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ABSTRACT
The aim of this study was to obtain insight into the composition and function of the deviant gut 
microbiome throughout infancy in children born moderately and late preterm and their response 
to microbiome modulation. We characterized the longitudinal development of the gut micro-
biome from birth to the age of 12 months by metagenomic sequencing in 43 moderate and late 
preterm children participating in a randomized, controlled trial (ClinicalTrials.gov/no. 
NCT00167700) assessing the impact of a probiotic (Lactobacillus rhamnosus GG, ATCC 53,103, 
currently Lacticaseibacillus rhamnosus GG) and a prebiotic (galacto-oligosaccharide and polydex-
trose mixture, 1:1) intervention as compared to a placebo administered from 3 to 60 days of life. In 
addition, 9 full-term, vaginally delivered, breast-fed infants, who remained healthy long-term were 
included as references. Significant differences in taxonomy, but not in functional potential, were 
found when comparing the gut microbiome composition of preterm and full-term infants during 
the first month of life. However, the gut microbiome of preterm infants resembled that of full-term 
infants by 6 months age. Probiotic and prebiotic treatments were found to mitigate the shift in the 
microbiome of preterm infants by accelerating Bifidobacteria-dominated gut microbiome in beta 
diversity analysis. This study provides intriguing information regarding the establishment of the 
gut microbiome in children born moderately and late preterm, representing the majority of 
children born preterm. Specific pro- and prebiotics may reverse the proinflammatory gut micro-
biome composition during the vulnerable period, when the microbiome is low in resilience and 
susceptible to environmental exposure and simultaneously promotes immunological and meta-
bolic maturation.
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Introduction

Preterm birth, defined as delivery prior to 37 weeks of 
gestation, affects approximately 10% of pregnancies 
worldwide and is the leading cause of neonatal mor-
bidity and mortality.1 More than 80% of preterm 
children are born moderately (32 + 0–33 + 6) or late 
(34 + 0–36 + 6) preterm. The preterm gut micro-
biome profile, estimated soon after birth, differs 
from the full-term gut microbiome in terms of 
decreased diversity and a higher abundance of proin-
flammatory bacteria.2–4 Immediate perinatal expo-
sures, including birth by cesarean section and 
perinatal and postnatal antibiotic treatment, as well 
as a lack of breast milk and parental skin-to-skin 
contact in the neonatal intensive care units (NICU), 
are factors that often cluster in preterm children, and 
may further disturb initial gut colonization.5–9

The compositional development of the gut micro-
biome of vaginally delivered full-term and breastfed 
children has been relatively well characterized while 
in the preterm counterpart, our understanding of 
the early stepwise microbiome establishment pro-
cess remains incomplete.10 Specifically, the gap of 
knowledge involves the gut microbiome of moderate 
and late preterm children representing a majority of 
the infants born preterm.5 There is also a lack of 
follow-up data beyond the perinatal period through-
out the stepwise compositional development of the 
gut microbiome. It is worth noting that there are 
current recommendations to modify the preterm gut 
microbiome using specific probiotics to fight acute 
health challenges. However, little is known about the 
impact of this on the microbiome per se both the 
short- and long-term.11
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With these gaps in knowledge in mind, we pro-
spectively characterized through metagenomic 
sequencing the compositional development of the 
gut microbiome of moderate and late preterm chil-
dren during the first year of life and made compar-
isons with those of the full-term infants who 
remained healthy long-term, focusing on species 
composition and functional potential. We investi-
gated whether the administration of specific probio-
tics or prebiotics might modulate the gut 
microbiome composition in moderate and late pre-
term infants and achieve colonization patterns 
resembling those in infants born full-term.

Results

Subject characteristics

The clinical characteristics of the preterm infants 
(n = 43) in the three intervention groups (Figure 1) 
and the full-term reference infants (n = 9) are pre-
sented in Table 1.

Comparison of the gut microbiome composition 
between preterm and full-term infants

We first characterized the compositional develop-
ment of the gut microbiome throughout infancy in 

Figure 1. Trial flow of study infants.

Table 1. Clinical characteristics of the full-term infants and the preterm infants in the three intervention groups.

