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Abstract 

  

 It is known that the birth process and initial life exposures, such as feeding, may have an 

important impact on the acquisition of bacterial communities throughout the human body, 

including the gut. Preterm infants usually have special dietary needs and undergo increased 

oxidative stress related to intensive care, which can ultimately impair their gastrointestinal 

microbial colonization and microbial diversity in the bowel. Using molecular techniques, we 

analyzed the fecal microbiome of 20 preterm infants and tested the association between bacterial 

communities and feeding type, as well as levels of F2-isoprostanes. We found that feeding 

influences the fecal microbiome of preterm infants, however more research is needed to clarify 

the role of human milk fortifiers in this process. We also observed preliminary evidence of an 

association between microbial composition and oxidative stress, indicating that future studies in 

this area should be conducted. 
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Introduction 

 
 Preterm infants often require special care at Neonatal Intensive Care Units (NICUs) 

and, despite of innumerable advances in their care in the last few decades, many of these 

infants are at risk for serious diseases, such as sepsis and necrotizing enterocolitis (NEC), 

and long-term disorders including cerebral palsy, blindness, hearing loss, epilepsy and 

intellectual disability. We have seen in the last few years a great expansion of the 

knowledge about microbial communities and factors affecting their acquisition and 

development in preterm infants, however there is still a lot to be uncovered in regards to 

the effects of different diets on the microbiome of these infants.  

Microbiome  

 The development of gene-based techniques to analyze metagenome, such as the 

bacterial 16S rRNA gene sequencing and whole-genome shotgun sequencing, has made 

possible for the scientific community to greatly expand the knowledge about the 

composition, diversity and function of several microbial communities [1-3]. 

 It is now known that the human gastrointestinal tract is home to trillions of 

microbes, namely gut microbiota, which influence host physiology in several ways, 

including intestinal maturation and homeostasis, immune system development and 

function, protection against pathogens and nutrient utilization, to name a few [4, 5].  

 The majority of bacteria within the human gut microbiota belong to two main 

phyla, Bacteroidetes and Firmicutes. Although less abundant, species from Actinobacteria, 

Proteobacteria and Verrucomicrobia phyla also exert an important influence in the gut 

environment [6, 7].  
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 Bacteria from the gram-negative Bacteroidetes phylum include species from the 

genera Bacteroides and Prevotella and have the ability to utilize a wide range of 

polysaccharides to produce short-chain fatty acids (SCFA) [8, 9], which provide local and 

systemic benefits to the host, contributing to the modulation of the bacterial population in 

the colon, thus favouring beneficial over pathogenic species [10]. However, there is 

evidence that these two genera usually do not cohabitate the gut environment at the same 

time at high amounts [11, 12]. 

 Firmicutes are represented by several bacterial genera, including Lactobacillus, 

which produce lactic acid through degradation of hexose sugars, inhibiting potential 

pathogenic species due to the resulting acidic environment [13], and Ruminococcus, known 

by its capacity to degrade resistant starch, producing SCFA, mainly butyrate, but also 

acetate and propionate [14]. Butyrate is known for its capacity to improve colonic health 

through local immune modulatory effects, acidification of gut environment and as a source 

of energy to colonocytes [10, 15].  

 Several species of the Bifidobacterium genus, which belong to the Actinobacteria 

phylum, are known to be beneficial for human health, reducing the risk of eczema and food 

allergies in children, preventing and treating diarrhea and intestinal inflammatory 

conditions such as inflammatory bowel disease in adults, and necrotizing enterocolitis in 

newborns. The mechanism behind such benefits in not completely elucidated, but it is 

speculated that it could be related to decreased apoptosis, improved intestinal integrity, 

altered expression of antimicrobial peptides, alteration of local inflammation, tolerance 

induction and increased local IgA production [13, 16, 17]. 
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 The Proteobacteria phylum includes the well known Escherichia genus, as well as a 

wide variety of pathogens such as Salmonella, Helictobacter and Yersinia.  

 The human microbiome is variable across individuals and may be affected by 

several factors such as diet, disease, stress, drugs and environment [18]. Disturbances in 

the gut microbiome composition have been linked to a vast array of non-communicable, 

auto-immune diseases and allergies. It seems that decreased microbial diversity is a 

hallmark of dysbiosis and has been observed in most of these conditions [19]. 

Additionally, the gut microbiota plays an important role in shaping the immune system, 

through suppression of inflammatory signaling pathways, including the kappa-B nuclear 

factor pathway, ultimately regulating the innate immune response; promotion of tolerance 

through induction of regulatory T-cells, which modulate the immune response to antigens; 

promotion of tolerance through the stimulation of mucosal IgA secretion [20].  

 The human gut microbiome reaches a relatively stable composition by 3 years of 

age [21]. However, there is growing evidence that events occurring at earlier stages of life 

might influence the long-term health of an individual. In preterm infants, stress caused by 

the several interventions occurring during intensive care period can result in serious 

neurodevelopmental deficits and chronic metabolic conditions, such as diabetes and 

obesity [22]. Another possible link between early age events [23] and long-term health 

outcomes is the brain-gut-axis, a bidirectional communication system between the central 

nervous system and the gastrointestinal tract [24]. Recently, scientific evidence has 

demonstrated that commensal bacteria have the ability to produce neurotransmitters such 

as gamma-aminobutyric acid (GABA), serotonin, catecholamine and acetylcholine, 

strongly suggesting that the gut microbiome has an important role in the communication 
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between the gastrointestinal and the central nervous system [23].  Although it has been 

shown that the intra-uterine environment is not sterile and might contribute to the prenatal 

colonization of the gut, the birth process and exposures in the perinatal period exert an 

important influence on the microbial community of the human body [25].  

Full-Term Infant Gut Microbiome 

 The gastrointestinal tract (GIT) is a unique organ in regards to its digestive as well 

as immune functions. This system starts to develop at 4 weeks of gestational age and its 

maturation continues throughout childhood.  

 Recent studies have associated mode of delivery and diet with the development of 

gut microbiota. While it seems that vaginal delivery and early exposure to human milk 

contribute to the acquisition of a beneficial collection of intestinal microbes, cesarean-

section and formula feeding are known to disturb gut colonization, with consequences that 

go beyond infancy and childhood, ultimately increasing susceptibility of diseases in adult 

life [4]. 

 The fecal microbiota of infants vaginally born resembles their own mother’s 

vaginal bacterial community, acquired at birth. Oppositely, those infants born through 

cesarean section present a fecal collection of microbes similar to that found on human skin. 

As well, C-section-delivered infants are likely to have lower gut microbial richness and 

diversity when compared to their vaginally delivered pairs. One of the explanations for 

such a contrast may be the fact that operating rooms where Cesarian-sections take place are 

sterilized environments, consequently decreasing the contact of those newborns with 

microorganisms to which infants delivered by vaginal birth are usually exposed [26].  
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 Dominguez-Bello and collaborators characterized the first bacterial groups 

associated with full-term babies vaginally born or by C-section and the bacteria associated 

with their mothers, across multiple body habitats near the time of delivery of 9 mothers and 

their newborns in Venezuela. They found that infants vaginally born presented a 

dominance of Lactobacillus and Prevotella spp., usually resident bacteria of the vagina and 

perianal area, while infants born by C-section acquire species endemic to maternal skin 

from Staphylococcus, Corynebacterium, and Propionibacterium [27] genera. 

 Azad and group analyzed the fecal microbiome of a cohort of 24 Canadian infants 

and found that overall bacterial profiles were dominated by the phylum Actinobacteria and 

Firmicutes, with a strong negative correlation observed between these dominant phyla. 

Also, they observed that infants born by cesarean delivery had bacterial communities with 

significantly lower abundance of Escherichia-Shigella and absence of Bacteroides [5].  

 The fecal microbiome of breastfed infants was also shown to resemble their own 

mother’s fecal bacterial community. In fact, some studies indicate that bacteria found in 

umbilical cord blood, amniotic fluid and human milk may originate in the maternal 

gastrointestinal tract. Although the mechanism is still unclear, it has been hypothesized that   

maternal dendritic cells and leukocytes play an important role in the bacterial uptake into 

placenta and milk, through a mechanism named enteromammary trafficking (EMT) [28], 

where maternal intestinal bacteria are engulfed by dendritic cells, travelling via systemic 

circulation to reach the mammary gland and breast milk. In fact, dendritic cells in the 

Peyer’s patch can cross the paracellular space of the intestinal epithelium to take up 

bacteria directly from the intestinal lumen. Once internalized by dendritic cells and/or 

macrophages, bacteria can spread to other locations, such as the respiratory and 
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genitourinary tract, salivary and lachrymal glands, and, most importantly, that of the 

lactating mammary gland, via lymphatic and blood circulation [29-31]. Indeed, dendritic 

cells seem to be relatively ineffective at killing internalized organisms and may be 

responsible for viable bacteria reaching the mammary glands as well as placenta [32]. 

 Additionally, human milk oligosaccharides (HMO), carbohydrates exclusive of 

human milk and unique for being non-digestible and non-nutritive to humans due to 

glycosidic linkages between sugar residues, which are unlikely to be hydrolyzed by neutral 

lactase and other known brush border disaccharidases [33], promote a healthy infant gut 

microbiota by acting as a prebiotic, thus favouring the growth of beneficial bacteria such 

as Bifidobacterium and Lactobacillus and competing with intestinal pathogens for binding 

sites. Indeed, several studies have identified that some bifidobacteria encode enzymes 

capable of degrading HMO [34]. Research has shown that breastfed infants typically 

harbour several bifidobacteria species, including B. infantis, B. breve, B. adolescentis, B. 

longum, and B. bifidum. Formula-fed infants, however, tend to present a more 

inflammatory fecal microbiota [35]. 

