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SUMMARY
Probiotics are increasingly administered to premature infants to prevent necrotizing enterocolitis and
neonatal sepsis. However, their effects on gut microbiome assembly and immunity are poorly understood.
Using a randomized intervention trial in extremely premature infants, we tested the effects of a probiotic
product containing four strains of Bifidobacterium species autochthonous to the infant gut and one Lactica-
seibacillus strain on the compositional and functional trajectory of microbiome. Daily administration of the
mixture accelerated the transition into a mature, term-like microbiome with higher stability and species inter-
connectivity. Besides infant age, Bifidobacterium strains and stool metabolites were the best predictors of
microbiome maturation, and structural equation modeling confirmed probiotics as a major determinant for
the trajectory of microbiome assembly. Bifidobacterium-driven microbiome maturation was also linked to
an anti-inflammatory intestinal immunemilieu. This demonstrates thatBifidobacterium strains are ecosystem
engineers that lead to an acceleration of microbiome maturation and immunological consequences in
extremely premature infants.
INTRODUCTION with the magnitude of alterations correlating with the severity
Postnatal microbial colonization in humans results in a dynamic

assembly process that establishes the gut microbiota in a series

of ecological succession events (Koenig et al., 2011; Yassour

et al., 2016; Rao et al., 2021). In infants born by vaginal delivery

at term, early predominance of facultative anaerobic bacteria

(i.e., Streptococcus spp., Enterobacteriaceae, and Staphylo-

coccus spp.) is followed by a community dominated by Bacter-

oides and Bifidobacterium species that further diversifies during

and after weaning (Yassour et al., 2016; Mitchell et al., 2020).

This process is drastically altered in infants born prematurely,
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of prematurity (Stewart et al., 2016; La Rosa et al., 2014; Korpela

et al., 2018; Chernikova et al., 2018; Wandro et al., 2018; Olin

et al., 2018; Arboleya et al., 2012; Costello et al., 2013). Prema-

ture infants display a gut microbiome of reduced alpha-diversity,

delayed colonization with obligate anaerobic bacteria, and

increased abundance in potentially pathogenic bacteria (Stewart

et al., 2016; La Rosa et al., 2014; Korpela et al., 2018; Chernikova

et al., 2018; Wandro et al., 2018; Olin et al., 2018; Arboleya et al.,

2012; Costello et al., 2013). Despite a large degree of temporal

and interindividual variability, the gut microbiome of the prema-

ture newborn follows patterns of microbial colonization that are
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to some degree conserved (Rao et al., 2021; La Rosa et al., 2014;

Korpela et al., 2018). For example, extremely premature infants

between 24 and 28 weeks gestational age (GA) are initially colo-

nized by a community dominated by Staphylococcus spp., fol-

lowed by Enterococcus spp. predominance between 28 and

32 weeks GA. Members of Enterobacteriaceae bloom later

through interactions with Staphylococcus spp. between 32 and

35 weeks GA (Rao et al., 2021). Following this period of faculta-

tive anaerobes predominance, strict anaerobic Bifidobacterium

species become highly abundant at the age of term, when the

premature microbiome begins to resemble the term infant

composition (La Rosa et al., 2014; Korpela et al., 2018).

The ecological drivers that disrupt the gut microbiota in pre-

mature infants are insufficiently understood. It has been pro-

posed that organ-specific immaturity of preterm infants might

provide selective pressure different from that of the term infant,

either selecting for specific organisms and/or constitute habitat

filters that prevent the colonization of the normal pioneer

colonizers of the term infant gut (Henderickx et al., 2019). Addi-

tionally, preterm infants are more likely to be born by cesarean

section (C-section), receive antimicrobial treatment, achieve

enteral feeding more slowly, and require longer hospitalization

compared with those born at term, all of which constitute poten-

tial determinants of microbiome alterations (Laforest-Lapointe

and Arrieta, 2017). The consequences of the delayed micro-

biome maturation are also not well understood. Microbiome

development in preterm babies is strongly correlated with GA,

and the maturational delays may therefore reflect adaptations

of the microbiota that are specific and perhaps necessary for

preterm babies. However, extremely premature infants are

strongly predisposed to devastating conditions like necrotizing

enterocolitis (NEC) and neonatal sepsis (Pammi et al., 2017;

Masi and Stewart, 2019; Vongbhavit and Underwood, 2016),

which are not only linked to an altered gut microbiome (Masi

and Stewart, 2019; Stewart et al., 2016) but can further be pre-

vented through probiotics (Bertelsen et al., 2016; Aceti et al.,

2017). Given that probiotics modulate the microbiome in prema-

ture infants (Alcon-Giner et al., 2020; Plummer et al., 2018), their

established benefits support a causal role for microbiome alter-

ations as a true dysbiosis (Br€ussow, 2020) in the etiology of these

pathologies.

Probiotics are increasingly administered in neonatal intensive

care units (NICUs) given their clinical effectiveness in reducing

the risk of NEC and sepsis (Bertelsen et al., 2016; Aceti et al.,

2017). However, their use remains amatter of debate (Ofek Shlo-

mai et al., 2014; Modi, 2014), and very little is known on the effect

of probiotics on the assembly process of this nascent ecosystem

and infant immune status. A recent study in term infants demon-

strated that B. infantis EVC001 stably engrafts and dominates

the community (Frese et al., 2017), and supplementation induced

anti-inflammatory effects in term, breastfed infants (Henrick

et al., 2021). However, it is unclear if probiotics exert the same

effects in extremely premature infants who present with a

much higher degree of dysbiosis and are at a heightened risk

of infection and acute inflammatory conditions (Pammi et al.,

2017; Masi and Stewart, 2019; Vongbhavit and Underwood,

2016). In addition, healthy infants are often colonized by a mix

of Bifidobacterium species (B. breve, B. bifidum, and

B. longum) that can establish trophic interactions between them-
selves (Egan et al., 2014) and other genera (Cheng et al., 2020),

which might constitute the basis for robust community assem-

blies early in life (Tannock, 2021).

Here, we report findings from a randomized clinical trial of 57

extremely premature infants born at less than 1,000 g birth

weight and less than 29 weeks GA (clinicaltrials.gov identifier:

NCT03422562) in Calgary, Canada. Twenty-six infants were ran-

domized to a probiotic treatment (FloraBABY, Renew Life, Can-

ada) containing four Bifidobacterium strains from species that

are common and dominant in the infant gut (B. breve HA-129,

B. bifidum HA-132, B. longum subsp. infantis HA-116

[B. infantis HA-116] and B. longum subsp. longum HA-135

[B. longum HA-135]) and Lacticaseibacillus rhamnosus HA-111,

and 31 infants were left untreated. Before, during, and 6 months

after the intervention, we determined the presence and persis-

tence of each bacterial strain using strain-specific qPCR, evalu-

ated the bacterial and fungal microbiome using 16S and ITS

rRNA sequencing and metabolomics, and measured cytokine

levels in stool. We integrated these data through ecological

and statistical models to determine the consequences of probi-

otic use on premature microbiome assembly and intestinal

immunity.

RESULTS

Bifidobacterium strains, but not L. rhamnosus, can
stably colonize the premature infant gut
Extremely premature NICU-resident infants were randomized to

receive daily administration of FloraBABY or no probiotic. Probi-

otic administration started during the first week after birth

following the collection of the first stool sample (T1), while two

fecal samples were collected during treatment (T2 and T3), fol-

lowed by a 2-week washout phase at term age (T4). A final sam-

ple was collected at 6months corrected age (CA; T5) (Figure 1A).

Two infants received probiotics prior to sample collection, and

thus their T1 samples were removed from the analysis. Study

participant clinical and nutritional characteristics did not differ

between treated and control groups (Tables S1 and S2).