Group
Full-term reference 

(n = 9)
Preterm Prebiotic 

(n = 17)
Preterm Probiotic 

(n = 14)
Preterm Placebo 

(n = 12) P (a/b)

Gestational age (weeks) 40.1 (1.4) 34.5 (1.2) 35.2 (1.1) 34.7 (1.2) NS/.000
Vaginal delivery (yes) 9 (100%) 11 (65%) 10 (71%) 7 (58%) NS/NS
Antenatal corticosteroids (yes) 0 (0%) 12 (71%) 5 (36%) 5 (42%) NS/.006
Intrapartum antibiotics (yes) 0 (0%) 4 (24%) 5 (36%) 5 (42%) NS/NS
Sex (female) 6 (67%) 10 (59%) 4 (29%) 2 (17%) .049/.038
Birth weight (g) 3483 (642) 2221 (392) 2600 (416) 2305 (455) .046/.000
5-minute Apgar score 9 (1) 8 (3) 8 (2) 8 (1) NS/NS
Need of NICU care 0 (0%) 13 (76%) 11 (79%) 9 (75%) NS/.000
Number of days treated in NICU - 13 (9) 8 (4) 12 (8) NS/-
Postnatal antibiotic treatment 0 (0%) 9 (53%) 10 (71%) 8 (67%) NS/.005
Length of postnatal antibiotic treatment (days) 0 1.8 (2.3) 2.3 (2.3) 1.8 (1.9) NS/NS
Breastfed at the age of 1 mo (yes) 9 (100%) 17 (100%) 14 (100%) 11 (92 5) NS/NS
Total length of breastfeeding (mo) 11.2 (5.9) 5.0 (2.4) 7.3 (4.7) 4.4 (4.7) NS/.003
Antibiotic courses during the first 12 mo (yes) 0 (0%) 10 (59%) 13 (93%) 11 (92%) .031/.000
Number of antibiotic courses during the first 12 mo (yes)* 0 (0%) 1.2 (1.5) 1.5 (1.0) 1.4 (1.1) NS/.018

The data are presented as means (SD) for continuous variables and as numbers (percentage) for categorical variables. 
The statistical analyses were made a) among the three preterm intervention groups and b) among the full-term and preterm study groups. The variables were 

analyzed using the χ2 test and Fisher´s exact test for dichotomous and analysis of variance (ANOVA) or Kruskal-Wallis test for continuous variables. 
*Data informed by the parents. 
NICU – neonatal intensive care unit.
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moderate and late preterm versus full-term infants 
by comparing the gut microbiome composition of 
preterm infants who had received a placebo (n = 4 
at 0 months and n = 12 at 1, 6, and 12 months) to 
the gut microbiome composition of full-term, 
healthy, breastfed neonates (n = 9 at 0, 1, 6 and 
12 months).

Alfa and beta diversity
Significantly lower alpha diversity was observed at 
the age of 0 months (i.e., sample taken within three 

days postpartum) among the preterm neonates 
who had received a placebo compared to the full- 
term neonates, as assessed by metagenomic species 
(MGS) richness (p =.043) and the Shannon index 
(p = .034) (Figure 2a). At the ages of 1, 6, and 12  
months, no differences were detected in the alpha 
diversity between the two groups. The overall gut 
microbiome community structure of preterm 
infants who had received placebo and full-term 
infants followed a similar developmental trajectory 
(Figure 2b). However, the differences between 

Figure 2. a) alpha diversity differences for preterm reference (placebo) and full-term reference groups at the age of 0, 1, 6, and 12  
months represented as richness (MGS) and Shannon Index (MGS). P-values of the Mann-Whitney Y test are shown. Significant 
differences in alpha diversity were observed only at the age of 0 months (richness: p =.043, rank biserial correlation = −0.72; Shannon 
index: p =.034, rank biserial correlation = −0.78). b) beta diversity differences for the preterm reference (placebo) and full-term 
reference groups at the age of 0, 1, 6, and 12 months represented as a Bray–Curtis dissimilarity and a Jaccard Index calculation based 
on the metagenomic species (MGS) abundances. c) bar plot illustrating the taxonomic profiles aggregated at the genus levels and 
given separately for the preterm reference (placebo) and full-term reference groups at the age of 0, 1, 6, and 12 months. d) the 
significant taxa for preterm reference (placebo) and full-term reference groups at the age of 0 and 1 months. The results shown are for 
the Mann-Whitney U test FDR < 0.1 and the P-values of the Mann-Whitney U test (FDR <0.1).
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these groups were found to be significant at the 
ages of 0, 1, and 12 months (p =.004, 0.003, and 
0.040, respectively).

