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 36 

Summary 37 

Probiotics are increasingly administered to premature infants to prevent necrotizing enterocolitis 38 

and neonatal sepsis. However, their effects on gut microbiome assembly and immunity are 39 

poorly understood. Using a randomized intervention trial in extremely premature infants, we 40 

tested the effects of a probiotic product containing four strains of Bifidobacterium species 41 

autochthonous to the infant gut and one Lacticaseibacillus strain on the compositional and 42 

functional trajectory of microbiome. Probiotic treatment accelerated the transition to a mature, 43 

term-like microbiome with higher stability and species interconnectivity. Besides infant age, 44 

probiotic Bifidobacterium strains and stool metabolites were the best predictors of microbiome 45 

maturation, and structural equation modeling confirmed probiotics as a major determinant for the 46 

trajectory of microbiome assembly. Probiotic-driven microbiome maturation was also linked to 47 

an improved, anti-inflammatory intestinal immune milieu. This demonstrates that 48 

Bifidobacterium strains function as ecosystem engineers that lead to an acceleration of 49 

microbiome maturation and immunological benefits in extremely premature infants.  50 
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Introduction 58 

Postnatal microbial colonization in humans results in a dynamic assembly process that 59 

establishes the gut microbiota in a series of ecological succession events1-3. In infants born by 60 

vaginal delivery at term, early predominance of facultative anaerobic bacteria (i.e. Streptococcus 61 

spp., Enterobacteriaceae, Staphylococcus spp.) is followed by a community dominated by 62 

Bacteroides and Bifidobacterium species that further diversifies during and after weaning2,4. This 63 

process is drastically altered in infants born prematurely, with the magnitude of alterations 64 

correlating with the severity of prematurity5-12. Premature infants display a gut microbiome of 65 

reduced alpha-diversity, delayed colonization with obligate anaerobic bacteria and increased 66 

abundance in potentially pathogenic bacteria5-12. Despite a large degree of temporal and 67 

interindividual variability, the gut microbiome of the premature newborn follows patterns of 68 

microbial colonization that are to some degree conserved3,6,7. For example, extremely premature 69 

infants between 24-28 weeks gestational age (GA) are initially colonized by a community 70 

dominated by Staphylococcus spp., followed by Enterococcus spp. predominance between 28-32 71 

weeks GA.  Members of Enterobacteriaceae bloom later through interactions with 72 

Staphylococcus spp. between 32-35 weeks GA3.  Following this period of facultative anaerobes 73 

predominance, strict anaerobic Bifidobacterium species become highly abundant at the age of 74 

term, when the premature microbiome begins to resemble the term infant composition6,7.  75 

The ecological drivers that disrupt the gut microbiota in premature infants are 76 

insufficiently understood. It has been proposed that organ-specific immaturity of preterm infants 77 

might provide selective pressure different from that of the term infant, either selecting for 78 

specific organisms and/or constitute habitat filters that prevent the colonization of the normal 79 

pioneer colonizers of the term infant gut13. Additionally, preterm infants are more likely to be 80 
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born by Caesarean section (C-section), receive antimicrobial treatment, achieve enteral feeding 81 

more slowly and require longer hospitalization compared to those born at term, all of which 82 

constitute potential determinants of microbiome alterations14.  The consequences of the delayed 83 

microbiome maturation are also not well understood. Microbiome development in preterm babies 84 

is strongly correlated with GA, and the maturational delays may therefore reflect adaptations of 85 

the microbiota that are specific and perhaps necessary for preterm babies. However, extremely 86 

premature infants are strongly predisposed to devastating conditions like necrotising enterocolitis 87 

(NEC) and neonatal sepsis15-17, which are not only linked to an altered gut microbiome5,16 but 88 

can further be prevented through probiotics18,19. Given that probiotics modulate the microbiome 89 

in premature infants20,21, their established benefits support a causal role for microbiome 90 

alterations as a true dysbiosis22 in the etiology of these pathologies. 91 

Probiotics are increasingly administered in neonatal intensive care units (NICUs) given 92 

their clinical effectiveness in reducing the risk of NEC and sepsis18,19. However, their use 93 

remains a matter of debate23,24, and very little is known on the effect of probiotics on the 94 

assembly process of this nascent ecosystem and infant immune status. A recent study in term 95 

infants demonstrated that B. infantis EVC001 stably engrafts and dominates the community25, 96 