 Schwartz and group demonstrated that while formula-fed infants have a more 

homogeneous microbiota pattern in relation to the phylum level, with equal proportions of 

Firmicutes and Actinobacteria, and also Proteobacteria, breastfed infants predominantly 

harbour one bacterial phylum, such as Actinobacteria, Proteobacteria or Bacteroidetes. [36] 

Eggesbo and colleagues observed that the main bacterial constituents of the gut of 

breastfed infants were γ-proteobacteria and Bifidobacterium, as well as species belonging 

to Bacteroides and microbes identified as Lachnospiraceae 2 [37].  
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 A study by Bezirtzoglou and group showed that, although presenting greater 

abundance of bacterial cells, breast-fed infants have a less diverse gut microbiome when 

compared to their formula-fed counterparts. This might be in part due to the composition 

of human milk, mainly the high concentration of HMOs, which provide a competitive 

advantage to non-pathogenic commensals and act as antiadhesive antimicrobials, 

preventing pathogenic bacteria to adhere to mucosal surfaces to colonize the host. It was 

identified in the feces of formula-fed infant lower numbers of Bifidobacterium, and an 

increased relative abundance of Bacteroides [38, 39].  

Prematurity 

 According to World Health Organization (WHO), preterm infants are defined as 

those born alive before 37 weeks of pregnancy. Preterm infants can be divided in three 

categories according to gestational age at birth: moderate to late preterm for those infants 

born between 32 and 37 weeks of gestation; very preterm for the ones born between 28 and 

32 weeks; extremely preterm for those born before 28 weeks [40]. Preterm infants can be 

also categorized by birth weight, whereas those born with less than 2500 grams are 

considered as low birth weight infants; the ones born with less than 1500 grams are 

classified as very low birth weight infants; and those weighting less than 1000 grams at 

birth are extremely low birth weight infants. However, it is important to notice that 

prematurity is not the only cause for low birth weight, which can also be a result of 

intrauterine growth restriction, usually defined as a birth weight below the 10th percentile 

for a specific gestational age and sex [41-43]. In Canada, the preterm birth rate in 

2006/2007 was around 8.0% of all live births, greatly contributing with short and long-
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term morbidity as well as elevated health care costs [44]. 

 In the short term, preterm infants often require special care in neonatal intensive 

care units due to the immaturity of organs, which places them at risk of a number of 

serious complications such as sepsis, pulmonary distress syndrome, bronchopulmonary 

dysplasia, retinopathy of prematurity, necrotizing enterocolitis (NEC), ductus arteriosus 

and intraventricular hemorrhage. Despite all the improvements in the prevention and 

management of these complications, their incidence and potential mortality remain a 

concern [45].  

 As for the long term, infants born prematurely are at higher risk for 

neurodevelopmental and psychological disorders, cerebral palsy, blindness, hearing loss, 

epilepsy and intellectual disability [46, 47]. 

Gut Microbiome of the Preterm Infant 

 Compared to their healthy full-term pairs, preterm infants present underdeveloped 

gut motility, gastrointestinal barrier function and mucosal immunity, delayed 

gastrointestinal microbial colonization and reduced microbial diversity in the bowel, with 

dramatically fewer beneficial species and more pathogens [48]. Additionally, preterm 

infants often require interventions during and after birth, including life-support procedures 

and medications such as antibiotics and H2 blocker which, together with a delayed 

initiation of enteral feeding, absence of human milk and permanence in the intensive care 

unit for long periods, may contribute to the impaired gut microbiome development, placing 

this group at risk for intestinal as well as systemic complications such as NEC and sepsis 

[25]. Another factor affecting gut microbial acquisition in very low birth weight infants 
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seems to be the fetal exposure to a non-sterile uterine environment secondary to maternal 

complications such as prolonged preterm premature rupture of membranes (PPPROM) and 

chorioamnionitis [21]. 

 In general, studies of the gut microbiome of preterm infants show a tendency to an 

inflammatory bacterial pattern with initial low diversity. Arboleya and group compared the 

gut bacterial community of preterm and full-term infants and found that the former present 

less diverse microbial environment, with delayed Bifidobacterium and Bacteroides 

colonization and predominance of Staphylococcus, Enterobacter, Enterococcus, as well as 

lactic acid bacteria from the genera Lactobacillus and Weissella, indicating an impaired 

establishment of normal anaerobic microbiota [49]. 

 In a cohort of ten very low birth weight infants, Chernikova and collaborators 

identified abundance of Enterobacter and Staphylococcus in almost all early stool samples. 

Bacteroides was found in the feces of an exclusively formula-fed infant. Escherichia and 

Bifidobacterium were found in low numbers. Over time, there was a decrease in 

Staphylococcus as well as an increase Veillonella, a commensal in healthy gut [21]. 

 The genera Escherichia and Shigella, from family Enterobacteriaceae of phylum 

Proteobacteria, were the dominating organisms in the gut microbiota of extremely low 

birth weight infants studied by Drell and group. They also observed that Bifidobacterium, 

Bacteroides and Lactobacillus were lacking during the whole study period [50]. 

 Moles and group [51] studied the meconium of healthy term infants and found 

enterococci as the predominant genera followed by staphylococci, Escherichia coli and 

Enterobacter spp. The same group studied the meconium and feces at 3 weeks of life in a 

group of preterm infants. Firmicutes was the most abundant phylum in meconium samples 
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followed by Proteobacteria and Actinobacteria. In contrast, Proteobacteria was the 

dominant phylum in the later fecal samples, followed by Firmicutes and Actinobacteria. 

They also observed a significant increase in the abundance of groups such as Bacteroides, 

Enterococcus, Clostridia, Veillonella, Clostridium difficile, E. coli, K. pneumoniae, 

Pseudomonas, Serratia and Yersinia in fecal samples as compared to meconium.  

 A study of meconium and fecal samples of preterm infants by Madan and 

collaborators [52] found that subjects who develop sepsis showed a Proteobacteria and 

Firmicutes (Staphylococcus) predominance, whereas healthy subjects, who received 

limited antibiotics and did not develop sepsis exhibited an increase in relative abundance 

of anaerobes, similarly to more ‘mature’ microbial communities, including Clostridium, 

Klebsiella and Veillonella. 
 The widespread use of broad-spectrum antibiotics in NICUs as a strategy to avoid 

infections increases the risk of colonization with resistant bacterial strains, including 

clostridia. As well, Enterobacteriales, Staphylococcus and Enterococcus were among the 

most abundant bacterial taxa in a low diversity bacterial community that was dominated by 

types of bacteria known to cause invasive disease in these infants [53].  

Feeding of Preterm Infants 

 Due to its bioactive compounds, as well as immunological and nutritional features, 

human milk is undeniably the feeding of choice for preterm infants. As compared to a 

preterm formula-based diet, a human-milk based diet reduces the incidence of infections, 

allergic diseases and NEC [54], and similar to full-term infants, it positively contributes to 

the development of a healthy gut microbiota, by providing both beneficial microbes and 
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nutrients such as HMO, used by some beneficial intestinal bacterial species as energy 

source [55]. However, because infants prematurely born have increased nutrient needs 

compared to those born at term, they often times need to have their human milk feeding 

complemented by a human milk fortifier (HMF) in order to meet nutrient requirements, 

especially protein [56]. HMF has traditionally been based on bovine protein, however more 

recently HMF can be also prepared from banked donor human milk. However, while some 

research has shown that provision of unfortified human milk has been linked to suboptimal 

growth and reduced bone density leading to osteopenia of prematurity [57], other studies 

found that an exclusively human milk-based diet (including human milk-based fortifier) is 

associated with significantly lower rates of NEC compared to a diet of human milk and 

bovine milk-based products (including bovine milk-based fortifier) [58]. Moreover, a study 

from our group showed that fortification of human milk with bovine protein-based HMF 

might be related to increased levels of oxidative stress in preterm infants [59], which is 

already elevated when compared to healthy full-term infants, as a result of both lack of 

antioxidant defenses and increased generation of oxygen reactive specimens (ROS) due to 

hyperoxia, reperfusion and inflammation [60]. In this study, higher levels of F2-

isoprostane, prostaglandin-like compounds formed during peroxidation of arachidonic acid 

and a marker of lipid peroxidation and oxidative stress, were associated with the use of 

HMF. Additionally, the use of bovine protein-based HMF has been previously shown to 

alter the antibacterial properties of human milk [61, 62], what may have contributed to this 

scenario.  

 It is known that macrophages and neutrophils generate high levels of mitochondrial 

ROS in response to microbial factors known as microbial-associated molecular patterns 
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(MAMPs), by means of pattern recognition receptors (PRR), including toll-like receptors 

(TLR) and C-type lectin receptors (CLR) present in host cells [63]. Interestingly, recent 

research has proposed that commensal and probiotic gut bacteria can also induce the 

production of ROS within enterocytes through activation of NADPH oxidase enzymes by 

PRRs named formylated peptide receptors (FPR), which sense bacterial products, with 

potential beneficial effects to the host [64, 65].  

 Nevertheless, there are no studies evaluating the effects of protein-based HMF on 

the gut microbiota of preterm infants and how oxidative stress is related to this process.  