Taxonomy
In the first sample (0 months), the gut microbiome 
of preterm neonates was mainly composed of bac-
teria belonging to the phyla Firmicutes and 
Proteobacteria (Figure 2c). The two most abundant 
bacterial families in the initial preterm gut micro-
biome were Enterobacteriaceae and Staphylo 
coccaceae (Figure 2c). In full-term neonates, at the 
phylum level, the gut microbiome in the first sample 
(0 months) was mainly composed of Actinobacteria, 
and the most abundant bacterial family was 
Bifidobacteriaceae (Figure 2c). At the age of 1  
month, no significant changes compared to the 
initial phase were detected in the gut microbiome 
composition of preterm or full-term neonates. At 
the ages of 6 and 12 months, the gut microbiome 
composition of preterm infants resembled that of 
the full-term infants (Figure 2c).

Gut microbiota composition evolvement from birth to 
the age of 12 months
To determine the development of the gut micro-
biome composition throughout infancy, multiple 
hypothesis testing was used to compare the 
changes in gut microbiome composition between 
preterm infants who had received placebo and full- 
term infants. At the age of 0 months, the phylum 
Actinobacteria and its family Bifidobacteriaceae 
and its genus Bifidobacterium as well as the family 
Streptococcaceae and its genus Streptococcus were 
significantly lower in preterm infants than in full- 
term infants (false discovery rate, FDR < 0.1) 
(Figure 2d). At the age of 1 month, the relative 
abundance of the phylum Actinobacteria and the 
genus Bifidobacterium was significantly lower and 
that of the genera Clostridium, Enterococcus, 
Klebsiella, Veillonella was higher in preterm infants 
than in full-term infants (FDR <0.1) (Figure 2d). At 
the ages of 6 and 12 months, no significant taxo-
nomic differences were found between preterm 
and full-term infants. No significant differences in 
microbiome gene-based functional potential were 
detected between the two groups at the ages of 0, 1, 
6, and 12 months.

The effect of probiotic and prebiotic intervention on 
the compositional development of preterm infant 
gut microbiome from birth throughout infancy

The second main focus of the present study was to 
assess the long-term impact of probiotic and pre-
biotic interventions on the compositional develop-
ment of the gut microbiome in neonates born 
moderate and late preterm. The assessment was 
performed by comparing the gut microbiome of 
preterm infants receiving a probiotic, prebiotic, or 
placebo with each other and with full-term infants 
during the first 12 months of life.

Alfa and beta diversity
In this preterm study population, neither probiotic 
nor prebiotic intervention had a significant effect 
on gut microbiome alpha diversity at the ages of 1, 
6, and 12 months (Figure 3a). However, beta diver-
sity analysis indicated significant differences 
among the preterm study groups at 1 and 12  
months of age (Figure 3b). When comparing the 
gut microbiome of the preterm infants in the three 
intervention groups to that of the full-term infants, 
significant differences in community structure 
were observed at the age of 1 month between the 
preterm reference (placebo) and preterm-prebiotic 
groups vs. the full-term reference group (p =.003 
and 0.011, respectively), whereas the comparison 
between the preterm-probiotic and full-term refer-
ence groups was not statistically significant (p  
=.090). At the age of 6 months, no significant dif-
ferences were detected among the study groups. At 
the age of 12 months, only the comparison between 
the preterm reference (placebo) and full-term 
reference groups was statistically significant (p  
=.040) (Figure 3b).

Taxonomy
In the first sample (0 months), the gut microbiome 
in all three preterm study groups was composed 
mainly of bacteria belonging to the phyla 
Firmicutes and Proteobacteria and the families 
Enterobacteriaceae and Staphylococcaceae. At the 
age of 1 month, in the gut microbiome of preterm 
infants receiving pro- and prebiotics, the most abun-
dant phylum was Actinobacteria and family 
Bifidobacteriaceae, whereas in the gut microbiome 
of preterm infants receiving a placebo,
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Figure 3. a) alpha diversity differences for the three preterm intervention groups (probiotics, prebiotics, and reference (placebo)) and 
full-term reference group at the age of 1, 6, and 12 months represented as richness (MGS) and Shannon Index (MGS). No significant 
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Proteobacteria at the phylum level and 
Enterobacteriaceae at the family level dominated 
the gut microbiota. By the age of 6 months, the gut 
microbiome of infants in all three intervention 
groups resembled each other; in all groups, 
Actinobacteria was the dominant taxon at the phy-
lum level and Bifidobacteriaceae at the family level. 
At the age of 12 months two different orders, 
Bifidobacteriaceae and Clostridiales, dominated the 
gut microbiome in all three intervention groups 
(Figure 3c).