and supplementation induced anti-inflammatory effects in term, breastfed infants26. However, it 97 

is unclear if probiotics exert the same effects in extremely premature infants who present with a 98 

much higher degree of dysbiosis and are at a heightened risk of infection and acute inflammatory 99 

conditions15-17. In addition, healthy infants are often colonized by a mix of Bifidobacterium 100 

species (B. breve, B. bifidum, B. longum) that can establish trophic interactions between 101 

themselves27 and other genera28 which might constitute the basis for robust community 102 

assemblies early in life29.  103 
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Here we report findings from a randomized clinical trial of 57 extremely premature 104 

infants born at less than 1000 grams birth weight and less than 29 weeks GA (ClinicalTrials.gov 105 

Identifier: NCT03422562). Twenty-six infants were randomized to a probiotic treatment 106 

(FloraBABY, Renew Life®, Canada) containing four Bifidobacterium strains from species that 107 

are common and dominant in the infant gut [B. breve HA-129, B. bifidum HA-132, B. longum 108 

subsp. infantis HA-116 (B. infantis HA-116) and B. longum subsp. longum HA-135(B. longum 109 

HA-135)], and Lacticaseibacillus rhamnosus HA-111, and 31 infants were left untreated. Before, 110 

during, and 6 months after the intervention, we determined the presence and persistence of the 111 

probiotics using strain-specific qPCR, evaluated the bacterial and fungal microbiome using 16S 112 

and ITS rRNA sequencing and metabolomics, and measured cytokine levels in stool. We 113 

integrated these data through ecological and statistical models to determine the consequences of 114 

probiotic use on premature microbiome assembly and intestinal immunity. 115 

 116 

Results 117 

Bifidobacterium strains but not L. rhamnosus can stably colonize the premature infant gut.  118 

Extremely premature NICU-resident infants were randomized to receive daily administration of 119 

FloraBABY or no probiotic. Probiotic administration started during the first week after birth 120 

following the collection of the first stool sample (T1), while two fecal samples were collected 121 

during treatment (T2 and T3), followed by a 2-week washout phase at term age (T4). A final 122 

sample was collected at 6 months corrected age (CA; T5) (Figure 1A). Two infants received 123 

probiotics prior to sample collection and thus their T1 samples were removed from the analysis.  124 

Strain-specific qPCR showed increased fecal cell numbers for all strains during probiotic 125 

administration at timepoints T2 (2-3 weeks of age) and T3 (4-5 weeks of age) when compared to 126 
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the control group (Figure 1B-F, Extended Data Figure S2). All probiotic strains remained 127 

significantly higher in the treatment group at T4 (2 weeks after administration). At T5 (6 months 128 

CA), all Bifidobacterium strains except B. infantis HA-116 remained significantly elevated in the 129 

treatment group (Figure 1B-F; Extended Data Table S1). While several infants still harboured 130 

detectable levels of B. infantis HA-116 at T5, cell numbers of L. rhamnosus HA-111 dropped 131 

below detection levels at T5 in all infants. These findings indicate stable colonization and 132 

proliferation of all Bifidobacterium strains in the premature infant gut for 6 months after 133 

administration was stopped, while L. rhamnosus HA-111 was unable to engraft (Figure 1B). 134 

Interestingly, B. bifidum HA-132, B. longum HA-135 and B. breve HA-129, but not B. infantis 135 

HA-116 or L. rhamnosus HA-111, increased to detectable levels in 93%, 53%, and 71% of 136 

control infants by 6 months CA, respectively (T5; Figure 1B-F; Extended Data Table S2), 137 

suggesting that transfer of these three probiotic strains to some control infants did occur during 138 

later stages of hospitalization.  139 

 140 

Probiotics accelerate microbiome maturation in extremely premature infants to a level 141 

comparable with term infants 142 

Previous observational studies have shown that probiotics can be used to modify the premature 143 

infant microbiome, mainly increasing alpha-diversity and the relative abundance of 144 

Bifidobacterium species20,21.  However, the ecological effects on gut microbiome assembly 145 

and successional trajectory have not been systematically determined using an intervention trial. 146 