Strain-specific qPCR showed increased fecal cell numbers

for all strains during probiotic administration at time points T2

(2–3 weeks of age) and T3 (4–5 weeks of age) when compared

with the control group (Figures 1B–1F and S2). All probiotic

strains remained significantly higher in the treatment group at

T4 (2 weeks after administration). At T5 (6 months CA), all Bifido-

bacterium strains except B. infantis HA-116 remained signifi-

cantly elevated in the treatment group (Figures 1B–1F;

Table S3). While several infants still harbored detectable levels

of B. infantis HA-116 at T5, cell numbers of L. rhamnosus HA-

111 dropped below detection levels at T5 in all infants. These

findings indicate stable colonization and proliferation of all Bifi-

dobacterium strains in the premature infant gut for 6months after

administration was stopped, while L. rhamnosus HA-111 was

unable to engraft (Figure 1B). Interestingly, B. bifidum HA-132,

B. longum HA-135, and B. breve HA-129, but not B. infantis

HA-116 or L. rhamnosus HA-111, increased to detectable levels

in 93%, 53%, and 71% of control infants by 6 months CA,

respectively (T5; Figures 1B–1F; Table S3), suggesting that

transfer of these three probiotic strains to some control infants

did occur during later stages of hospitalization.
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Figure 1. Probiotic Bifidobacterium strains can stably colonize the extremely premature infant gut

(A) Study design for the randomized controlled trial of probiotics in extremely preterm infants. In the treatment group, probiotic was started in the first week of life

after a first sample collection (T1) and continued until 37–39 weeks gestational age (GA) weeks spanning T2 and T3. Additional samples were collected after

cessation of probiotic at 39–40 weeks GA (T4) and 6 months corrected age (CA) (T5).

(B–F) Concentration of probiotic strains assessed by strain-specific qPCR demonstrates increased concentration of all probiotics strains immediately after

starting probiotic at T2. Lacticaseibacillus rhamnosus decreased after cessation of probiotics (B) while the Bifidobacterium strains showed stable colonization

until 6 months CA (C-F). The dashed line denotes the limit of detection (103 bacterial cells/mL). p values are obtained from linear mixed models (LMM) and post

estimation for linear combination of coefficients (see also Table S2). LOD, limit of detection.
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Probioticmixture acceleratesmicrobiomematuration in
extremely premature infants to a level comparable to
term infants
Previous observational studies have shown that probiotics can

be used to modify the premature infant microbiome, mainly

increasing alpha-diversity and the relative abundance of Bifido-
698 Cell Host & Microbe 30, 696–711, May 11, 2022
bacterium species (Alcon-Giner et al., 2020; Plummer et al.,

2018). However, the ecological effects on gut microbiome as-

sembly and successional trajectory have not been systemati-

cally determined using an intervention trial. To achieve this, we

applied an unsupervised clustering approach to the microbiome

data collected temporally throughout the study. This analysis



Figure 2. A probiotic mixture accelerates gut microbiome maturation in extremely preterm infants

(A) Four gut microbiome community types were identified using hierarchical clustering on Bray-Curtis dissimilarity matrix. Association of the community types

with beta-diversity was tested using PERMANOVA.

(B)Microbiome community type distribution across time points and probiotic use. Community types showed temporal distribution, with C1 and C2more frequent

in earlier and C4 in later time points. As a result, C4 is considered the mature community type, which appeared earlier in infants treated with probiotics.

(C) Comparison of bacterial richness (Chao1) in community types (see Figure S2D for comparison of beta-diversity).

(D) Comparison of the maturational patterns of the microbiome community types with term infants at 1 week and 6 months of age.

(E and F) Comparison of the temporal development of preterm infant microbiome with term infants at 1 week and 6 months of age in controls (E) and probiotic-

treated infants (F). Centroid of each time point is denoted as the red circle, and the distance to the centroid of each timepoint to the centroid of 6-month term

infants are presented as labels. Trend analysis in (C)–(F) were conducted using trendyspliner in SplinectomeR package.
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revealed four microbiome community types (C1–C4) (Figures 2A

and S3A). Community type C1 and C2 dominated at T1, while C4

is completely absent at T1 but dominated at T5 (Figure 2B). There
was a gradual increase in alpha diversity (Chao1) and community

homogeneity as the microbiota matured from C1 to C4

(Figures 2C and S3D). Furthermore, C4 community type is
Cell Host & Microbe 30, 696–711, May 11, 2022 699
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characterized by high levels of Bifidobacterium while the less

mature community types are dominated by Staphylococcus

and Enterobacteriaceae (Figure S4C), reflecting preceding suc-

cession stages in microbiome development (Koenig et al.,

2011; Yassour et al., 2016; Rao et al., 2021).

To determine to what degree the community types detected in

preterm infants differ to the microbiome of term infants, we

compared them to microbiomes from 1 week (N = 44) and

6 months (N = 24), breastfed infants born at term. Ordination

analysis based on Bray-Curtis dissimilarity showed that while

the overall composition of the premature microbiome differed

from term infants (Figure S4A), microbiomes from community

type C4 showed substantial overlap (on PCoA1) with the micro-

biome of term born infants (Figures 2D and S4B). These findings

establish that the community types detected in premature in-

fants represent gradual stages of maturation of the gut micro-

biota that range from an immature microbiome to one that

more closely resembles that of term infants, which we define

as a mature microbiome in extremely premature infants.

An analysis of the impact of probiotics on community matura-

tion revealed that there was no difference in community type

distribution between the probiotics and control groups before

treatment started during the first week of life (T1), with both

groups consisting of C1 and C2 in equal proportions (Figure 2B).

During the treatment period, which spanned from 2 to 6 weeks of

age (T2–T3), community type C1 transitioned to C2 or C3 in both

groups, but there was a proportion of infants that transitioned to

C4 exclusively in the probiotics group (Figure 2B). Infants in both

control and probiotic groups predominantly consisted of C4

community type at 6months CA (T5; Figure 2B).While the control

group exhibited a delayed maturational pattern of gut micro-

biome similar to what has been previously described in prema-

ture infants (Korpela et al., 2018; La Rosa et al., 2014; Rao

et al., 2021), 36% of the infants who received probiotics arrived

at the mature C4 community as early as T2 compared with none

of the controls (Figures S3B and S3C). This acceleration in mi-

crobiome maturation through the probiotic treatment was also

seen in the Bray-Curtis analysis, where the average dissimilarity

to full-term microbiomes was lower at time points T2 (p < 0.001),

T3 (p < 0.001), and T4 (p = 0.014) when compared with term

breastfed infants, demonstrating restoration of the community

(Figures 2E and 2F).

Probiotics promote a community with higher species
interconnectivity and stability
Primary succession patterns in macro- and microbial ecology

often follow an increase in community diversity and interaction

network complexity (Young et al., 2005). In accordance, we

observed increased species richness as clusters transitioned

(Figure 2C). To further assess community ecological parameters,

we determined interconnectedness, complexity, stability, and

probabilities of transition between community types.

Network analysis revealed that interconnectivity increased

from C1 to C4 (Figures 3A and 3C). This ecological shift is

strongly influenced by the probiotic intervention with a higher

community interconnectivity in the treatment group as

compared with the untreated controls (Figure 3B). Markov chain

analysis to determine the probability of transitions between com-

munity types revealed that both the probability of the community
700 Cell Host & Microbe 30, 696–711, May 11, 2022
tomature to C4, aswell as to remain as C4, was higher in the pro-

biotic group, indicative of higher community stability (Figure 3D).

A time-to-event analysis confirmed that infants who were sup-

plemented with probiotics showed a higher probability to mature

to C4 earlier than controls and that these effects persist beyond

cessation of the probiotic (Figure 3E). Finally, amultivariate logis-

tic regression analysis showed that the impact of probiotics on

the acceleration of microbiome maturation was more prominent

than that of infant age, and other factors identified as micro-

biome-modulating factors in early life, including birth mode,

feeding, and antibiotics (Laforest-Lapointe and Arrieta, 2017)

(Figure 3F). Together, this analysis indicates that probiotic sup-

plementation to premature infants accelerates microbiota as-

sembly toward a more mature and stable microbiome.