Changes in microbiome composition
To assess whether gut microbiota modulation can 
revert the shift in the microbiome composition of 
preterm infants, the composition of MGSs and Gut 
Metabolic Modules (GMMs) of the placebo vs. 
probiotic and placebo vs. prebiotic groups were 
compared (data not shown). These analyses did 
not yield any significant hits with FDR < 0.1, except 
for MGS HG4C.2013: Staphylococcus epidermidis 
which was found to be significant for the interac-
tion between treatment and time.

Discussion

The results of the present study corroborate pre-
vious findings, according to which the early gut 
microbiome composition in children born preterm 
is distinct from that in children born full- 
term.2,5,9,12–15 Our results extend this finding to 
a longitudinal follow-up over the first year of life 
of moderate and late preterm infants, representing 
the majority of children born preterm. The follow- 
up period throughout infancy coincides with the 
age at which major changes occur in key regulatory 
processes of the body. We found that compared to 
healthy full-term infants, preterm infants´ gut 
colonization with Bifidobacterium was delayed, 
and as a substitute, their gut microbiome was 
enriched with Escherichia and Streptococcus. 

These changes were transient and amenable to 
microbiome modification by specific probiotics.

One in ten neonates are born prematurely, and 
approximately 85% of these are born moderately or 
late preterm, corresponding to approximately 12– 
13 million babies globally each year.1 Most research 
has been focused on extremely preterm infants 
since the frequency and severity of adverse out-
comes are highest within this group. Moderate 
and late preterm infants exhibit markedly 
increased mortality and short- and long-term mor-
bidity, including respiratory problems and 
asthma,16–18 neurodevelopmental and neurobeha-
vioral impairment, and a need for special 
education.19–23 Many questions remain regarding 
the exact mechanisms underlying these risks, but 
interestingly, all these conditions have been linked 
to gut microbiome perturbations early in life.8,24–26

In general, the intestinal microbiome in preterm 
infants is characterized by delayed colonization, 
fewer bacterial species, less diversity, and an abun-
dance of opportunistic and potentially pathogenic 
bacteria.14,15,27,28 When assessing the community 
structure in our study population, only in the first 
sample, taken within the first three days of life, 
were full-term infants detected as having a higher 
diversity than preterm infants. The difference was 
not detectable at later sampling points, indicating 
that independent of treatment, the shift in micro-
biome composition of preterm infants was, to some 
extent, already normalized at the age of one month. 
This finding is in line with that of a study by Jia and 
associates.14 However, differences in the taxonomic 
composition of the gut microbiome between full- 
term and preterm infants persisted longer. In full- 
term neonates, at the phylum level, the gut micro-
biome was mainly composed of the phylum 
Actinobacteria, the abundant bacterial family 
being Bifidobacteriaceae. In contrast, the gut 
microbiome of preterm infants randomized in the 
placebo group was found to be distinct from full- 
term infants; the unique features of their

differences were observed. b) beta diversity differences for the three preterm intervention groups (probiotics, prebiotics, and 
reference (placebo)) and full-term reference group at the age of 1, 6, and 12 months. The calculations are based on the MGS 
abundances and represented as Bray–Curtis dissimilarities and a Jaccard Index. c) bar plot illustrating the taxonomic profiles 
aggregated separately at the genus levels for the three preterm intervention groups (probiotics, prebiotics, and reference (placebo)) 
and full-term reference group at the age of 1, 6, and 12 months.
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microbiome are the dominance of Entero 
bacteriales and Staphylococcaceae and the scarcity 
of Bifidobacteriaceae. The gut microbiome compo-
sition of full-term infants remains stable during the 
first six months of life. In contrast, the intestinal 
community structure of preterm infants converted 
to be more “term-like” during the first six months 
of life with the abundance of Bifidobacteriaceae 
increasing and that of Enterobacteriales decreasing. 
What is the clinical significance of this finding at 
individual level is naturally unclear. All these kinds 
of findings should be always interpreted with some 
caution, bearing in mind the limits of these reduc-
tionist approaches when considering the complex 
interactions between microbes, the host, and diet-
ary and other environmental factors in the infant’s 
gastrointestinal tract.

