this study set out to examine two commonly 
employed strategies for modulating infant GM: human milk microbiota (HMM) and 
specific probiotics. We further hypothesized that certain factors modify the 
composition of the HMM and the probiotic viability and capacity to adhere to 
intestinal mucus. 

Regarding HMM, the study focused on investigating whether there are 
differences in HMM composition between preterm and full-term births and whether 
there are changes in preterm HMM composition from birth to the equivalent term 
age. To achieve this, a study population from Argentina was chosen, as no previous 
research had characterized the HMM composition of this particular population. This 
choice was significant due to known variations in HMM composition between 
geographic locations. In terms of results, our work revealed that Firmicutes and 
Proteobacteria are the most abundant phyla in the HM of the Argentinian population 
with genera Staphylococcus and Streptococcus contributing to the observed 
differences between preterm and term HM. Notably, the presence of the genus 
Rothia, found only in milk samples of term and term equivalent age neonates, may 
be linked to the delayed GM maturation in preterm infants. Additionally, term HM 
exhibited greater microbial diversity compared to preterm HM. Variations in 
taxonomic composition were also observed between these groups. Although 
preliminary, these findings underscore the need to further investigate the factors 
influencing changes in HMM and their implications for infant health, reinforcing the 
importance of promoting breastfeeding. 

Regarding probiotics, this study focused on assessing their stability in HM 
during storage, on determining the effect of FDHM on their adhesion properties, and 
on investigating the role of polyamines on probiotic and pathogen interactions with 
intestinal mucus. In NICUs, probiotics are often mixed with MOM or DHM and any 
excess is discarded. This study assessed whether cold storage could maintain 
probiotic viability in HM, finding that LGG and Bb12 remain stable for 72 hours at 
4°C and 7 days at -20°C. Consequently, HM is a good matrix for probiotic delivery, 
a finding valuable for milk banks in hospitals. Additionally, we found that adding 
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liquid or powdered HM fortifiers to DHM does not alter the adhesion of LGG and 
Bb12 to infant mucus, and further demonstrated that FDHM can be stored at 4°C for 
up to 24 hours without affecting probiotic adhesion or viability. However, it's 
important to note that these results may be interpreted with caution and not be 
extrapolated to preterm infants. 

The research also highlighted the age-dependency in probiotic adhesion ability. 
For instance, spermidine significantly improved the adhesion of Bb12 in the mucus 
of infants under 6 months, whereas spermine was more effective in reducing the 
adhesion of Cronobacter sakazakii in the same age group. This age-specific response 
to polyamines suggests that individual age is a crucial factor in determining the 
effectiveness of probiotics.  

Overall, these findings could be considered for developing strategies to optimize 
GM in infants, particularly in preterm infants. By improving the methods of storing 
and using donated HM, including maintaining probiotic viability through optimal 
storage conditions, we can enhance the health benefits for infants while also 
addressing the significant issue of HM wastage in HMBs. This approach not only 
supports the health of preterm infants but also contributes to the effective 
management and utilization of valuable resources in neonatal care. 
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