Probiotics accelerates gut metabolome maturation in
extremely premature infants
Wecarriedout untargetedmetabolomicsonasubsetof fecal sam-

ples (N = 82) to compare the intestinal metabolic milieu between

infantswho received probiotics and controls. Using permutational

multivariate analysis of variance (PERMANOVA) on Bray-Curtis

dissimilarities among samples, we identified that infant age and

probiotics had strongeffects on the premature infantmetabolome

composition, with sampling time point and probiotic intervention

explaining 26.3% and 6.7% of the metabolome variance, respec-

tively (p<0.001; Figures4Aand4B).Wealso identifieddifferences

in temporal metabolic transition influenced by probiotic inter-

vention and confirmed an interaction effect between time

point and probiotic use on the metabolome (PERMANOVA,

R2 = 8.4%, p = 0.03; Figure 4A). We observed a transition in the

metabolome as time points increased, which was accelerated in

infants who received probiotics (Figure 4B). All but T1 samples

clustered together in the probiotic group, in contrast to control

samples, in which the transitions were more temporally distinct.

This suggests that this probiotic intervention not only accelerated

the transition to a more mature microbiome composition but also

resulted in a more mature metabolic state.

To determine the metabolic characteristics of a mature mic-

robiome in preterm infants, we compared the fecal metabolome

of C4 (N = 25) infants with that of the immature states (C1–C3,

N = 27). Microbiomematuration (C4) made a significant contribu-

tion to variation inmetabolomecomposition (R2 =7.3%,p<0.001;

Figure 4C). Out of the 82 metabolites measured, we identified 14

differential metabolites as significantly different (fold change > 2,

false discovery rate [FDR] p < 0.05) (Figure 4D; Table S4). These

included elevated levels of the essential amino acids leucine,

valine, and phenylalanine, and the fatty acids oleic acid, palmito-

leic acid, and arachidic acid in samples categorized as immature,

suggesting the presence of nutritional substrates that remain un-

utilized by the immature microbiome and/or the premature gut.

We also compared the metabolic profiles of the immature and

mature microbiome in preterm infants with those of infants born

at term (N = 30). Among the 14 metabolic features that differen-

tiatedmature and immature community states in preterm infants,

8 metabolites in the mature microbiome preterm group reached

similar levels to term infants (Figure 4E). These included an

increase in cholate and taurine in the mature microbiome

composition. Cholate is a primary bile acid produced in high con-

centrations in the liver, and when conjugated with taurine forms



Figure 3. A probiotic mixture promotes a microbial community with higher interconnectivity and stability
(A and B) Network analysis of the preterm infant microbiome along the microbiome maturation trajectory (A) and by intervention (B).

(C) Comparison of network degree and strength across community types.

(D) Probability of transition between community types assessed by Markov chain modeling compared in controls and probiotic group.

(E) Time-to-event analysis demonstrates that probiotics accelerates transition into the C4 mature community type. Kaplan-Meier curve for the probability of not

reaching the mature community type is shown.

(F) Multivariable logistic regression demonstrating the association of probiotic treatment with microbiomematuration independently of early-life events. Adjusted

odds ratio (OR) and 95% confidence interval (CI) are presented for all variables in the model.
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Figure 4. Bifidobacterium-induced microbiome maturation is reflected in the stool metabolome
(A and B) Principal component analysis of gut metabolome in premature infants at different time points and by intervention. Interaction between the effects of

timepoint and probiotics was tested using PERMANOVA.

(C) Principal component analysis of gut metabolome in premature infants with mature (C4) versus immature (C1–C3) community types. Effect of maturational

status on the variance of the metabolome was tested using PERMANOVA.

(D) Differentially enriched metabolites in mature (C4) versus immature (C1–C3) community types as assessed by volcano plot with fold-change threshold of 2 and

adjusted t test threshold of 0.05. Pink circles represent features above this threshold.

(legend continued on next page)
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taurocholic acid, the highest concentrated bile acid in bile (Ri-

dlon et al., 2016). Critical for fat digestion and absorption, bile

acids are typically reduced in serum and duodenal aspirates in

premature infants, and they increasewith post-natal age (Boehm

et al., 1997). A mature microbiome composition also resulted in

reduced levels of oleic acid (Figure 4E), the fatty acid found in

highest concentration in breast milk (Ramiro-Cortijo et al.,

2020), suggesting improved fat absorption, potentially from

increased bile acid production in premature infants with amature

microbiome composition. We also detected a decrease in

3-nitrotyrosine linked to the mature microbiome composition,

which approximated levels detected in term infants (Figure 4E).

This metabolite is an established marker of cell damage, inflam-

mation, and nitric oxide production, and it is elevated in a large

number of pathological inflammatory diseases (Murata and Ka-

wanishi, 2004), including prematurity-related pathologies such

as pulmonary dysplasia (Banks et al., 1998; Sheffield et al.,

2006) andNEC (Egan et al., 2016), further supporting the benefits

of microbiome maturation in the intervention group.

L-cysteine, an important substrate for bifidobacteria (which

are auxotroph for it; Ferrario et al., 2015), was reduced in the

mature microbiomes (Figure 4E), which may reflect L-cysteine

consumption bymicrobial communities with a greaterBifidobac-

terium abundance. We also detected elevated levels of guanine,

n-acetyl-DL-glutamic acid, and reduced creatine linked to mi-

crobiome maturity and reaching comparable levels to those in

term infants (Figure 4E), which may also be the result of bifido-

bacteria. An increase in guanine and n-acetyl-DL-glutamic acid

and a decrease in creatine were found in the stool of breastfed

term infants compared with those fed formula (Chow et al.,

2014; Li et al., 2020), which correlated with the abundance of bi-

fidobacteria (Li et al., 2020). These findings provide evidence for

increased functional similarity between the mature preterm mi-

crobiome to that of the term breastfed babies, which are not ex-

plained by differences in breastmilk intake, as they were similar

in the probiotic and control groups (Tables S3 and S4). Finally,

when comparingmetabolite levels using features with the largest

differences according to maturation state (highest fold-change

values), the mature preterm samples more closely approximated

the term metabolome than the immature preterm samples (Fig-

ure 5F). Altogether, these findings indicate that microbiome

maturation in preterm infants results in potentially beneficial

metabolic changes with important similarities to the intestinal

metabolic milieu of healthy, breastfed infants born at term.

Bifidobacterial probiotic strains and metabolites drive
microbiome maturation
To determine the drivers of microbiomematuration, we applied a

random-forest classifier to identify variables that can predict

maturation to community type C4 (versus C1–C3), and their rela-

tive importance. We included variables known to be major

drivers in microbiome assembly (Laforest-Lapointe and Arrieta,

2017), such as host (age, GA, and sex), clinical (peri- and post-

natal antibiotics and birth mode), dietary (breast[milk] feeding,
(E) The most discriminatory metabolic features from immature (gray) or mature (

term, breastfed infants (purple). Comparisons were made by pairwise Wilcoxon

(F) Metabolite levels by microbiome maturity in relation to term breastfed infants

are shown.
hydrolyzed protein formula, and fortification), as well as micro-

biome variables (probiotic strains cell numbers and probiotic

duration) and differential fecal metabolites as variables for

predictions. Apart from the infants chronological age, which

was the best predictor, levels of creatine, taurine, guanine, n-

acetyl-DL-glutamic acid, and cell numbers of the probiotic

Bifidobacterium strains constituted the most important factors

predicting gut microbiome maturation status (Figure 5A),

showing higher Gini indices than factors often considered impor-

tant, such as antibiotic treatment, birth mode, breastfeeding,

and GA. The L. rhamnosus HA-111 strain grouped lower than

these factors, further suggesting a lower effect of this strain in

microbiome maturation in this clinical trial.