Thus, the aim of this exploratory study is to analyze the fecal microbiota composition of 

preterm infants and evaluate its correlation with oxidative stress markers and feeding 

regimen. We will use fecal samples collected from preterm infants that were part of the 

above mentioned study conducted by our group [59] and correlate them with existing data 

related to oxidative stress and feeding. 
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Research Plan 

Rationale 

 The study of the gut environment of preterm infants has advanced in the last few 

years; however there are some knowledge gaps that once fulfilled would contribute to a 

better understanding and treatment of this condition. One of these gaps, which we will 

explore in the present study, is the impact of bovine-protein based human milk fortifiers 

(HMF) in the gut microbiota of premature infants, and how this is related to the increased 

oxidative stress that occurs as a result of human milk supplementation with bovine protein-

based HMF.  

Hypothesis 

 We hypothesize that bovine protein-based HMF causes dysbiosis of the preterm 

gut, leading to oxidative stress, as measured by F2-isoprostanes in urine.  

Objectives 

1. To compare the fecal microbiome of preterm infants receiving a human milk based-

diet fortified with bovine HMF to that of preterm infants on a formula-based diet. 

2. To evaluate the association between fecal microbiome and oxidative stress overall 

levels in preterm babies receiving different types of feeding.  
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Significance  

 To our knowledge, there are no studies evaluating the effects of protein-based HMF 

on the gut microbiota of preterm infants and its relationship with oxidative stress and 

related diseases published so far. Understanding this process might help clinicians at 

NICUs to take more informed decisions about the supplementation with bovine protein-

based HMF for preterm and low birth weight infants.  
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Materials and Methods 

Study Design, Subjects and Samples  

 This exploratory study consisted of 20 preterm, low birth weight infants selected 

from a cohort of 65 infants originally recruited in 2006 and 2007 at Health Sciences Center 

and St. Boniface Hospital, Winnipeg, Manitoba, Canada, under the following inclusion 

criteria: prematurity defined as less than 37 weeks of gestational age by date of last 

menstrual period or early ultrasound; and birth weight less than 1500 g. Exclusion criteria 

included presence of any major congenital anomaly; underlying genetic syndrome; 

presence of clinical or confirmed diagnosis of congenital infections; or unlikely to comply 

with necessary follow-up.  

From the original 65 infants, those who had fecal samples collected after 1 or 2 

weeks and 2 to 4 weeks after introduction of oral feeding, and had a urine F2-isoprostane 

measurement at the same time point of fecal sample collection, were selected.  

 For the present study, a set of 2 stool samples for each infant were analyzed: 

samples collected between 1 and 2 weeks of introduction of enteral feeds, which were 

classified as “Early” Samples; and samples collected between 2 and 4 weeks of 

introduction of enteral feeds, which were classified as “Late” Samples. Feces were 

collected from diapers and transported under refrigeration to Richardson Centre for 

Functional Foods and Nutraceuticals, Winnipeg, Manitoba, where they were kept at -80oC 

until analysis. Stability of the samples was not tested. 

 At the time of early samples infants were under one of the following feeding 

regimens: human milk (HM) or a combination of human milk and preterm infant formula 

(HM+F). At the time late samples were collected, infants were being fed either human milk 
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fortified with bovine protein-based human milk fortifier (HM+HMF), a combination of 

human milk and preterm infant formula (HM+F) or preterm infant formula (F).  

Demographic and medical data, as well as F2-isoprostanes levels, were obtained from the 

database generated in the original study above mentioned. 

DNA Extraction  

 DNA extraction was performed using ZR Fecal DNA MiniPrepTM (Zymo 

Reseach, Irvine, CA, USA) following manufacturer’s instructions, and included a bead-

beating step for the mechanical lysis of bacterial cell walls. DNA was quantified using a 

NanoDrop 2000 spectrophotometer (Thermo Scientific, Waltham, MA, USA). DNA 

samples were normalized to 20 ng/µl, and quality checked by PCR amplification of the 16S 

rRNA gene using universal primers 27F (5′-GAAGAGTTTGATCATGGCTCAG-3′) and 

342R (5′-CTGCTGCCTCCCGTAG-3′) as described by Khafipour et al [66]. Amplicons 

were verified by agarose gel electrophoresis. Extracted DNA was stored at -20 oC until 

Illumina sequencing.  

Library Construction and Illumina Sequencing 

 Library construction and Illumina sequencing were performed as described by 

Derakhshani et al [67]. In brief, the V3-V4 regions of 16S rRNA gene were targeted for 

PCR amplification using modified F338/R806. The reverse PCR primer was indexed with 

12-base Golay barcodes allowing for multiplexing of samples. PCR reactions were 

performed in duplicate for each sample and contained 1.0 µl of pre-normalized DNA (20 

ng/µl), 1.0 µl of each forward and reverse primers (10 µM), 12 µl HPLC grade water 
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(Fisher Scientific, Ottawa, ON, Canada) and 10 µl 5 Prime Hot MasterMix® (5 Prime, 

Inc., Gaithersburg, MD, USA). Reactions consisted of an initial denaturing step at 94oC for 

3 minutes followed by 30 amplification cycles at 94oC for 45 seconds, 62oC for 60 

seconds, and 72oC for 90 seconds; finalized by an extension step at 72oC for 10 minutes in 

an Eppendorf Mastercycler® pro (Eppendorf, Hamburg, Germany). PCR products were 

then purified using a ZR-96 DNA Clean-up KitTM (ZYMO Research, Irvine, CA, USA) to 

remove primers, dNTPs and reaction components. The V3-V4 libraries were then 

generated by pooling 200 ng of each sample, quantified by Picogreen dsDNA (Invitrogen, 

Burlington, ON, Canada). This was followed by multiple dilution steps using pre-chilled 

hybridization buffer (HT1; Illumina, San Diego, CA, USA) to bring the pooled amplicons 

to a final concentration of 5 pM, measured by an Qubit® 2.0 Fluorometer (Life 

technologies, Burlington, ON, Canada). Finally, 15% of PhiX control library was spiked 

into the amplicon pool to improve the unbalanced and biased base composition, a known 

characteristic of low diversity 16S rRNA libraries. Customized sequencing primers for 

read1 (5′-TATGGTAATTGTGTGCCAGCMGCCGCGGTAA-3′), read2 (5′-

AGTCAGTCAGCCGGACTACHVGGGTWTCTAAT-3′) and index read (5′-

ATTAGAWACCCBDGTAGTCCGGCTGACTGACT-3′) were synthesized and purified 

by polyacrylamide gel electrophoresis (Integrated DNA Technologies, Coralville, IA, 

USA) and added to the MiSeq Reagent Kit v2 (300-cycle; Illumina, San Diego, CA, USA). 

The 300 paired-end sequencing reaction was performed on a MiSeq platform (Illumina, 

San Diego, CA, USA) at the Gut Microbiome and Large Animal Biosecurity Laboratories, 

Department of Animal Science, University of Manitoba, Canada.  
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Bioinformatic Analysis 

 The PANDAseq assembler [68] was used to merge and fix the overlapping paired-

end Illumina fastq files. All the sequences with low quality base calling scores, as well as 

those containing uncalled bases (N) in the overlapping region were discarded. The output 

fastq file was then analyzed by downstream computational pipelines of the open source 

software package QIIME [69] The default minimum quality threshold of 25 was used. 

Chimeric sequences were detected using the UCHIME algorithm (USEARCH 6.1) to run 

both de novo and reference based chimera detection. The number of chimeric sequences 

identified and consequently removed by both detection methods was 1.7% of total high 

quality sequences. Sequences were clustered at the 97% sequence similarity level using the 

Greengenes database Version 13.5 [70] using an open reference-based OTU picking 

approach with the QIIME algorithm and usearch61 method with default parameters [70, 

71]. Those sequences that failed to cluster were subsampled for de novo OTU picking. All 

picked OTUs were subsequently aligned by PyNAST [72] and a phylogenetic tree was 

built using FastTree method [73] to calculate UniFrac distances [74] within QIIME. 

Representative OTUs were assigned to bacterial taxonomies using RDP classifier via 

QIIME with a confidence threshold of 0.8 [75]. Finally, open source software PICRUSt 

(phylogenetic investigation of communities by reconstruction of unobserved states; [76]) 

was used on 16S rRNA gene sequencing data to predict functional genes of the classified 

members of the fecal microbiota resulting from reference-based OTU picking against 

Greengenes database.  
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Alpha- and Beta-Diversity Analysis 

 Within community diversity (alpha-diversity) was calculated using QIIME default 

scripts. The α rarefaction curve was generated using Chao1 estimator of species richness  

with 10 sampling repetitions at each sampling depth. An even depth of 16,000 sequences 

per sample was used for calculation of Chao1 richness and PD Whole Tree, Shannon and 

Simpson diversity indices, as well as Good’s non-parametric coverage estimates. 

 The dissimilarity between communities, or beta-diversity, was measured by 

calculating the weighted and unweighted UniFrac distances [77] using QIIME default 

scripts. Principal coordinate analysis (PCoA) was applied on the resulting distance 

matrices to generate two-dimensional plots using PRIMER v6 software [78]. Permutational 

multivariate analysis of variance (PERMANOVA) [79] was used to calculate P-values and 

to test differences of β-diversity among feeding groups for significance. Both weighted and 

unweighted UniFrac distances were used to compute the test statistic and P-values [80]. 

Statistical Analysis 

 Relative abundances in bacterial phyla, family and genera were tested using 

MaAslin version 1.0.1 [81], with feeding, type of delivery and gestational age at birth as 

fixed factors. MaAslin is a statistical software package that uses a general linear model and 

applies removal of low-abundance values and boosting to identify taxa that are 

significantly associated with particular metadata, while deconfounding the effects of other 

features. Significance was accepted at q value (corrected P value) less than 0.05. 