To achieve this, we applied an unsupervised clustering approach to the microbiome data 147 

collected temporally throughout the study. This analysis revealed four microbiome community 148 

types (C1-C4) (Figure 2A and Extended Data Figure S3A). Community type C1 and C2 149 
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dominated at T1, while C4 is completely absent at T1 but dominated at T5 (Figure 2B). There 150 

was a gradual increase in alpha diversity (Chao1) and community homogeneity as the microbiota 151 

matured from C1 to C4 (Figure 2C and Extended Data Figure S3D). Furthermore, C4 152 

community type is characterized by high levels of Bifidobacterium while the less mature 153 

community types are dominated by Staphylococcus and Enterobacteriaceae (Extended Data 154 

Figure 4C), reflecting preceding succession stages in microbiome development1-3. 155 

To determine to what degree the community types detected in preterm infants differ to 156 

the microbiome of term infants, we compared them to microbiomes from 1-week (N=44) and 6-157 

months (N=24), breastfed infants born at term. Ordination analysis based on Bray-Curtis 158 

dissimilarity showed that while the overall composition of the premature microbiome differed 159 

from term infants (Extended Data Figure 4A), microbiomes from community type C4 showed 160 

substantial overlap (on PCoA1) with the microbiome of term born infants (Figures 2D and 161 

Extended Data 4B). These findings establish that the community types detected in premature 162 

infants represent gradual stages of maturation of the gut microbiota that range from an immature 163 

microbiome to one that more closely resembles that of term infants. 164 

An analysis of the impact of probiotics on community maturation revealed that there was 165 

no difference in community type distribution between the probiotics and control groups before 166 

treatment started during the 1st week of life (T1), with both groups consisting of C1 and C2 in 167 

equal proportions (Figure 2B). During the treatment period, which spanned from 2-6 weeks of 168 

age (T2-T3), community type C1 transitioned to C2 or C3 in both groups, but there was a 169 

proportion of infants only in the probiotics group that transitioned to C4 (Figure 2B). Infants in 170 

both control and probiotic groups predominantly consisted of C4 community type at 6 months 171 

CA (T5; Figure 2B). While the control group exhibited a delayed maturational pattern of gut 172 
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microbiome similar to what has been previously described in premature infants3,6,7, 36% of the 173 

infants who received probiotics, arrived at the mature C4 community as early as T2 compared to 174 

none of the controls (Extended Data Figure S3B-C). This acceleration in microbiome 175 

maturation through the probiotic treatment was also seen in the Bray-Curtis analysis, where the 176 

average dissimilarity to full term microbiomes was lower at time points T2 (p < 0.001), T3 (p < 177 

0.001), and T4 (p = 0.014) when compared to term breastfed infants, demonstrating restoration 178 

of the community (Figure 2E-F). 179 

 180 

Probiotics promote a community with higher species interconnectivity and stability  181 

Primary succession patterns in macro- and microbial ecology often follow an increase in 182 

community diversity and interaction network complexity30,31. In accordance, we observed 183 

increased species richness (Figure 2C). To further assess community ecological parameters, we 184 

determined interconnectedness, complexity, stability, and probabilities of transition between 185 

community types.  186 

Network analysis revealed that inter-connectivity increased from C1 to C4 (Figure 3A 187 

and 3C). This ecological shift is strongly influenced by the probiotic intervention with a higher 188 

community interconnectivity in the treatment group as compared to the untreated controls 189 

(Figure 3B). Markov chain analysis to determine the probability of transitions between 190 

community types revealed that both the probability of the community to mature to C4, as well as 191 

to remain as C4, was higher in the probiotic group, indicative of higher community stability 192 

(Figure 3D). A time-to-event analysis confirmed that infants who were supplemented with 193 

probiotics showed a higher probability to mature to C4 earlier than controls, and that these 194 

effects persist beyond cessation of the probiotic (Figure 3E). Finally, a multivariate logistic 195 
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regression analysis showed that the impact of probiotics on the acceleration of microbiome 196 

maturation was more prominent than that of infant age, and other factors identified as 197 

microbiome-modulating factors in early life, including birth mode, feeding, and antibiotics14 198 

(Figure 3F). Together, this analysis indicates that probiotic supplementation to premature infants 199 

accelerates microbiota assembly towards a more mature and stable microbiome. 200 

 201 

Probiotics accelerates gut metabolome maturation in extremely premature infants  202 

We carried out untargeted metabolomics on a subset of fecal samples (N=82) to compare the 203 

intestinal metabolic milieu between infants who received probiotics and controls. Using 204 

permutational multivariate analysis of variance (PERMANOVA) on Bray-Curtis dissimilarities 205 

among samples, we identified that infant age and probiotics had strong effects on the premature 206 

infant metabolome composition, with sampling timepoint and probiotic intervention explaining 207 