We also used structural equation modeling (SEM) to incorpo-

rate a theoretical framework of causal pathways underlying the

associations between study variables and the premature gut mi-

crobiome (Figure 5B). Only time points T1–T4 were included in

the model due to the reduced number of samples collected at

T5 and the necessity to include complete sample numbers at

each time point for SEM. We selected variables with a reported

effect on the infant microbiome (Laforest-Lapointe and Arrieta,

2017), including birth mode, GA at birth, antibiotic use, breast

milk intake, and probiotic use. Given the widespread use of

breast milk instead of formula at the NICU where the study

took place, breast milk intake could only be evaluated at T2, at

a time when some of the infants received formula.

SEM analysis revealed that C-section and GA at birth were

directly associated with bacterial richness at T1 (b = �0.48;

p < 0.001 and b = �0.28; p = 0.04, respectively). Breast

milk intake was directly associated with T2 richness (b = 0.17;

p = 0.006), yet a more prominent effect was observed for probi-

otics at T2 (b = 0.595, p < 0.001). Although probiotics were being

administered at both T2 and T3, the effect on microbiome rich-

ness (Chao1) was not significant at the T3, yet microbiome

composition at T2 strongly impacted subsequent communities’

richness at T3 and T4 (b = 0.74; p < 0.001 and b = 0.62;

p < 0.001, respectively; Figure 5B). This intriguing observation

suggests that by impacting microbiome composition at an early

time point (T2), probiotics may contribute to the trajectory of mi-

crobiome assembly, possibly through priority effects (Martı́nez

et al., 2018). Similar significant effects were also made for

alpha-diversity (Shannon index; not shown). Overall, these find-

ings, together with the facts that probiotics persisted long after

consumption ceased (Figure 1B) and that duration was not a

strong predictor of microbiome maturation in the random-forest

model (Figure 5A), challenging the requirement of long-term pro-

biotic administration to achieve compositional changes in the

microbiome of extreme premature infants.

Probiotic use depletes Candida spp., but probiotic-
Candida interactions do not modulate microbiome
maturation
Given that multi-kingdom microbe-to-microbe interactions have

been identified as drivers of the assembly process (Rao et al.,
turquoise) microbiome maturation status in premature infants compared with

test.

. Mean fold difference in the mature-term versus immature-term comparisons
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Figure 5. Probiotic strains and stool metabolites are predictive and drivers of microbiome maturation

(A) Predictors of mature microbiome community type (C4 versus C1, C2, and C3 combined) ordered by their importance identified through random-forest

modeling using 10-fold cross-validation, 500 trees, and 1,000 permutations.

(B) Structural equationmodeling was used to differentiate the influence of probiotics on bacterial richness (Chao1) at each time point while taking into account the

structure of association of other early-life factors. Probiotic was administered during T2 and T3 time points. Model fit was assessed using p value, CFI, RMSEA,

and SRMRs. Abx, antibiotics; CFI, comparative fit index; C/S, cesarean section; RMSEA, root mean square error of approximation; SRMRs, standardized root

mean residuals.
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2021), we studied the temporal changes of the premature myco-

biome and its association with probiotic use. Compared with

what has been established for the bacterial microbiome (La

Rosa et al., 2014; Korpela et al., 2018), temporal analysis of

the premature gut mycobiome did not reveal major shifts in the

relative abundance of themost abundant fungal genera between

T1–T4 (Figure 6A). Community typing also identified four fungal

clusters, yet these did follow distinct patterns of community tran-

sition (Figures S5A andS5B), suggesting that the gutmycobiome

may not display community maturation patterns in the same

manner as bacterial communities. Probiotic administration re-

sulted in a significant decrease in the relative abundance of

Candida spp. (Figures 6A and 6B), in agreement with previous

studies (Hu et al., 2017; Manzoni et al., 2006). While many sam-

ples had low relative abundance of Candida spp. in our study,

more samples were dominated by very high levels of Candida

spp. in the infants who did not receive probiotics (Figure 6C).

When categorizing at a 50% relative abundance threshold, the

proportion of samples from infants with >50% Candida spp.

abundance was significantly lower in the intervention group (Fig-

ure 6D), indicating that probiotic use induces a strong anti-

Candida effect.

We assessed the specific role of Candida spp. as a modulator

of the effect of probiotic use on gut microbiome maturation. We

used SEM to evaluate the direct influence of Candida spp. abun-

dance on bacterial richness (Figure 6E), as well as its indirect role

on microbiome maturation via interactions with probiotic strains

(Figure 6F). While probiotics and milk type were significantly

associatedwith the gutmicrobiome richness, we did not observe

a direct association of Candida spp. with bacterial richness in

this model (Figure 6E). Similarly, the association of probiotic

strains with bacterial community types was not influenced by
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the relative abundance of Candida spp. (Figure 6F), denoting

the stronger ecological influence of the probiotic strains

compared with endogenous Candida spp. The strong anti-

Candida effect of the probiotics may explain why this fungal spe-

cies is not associated with the successional patterns observed in

our study, as it was in a recent thorough ecological analysis of

the premature microbiome assembly without a probiotic inter-

vention (Rao et al., 2021). Although the effect of the probiotic

on Candida spp. does not seem to constitute a mechanism by

which microbiota maturation is enhanced, the effect is neverthe-

less important given the clinical relevance of Candida spp. in

nosocomial infections among premature infants (Hu et al.,

2017; Manzoni et al., 2006).

Probiotic-induced microbiome maturation reduced
proinflammatory cytokines in the stool of extremely
premature infants
Extremely premature infants are at an increased risk of NEC, a

devastating inflammatory condition (Pammi et al., 2017; Masi

and Stewart, 2019; Vongbhavit andUnderwood, 2016). To inves-

tigate the effect of probiotics on intestinal inflammation, we

determined the concentration of 17 cytokines and calprotectin

in stool in a subset of samples (N = 170). Cytokines play a central

role in immune and inflammatory functions in the gut and are

known to accumulate in stool and reflect intestinal inflammatory

processes (Saiki et al., 1998). We applied generalized estimation

equation models on longitudinal data to determine differences in

stool cytokines during the time of hospitalization and after the

probiotic intervention started (T2–T4). Probiotics led to an overall

reduction in several important proinflammatory cytokines,

including calprotectin, IFN-g, IL-12p70, IL-4, as well as an in-

crease in IL-22 (Figure 7A). In the gut, IL-22 exerts generally



Figure 6. A probiotic mixture depletes Candida spp., but its interactions with Candida do not modulate microbiome maturation

(A) Mycobiome community structure at genus level compared in controls and infants who received probiotics.

(B) Longitudinal analysis of Candida spp. according to the intervention using splinectomeR reveals significantly lower abundance in the probiotic group.

(C) Distribution of Candida spp. by intervention confirms lower average relative abundance in the probiotic group.

(D) CategorizingCandida spp. relative abundance into <50% or >50% revealed the infants who received probiotic are less frequently dominated by high levels of

Candida spp.

(legend continued on next page)
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protective functions, such asmaintaining barrier function and tis-

sue injury regeneration (Dudakov et al., 2015), with recently re-

ported critical role in the prevention and treatment of NEC in

mice (Mihi et al., 2021). This demonstrates a strong and consis-

tent intestinal anti-inflammatory effect of probiotics in extremely

premature infants (Figure 7A; Table S5).

We also compared cytokine levels in relation to microbiome

maturation (C4 versus C1–C3 versus term). There was a signifi-

cant decrease in IFNg, IL-1b, and IL-8 and calprotectin in stool

samples from preterm infants with amature microbiome compo-

sition compared with those with an immature microbiome

composition, and the levels of IFNg and IL-1ba in the mature mi-

crobiomewere similar to those detected in term infant stool sam-

ples (Figure S6). Overall, the differences between the immune

status of preterm and term infants were significantly smaller for

infants harboring the mature microbiome type (C4) than those

with more immature microbiomes (C1–3) (Figure 7C). Finally,

correlation analysis between cytokine concentrations and mi-

crobial abundances revealed numerous significant correlations.

Pathobionts, specifically the genera Staphylococcus and Strep-

tococcus, showed positive correlations, while cell numbers of

the probiotic strains showed negative correlations with the ma-

jority of the immune factorsmeasured (Figure 7B). These findings

suggest a predominant role of the probiotic strains on the im-

mune milieu detected in stool samples from extremely prema-

ture infants.