The delayed colonization with Bifidobacterium 
and the abundance of potentially proinflammatory 
bacteria in the preterm gut microbiome during the 
first months of life in our study population was 
consistent with previously published studies.5,13,29 

This finding is of considerable importance, as 
lower numbers of bifidobacteria in the infant intes-
tine have previously been shown to be correlated 
with early life diseases such as necrotizing entero-
colitis (NEC) and infantile colic, as well as later 
unfavorable sequelae such as atopic eczema, 
asthma, obesity, celiac disease, and other autoim-
mune diseases.10,12,30–33 It is well established that 
breastfeeding promotes a favorable gut micro-
biome structure and especially higher levels of 
Bifidobacterium species.7,13,34 In this study, all but 
one of the preterm infants were breastfed at the age 
of one month and the mean total duration of 
breastfeeding in these infants was 4.4 months. 
This might explain the observed progression of 
the preterm gut microbiome toward a Bifido 
bacterium-dominated composition occurring 
already at 6 months of age. Similarly, Korpela and 
associates provided evidence of an association 
between breastfeeding and “normal-like” micro-
biome development in a follow-up study with 45 
very low birth weight (<1500 g) preterm infants.13

The differences in gut colonization patterns 
between full-term and preterm infants are often 
thought to be mediated by detrimental environ-
mental exposures such as cesarean section delivery, 
shorter or no contact with the mother´s microbes 

at delivery, early antibiotic exposure, treatment in 
NICU environment, and longer hospitalization; 
with several of these factors often accumulating in 
preterm infants.6–9 Consistent with this, in our 
study population 35% of the preterm infants were 
born by cesarean section, 36% were exposed to 
intrapartum antibiotics, 75% were admitted to the 
NICU, 65% received antibiotics during the first 
days of life and 80% during their first year of life. 
Interestingly, we have previously shown that the 
differences in intestinal microbial colonization 
between full-term and late preterm infants can 
also be directly attributable to preterm birth per se 
and not only to detrimental environmental 
exposures.5,35 Although more mature than extre-
mely preterm infants, infants born moderately and 
late preterm are also characterized by the imma-
turity of their immune regulation and gut barrier 
function, which may further selectively modulate 
microbial adhesion and colonization. In addition, 
the initial colonizing inoculum from the mother is 
dependent on the duration of pregnancy and may 
be further disturbed by either infection or preterm 
delivery per se.36 Nonetheless, the exact underlying 
mechanisms behind this deviant gut colonization 
remain elusive.

Alterations in the compositional development 
of the gut microbiome of newborns have been 
shown to predispose them to unfavorable condi-
tions later in life. These are not only limited to 
short-term morbidities, including NEC and poor 
postnatal growth3,8,29,37–39 but may also manifest 
later in life as excessive weight gain and obesity, 
metabolic disease, allergies, and asthma.39–42 

Impaired childhood growth is also known to be 
associated with poor neurodevelopmental 
outcomes43,44 and an increased risk for cardiome-
tabolic diseases in later life.45

The undisputed impact of deviation in the early 
gut microbiome composition on later health calls 
for safe and effective modes of microbiome 
modulation.10 The results of this study demon-
strate that this is achievable. In our study, the 
pro- and prebiotic treatment resulted in the miti-
gation of the early shift of the microbiome by 
accelerating Bifidobacterium-dominated gut 
microbiota composition during the first months 
of life. Notably, both pro- and prebiotic treatments 
modulated the preterm gut microbiome profile
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toward the “gold standard”, which is considered to 
be the microbiome of vaginally delivered, full-term, 
and breastfed children. This suggests that early 
probiotic and/or prebiotic intervention accelerated 
stepwise gut maturation processes in our preterm 
study population. Our previous studies demon-
strated that early probiotic and prebiotic interven-
tions might prevent eczema,46 infantile colic,31 and 
rhinovirus infections during the first year of life,47 

highlighting the importance of early intervention. 
These observations are in line with programming 
theory, whereby early-life exposures, including 
microbial contact, may carry effects into later life, 
which is now being extended to microbial 
contact.48,49

The main strength of our study was the unique 
features of the full-term reference group with docu-
mented long-term health. The children in this 
reference group were born in the same hospital 
during the same period as the preterm population. 
The fact that 21 of the 206 fecal samples did not 
contain enough bacterial DNA and were excluded 
from further analysis may be considered 
a weakness of the study. It should be acknowledged 
that all the excluded samples were obtained from 
preterm subjects, which may reflect the delayed 
colonization of the gut microbiota in our preterm 
population compared to full-term infants.