 Changes of α-diversity indices (Chao1, Good’s coverage, PD Whole Tree, 

Shannon, Simpson and Observed Species) were tested using a MIXED procedure of SAS 
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version 9.4, again with feeding, type of delivery and gestational age at birth as fixed 

factors. Significance was accepted at P < 0.05. 

 Permutational multivariate analysis of variance (PERMANOVA) was used to 

calculate P-values and test for significant differences of β-diversity among feeding groups. 

The effects of feeding, type of delivery and gestational age at birth were considered fixed 

factors and subject the random factor.  

 Correlation between F2-isoprostanes and relative taxa abundance were performed 

using RStudio version 0.99.893 software [82]. Values were considered significant at P < 

0.05. 
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Results 

Study Population 

 The study population was comprised of 10 boys and 10 girls, with birth weight 

ranging from 790 to 1494 g and gestational age at birth ranging from 26 to 36 weeks 

(Table 1). Most infants were born through Cesarian section, with only 4 being vaginally 

delivered. For each of the 20 infants selected for this study, 2 fecal samples (1 Early and 1 

Late sample) went through DNA extraction process.  

Table 1. Demographic data for the infant cohort 

Infant Gender Weight at 
Birth (g) 

Gestational 
Age at Birth 

(weeks) 

Mode of 
Delivery 

Early Sample 
Collection 

(days of life) 

Late Sample 
Collection 

(days of life) 
1 Male 860 26 Vaginal 20 Excludedb 
2 Female 920 27 Vaginal 6 31 
3 Male 1420 36 Cesarian section 8 23 
4 Male 1350 27 Vaginal Excludedb 23 
5 Male 1350 28 Cesarian section 7 21 
6 Male 1228 35 Cesarian section Excludedb 24 
7 Female 1091 28 Cesarian section 32 59 
8 Female 1157 33 Cesarian section 8 29 
9 Male 1494 30 Cesarian section Excludeda 32 
10 Female 1455 30 Cesarian section Excludeda 48 
11 Male 1023 27 Cesarian section Excludeda 32 
12 Female 1470 30 Vaginal 8 36 
13 Female 790 28 Cesarian section 10 33 
14 Female 1170 28 Cesarian section Excludeda Excludedb 
15 Female 1150 28 Cesarian section Excludeda Excludedb 
16 Male 1410 33 Cesarian section 10 22 
17 Male 800 27 Cesarian section 6 32 
18 Female 1009 28 Cesarian section 6 33 
19 Female 1210 28 Cesarian section 6 33 
20 Male 1380 32 Cesarian section Excludedb 30 

aSamples excluded after DNA extraction process 
bSamples excluded after Illumina sequencing 
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 After verification by agarose gel electrophoresis, it was concluded that 5 Early 

samples were not suitable for analysis due to lack of DNA, and were excluded from the 

study, as noted in Table 1. Additionally, Illumina sequencing retrieved inconclusive results 

for 3 Early and 3 Late samples, which were also excluded from the dataset (Table 1).  

 As seen in Table 2, at time of Early sample collection most infants were fed either 

exclusively mother’s own milk (Human Milk) or a combination of mother’s own milk and 

humanized preterm formula (Human Milk + Formula). Differently, at time of Late sample 

collection infants were fed a combination of mother’s own milk and human milk fortifier 

(Human Milk + HMF) or a combination of mother’s own milk and humanized preterm 

formula (Human Milk + Formula) or humanized preterm formula (Formula) alone. 

Table 2. Type of feeding at the two different time points (early and late) 

Infant Feeding Type at Time 1 (Early) Feeding Type at Time 2 (Late) 
1 Human Milk NA 
2 Human Milk Human Milk + HMF 
3 Human Milk + Formula Human Milk + Formula 
4 NA Human Milk + HMF 
5 Human Milk Human Milk + HMF 
6 NA Formula 
7 Human Milk Human Milk + HMF 
8 Human Milk + Formula Human Milk + Formula 
9 NA Formula 
10 NA Formula 
11 NA Human Milk + HMF 
12 Human Milk Human Milk + HMF 
13 Human Milk Human Milk + Formula 
14 NA NA 
15 NA NA 
16 Human Milk + Formula Human Milk + Formula 
17 Human Milk Human Milk + HMF 
18 Human Milk + Formula Human Milk + Formula 
19 Human Milk + Formula Human Milk + Formula 
20 NA Formula 
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 For Illumina Sequencing, bioinformatic analysis and statistical analysis, samples 

were re-labeled, as shown in Table 3.  

 

Table 3. Samples’ labels for Illumina Sequencing, bioinformatic analysis and statistical 
analysis 

Infant Early Sample Late Sample 
1 1 NA 
2 3 4 
3 5 6 
4 NA 8 
5 9 10 
6 NA 12 
7 13 14 
8 15 16 
9 NA 18 
10 NA 20 
11 NA 22 
12 23 24 
13 25 26 
14 NA NA 
15 NA NA 
16 31 32 
17 33 34 
18 35 36 
19 37 38 
20 NA 40 

3w90 

Overall Bacterial Composition of Fecal Microbiome 

 Distribution of bacterial phyla, genera and family per sample is presented in 

Figures 1, 2 and 3, respectively, where each column represents 1 sample. Dominant phyla 

are Firmicutes, Bacteroidetes, Proteobacteria and Actinobacteria (Figure 1).  
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Figure 1. Phylum level composition of Early and Late samples.  
Each column represents 1 sample. Dominant phyla are Firmicutes, Proteobacteria, 

Bacteroidetes and Actinobacteria. 
 

 
 As for families, Enterobacteriaceae, Staphylococcaceae, Veillonellaceae and 

Clostridiaceae were overall the most present in infant samples (Figure 2).  
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 Figure 2. Family level composition of Early and Late samples.  
Each column represents 1 sample. 
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Figure 2 (continued).  Family level composition of Early and Late samples.  
Each column represents 1 sample. 
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   k__Bacteria;p__Tenericutes;c__Mollicutes;o__Anaeroplasmatales;f__Anaeroplasmataceae 

   k__Bacteria;p__Tenericutes;c__Mollicutes;o__RF39;f__ 
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Figure 3. Genus level composition of Early and Late samples.  
Each column represents 1 sample. 
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Figure 3 (continued). Genus level composition of Early and Late samples.  
Each column represents 1 sample. 
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 In Figure 3, it is observed that Staphylococcus, Veillonella, Bacteroides and an 

undetermined genus of the family Enterobacteriaceae are the dominant genera in this 

particular population of preterm infants.  

Bacterial Composition of Fecal Microbiome Over Time 

 The comparison of bacterial phyla at the two different time points of samples 

collection reveals that Early samples have Proteobacteria as dominant phyla, followed by 

Firmicutes, with Bacteroidetes and Actinobacteria discretely contributing (Figure 4), 

whereas Late samples have Firmicutes as the major bacterial group, followed by 

Proteobacteria, Bacteroidetes and Actinobacteria (Figure 5).   

 
 

 
Figure 4. Distribution of bacterial phyla in Early samples (in %). 

 
 
 

 
Figure 5. Distribution of bacterial genera in Late samples (in %). 
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  Regarding the analysis of bacterial genera, we observed a greater diversity in Late 

samples as compared to Early samples. While the later is dominated by 7 main genera, 

with unidentified genus of Enterobacteriaceae family and Staphylococcus as the main 

representatives (Figure 6), the former have 11 main genera and an increased presence of 

Veillonella and Bacteroides, as well as smaller amounts of Staphylococcus, although 

unidentified genus of Enterobacteriaceae family remains the main group (Figure 7).    

 

 
Figure 6. Distribution of bacterial genera in Early samples. 

 
 

Figure 7. Distribution of bacterial genera in Late samples 

Unidentified genera of 
Enterobacteriaceae family 56.5% 
Staphylococcus 24.2% 

Veillonella 5.2% 

Bacteroides 4.3% 

Unidentified genera of 
Bacillaceae family 3.0% 
Unidentified genera of 
Lactobacillales order 1.8% 
Other 5.1% 

Unidentified genera of family Enterobacteriaceae 
39.0% 
Veillonella 12.0% 

Bacteroides 7.4% 

Unidentified genera of family Clostridiaceae 6.5% 

Clostridium 6.1% 

Unidentified genera of family 
Peptostreptococcaceae 4.3% 
Unidentified genera of order Lactobacillales 4.1% 

Blautia 3.9% 

Streptococcus 2.9% 

Staphylococcus 2.6% 

Other 
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Relative Abundance of Bacterial Taxa  

 The relative abundance of bacterial phyla by feeding for Early and Late Samples is 

presented in Table 4 and Table 6, respectively. As assessed by MaAslin (Table 5), relative 

abundance of dominant bacterial phyla in Early samples is not associated with feeding (q > 

0.05).  