26.3% and 6.7% of the metabolome variance, respectively. (P<0.001; Figures 4A-B). We also 208 

identified differences in temporal metabolic transition influenced by probiotic intervention and 209 

confirmed an interaction effect between timepoint and probiotic use on the metabolome 210 

(PERMANOVA, R2=8.4%, P=0.03; Figures 4A). We noted a transition in the metabolome as 211 

timepoints increased, and this transition was accelerated in infants who received probiotics 212 

(Figure 4B). All but T1 samples clustered together in the probiotic group, in contrast to control 213 

samples, in which the transitions were more temporally distinct. This suggests that this probiotic 214 

intervention not only accelerated the transition to a more mature microbiome composition, but 215 

also resulted in a more mature metabolic state. 216 

To determine the metabolic characteristics of a mature microbiome in preterm infants, we 217 

compared the fecal metabolome of C4 (N=25) infants with that of the immature states (C1-C3, 218 
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N=27). Microbiome maturation (C4) made a significant contribution to variation in metabolome 219 

composition (R2=7.3%, P<0.001; Figure 4C). Out of the 82 metabolites measured, we identified 220 

14 differential metabolites as significantly different (Fold change >2, FDR P<0.05) (Figure 4D 221 

and Extended Data Table S5). These included elevated levels of the essential amino acids 222 

leucine, valine and phenylalanine, and the fatty acids oleic acid, palmitoleic acid and arachidic 223 

acid, in samples categorized as immature, suggesting the presence of nutritional substrates that 224 

remain unutilized by the immature microbiome and/or the premature gut.  225 

We also compared the metabolic profiles of the immature and mature microbiome in 226 

preterm infants to those of infants born at term (N=30). Among the 14 metabolic features that 227 

differentiated mature and immature community states in preterm infants, 8 metabolites in the 228 

mature microbiome preterm group reached similar levels to term infants (Figure 4E). These 229 

included an increase in cholate and taurine in the mature microbiome composition. Cholate is a 230 

primary bile acid produced in high concentrations in the liver, and when conjugated with taurine 231 

forms taurocholic acid, the highest concentrated bile acid in bile32. Critical for fat digestion and 232 

absorption, bile acids are typically reduced in serum and duodenal aspirates in premature infants 233 

and they increase with postnatal age33. A mature microbiome composition also resulted in 234 

reduced levels of oleic acid (Figure 4E), the fatty acid found in highest concentration in breast 235 

milk34, suggesting improved fat absorption, potentially from increased bile acid production in 236 

premature infants with a mature microbiome composition. We also detected a decrease in 3-237 

nitrotyrosine linked to the mature microbiome composition, which approximated levels detected 238 

in term infants (Figure 4E). This metabolite is an established marker of cell damage, 239 

inflammation and nitric oxide production and it is elevated in a large number of pathological 240 

inflammatory diseases35, including prematurity-related pathologies such as pulmonary 241 
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dysplasia36,37 and NEC38, further supporting the benefits of microbiome maturation in extremely 242 

premature infants. 243 

 L-cysteine, an important substrate for bifidobacteria (which are auxotroph for it39), was 244 

reduced in the mature microbiomes (Figure 4E), which may reflect L-cysteine consumption by 245 

microbial communities with a greater Bifidobacterium abundance. We also detected elevated 246 

levels of guanine, n-acetyl-DL-glutamic acid, and reduced creatine linked to microbiome 247 

maturity and reaching comparable levels to those in term infants (Figure 4E), which may also be 248 

the result of bifidobacteria. An increase in guanine and n-acetyl-DL-glutamic acid and a decrease 249 

in creatine were found in the stool of breastfed term infants compared to those fed formula40,41, 250 

which correlated with the abundance of bifidobacteria41. These findings provide evidence for 251 

increased functional similarity between the mature preterm microbiome to that of the term 252 

breastfed babies, which are not explained by differences in breastmilk intake, as they were 253 

identical in the probiotic and control groups (Extended Data Tables S3 and S4). Finally, when 254 

comparing metabolite levels using features with the largest differences according to maturation 255 

state (highest fold-change values), the mature preterm samples more closely approximated the 256 

term metabolome than the immature preterm samples (Figure 5F). Altogether, these findings 257 

indicate that microbiome maturation in preterm infants results in potentially beneficial metabolic 258 

changes with important similarities to the intestinal metabolic milieu of healthy, breastfed infants 259 

born at term. 260 

  261 

Bifidobacterial probiotic strains and metabolites drive microbiome maturation 262 