Overall, the results of this study provide intri-
guing information about the establishment of the 
gut microbiome in moderately and late preterm 
infants throughout the first year of life and confirm 
the favorable effects of early probiotic and prebiotic 
interventions on gut microbiome maturation. In 
our study population, the compositional develop-
ment of the gut microbiome and specifically colo-
nization with Bifidobacterium in moderate and late 
preterm infants was delayed compared to that in 
full-term infants. The ground-breaking finding 
here is the transient nature of microbiome devia-
tion in our moderate and late preterm infants. 
Indeed, much of the shift in microbiome composi-
tion had already spontaneously recovered during 
the first months of life, as assessed by alpha diver-
sity. Consequently, deviation in the gut micro-
biome of these preterm infants could be 
characterized as a stability disturbance. According 
to current knowledge, deviant early microbial con-
tact is not only involved in the initiation and 

perpetuation of aberrant immune activation and 
responsiveness50,51 but might underpin the central 
pathogenesis of a wide variety of conditions and 
diseases related to metabolic and immunological 
programming.49,52,53 Thus, modification of the 
initial gut microbiome could be a feasible tool to 
improve resilience against chronic diseases.

Materials and methods

Study population

The present study was based on a randomized, dou-
ble-blind, placebo-controlled clinical trial 
(ClinicalTrials.gov/no.NCT00167700) described 
previously in greater detail.31,47 Briefly, 94 preterm 
neonates aged 1 to 3 days and treated at Turku 
University Hospital, Turku, Finland, between 
June 2008 and May 2012 were recruited. The inclu-
sion criteria were as follows: gestational age between 
32 + 0 and 36 + 6 weeks, birth weight greater than 
1500 g, and absence of any congenital defects pre-
venting enteral nutrition. During the first three days 
of life, the neonates were randomly assigned into 
one of the three study groups to receive the follow-
ing: probiotic (Lactobacillus rhamnosus GG, ATCC 
53,103; Mead Johnson & Co, Evansville, Ind., cur-
rently Lacticaseibacillus rhamnosus GG) at a dose of 
1 × 109 colony-forming units/day for intervention 
days 1 to 30 and at a dose of 2 × 109 colony- 
forming units/day for intervention days 31 to 60, 
prebiotics (a mixture of polydextrose [Danisco 
Sweeteners, Surrey, United Kingdom] and galacto- 
oligosaccharides [Friesland Foods Domo, Zwolle, 
The Netherlands]) in a 1:1 ratio at a dose of 1 ×  
600 mg/day for intervention days 1 to 30 and at 
a dose of 2 × 600 mg/day for intervention days 31 
to 60), or a placebo (microcrystalline cellulose and 
dextrose anhydrate [Chr. Hansen, Hørsholm, 
Denmark]).

Follow-up visits were scheduled at the ages of 1, 
2, 4, 6, and 12 months by the same study nurse. 
During all study visits, the infants were clinically 
examined, and a detailed report was obtained from 
the parents of the infant’s behavioral patterns, to 
record any symptoms or signs of disease. The diag-
nostic protocols for respiratory tract infections and 
colic have been described in detail previously.31,47 

From the original study population of 43 preterm
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infants (probiotic group, n = 14; prebiotic group, n  
= 17; placebo group, n = 12), fecal samples were 
obtained at the ages of 0, 1, 6, and 12 months, and 
these infants were included in the present analyses 
(Figure 1).

Healthy full-term reference subjects (n = 9) were 
selected from a randomized, double-blind, placebo- 
controlled clinical trial, which was conducted in the 
same hospital during the same period as the preterm 
trial.54 The control subjects fulfilled the following 
study criteria: randomization into the placebo group 
in the original trial, gestational age ≥ 37 + 0 weeks, 
vaginal delivery, breastfeeding, no intrapartum or 
postnatal antibiotic treatment or antibiotic courses 
during the first 12 months of age, and fecal sample 
availability at the age of 0, 1, 6, and 12 months.

This study complied with the Declaration of 
Helsinki, as revised in 2000. Written informed 
consent was obtained from the parents of the 
infants, and the study protocols were approved 
(11/2007 § 427) by the Ethics Committee of the 
Hospital District of South-West Finland.