Table 4. Relative abundance of phyla by feeding in Early samples 

Phyla Relative Abundance, mean±SE1 

 
HM (n=7) HM+F (n=5) 

Actinobacteria 0.0 1.7±1.4 

Bacteroidetes 7.3±7.3 0.0 
Firmicutes 31.2±14.5 44.9±18.0 

Proteobacteria 61.5+13.7 53.5±18.4 
1Standard error 
 

Table 5. Association of phyla with feeding type in Early samples, with human milk feeding 
as the comparator 

Feature Value Coefficient P-value Q-value 

Bacteroidetes feedingHM+F -0.006 0.12 0.71 
Firmicutes feedingHM+F 0.419 0.36 1.00 
Actinobacteria feedingHM+F 0.002 0.62 1.00 
Proteobacteria feedingHM+F -0.200 0.65 1.00 

 
  

 In Late samples a statistically significant correlation was observed between formula 

feeding and Firmicutes (q = 0.04), as seen in Table 7 and Figure 8, when compared to a 

combination of human milk with HMF.  
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Table 6. Relative abundance of phyla by feeding in Late samples 

Phyla Relative Abundance, mean±SE1 

 
HM+HMF (n=7) HM+F (n=6) F (n=4) 

Actinobacteria 0.03±0.02 6.4±4.0 3.7±2.5 

Bacteroidetes 18.0±11.8 0.01±0.0 0.03±0.2 
Firmicutes 18.1±4.8 56.9±9.6 90.8±34.6 

Proteobacteria 63.9+9.6 36.7±9.5 5.5±3.3 
1Standard error 

 

Table 7. Association of phyla with feeding type in Late samples, with formula feeding as 
the comparator 

Feature Value Coefficient P-value Q-value 

Firmicutes feedingHM+HMF -0.714 <0.001 0.04 

Firmicutes feedingHM+F -0.359 0.02 0.60 
Proteobacteria feedingHM+HMF 0.412 0.03 0.60 

Proteobacteria feedingHM+F 0.272 0.09 1.00 
Bacteroidetes feedingHM+F -0.002 0.41 1.00 

Bacteroidetes feedingHM+HMF -0.001 0.57 1.00 
Actinobacteria feedingHM+F 0.066 0.59 1.00 

Actinobacteria feedingHM+HMF -0.062 0.65 1.00 
 
 
 



 33 

 
 
 

Figure 8. MaAsLin: Multivariate Analysis by Linear Models. 
Relative abundance of Firmicutes by feeding type in Late samples 

 
 

 
 

Figure 9. MaAsLin: Multivariate Analysis by Linear Models. Relative abundance of 
the family Peptostreptoccoccaceae by feeding type in Late sample 

Figure 4. Relative abundance of Firmicutes by feeding  
type in Late samples 
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Figure 10. MaAsLin: Multivariate Analysis by Linear Models. Relative abundance of the 
genus Veillonella by feeding type in Late samples 

  
 As seen in Figure 9, a positive statistically significant correlation was also observed 

between formula feeding and the family Peptostreptoccoccaceae (q = 0.0076) in late 

samples, when compared to a combination of human milk with HMF. Regarding genus, 

infants receiving human milk supplemented with formula present a greater relative 

abundance of Veillonella in relation to those fed a combination of human milk and HMF 

(Figure 10). 

Alpha-diversity analysis 

 Chao1 richness and PD Whole Tree, Shannon and Simpson diversity indices for 

Early and Late Samples, as well as Good's non-parametric coverage estimates, were 
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measured to compare the richness and evenness of samples obtained in the two different 

time points (Early and Late), and are presented in Table 8.  

Table 8. Alpha-diversity in feces of premature infants according to time of stool sample 
collection  

Alpha-diversity Time of stool sample collection1 SEM2 P-value3 

 Early (n=12) Late (n=17)   

Good’s coverage 0.99 0.99 - - 

Observed species 220 262 30 0.28 
Chao1 373 457 57 0.43 

PD whole tree 6.85 7.92 0.50 0.26 
Shannon 2.20 3.25 0.34 0.13 

Simpson 0.56 0.83 0.08 0.07 
1Time of stool sample collection includes early sample (between 1 and 2 weeks after oral feeding 
introduction) and late sample (between 2 and 4 weeks after oral feeding introduction). 
2Standard error of means. 
3P-values are shown for the time effect between groups analyzed by mixed model ANCOVA with feeding, 
gestational age and mode of delivery as covariates. 

Table 9. Alpha-diversity in feces of premature infants collected between 1 and 2 weeks 
after oral feeding introduction (Early samples) according to feeding type  

Alpha-diversity Feeding1 SEM2 P-value3 

 HM 
(n=7) 

HM + HMF 
(n=0) 

HM + F 
(n=5) 

F (n=0)   

Good’s coverage 0.99 NA 0.99 NA - - 

Observed species 266 NA 243 NA 45 0.75 
Chao1 430 NA 457 NA 68 0.81 

PD whole tree 6.87 NA 6.34 NA 0.45 0.47 
Shannon 2.69 NA 2.05 NA 0.24 0.13 

Simpson 0.72 NA 0.50 NA 0.07 0.09 
1Feeding includes human milk (HM), human milk added with bovine protein-based human milk fortifier 
(HM + HMF), human milk added with formula (HM + F) and formula (F). 
2Standard error of means. 
3P-values are shown for the feeding effect between groups analyzed by mixed model ANCOVA with 
gestational age and mode of delivery as covariates. P-values are for the difference between HM and HM+F. 
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At an even depth of 16,000 sequences per sample, clustering of OTUs at 97% 

similarity threshold resulted in Good's coverage estimates of 99% for both Early and Late 

samples. From Chao1, PD Whole Tree, Shannon and Simpson estimates it is possible to 

observe that time of samples collection does not influence the diversity within the 

community (p > 0.07).  

 

Table 10. Alpha-diversity in feces of premature infants collected between 4 and 6 weeks 
after oral feeding introduction (Late samples) according to feeding type  

Alpha-diversity Feeding1 SEM2 P-value3 

 HM 
(n=0) 

HM + HMF 
(n=7) 

HM + F 
(n=6) 

F (n=4)   

Good’s coverage NA 0.99 0.99 1.00 - - 
Observed species NA 243 215 171 31 0.29 

Chao1 NA 472 400 240 59 0.04 
PD whole tree NA 7.23 7.24 8.45 0.72 0.32 

Shannon NA 2.64 3.04 3.14 0.45 0.75 
Simpson NA 0.70 0.73 0.76 0.08 0.90 
1Feeding includes human milk (HM), human milk added with bovine protein-based human milk fortifier 
(HM + HMF), human milk added with formula (HM + F) and formula (F). 
2Standard error of means. 
3P-values are shown for the feeding effect between groups analyzed by mixed model ANCOVA with 
gestational age and mode of delivery as covariates. P-values are for the differences between HM+HMF, 
HM+F and F. 
  
 Conversely, fecal microbiota in Late samples of infants fed human milk combined 

with HMF have a greater richness, as shown by Chao1 (p = 0.04), when compared to those 

receiving formula (Table 10). 
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Beta-diversity analysis 

 Beta-diversity of the fecal microbial community, or the dissimilarity between 

communities, measured by weighted and unweighted UniFrac distance, was tested for the 

impact of time of samples collection (regardless of type of feeding) and type of feeding in 

Early and Late samples. Symbols with different colors represent samples belonging to 

individuals under a specific time of samples collection (Figures 11 and 12) or type of 

feeding (Figures 13 to 16). For each comparison, the P-value was obtained from 

PERMANOVA (Appendix 1) and considered significant if lower than 0.05. 

 When abundance is not accounted for, as observed in unweighted Unifrac, samples 

collected at different time points (Early and Late) present a statistically significant 

dissimilarity (Figure 11). By the contrary, when abundance of OTUs is considered 

(weighted Unifrac), Early and Late samples do not present a differentiation in their 

bacterial communities (Figure 12). 

 As observed in the comparison of Early samples by type of feeding, both weighted 

and unweighted UniFrac distance analysis did not retrieve statistically-significant results 

(Figures 13 and 14), showing that at this time point diet does not influence the fecal 

community composition.  
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Figure 11. Principal coordinates analysis of unweighted Unifrac distance for all 

infants by time of samples collection.  
Time 1 corresponds to Early samples (n=12) and Time 2 to Late samples (n=17). 

 
 

 
 

Figure 12. Principal coordinates analysis of weighted Unifrac distance for all infants 
by time of samples collection.  

Time 1 corresponds to Early samples (n=12) and Time 2 to Late samples (n=17). 
 

P = 0.03 

P = 0.12 
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Figure 13. Principal coordinates analysis of unweighted Unifrac distance for Early 
samples by feeding.  

Feeding 2 corresponds to human milk (n=7) and Feeding 4 to human milk with formula 
(n=5). 

 
 

 
 

Figure 14. Principal coordinates analysis of weighted Unifrac distance for Early 
samples by feeding.  

Feeding 2 corresponds to human milk (n=7) and Feeding 4 to human milk with formula 
(n=5). 

P = 0.59 

P = 0.73 
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 Finally, the analysis of beta-diversity of samples obtained from 2 to 4 weeks after 

introduction of oral feeds (Late samples) revealed statistically-significant differences in 

bacterial communities of infants receiving different types of feeding. This is true when 

abundance is not accounted for (p = 0.04, Figure 15) as well as when abundance is 

considered (p = 0.005, Figure 16), although much more evident in the second case, where 

individuals under the same feeding type are clearly grouped together.  

 
 

 
 

Figure 15. Principal coordinates analysis of unweighted Unifrac distance for Late 
samples by feeding.  

Feeding 3 corresponds to human milk with HMF (n=7), Feeding 4 to human milk with 
formula (n=6) and Feeding 5 to formula (n=4). 

 
 
 

P = 0.04 
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Figure 16. Principal coordinates analysis of weighted Unifrac distance for Late samples by 
feeding.  

Feeding 3 corresponds to human milk with HMF (n=7), Feeding 4 to human milk with 
formula (n=6) and Feeding 5 to formula (n=4). 