DISCUSSION

Microbiome maturation is disrupted and delayed in preterm in-

fants predisposing the infant to life-threatening pathologies

(Pammi et al., 2017; Masi and Stewart, 2019; Vongbhavit and

Underwood, 2016). Our work demonstrated that a probiotic

formulation leads to the stable colonization of Bifidobacterium

strains weeks before bifidobacteria become dominant members

of the fecal microbiome in untreated preterm infants (Korpela

et al., 2018; La Rosa et al., 2014). This is in line with what was

recently reported by Alcon-Gener et al. (Alcon-Giner et al.,

2020) in an observational study, showing strong and persistent

colonization by B. bifidum after supplementation to preterm in-

fants born at <32 weeks GA (Alcon-Giner et al., 2020). Our study

further revealed that probiotics expedited transition to a more

mature and stable community state, two key features of later

stages of primary succession (Connell and Slatyer, 1977). We

define this as a bifidobacteria-high community with enhanced

stability and species interconnectivity that more closely resem-

bles that of healthy, breastfed, and vaginally born term infants.

Cell numbers of the Bifidobacterium strains administered with

the probiotic and stool metabolites were among the strongest

predictors of maturation, providing a mechanistic link between

probiotic administration and an acceleration of microbiome

maturation to a state more closely resembling the vaginally

born, breastfed infant microbiome, the current benchmark for a

desired term infant microbiome (Laforest-Lapointe and Ar-

rieta, 2017).
(E and F) Structural equation modeling to examine the direct effect of Candida s

interaction with probiotic strains (F). Model fit was assessed using p value, CFI, R

root mean square error of approximation; SRMRs, standardized root mean resid
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Probiotic-inducedmicrobiomematuration was also accompa-

nied bymetabolic and immune features that may be beneficial to

this infant population. This includes changes to features previ-

ously associated with NEC in premature infants, including oleate

(Lee et al., 2001), proinflammatory cytokines (Cho et al., 2016;

Maheshwari et al., 2014), and 3-nitrotyrosine (Egan et al.,

2016). Overall, the mature microbiome composition resulted in

marked metabolic and immune differences that approximated

the term stool metabolome (Figures 4D and 7B) and is indicative

of improved fatty acid absorption, breastmilk metabolism, and

reduced inflammation. Our findings complement the recently re-

ported immune silencing effect of the probiotic B. infants

EVC001 on term infants (Henrick et al., 2021), extending the ev-

idence for Bifidobacterium strains as drivers of beneficial im-

mune imprinting during early life. These findings, as well as the

ecological attributes of the more mature and stable microbiome,

suggest a beneficial effect to extremely premature infants, espe-

cially considering the well-established role of bifidobacteria

excluding pathogenic organisms or providing cues for the devel-

oping immune system (O’Callaghan and van Sinderen, 2016).

The pronounced effects of probiotic administration on micro-

biome maturation can be explained using an ecological frame-

work. To establish in the gut, organisms must first overcome

the habitat filters present and then possess traits to acquire

the available resources to become competitive (Walter et al.,

2018). In contrast tomany other probiotic products, the probiotic

used in this study is composed of Bifidobacterium strains from

autochthonous species that naturally dominate the early-life mi-

crobiota of infants (O’Callaghan and van Sinderen, 2016; Tan-

nock, 2021). Such strains, in contrast to L. rhamnosus HA-111,

are highly adapted to the infant gut. These adaptation include

the ability to utilize human milk oligosaccharides and sugar hex-

oses (O’Callaghan and van Sinderen, 2016), to competitively

exclude other microbes, including pathogens through short-

chain fatty acid production (Fukuda et al., 2011), to decrease

the intestinal luminal pH (O’Callaghan and van Sinderen, 2016),

and to sustain metabolic cross-feeding of other gut microbiome

species (Falony et al., 2006; Belenguer et al., 2006). Our random-

forest analysis revealed that all Bifidobacterium strains (but not

L. rhamnosus HA-111) contributed to microbiome maturation,

suggesting a contribution of the wider Bifidobacterium commu-

nity tomicrobiome assembly. The strongest predictor among the

bifidobacteria, B. bifidum, provides substrates (fucose and sialic

acid) from the hydrolysis of mucus and HMOs to other micro-

biome members (Centanni et al., 2019; Egan et al., 2014; Gotoh

et al., 2018), while the weakest predictor, B. infantis, internalizes

substrates without sharing (Tannock, 2021), supporting a contri-

bution of cross-feeding in microbiome maturation. Our findings

further point to the importance of priority effects in that an earlier

arrival of the probiotic strains enhances both their own persis-

tence and modifies the trajectory of the assembly process

(Sprockett et al., 2018; Martı́nez et al., 2018). Given the rapid

and sustained ecosystem transformation linked to the probiotic

Bifidobacterium strains, we propose that bifidobacteria act as

ecosystem engineers (Laforest-Lapointe and Arrieta, 2017) in
pp. on bacterial richness (E) and indirect effect on microbiome maturation via

MSEA, and SRMR. CFI, comparative fit index; C/S, cesarean section; RMSEA,

uals.



Figure 7. A probiotic mixture-induced microbiome maturation reduced proinflammatory cytokines in stool of extremely premature infants

(A) Cytokine concentrations in premature infants according to the intervention. Comparisons were made by generalized estimating equation (Table S5).

(B) Correlation of fecal cytokine levels with the 12 most abundant bacterial genera (mean relative abundance > 1%), Candida, and probiotic strains log 10

transformed cell numbers. Statistical significance was assessed by adjusting for multiple comparison using Benjamini and Hochberg method.

(C) Cytokine levels by microbiome maturity in relation to term breastfed infants. Mean fold difference in the mature-term versus immature-term comparisons

are shown.
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the premature microbiome, capable of building, transforming,

and preserving the microbial habitat in the infant gut.

Apart from providing strong evidence for the ability to use pro-

biotics to restore the microbiome in preterm infants, our findings

provide important clues on the ecological factors that lead to the

pronounced disruptions observed in preterm microbiomes

(Stewart et al., 2016; La Rosa et al., 2014; Korpela et al., 2018;

Chernikova et al., 2018; Wandro et al., 2018; Olin et al., 2018; Ar-

boleya et al., 2012; Costello et al., 2013). Our findings show that

autochthonous Bifidobacterium strains can effectively and sta-
bly colonize the preterm gut. In addition, our random-forest anal-

ysis and SEM showed that such strains and metabolites associ-

ated with their predominance in the community are more

important determinants of microbiome maturation than the

host, clinical, and dietary factors often considered to play impor-

tant roles. This suggests that the premature microbiome is not

primarily disrupted through treatments and feeding practices

of amodern NICU, or the premature physiological or immunolog-

ical state of the host, and that microbiome maturational delays

are unlikely to reflect necessary adaptations of the microbiota
Cell Host & Microbe 30, 696–711, May 11, 2022 707
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to the premature conditions. Instead, our findings point to the

inability of the premature infant to acquire the necessary strains

to initiate the assembly process. Additional research is war-

ranted to unravel the ecological mechanisms by which bifido-

bacteria, whether one or multiple strains, drive a richer a more

stable microbial community early in life.

Ecologically, the human gut microbiota can be viewed as a

meta-community in which individuals are linked through

dispersal, which constitutes a key ecological process that

shapes microbiome assembly at local scales (Walter and Ley,

2011). Our strain-specific quantification showed that some in-

fants in the control group did acquire the probiotic strains (Fig-

ure 1), likely because they were housed in the same NICU,

demonstrating the ability to acquire early colonizers through hor-

izontal transmission. However, this only occurred in a smaller

subset of infants, and most infants acquired strains them later

in microbiome development. These findings demonstrate that

dispersal occurs infrequently in an NICU, possibly due to hy-

gienic barriers to prevent infections, as well as the clinical prac-

tices linked to preterm births that disrupt vertical transmission

from the mother to the infant (c-sections, antibiotics, maternal

separation, etc.), all of which can reduce exposure to pioneer or-

ganisms that colonize term infants. This dispersal barrier may

also contribute to immune dysregulation resulting in increased

intestinal inflammation, which is central to the pathogenesis of

inflammatory and infectious pathologies in extremely premature

infants. If probiotics contain the right microbes that have evolved

as early colonizers in humans, they can essentially function as a

mechanism to restore the dispersal process. In this context, pro-

biotics fall within the framework of ecological restoration as an

attempt to reach a desired community, or to avoid an undesir-

able one. The findings of this study show that such an approach

has great potential for clinical applications with potential health

benefits to very vulnerable infant population.