Sample collection

Fecal samples were collected from the diapers 
immediately after defecation. The first samples 
(meconium) were collected in the hospital by the 
study or NICU nurse within three days postpartum 
(i.e. 0 months sample). The timing of sample col-
lection did not differ among the study groups. The 
later (1, 6 and 12 months) samples were collected 
by parents at home, immediately frozen to −20°C, 
and delivered to the study clinic within 24 hours. In 
the study clinic, the samples were frozen and stored 
at −80°C until analysis.

DNA sequencing

Before sequencing, the quality of the DNA samples 
was evaluated using agarose gel electrophoresis and 
the quantity of the DNA was evaluated using Qubit 
2.0 fluorometer quantitation. Genomic DNA was 
randomly sheared into fragments of approximately 
350 base pairs. Fragmented DNA was used for 
library construction with the NEBNext Ultra 
Library Prep Kit for Illumina (New England 
Biolabs). The prepared DNA libraries were evalu-
ated using Qubit 2.0, fluorometer quantitation, and 

Agilent 2100 Bioanalyzer for fragment size distri-
bution. Quantitative real-time PCR (qPCR) was 
used to detect the final effective concentration 
with all samples with ≥ 2 nml library DNA were 
considered valid for library pooling. The library 
was sequenced using 2 × 150 bp paired-end 
sequencing on an Illumina platform.

Gene catalog and definitions of the MGS

As a reference gene catalog, we used the Clinical 
Microbiomics Human Gut gene catalog 
(14,355,839 genes), which was created based on 
12,170 nonpublic deep-sequenced human gut spe-
cimens (including 481 from infants), 9,428 publicly 
available metagenomes compiled from 43 
countries55 and 3,567 publicly available genome 
assemblies from the isolated microbial strains. For 
taxonomic abundance profiling, a set of 2094 MGS 
was used, each represented by a set of genes with 
highly coherent abundance profiles and base com-
positions in the 12,170 metagenomes. The MGS 
concept was described by Nielsen et al. 2014.56

To taxonomically annotate an MGS, we blasted 
its genes against the NCBI RefSeq genome database 
(2020-01-27) and used the rank-specific annotation 
criteria. Specifically, we assigned a taxon to an MGS 
if at least M % of its genes were mapped to the taxon 
and no more than D % of its genes were mapped to 
a different taxon. We only considered blast hits with 
an alignment length of ≥ 100 bp, a query coverage ≥  
50%, and a % identity ≥ PID. Here we define: PID =  
(95, 95, 85, 75, 65, 55, 50, 45); M = (75, 75, 60, 50, 40, 
30, 25, 20); and D = (10, 10, 10, 20, 20, 20, 20, 15) for 
subspecies, species, genus, family, order, class, phy-
lum, and superkingdom, respectively. Finally, we 
processed each MGS with CheckM57 and updated 
our annotation with the CheckM result if this 
resulted in a lower taxonomic rank.

Sequencing data preprocessing

Raw FASTQ files were filtered to remove host 
contamination by discarding read pairs in which 
either of the reads were mapped to the human 
reference genome GRCh38 with Bowtie2 (v. 
2.3.4.1).58 Reads were trimmed to remove adapters 
and bases with a Phred score below 20 using an 
AdapterRemoval (v. 2.2.4).59 Read pairs in which
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both reads passed the filtering with a length of at 
least 100 bp were retained; these were classified as 
high-quality non-host (HQNH) reads. From the 
first samples, collected within three days postpar-
tum (i.e. 0 months samples), 21 did not include 
bacterial DNA. These samples showed a high pro-
portion of host DNA and a very low fraction of 
bacterial DNA. The latter can probably be inter-
preted as amplified noise. These samples were 
therefore excluded from further analysis. All 
excluded samples were from preterm infants.

Mapping reads to the gene catalog

HQNH reads were mapped to the gene catalog 
using a BWA mem (v. 0.7.16a).60 An individual 
read was considered mapped to a gene if the map-
ping quality (MAPQ) was ≥ 20 and the read aligned 
with ≥ 95% identity over ≥ 100 bp. However, if > 10 
bases of the read did not align with the gene or 
extend beyond the gene, the read was considered 
unmapped. Reads meeting the alignment length 
and identity criteria, but not the MAPQ threshold, 
were considered multi-mapped. Each read pair was 
counted as either 1) mapped to a specific gene, if 
one or both individual reads mapped to a gene; 2) 
multi-mapped, if neither read was mapped, and at 
least one was multi-mapped; or 3) unmapped, if 
neither individual read was mapped. If two reads 
mapped to a different gene, the gene mapped by 
read 1 was counted but not the gene mapped by 
read 2. A gene count table was created by using the 
number of mapped read pairs for each gene.