Oxidative Stress and Fecal Microbiome 

 We did not observe statistically significant associations between F2-isoprostanes 

levels and specific bacterial phylum or genera in the early feces of preterm infants. We also 

could not find any relationship between oxidative stress and alpha-diversity in this same 

group. However, in Late samples we found that F2-isoprostanes levels are correlated with 

the Observed species alpha-diversity index, as seen in Table 12 and Figure 17. The 

Observed Species is a qualitative metric of the count of unique OTUs found in the sample 

[83], where each OUT is treated as being observed or not observed, independently of how 

many times it was observed.   

 
 

P = 0.005 
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Table 11. Correlation of F2-isoprostanes and alpha-diversity in feces of premature infants 
collected between 1 and 2 weeks after oral feeding introduction (Early samples) 

Alpha-diversity index Correlation1 P-value 

Observed species -0.38 0.2 

Chao1 -0.24 0.4 
PD whole tree -0.48 0.1 

Shannon -0.55 0.07 
Simpson -0.53 0.07 

1Spearman’s rank correlation coefficient 
 
 

Table 12. Correlation of F2-isoprostanes and alpha-diversity of feces of premature infants 
collected between 2 and 4 weeks after oral feeding introduction (Late samples) 

Alpha-diversity index Correlation1 P-value 

Observed species -0.57 0.02 

Chao1 -0.35 0.2 
PD whole tree -0.12 0.6 

Shannon -0.01 1.0 
Simpson -0.01 1.0 

1Spearman’s rank correlation coefficient 
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Figure 17. Correlation between F2-isoprostanes and Observed Species index 
  
  

 Finally, we studied the association of dominant taxa with F2-Isoprostanes. The 

analysis of the association between oxidative stress and relative abundance of phyla in both 

Early and Late samples did not retrieve any statistically significant results, as demonstrated 

in Tables 13 and 14.  

 

Table 13. Correlation of F2-isoprostanes and relative abundance of dominant phyla in 
feces of premature infants collected between 1 and 2 weeks after oral feeding introduction 
(Early samples) 

Phylum Correlation1 P-value 

Actinobacteria 0.20 0.5 
Bacteroidetes -0.24 0.4 

Firmicutes -0.03 0.9 
Proteobacteria -0.05 0.8 

1Spearman’s rank correlation coefficient 

 

P = 0.02 
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Table 14. Correlation of F2-isoprostanes and relative abundance of dominant phyla in 
feces of premature infants collected between 2 and 4 weeks after oral feeding introduction 
(Late samples) 

Phylum Correlation1 P-value 

Actinobacteria 0.02 0.9 

Bacteroidetes -0.21 0.5 
Firmicutes -0.39 0.2 

Proteobacteria 0.36 0.2 
1Spearman’s rank correlation coefficient 

 
  

 However, when considering genus level, we observed that in the Late samples 

group an unidentified genus of the Lactobacillales order was correlated with F2-

Isoprostane levels (Table 16 and Figure 18).  

 

Table 15. Correlation of F2-isoprostanes and relative abundance of dominant genera in 
feces of premature infants collected between 1 and 2 weeks after oral feeding introduction 
(Early samples) 

Phylum Correlation1 P-value 

Member of Enterobacteriaceae familya 0.38 0.21 

Staphylococcus  -0.29 0.35 
Member of Lactobacillales ordera -0.22 0.50 

Veillonella  0.20 0.53 
Member of Bacillaceae familya -0.13 0.68 

Bacteroides 0.10 0.76 
1Spearman’s rank correlation coefficient 
aGenus not identified 
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Table 16. Correlation of F2-isoprostanes and relative abundance of dominant genera in 
feces of premature infants collected between 2 and 4 weeks after oral feeding introduction 
(Late samples) 

Phylum Correlation1 P-value 

Lactobacillales ordera 0.50 0.04 

Bifidobacterium 0.34 0.18 
Clostridium 0.34 0.19 

Staphylococcus -0.18 0.50 
Bacteroides 0.17 0.51 

Streptococcus -0.17 0.51 
Veillonella -0.12 0.64 

Clostridiaceae familya 0.06 0.82 
Peptostreptococcaceae familya -0.05 0.86 

Blautia -0.03 0.89 
Enterobacteriaceae familya 0.002 1.00 

1Spearman’s rank correlation coefficient 
aGenus not identified 
 
 

  
Figure 18. Correlation between F2-isoprostanes and an unidentified genus of 

Lactobacillales order 

P = 0.04 
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Discussion 

General Discussion of Results 

 In this exploratory study we observed a great variability in individual fecal 

microbiome composition. Overall, we found that the bacterial community of the Early 

samples group was less diverse than the Late samples group, with 7 main bacterial genera 

in the former compared to 11 in the later, although in both groups Proteobacteria and 

Firmicutes were the dominant phyla. These findings are consistent with previous studies 

demonstrating that preterm infants, as opposed to healthy full-term infants, show a 

remarkably less diverse microbiome, relatively low abundance of Bifidobacteria and 

Bacteroidetes and high abundance of Proteobacteria [49, 84]. Madan and group 

demonstrated in their cohort of premature infants that those treated with more antibiotics 

and who later presented with sepsis had a lower bacterial diversity in feces than infants 

who did not develop the condition [52]. Also of interest is the study by Mai and colleagues, 

demonstrating the association of delayed colonization with Proteobacteria and late onset 

sepsis [85].  

 Unidentified genera of the Enterobacteriaceae family and Staphylococcus were the 

main representatives of Early samples, while Late samples had predominantly Veillonella, 

Bacteroides and also the same unidentified genera of Enterobacteriaceae family. Our 

results are concordant to those of Patel and group [86] and Barret et al [87] who 

demonstrated that Enterobacteriaceae was the most frequently encountered bacterial 

family in LBW infants, representing more than 50% of all bacteria, similar to what we 

found in the Early samples group. Enterobacteriaceae may be a problem in preterm 



 47 

infants, since most Gram-negative pathogens seen in NICUs, such as E. coli, Klebsiella 

spp, Enterobacter spp, and Serratia spp belong to this bacterial group. The high abundance 

of Staphylococcus is also a concern, as it has been associated with prematurity and 

neonatal infection such as NEC [52, 53].  

 Interestingly, the presence of the order Lactobacillales increased with time, as well 

as genera Veillonella and Bacteroides, parallel to the decrease of Enterobacteriaceae 

family and Staphylococcus, a pattern that resembles that of full-term infants [32]. This is in 

accordance with the study by Drell and group, who also found higher counts of Veillonella 

in more mature preterm infants [50]. 

 The analysis of bacterial communities in the different feeding groups showed that 

in the first few days after introduction of oral feeds Proteobacteria was the most abundant 

phylum in the feces of infants exclusively fed human milk, with Firmicutes also present 

but less abundant. In infants fed preterm formula, there was a balance between 

Proteobacteria and Firmicutes. With time, as seen in Late samples, the fecal microbiome 

pattern in infants fed formula shifted onto a dominance of Firmicutes, while those infants 

receiving human milk fortified with HMF had an increased presence of Proteobacteria. In 

general, research has found that human milk feeding is inversely associated with 

Proteobacteria counts in preterm infants [88]. However, there are no studies to date 

evaluating the effects of HMF in their fecal microbiome. This is to our knowledge the first 

study to correlate the use of HMF with an increased count of Proteobacteria. As previously 

stated, the presence of members of this phylum in preterm infants is a concern, since the 

most common Gram-negative pathogens belong to this group. Also in Late samples, we 

observed that alpha-diversity, more specifically Chao1 richness index, was higher in 
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infants receiving breast milk, either fortified with HMF or formula, in comparison to those 

receiving formula. Other studies also demonstrated that human milk favours an increased 

diversity of microbial communities in feces of preterm infants, and speculate that this 

might be correlated with the better prognostic of these babies, as represented by less time 

in NICU and decreased incidence of infections [21, 41, 45, [88]. The comparison between 

feeding groups in Late samples also demonstrated Firmicutes and Peptostreptoccoccaceae 

significantly increased in formula feeding when compared to the human milk added with 

HMF, while Veillonella was found in higher amounts in the group receiving breast milk 

added with formula.   

 Using beta-diversity measurements, it was possible to observe that the composition 

of bacterial communities was influenced by time of samples collection as well as feeding 

type. The later is corroborated by several studies as previously mentioned, demonstrating 

that feeding is an important driving factor in the establishment and development of gut 

microbiome in preterm infants. Interestingly, as observed in the comparison of Early 

samples by type of feeding, both weighted and unweighted UniFrac distance analysis did 

not retrieve statistically-significant results, showing that at this time point diet does not 

influence the fecal community composition, possibly because at this time point there was 

not enough time for bacterial communities to develop and differentiate. 

 In this exploratory study, we found a correlation between F2-isoprostanes levels 

and Observed Species alpha-diversity index. Although Observed Species is just a 

qualitative metric of the count of unique OTUs found in a sample, it may be an indication 

that such associations should be further studied. We could find only one study relating 

oxidative stress with changes in the microbial patterns in the gut. Cernada and group [89] 
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observed that the expression of genes of the oxidative stress pathway in septic low birth 

weight infants is inversely correlated with the decrease in bacteria of the Bacteroidales 

order, Bacteroidaceae family and Bacteroides genus, and this decrease is followed by an 

increase in bacteria of the Enterobacteriaceae family. They hypothesize that in sepsis, high 

amounts of innate immune mediators secreted onto the bloodstream would be reaching the 

infant’s mucosa of the small and large intestine, activating pro-inflammatory signalling 

mechanisms and innate immune defense systems, such as oxidative stress pathways. The 

secretion of reactive oxygen species would then influence the composition of bacterial 

communities within the intestine. 