Limitations of the study
Our study is limited by its size, as it was not powered to capture

health outcomes in this population, such as NEC or sepsis.

Larger and prospective studies in premature infants are needed

to confirm if themetabolic and immune benefits resulting from an

accelerated microbiome maturation result in improved health

outcomes in extremely premature infants during infancy and

later in life. Given that conditions such as NEC are driven by

inflammation, such knowledge has substantial clinical implica-

tions. While we accounted and controlled for most of the vari-

ables known to influence the infant microbiome, other factors,

such as breastmilk composition and maternal diet, were not

included. In addition, blood collection was not possible in this

critical clinical setting, which better reflects host immune status.

Finally, while bifidobacterial are a feature predominant strain in

most infant populations worldwide (Arrieta et al., 2018; Partida-

Rodriguez et al., 2021; de Goffau et al., 2022; Ayeni et al.,

2018; De Filippo et al., 2010), there may be exceptions to this.

For example, a report from South Korea showed that bifidobac-

teria are less abundant members of the initial infant microbiome

(Lee et al., 2015). Another report found that although bifidobac-

teria was the dominant group in a cohort of Gambian and Mala-

wian infants, they did not observe any correlation between

bifidobacterial and health outcomes (Davis et al., 2017). Thus,
708 Cell Host & Microbe 30, 696–711, May 11, 2022
our concept of microbiome maturation for extremely preterm

should be contextualized to the socio geographical factors

known to influence the composition of the infant microbiome.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

Fecal sample (1ml) This study NA

Commercial kits

MOBIO dry bead tubes MOBIO laboratories Discontinued

DNeasy PowerSoil Pro Kit Qiagen, Canada Cat# 47016

Mesoscale kits: V-PLEX TH17 Panel 1,

V-PLEX Proinflammatory Cytokine Panel 1,

and R-PLEX Human Calprotectin assays

Mesoscale Discoveries Cat # K15085D, K15049D, F21YB

Pierce BCA Protein Assay Kit Thermo Scientific Cat # 23225

Primers

16S rRNA-Forward Primer

GTGCCAGCMGCCGCGGTAA

Caporaso et al. (2012) 515F

16S rRNA-Reverse Primer

GGACTACHVGGGTWTCTAAT

Caporaso et al. (2012) 806R

ITS2-Forward CCTCCGCTTATTGATATGC Ihrmark et al. (2012) ITS4

ITS2-Reverse CCGTGARTCATCGAATCTTTG Ihrmark et al. (2012) ITS1

FloraBABY specific qPCR primers Table S6

Software and algorithm

DADA2 Callahan et al. (2016) https://doi.org/10.1038/nmeth.3869

SILVA v.132 Quast et al. (2013) https://doi.org/10.1093/nar/gks1219

UNITE v.8.0 Nilsson et al. (2019) https://doi.org/10.1093/nar/gky1022

R v. 4.03 R Core Team https://www.r-project.org

Phyloseq v. 1.32.0 McMurdie and Holmes (2013) https://joey711.github.io/phyloseq/

index.html

randomForest v.4.6-14

CoDaSeq Gloor and Reid (2016) https://github.com/ggloor/CoDaSeq

Vegan v. 2.5.7 Oksanen et al. (2017) https://cran.r-project.org/web/packages/

vegan/vegan.pdf

Survival v3.2-7 Therneau (2020) https://CRAN.R-project.org/package=survival

Lavaan v. 0.6-6 Rosseel (2012) http://www.jstatsoft.org/v48/i02/

Markovchain v.0.8.5 Spedicato (2017) https://journal.r-project.org/archive/2017/

RJ-2017-036/index.html

SplinectomeR v.0.1.0 Shields-Cutler et al. (2018) https://github.com/RRShieldsCutler/

splinectomeR

MetaboAnalyst v. 5.0 Pang et al. (2021) https://doi.org/10.1093/nar/gkab382

Analysis codes Data S1

Deposited data

16S rRNA sequence data This paper NCBI BioProject:

PRJNA721684

ITS2 sequencing This paper NCBI BioProject: PRJNA721688

Metabolomics mass spectral raw data This paper MetaboLights (study identifier MTBLS4056)
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Marie-

Claire Arrieta (marie.arrieta@ucalgary.ca).
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Materials availability
This study did not generate new unique reagents.

Data and code availability
d Demultiplexed 16S and ITS2 sequencing data were deposited into the Sequence Read Archive (SRA) of NCBI and can be ac-

cessed via accession numbers PRJNA721684 and PRJNA721688. Metabolomics mass spectral raw data were deposited to

MetaboLights (study identifier MTBLS4056). This information can also be found in the key resources table.

d The R codes are provided as Data S1.

d Any additional information required to reanalyze the data reported in this work paper is available from the Lead Contact upon

request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Inclusion and exclusion of study participants
This study was part of a randomized, open-label, controlled trial in the NICU of the Foothills Medical Centre in Calgary (ClinicalTrials.

gov Identifier: NCT03422562). FloraBABY (Renew Life�, Canada) probiotic was administered to infants in the intervention arm after

randomization. Eligible participants were premature infants admitted to theNICUwith birth weight < 1000 grams and born at less than

29 weeks GA. Eligible infants were identified within 24 hours of birth and parents were approached for informed consent. Once con-

sent was obtained, infants were randomly assigned in blocks of 4 to receive either FloraBABY probiotics or no product. Randomi-

zation was conducted using a computer-generated table of random numbers. The study excluded infants with major congenital

anomalies, hypoxic-ischemic injury and NEC or bowel perforation occurring within 72 hours of birth. Probiotic administration was

started before 7 days of age and continued until 37 weeks post-menstrual age, at a dose of 0.5g per day in 1 ml of milk or colostrum

as part of the feeding. Each dose contained 4 3 109 total colony forming unit (CFU) of fourBifidobacterium strains (B. breve 1:2 3 109

CFU, B. bifidum 8 3 108 CFU, B. infantis 63 108 CFU, and B. longum 63 108) together with Lacticaseibacillus (formerly Lactobacillus

(Zheng et al., 2020)) rhamnosus 13 109 CFU,mixed withmaltodextrin and ascorbic acid. No probiotic or placebowas given to infants

in the control group. Treatment for the intervention group started after obtaining informed parental consent and after the first stool

sample was obtained, except for two infants, who received the probiotic before the first stool sample. Probiotics were administered

until the age of term (37-39weeks post-menstrual age). Total probiotic treatment duration ranged between 45-87 days, depending on

gestational age at birth (Figure 1A). This trial was conducted in accordance and compliance with all relevant ethical regulations by the

Conjoint Health Research Ethics Board of the University of Calgary (approved protocol REB16-0542).

Maternal, infant and early-life factors
The following variables were collected throughout the study and incorporated in the analysis: GA at birth, chronological age,

birth weight, sex, number of older siblings, mode of delivery, maternal antenatal administration of antibiotics, age in days at

the start of enteral feeds and inclusion in the study, total duration of probiotics, duration of neonatal antibiotic use (type and

duration), type of feeds during NICU and up to 6 months CA, including milk type, fortification, and type of fortification (see

Table S1).