MGS relative abundance calculation

For each MGS, a signature gene set was defined as 
100 genes optimized for accurate abundance pro-
filing. An MGS count table was created by counting 
the number of reads mapped to MGS signature 
genes per sample. An MGS was considered to be 
detected if reads from a sample mapped to at least 
three of its signature genes; measurements that did 
not satisfy this criterion were set to zero. Such 
a threshold resulted in 99.6% specificity. The 
MGS count table was normalized according to the 
effective gene length, and then normalized sample- 
wise to a sum of 100%, resulting in relative abun-
dance estimates for each MGS.

Downsampled (rarefied) MGS abundance pro-
files were calculated by random sampling, without 
replacement, of a fixed number of signature gene 
counts per sample following the procedure 
described above. Samples that passed the initial 
QC and mapping were downsampled to 291,404 
reads mapped to the signature genes.

Diversity estimates

Alpha and beta diversity estimates were calculated 
from rarefied abundance matrices created by the 
random sampling of reads without replacement. 
Within each data type (e.g., gene, MGS), all sam-
ples were represented by the same number of 
informative sequencing reads: rarefaction of 
MGS abundance was performed by sampling 
only from reads mapped to the MGS signature 
genes, and rarefaction of Kyoto Encyclopedia of 
Genes and Genomes (KEGG) orthology (KO) 
abundance was performed by sampling only 
from reads mapped to a gene with an assigned 
KO. However, rarefaction of gene abundance 
was performed by sampling the reads mapped to 
the entire gene catalog. Alpha diversity was calcu-
lated as the number of entities detected (richness) 
or as the Shannon index based on a natural loga-
rithm. Both measures were calculated from the 
downsized MGS abundance estimates. Beta diver-
sity was calculated using Bray – Curtis dissimilar-
ity and Jaccard index.

Functional annotation and profiling

EggNOG-mapper (v. 2.0.1, Diamond mode)61 was 
used to map each gene in the gene catalog to the 
EggNOG (v. 5.0) orthologous groups database, 
resulting in EggNOG annotations for 79% of 
genes and KO database annotations for 46% of 
genes. Functional potential profiles based on KOs 
were calculated as the proportion of all mapped 
reads mapped to a given KO.

The GMMs are a set of 103 conserved metabolic 
pathways, each defined as a series of enzymatic 
steps represented by KO identifiers.62 We consider 
an MGS to contain a given module if the MGS 
included genes annotated to at least 2/3 of the 
KOs needed to complete the functionality of the 
module. If a module had alternative reaction paths,

10 R. LUOTO ET AL.



only one of them was required to be 2/3 complete. 
For modules with three or fewer steps, all steps 
must be included in the MGS.

Statistical analysis

Statistical analyses for the baseline characteristics of 
the study population were performed using the χ2 test 
and Fisher´s exact test for dichotomous variables and 
an analysis of variance (ANOVA) or Kruskal-Wallis 
test for continuous variables, and data are presented 
as means (SD) for continuous variables and as num-
bers (percentage) for categorical variables.

To assess the changes in microbiome composi-
tion, the microbiome features (MGS, genus, family, 
phylum, and GMMs) of the full-term reference and 
preterm reference groups (preterm infants who had 
received placebo) were compared for each time 
point separately using the Mann-Whitney U test. 
To assess whether gut microbiome modulation can 
revert microbiome dysbiosis in preterm infants, 
a comparison was made between the composition 
of the MGSs and GMMs of the preterm reference 
vs. preterm prebiotic and the preterm reference vs. 
preterm probiotic.

When performing statistical testing on multi-
ple hypotheses, the Benjamini – Hochberg (BH) 
method was used to control the FDR at a level 
of 10%, and a PERMANOVA was performed to 
test the community structure differences. This 
was done by using the adonis2 function from 
the vegan R package with 1000 permutations 
and by = “margin”, thus assessing the marginal 
effects of the terms (i.e. each marginal term was 
analyzed in a model with all the other 
variables).
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