 Interestingly, we also found a statistically-significant positive correlation between 

an unidentified genus of the Lactobacillales order with levels of F2-isoprostanes. This 

bacterial order, also known as lactic acid bacteria, comprise some well-know bacterial 

genera, such as Lactobacillus, Streptococcus and Enterococcus, and many others. For this 

reason, more research needs to be developed in order to infer any mechanistic action to this 

relationship. Additionally, it remains to be explored whether the oxidative stress inherent 

to prematurity would be a factor affecting the acquisition and development of gut 

microbiome or, oppositely, the impaired and delayed colonization of premature gut 

microbiome would contribute with an increased reactive oxygen/nitrogen species to the 

already increased levels found in preterm infants. 

Conclusion 

 The findings of this exploratory study confirm previous research that shows a 

relationship between feeding and gut microbiome of preterm infants. In late samples, we 
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observed that feces of infants fed human milk fortified with HMF present a more diverse 

collection of microbes than feces of those fed human milk combined with formula or 

formula alone. However, formula fed infants present higher counts of Firmicutes and 

Veillonella than those fed human milk with HMF. Also, our study shows that each feeding 

type is related to a different pattern of fecal bacteria. We also observed that F2-Isoprostane 

levels seem to be inversely correlated with the number of unique OTUs in fecal samples 

and positively correlated with bacteria from the genus Lactobacillales. Because of the 

small sample size, more research is needed to elucidate how HMF affects the acquisition 

and development of the preterm infant gut microbiome and its relationship with oxidative 

stress. 

Limitations 

 The fecal samples used for this study were collected in 2006 and 2007 as part of a 

larger trial. Although bacterial DNA remains intact for many years under low and stable 

temperatures, the long life of samples might have affected DNA quality. This could 

explain why 11 out of 40 samples did not have enough DNA for analysis. Also, because 

samples and data had been previously collected, the study design had to be adapted to what 

was currently available, limiting the feeding groups. The initial idea was to compare 

infants under an exclusive human milk diet with those fed human milk with HMF and 

formula. However, because of quality issues with some of the samples belonging to infants 

exclusively fed human milk, the Late samples group did not include these “control” 

infants. Lastly, the small sample size may affect the power of these research findings, even 
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though the purpose of an exploratory study is to find a potential effect to be further 

developed. 

Future Directions 

 The findings of this study suggest that human milk fortifiers might affect the 

composition of fecal microbiome in preterm infants. Additionally, we have found 

preliminary evidence that the overall composition and specific members of the gut 

microbial community may play a role in overall oxidative stress or, alternatively, be 

impacted by alterations in the levels of reactive oxygen species secondary to inflammation. 

In order to further explore these topics, studies with adequately calculated sample sizes, 

well-defined control and treatment groups and long-term follow-up should be performed.  
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Appendix 1. Additional Statistical Analysis and Raw Data 
 
 
1.1. Permutational Multivariate Analysis of Variance (PERMANOVA) 
of unweighted unifrac distances of OTUs by time of samples collection (Early X Late), 
controlled by type of feeding, gestational age and delivery mode.   
 
Resemblance worksheet 
Name: unweighted_unifrac_dm 
Data type: Distance 
Selection: All 
 
Sums of squares type: Type III (partial) 
Fixed effects sum to zero for mixed terms 
Permutation method: Permutation of residuals under a reduced model 
Number of permutations: 9999 
 
Factors 
Name Abbrev. Type Levels 
time ti Fixed      2 
feeding fe Fixed      4 
gacat ga Fixed      3 
delivery de Fixed      2 
 
Excluded terms 
timexfeeding 
timexgacat 
timexdelivery 
feedingxgacat 
feedingxdelivery 
gacatxdelivery 
timexfeedingxgacat 
timexfeedingxdelivery 
timexgacatxdelivery 
feedingxgacatxdelivery 
timexfeedingxgacatxdelivery 
 
PERMANOVA table of results 
                                     Unique 
Source df      SS      MS Pseudo-F P(perm)  perms 
ti  1  0.2874  0.2874   1.6467  0.0297   9896 
fe  3 0.65263 0.21754   1.2464  0.0863   9832 
ga  2 0.41828 0.20914   1.1983  0.1617   9841 
de  1 0.35545 0.35545   2.0366   0.004   9906 
Res 21  3.6652 0.17453                         
Total 28  5.6269                                 
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Details of the expected mean squares (EMS) for the model 
Source EMS 
ti 1*V(Res) + 5.4146*S(ti) 
fe 1*V(Res) + 4.0942*S(fe) 
ga 1*V(Res) + 6.8369*S(ga) 
de 1*V(Res) + 6.2738*S(de) 
Res 1*V(Res) 
 
Construction of Pseudo-F ratio(s) from mean squares 
Source Numerator Denominator Num.df Den.df 
ti 1*ti 1*Res      1     21 
fe 1*fe 1*Res      3     21 
ga 1*ga 1*Res      2     21 
de 1*de 1*Res      1     21 
 
Estimates of components of variation 
Source  Estimate  Sq.root 
S(ti)  0.020846  0.14438 
S(fe)  0.010505  0.10249 
S(ga) 0.0050621 0.071148 
S(de)  0.028837  0.16981 
V(Res)   0.17453  0.41777 
 
1.2. Permutational Multivariate Analysis of Variance (PERMANOVA) 
of weighted unifrac distances of OTUs by time of samples collection (Early X Late), 
controlled by type of feeding, gestational age and delivery mode.   
 
Resemblance worksheet 
Name: weighted_unifrac_dm 
Data type: Distance 
Selection: All 
 
Sums of squares type: Type III (partial) 
Fixed effects sum to zero for mixed terms 
Permutation method: Permutation of residuals under a reduced model 
Number of permutations: 9999 
 
Factors 
Name Abbrev. Type Levels 
time ti Fixed      2 
feeding fe Fixed      4 
gacat ga Fixed      3 
delivery de Fixed      2 
 
Excluded terms 
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timexfeeding 
timexgacat 
timexdelivery 
feedingxgacat 
feedingxdelivery 
gacatxdelivery 
timexfeedingxgacat 
timexfeedingxdelivery 
timexgacatxdelivery 
feedingxgacatxdelivery 
timexfeedingxgacatxdelivery 
 
PERMANOVA table of results 
                                     Unique 
Source df      SS      MS Pseudo-F P(perm)  perms 
ti  1 0.26008 0.26008   1.7877  0.1177   9937 
fe  3  1.0518 0.35062     2.41  0.0145   9934 
ga  2 0.37034 0.18517   1.2728  0.2513   9919 
de  1   0.662   0.662   4.5504  0.0016   9945 
Res 21  3.0551 0.14548                         
Total 28  6.1692                                 
 
Details of the expected mean squares (EMS) for the model 
Source EMS 
ti 1*V(Res) + 5.4146*S(ti) 
fe 1*V(Res) + 4.0942*S(fe) 
ga 1*V(Res) + 6.8369*S(ga) 
de 1*V(Res) + 6.2738*S(de) 
Res 1*V(Res) 
 
Construction of Pseudo-F ratio(s) from mean squares 
Source Numerator Denominator Num.df Den.df 
ti 1*ti 1*Res      1     21 
fe 1*fe 1*Res      3     21 
ga 1*ga 1*Res      2     21 
de 1*de 1*Res      1     21 
 
Estimates of components of variation 
Source  Estimate  Sq.root 
S(ti)  0.021165  0.14548 
S(fe)  0.050103  0.22384 
S(ga) 0.0058052 0.076192 
S(de)  0.082328  0.28693 
V(Res)   0.14548  0.38142 
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1.3. Permutational Multivariate Analysis of Variance (PERMANOVA) 
of unweighted unifrac distances of OTUs by type of feeding for Early samples, different 
times of samples collection (Early X Late), controlled gestational age and delivery mode.   
 
Resemblance worksheet 
Name: unweighted_unifrac_dm(3) 
Data type: Distance 
Selection: All 
 
Sums of squares type: Type III (partial) 
Fixed effects sum to zero for mixed terms 
Permutation method: Permutation of residuals under a reduced model 
Number of permutations: 9999 
 
Factors 
Name Abbrev. Type Levels 
feeding fe Fixed      2 
gacat ga Fixed      3 
delivery de Fixed      2 
 
Excluded terms 
feedingxgacat 
feedingxdelivery 
gacatxdelivery 
feedingxgacatxdelivery 
 
PERMANOVA table of results 
                                     Unique 
Source df      SS      MS Pseudo-F P(perm)  perms 
fe  1 0.16182 0.16182   0.9192  0.5906   9885 
ga  2 0.46192 0.23096   1.3119  0.1121   9856 
de  1 0.24766 0.24766   1.4068  0.1473   9899 
Res  7  1.2323 0.17605                         
Total 11  2.0443                                 
 
Details of the expected mean squares (EMS) for the model 
Source EMS 
fe 1*V(Res) + 2.5185*S(fe) 
ga 1*V(Res) + 2.6167*S(ga) 
de 1*V(Res) + 2.8333*S(de) 
Res 1*V(Res) 
 
Construction of Pseudo-F ratio(s) from mean squares 
Source Numerator Denominator Num.df Den.df 
fe 1*fe 1*Res      1      7 
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ga 1*ga 1*Res      2      7 
de 1*de 1*Res      1      7 
 
Estimates of components of variation 
Source   Estimate   Sq.root 
S(fe) -0.0056481 -0.075154 
S(ga)   0.020986   0.14487 
S(de)   0.025277   0.15899 
V(Res)    0.17605   0.41958 
 
 
1.4. Permutational Multivariate Analysis of Variance (PERMANOVA) 
of weighted unifrac distances of OTUs by type of feeding for Early samples, different 
times of samples collection (Early X Late), controlled gestational age and delivery mode.   
 