METHOD DETAILS

Sample collection and processing
Stool samples were collected at five time points: prior to first probiotic administration (T1); 2-3 weeks after first administration

(T2); 4-5 weeks after first probiotic administration (T3); 2 weeks after probiotic discontinued (T4); and at 6 months CA (T5; Fig-

ure 1A). CA refers to the infant age if the pregnancy would have gone to term. Stool samples for the control group were collected

at matched gestational and chronological age time points. Stool was collected directly from the infant’s diaper by NICU nurses

(T1-T4) or participant parents at home (T5). Samples were placed at 4�C in the NICU or at home for a maximum of 12 hours, or at

-20�C in a NICU or home freezer for up to 48 hours and were stored at -80�C upon arrival in the laboratory for subsequent

processing.

DNA extraction
DNA was extracted from �50 mg of stool. Samples were mechanically lysed using MO BIO dry bead tubes (MO BIO Laboratories,

USA) and the FastPrep homogenizer (TissueLyser II, Qiagen, Hilden, Germany) before DNA extraction with the DNeasy PowerSoil Pro

Kit according to the manufacturer’s instructions (Qiagen, Canada). Following extraction, DNA concentration was measured in a

NanoDrop spectrophotometer (Thermofisher, Canada) and subsequently used in qPCR and sequencing reactions.

Quantitative PCR
To specifically quantify FloraBABY strains in fecal samples, qPCR was performed on genomic DNA using specific primer se-

quences (Table S6) and qPCR protocols previously validated to detect these probiotic strains in stool samples (Ford et al.,
Cell Host & Microbe 30, 696–711.e1–e5, May 11, 2022 e2
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2020). We carried out further validation of the specificity of the primers using individual strains in maltodextrin powder and a

standard operating procedure, provided by Lallemand Health Solutions, Montreal, Canada. Each strain powder was spiked

into stool samples negative for the probiotic strains. These samples were obtained from infants enrolled in a longitudinal birth

cohort study in rural Mexico, with no history of exposure to probiotics. To determine the concentration of each strain, one gram

of lyophilized powder of each probiotic strain was diluted in 99 ml phosphate buffered saline to obtain 10-2 solution. Flow cy-

tometry counts provided the concentration (bacteria/ml) to calculate the total count of cells in 10-2 solution for each strain. A

selected set of stool samples from Mexican cohort were spiked with the exact volume required to reach a concentration of

109 bacteria/ml. Unspiked stool samples were used as negative controls. To validate the qPCR methods, ten-fold dilutions

(102 to 109) of DNA extracted from the spiked and unspiked aliquots were used as templates in qPCR validation plates (tripli-

cates for each dilution). Reactions were run using StepOne� Real-Time PCR System using the following protocol: 2 initial steps

of 2 min each at 50 �C and 95 �C, followed by 40 cycles of 15 seconds at 95 �C, 30 seconds at 60 �C and 30 seconds at 72 �C.
DNA concentrations were measured for all five probiotic strains using serially diluted spiked DNA extracted from spiked stool

samples as standards. Clinical samples were run on duplicate using 4ng of extracted DNA as template. Cell numbers were

calculated as cell/ml based on the standard curve method. Cell number values obtained below the detection limit (103 cells/

ml for all probiotic strains) were substituted with limit of detection divided by square root of 2 to account for variance in statistical

tests and models.

16S rRNA and ITS2 gene sequencing
PCRwas used to amplify the V4 region of the bacterial 16S rRNA gene and the ITS2 region of the fungal ITS genetic marker from fecal

DNA. This generated ready-to-pool dual-indexed amplicon libraries as described previously (Kozich et al., 2013). 16S and ITS am-

plicon libraries were prepared at Microbiome Insights (University of British Columbia, Vancouver, Canada). In-house extracted DNA

samples were sent to the facility and amplified using Phusion Hot Start II DNA Polymerase (Thermo-Fisher). PCR products were pu-

rified, and DNA concentration normalized using the high-throughput SequalPrep Normalization Plate Kit (Applied Biosystems, USA)

and quantified accurately with the KAPA qPCR Library Quantification kit (Roche, Canada). Controls without template DNA andmock

communities with known amounts of selected bacteria and fungi were included in the PCR and downstream sequencing steps to

control for microbial contamination and verify bioinformatics analysis pipeline. Samples were sequenced in two runs and biological

controls were included in both runs to assess for batch effects. The pooled and indexed libraries were denatured, diluted, and

sequenced in paired-end modus on an Illumina MiSeq (Illumina Inc., San Diego, USA). 16S rRNA and ITS2 gene sequencing were

performed at Microbiome Insights, Vancouver, BC.

Metabolomics
Untargeted fecal metabolomics was performed at the Metabolomics Research Facility of the University of Calgary. Stool samples

from timepoints 1, 3, 4 and 5 (N=209) were prepared for metabolomic analysis. Frozen fecal samples were mixed with ice-cold

50% methanol in a 1:5 ratio and homogenized in a bead beater with three small steel beads (30Hz for 2x1.5 minute) using

high quality 2mL autoclaved safe-lock tubes. Samples were incubated for 30 min at 4 �C and then centrifuged for 10 min at

maximum speed at 4 �C. The supernatant was collected and stored at -80 �C until analysis. 200uL of each sample were trans-

ferred to 0.8mL deep 96-well plates. Prior to the run samples were diluted further to 1:50. Samples were run on a Q Exactive�
HF Hybrid Quadrupole-Orbitrap� Mass Spectrometer (Thermo-Fisher, Catalog number: IQLAAEGAAPFALGMBFZ) coupled to a

Vanquish� UHPLC System Integrated biocompatible system (Thermo-Fisher, Catalog number: IQLAAAGABHFAPUMZZZ

(Chernikova et al., 2018)). Chromatographic separation was achieved on a Syncronis HILIC UHPLC column (2.1mm 3 100mm

3 1.7mm, Thermo-Fisher) using a binary solvent system at a flow rate of 600uL/min. Solvent A consisted of 20mM ammonium

formate pH 3.0 in mass spectrometry grade H2O; Solvent B, mass spectrometry grade acetonitrile with 0.1% formic acid (%v/

v). The following gradients were used: 0-2 mins, 100% B; 2-7 mins, 100-80% B; 7-10 mins, 80-5% B; 10-12 mins, 5% B; 12-

13 mins, 5-100% B; 13-15 mins, 100% B. A sample injection volume of 2mL was used. The mass spectrometer was run in negative

full scan mode at a resolution of 240,000 scanning from 50-750m/z. Metabolite data were analyzed using the MAVEN

software packages (Clasquin et al., 2012; Melamud et al., 2010). Metabolites were identified by matching observed m/z signals

(+/- 10ppm) and chromatographic retention times to those observed from commercial metabolite standards (Sigma). Creatine

was quantified by an 8-point standard curve. Metabolomic data were normalized by median, square root transformed, and pareto

scaled (mean-centered and divided by the square root of the standard deviation of each variable) using Metaboanalyst 5.0 (Pang

et al., 2021) for downstream analysis.

Immune factor determination
Frozen stool samples were used to measure cytokine, chemokine and calprotectin concentrations using the V-PLEX TH17 Panel 1,

V-PLEX Proinflammatory Cytokine Panel 1, and R-PLEX Human Calprotectin assays (Mesoscale Devices). Prior to assay determina-

tion, 50 – 150 mg of sample were homogenized in 1 mL of lysis buffer (150 mM NaCl, 20 mM Tris, 1 mM EGTA, 1% Triton X-100,

protease inhibitor) for 4 min at 20 Hz using a tissue homogenizer (TissueLyser II, Qiagen). Homogenized samples were then centri-

fuged at 14,000 x g for 10 min to removed debris, and appropriately diluted according to total protein present in corresponding su-

pernatants, as determined by the Pierce BCA Protein Assay Kit (Thermo Scientific, Product No. 23225). Acquired MSD data for each

sample was then normalized to its total protein concentration prior to statistical analysis.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical details (methods, software, sample size and variance metrics) of all experiments and data analyses is provided in this sec-

tion, as well as in figure legends and results section.

Sequencing processing
Sequences were checked for quality, trimmed, merged, and checked for chimeras using the DADA2 v1.10.1 (Callahan et al., 2016)

pipelines for 16S or ITS2. Unique amplicon sequence variants (ASVs) were assigned taxonomy using the UNITE v.8.0 (fungi) (Nilsson

et al., 2019) and SILVA v.132 (bacteria) (Quast et al., 2013) databases at 99% sequence similarity. Sequencing data analysis was

conducted in R (Team, 2017). Initial preprocessing of the ASV table was conducted using the Phyloseq package v.1.26.1 (McMurdie

and Holmes, 2013). Overall, 10,915 unique bacterial ASVs were detected. ASVs only present in the negative controls (n=3,963) and

ASVs belonging to phylum Cyanobacteria, family of mitochondria, and class of chloroplast (n=49) were removed. Samples with less

than 5,000 sequencing reads were excluded (n=15) and ASVs with less than 20 reads across the entire dataset (n=6,173) were also

removed. The remaining samples (n=264) were rarefied to the minimum 6,000 sequencing reads per sample resulting in 3,410 re-

maining ASVs. This dataset was used for analysis unless otherwise specified. For the ITS2 dataset, 3,400 unique ASVs were de-

tected. ASVs only present in the negative controls (n=29) and ASVs belonging to kingdom Plantae (n=53) and unclassified fungi at

phylum level (n=815) were removed. Samples with less than 5,000 sequencing reads were excluded (n=15) and ASVs with less

than 20 reads across the entire dataset were also removed resulting in 2,319 remaining ASVs. This dataset was used for analysis

unless otherwise specified.

Assessing sequencing technical accuracy
Genomic DNA of 6-8 samples was included in sequencing library preparation of both sequencing runs as biological controls. We

assessed the technical accuracy between the runs by analyzing biological controls composition between the runs (Figures S1A

and S1B). Depth of sequencing was also compared between the sequencing runs. Run 2 had significantly higher sequencing depth

per sample in both 16S rRNA and ITS2 gene sequencing (Figures S1C and S1D). Run 2 included a higher proportion of older infants

and had higher total DNA concentration (Figures S1E and S1F). No other variables differed between sequencing runs.

Exclusion of data
Two infants received probiotics prior to sample collection and thus their T1 samples were removed from the analysis.

Probiotic strain colonization assessment
Data analysis was conducted in R v.4.0.3 (Team, 2017). The effect of the probiotic intervention and sampling timepoint on probiotic

strain cell number was determined using linear mixed models (LMM) and post estimation for linear combination of coefficients using

lme4 v.1.1.26 (Bates et al., 2015), foreign v.0.8.80 andmultcomp v.1.4.16 (Hothorn et al., 2008) packages. The frequency of probiotic

strains detection at different timepoints were compared between controls and infants who received the probiotic using c2 test.

Identification of microbiome community types
Microbiome maturation was assessed using hierarchical clustering on Bray-Curtis dissimilarity matrix at the genus level, with ward

sum-of-square algorithm. The optimal number of clusters was determined using Gap statistics, which compares the observed

change in within-cluster dispersion versus the expected change under an appropriate reference null distribution (Tibshirani et al.,

2001). Dissimilarity (b-diversity) of clusters was assessed by permutational ANOVA (PERMANOVA) using the vegan package

v.2.5.7 (Oksanen et al., 2017).

Assessment of the effect of probiotics on the transition to the mature community type
Markov chain state transition probabilities were estimated usingmarkovchain package v.0.8.5 (Spedicato, 2017) and visualized using

DiagrammeR v.1.0.6.1 (Iannone, 2020). The time to transition to the mature community type was assessed using Kaplan Meyer anal-

ysis using survival package v.3.2.7 and visualized by survminer package v.0.4.8 (Therneau, 2020; Kassambara et al., 2020). The con-

founding effect of other relevant early life events on the association of probiotics with gutmicrobiomematuration was assessed using

logistic regression using finalfit package v.1.0.2 (Harrison et al., 2020).

Comparison of microbiome composition in preterm with term infants
Comparison of preterm and term infant gut microbiomewas performed using the gut microbiome data of a preliminary subset of term

infants enrolled in theMAGIC Study (ClinicalTrials.gov Identifier: NCT03001167), a longitudinal microbiome study of term infants con-

ducted at the Children’s Hospital of Philadelphia. We focused on breastfed, vaginally-born term infants at 1 week (N=44) and

6 months (N=24) of age. Clustering as explained above was applied to the term infant data at the genus level and compositional

dissimilarity was assessed using Bray-Curtis metric and visualized using ggridges package v. 0.5.2 (Wilke, 2020). The difference

in PCoA1 was calculated for the preterm infants to the mean of PCoA1 of terms infants at 1week and compared based on the inter-

vention using ANOVA. Themicrobiome composition at the genus level was z normalized and visualized in a heatmap usingComplex-

Heatmap package v. 2.4.2 (Gu et al., 2016).
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Ecological investigation of microbiome community in response to probiotics
Microbiome network analysis was conducted at the genus level and separately for each cluster. Genera with less that 0.1% mean

relative abundance and less than 25% prevalence were excluded. The microbiome data was centre log-ratio transformed to control

for compositionality (Palarea-Albaladejo andMartin-Fernandez, 2015; Gloor and Reid, 2016). Subsequently, partial correlations were

assessed using Spearman rank correlation and correlations with absolute coefficient of more than 0.25 were visualized as networks

using qgraph package v. 1.6.5 (Epskamp et al., 2012). Centrality network parameters were estimated using qgraph package (Ep-

skamp et al., 2012).

Metabolomics comparison by intervention and community type
Differential metabolic features were identified using MetaboAnalyst 5.0 with volcano plot, using a fold change threshold of 2 and

adjusted t-test threshold of 0.05 (Pang et al., 2021).

Predictive modelling
Predictive modelling was conducted to identify predictors of microbiome maturation in premature infants. Decision tree was per-

formed using rpart v. 4.1.15 and visualized using rpart.plot v. 3.0.8 (Therneau and Atkinson, 2019; Milborrow, 2019). Random forest

was performed using 10-fold cross-validation, 500 trees, and 1000 permutation using randomForest v. 4.6.14 and caret v. 6.0.86

packages (Liaw and Wiener, 2002; Kuhn, 2020).

Structural equation modelling
Structural equation modeling (SEM) was performed using the lavaan package v. 0.6.6 (Rosseel, 2012). The model was estimated us-

ing maximum likelihood (ML) parameter estimation and NLMINB optimization method with bootstrapping (n=1000) (Kline, 2016).

Model fit was assessed by c2 test, the comparative fix index (CFI), root mean square error of approximation (RSMEA) and its

90% confidence interval (CI), and the standardized root mean residuals (SRMR). Non-significant c2 test, CFIR0.9, RMSEA<0.05,

and SRMR<0.08 were considered as indications of good model fit (Kline, 2016).

Longitudinal analysis
Longitudinal analysis was performed using permuspliner function from splinectomeR v.0.1.0 with 1000 permutations (Shields-Cutler

et al., 2018) for taxa, and generalized estimating equation (GEE) (Pekár and Brabec, 2018) for cytokines using geepack v.1.3.2 (Højs-

gaard et al., 2006). The optimum GEE model for each cytokine was selected based on the cytokine distribution and the model per-

formance with different correlation structures: independence, exchangeable, autoregressive 1, or unstructured. The family of the

GEE model was set as gaussian or gamma for normal or positively skewed cytokine distribution, respectively. The models were

compared based on the quasi-likelihood information (QIC) criterion using MuMIn v.1.43.17 and pander v.0.6.4 packages (Barto�n,

2020; Daróczi and Tsegelskyi, 2018). The model with the lowest QIC was selected for each cytokine. Trend analysis was conducted

using trendyspliner function of SplinectomeR.

Univariate analysis of cytokines and metabolites
Cytokine and metabolite concentrations were compared by pairwise Wilcoxon test.

ADDITIONAL RESOURCES

ClinicalTrials.gov identifier: NCT03422562.
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