Resemblance worksheet 
Name: weighted_unifrac_dm(3) 
Data type: Distance 
Selection: All 
 
Sums of squares type: Type III (partial) 
Fixed effects sum to zero for mixed terms 
Permutation method: Permutation of residuals under a reduced model 
Number of permutations: 9999 
 
Factors 
Name Abbrev. Type Levels 
feeding fe Fixed      2 
gacat ga Fixed      3 
delivery de Fixed      2 
 
Excluded terms 
feedingxgacat 
feedingxdelivery 
gacatxdelivery 
feedingxgacatxdelivery 
 
PERMANOVA table of results 
                                       Unique 
Source df       SS       MS Pseudo-F P(perm)  perms 
fe  1 0.060221 0.060221  0.41817  0.7335   9888 
ga  2  0.62532  0.31266   2.1711  0.0773   9936 
de  1  0.30794  0.30794   2.1383  0.1213   9934 
Res  7   1.0081  0.14401                         
Total 11   1.8791                                  
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Details of the expected mean squares (EMS) for the model 
Source EMS 
fe 1*V(Res) + 2.5185*S(fe) 
ga 1*V(Res) + 2.6167*S(ga) 
de 1*V(Res) + 2.8333*S(de) 
Res 1*V(Res) 
 
Construction of Pseudo-F ratio(s) from mean squares 
Source Numerator Denominator Num.df Den.df 
fe 1*fe 1*Res      1      7 
ga 1*ga 1*Res      2      7 
de 1*de 1*Res      1      7 
 
Estimates of components of variation 
Source  Estimate Sq.root 
S(fe) -0.033269 -0.1824 
S(ga)  0.064452 0.25387 
S(de)  0.057859 0.24054 
V(Res)   0.14401 0.37949 
 
 
 
1.5. Permutational Multivariate Analysis of Variance (PERMANOVA) 
of unweighted unifrac distances of OTUs by type of feeding for Late samples, different 
times of samples collection (Early X Late), controlled gestational age and delivery mode.   
 
Resemblance worksheet 
Name: unweighted_unifrac_dm(2) 
Data type: Distance 
Selection: All 
 
Sums of squares type: Type III (partial) 
Fixed effects sum to zero for mixed terms 
Permutation method: Permutation of residuals under a reduced model 
Number of permutations: 9999 
 
Factors 
Name Abbrev. Type Levels 
feeding fe Fixed      3 
gacat ga Fixed      3 
delivery de Fixed      2 
 
Excluded terms 
feedingxgacat 
feedingxdelivery 
gacatxdelivery 
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feedingxgacatxdelivery 
 
PERMANOVA table of results 
                                     Unique 
Source df      SS      MS Pseudo-F P(perm)  perms 
fe  2 0.52948 0.26474   1.4276  0.0417   9872 
ga  2 0.38952 0.19476   1.0503  0.3962   9846 
de  1 0.26804 0.26804   1.4454  0.0859   9911 
Res 11  2.0398 0.18544                         
Total 16  3.2869                                 
 
Details of the expected mean squares (EMS) for the model 
Source EMS 
fe 1*V(Res) + 3.6667*S(fe) 
ga 1*V(Res) + 4.1667*S(ga) 
de 1*V(Res) + 3.3333*S(de) 
Res 1*V(Res) 
 
Construction of Pseudo-F ratio(s) from mean squares 
Source Numerator Denominator Num.df Den.df 
fe 1*fe 1*Res      2     11 
ga 1*ga 1*Res      2     11 
de 1*de 1*Res      1     11 
 
Estimates of components of variation 
Source  Estimate  Sq.root 
S(fe)  0.021628  0.14706 
S(ga) 0.0022374 0.047301 
S(de)   0.02478  0.15742 
V(Res)   0.18544  0.43063 
 
 
1.6. Permutational Multivariate Analysis of Variance (PERMANOVA) 
of weighted unifrac distances of OTUs by type of feeding for Late samples, different times 
of samples collection (Early X Late), controlled gestational age and delivery mode.   
 
Resemblance worksheet 
Name: weighted_unifrac_dm(2) 
Data type: Distance 
Selection: All 
 
Sums of squares type: Type III (partial) 
Fixed effects sum to zero for mixed terms 
Permutation method: Permutation of residuals under a reduced model 
Number of permutations: 9999 
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Factors 
Name Abbrev. Type Levels 
feeding fe Fixed      3 
gacat ga Fixed      3 
delivery de Fixed      2 
 
Excluded terms 
feedingxgacat 
feedingxdelivery 
gacatxdelivery 
feedingxgacatxdelivery 
 
PERMANOVA table of results 
                                     Unique 
Source df      SS      MS Pseudo-F P(perm)  perms 
fe  2 0.79546 0.39773   3.0553   0.005   9938 
ga  2 0.25574 0.12787  0.98228   0.505   9919 
de  1 0.51811 0.51811     3.98  0.0093   9953 
Res 11  1.4319 0.13018                         
Total 16  3.6747                                 
 
Details of the expected mean squares (EMS) for the model 
Source EMS 
fe 1*V(Res) + 3.6667*S(fe) 
ga 1*V(Res) + 4.1667*S(ga) 
de 1*V(Res) + 3.3333*S(de) 
Res 1*V(Res) 
 
Construction of Pseudo-F ratio(s) from mean squares 
Source Numerator Denominator Num.df Den.df 
fe 1*fe 1*Res      2     11 
ga 1*ga 1*Res      2     11 
de 1*de 1*Res      1     11 
 
Estimates of components of variation 
Source    Estimate   Sq.root 
S(fe)    0.072969   0.27013 
S(ga) -0.00055364 -0.023529 
S(de)     0.11638   0.34114 
V(Res)     0.13018    0.3608 
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Table A1. Alpha-diversity index by sample for Early samples 

ID chao1 goods species PD shannon simpson 
1 516.0853058 0.992987552 396.6 6.325531 2.399719049 0.605977209 
3 407.1992306 0.993208955 197.8 6.543199 2.314474226 0.67375736 
5 555.525 0.990926617 261.9 6.75248 2.302257888 0.563627148 
9 307.1941261 0.994396766 245.6 6.936321 1.37351856 0.345767088 
13 357.1528933 0.994253731 174.5 5.129935 1.316808488 0.307706458 
15 384.2598072 0.993339552 252.5 7.609795 3.216372343 0.790385253 
23 467.175856 0.992195274 245.4 5.683884 2.623484575 0.730581895 
25 350.164884 0.993675373 213 6.423644 1.785032013 0.546528695 
31 449.6844969 0.992114428 260.9 8.652869 3.449948527 0.825444103 
33 154.3048687 0.997636816 115.2 7.68504 1.638359532 0.546151171 
35 166.7176795 0.99744403 89.4 5.265323 0.510987002 0.098844799 
37 521.2606066 0.990820896 251.6 6.187636 1.289964036 0.299659425 

 
 

Table A2. Alpha-diversity index by sample for Late samples 

ID chao1 goods species PD shannon simpson 
4 462.0054642 0.992916667 196.7 6.560774 2.594443936 0.700069157 
6 457.9766278 0.992189055 241.1 8.265441 3.459200832 0.829663228 
8 229.7213272 0.996455224 136.5 5.424923 1.762099498 0.508928848 

10 605.1560743 0.990174129 279.9 7.18418 2.726253711 0.758266037 
12 125.2170465 0.997661692 92.9 6.826564 1.512380449 0.548698714 
14 577.8223389 0.990124378 298.1 8.345054 2.981415494 0.742203381 
16 494.5540638 0.991504975 277.2 7.936618 3.80906088 0.874678502 
18 367.9880792 0.993737562 233.4 9.182571 3.805342824 0.879836137 
20 380.5306634 0.99324005 238.3 8.828578 3.858652168 0.88785693 
22 606.1263306 0.990242537 266.2 5.898104 2.489710272 0.707459831 
24 429.2114283 0.992531095 251.6 7.104341 2.84626339 0.740306348 
26 533.9862237 0.99108209 269.7 6.950917 2.391535697 0.568855096 
32 492.5143252 0.99113806 281.8 9.42466 3.604071808 0.841642968 
34 535.275278 0.991007463 243.3 5.26481 1.739953208 0.467616781 
36 574.3741367 0.990727612 281.5 7.951673 3.305923181 0.80626489 
38 483.9588939 0.992145522 242.2 7.306963 3.036620163 0.749601637 
40 513.14114 0.991050995 323.2 11.898246 4.315781963 0.91043868 
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Figure A1. Principal coordinates analysis of weighted Unifrac distance for Late 
samples by mode of delivery.  

Delivery 1 (n=3) corresponds to vaginal delivery and delivery 2 (n=14) corresponds to 
Cesarian-section. 
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Figure A2. Principal coordinates analysis of unweighted Unifrac distance for Late 
samples by mode of delivery.  

Delivery 1 (n=3) corresponds to vaginal delivery and delivery 2 (n=14) corresponds to 
Cesarian-section. 
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Figure A3. Principal coordinates analysis of weighted Unifrac distance for Early 

samples by mode of delivery.  
Delivery 1 (n=3) corresponds to vaginal delivery and delivery 2 (n=9) corresponds to 

Cesarian-section. 
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Figure A4. Principal coordinates analysis of unweighted Unifrac distance for Early 

samples by mode of delivery.  
Delivery 1 (n=3) corresponds to vaginal delivery and delivery 2 (n=9) corresponds to 

Cesarian-section. 
 
 
 