To determine the drivers of microbiome maturation, we applied a random forest classifier to 263 

identify variables that can predict maturation to community type C4 (versus C1-C3), and their 264 
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relative importance. We included variables known to be major drivers in microbiome assembly14, 265 

such as host (age, GA, sex), clinical (peri- and postnatal antibiotics, birth mode), dietary 266 

(breast(milk) feeding, hydrolyzed protein formula, fortification), as well as microbiome variables 267 

(probiotic strains cell numbers, probiotic duration) and differential fecal metabolites as variables 268 

for predictions. Apart from the infants chronological age, which was the best predictor, levels of 269 

creatine, taurine, guanine, n-acetyl-DL-glutamic acid, and cell numbers of the probiotic 270 

Bifidobacterium strains constituted the most important factors predicting gut microbiome 271 

maturation status (Figure 5A), showing higher Gini indices than factors often considered 272 

important, such as antibiotic treatment, birth mode, breast feeding, and GA. The L. rhamnosus 273 

HA-111strain grouped lower than these factors, further suggesting a lower effect of this strain in 274 

microbiome maturation in this clinical trial. 275 

 We also used structural equation modeling (SEM) to incorporate a theoretical framework 276 

of causal pathways underlying the associations between study variables and the premature gut 277 

microbiome (Figure 5B). Only time points T1-T4 were included in the model due to the reduced 278 

number of samples collected at T5 and the necessity to include complete sample numbers at each 279 

time point for SEM. We selected variables with a reported effect on the infant microbiome14, 280 

including birth mode, GA at birth, antibiotic use, breast milk intake and probiotic use. Given the 281 

widespread use of breast milk instead of formula at the NICU where the study took place, breast 282 

milk intake could only be evaluated at T2, at a time when some of the infants received formula.  283 

SEM analysis revealed that C-section and GA at birth were directly associated with 284 

bacterial richness at T1 (β = -0.48; p<0.001 and β = -0.28; p=0.04, respectively). Breast milk 285 

intake was directly associated with T2 richness (β = 0.17; p=0.006), yet a more prominent effect 286 

was observed for probiotics at T2 (β = 0.595, p <0.001). Although probiotics were being 287 
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administered at both T2 and T3, the effect on microbiome richness (Chao1) was not significant at 288 

the T3, yet microbiome composition at T2 strongly impacted subsequent communities’ richness 289 

at T3 and T4 (β = 0.74; p<0.001 and β = 0.62; p<0.001, respectively; Figure 5B). This intriguing 290 

observation suggests that by impacting microbiome composition at an early time point (T2), 291 

probiotics may contribute to the trajectory of microbiome assembly, possibly through priority 292 

effects42. Similar significant effects were also made for alpha-diversity (Shannon index; not 293 

shown). Overall, these findings, together with the facts that probiotics persisted long after 294 

consumption ceased (Figure 1B) and that duration was not a strong predictor of microbiome 295 

maturation in the random forest model (Figure 5A), challenge the requirement of long-term 296 

probiotic administration to achieve compositional changes in the microbiome of extreme 297 

premature infants. 298 

 299 

Probiotic use depletes Candida spp. but probiotic-Candida interactions do not modulate 300 

microbiome maturation  301 

Given that multi-kingdom microbe-to-microbe interactions have been identified as drivers of the 302 

assembly process3, we studied the temporal changes of the premature mycobiome and its 303 

association with probiotic use. Compared to what has been established for the bacterial 304 

microbiome6,7, temporal analysis of the premature gut mycobiome did not reveal major shifts in 305 

the relative abundance of the most abundant fungal genera between T1-T4 (Figure 6A). 306 

Community typing also identified four fungal clusters yet these did follow distinct patterns of 307 

community transition (Extended Data Figure S5A-B), suggesting that the gut mycobiome may 308 

not display community maturation patterns in the same manner as bacterial communities. 309 

Probiotic administration resulted in a significant decrease in the relative abundance of Candida 310 
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spp. (Figure 6A-B), in agreement with previous studies43,44. While many samples had low 311 

relative abundance of Candida spp. in our study, more samples were dominated by very high 312 

levels of Candida spp. in the infants who did not receive probiotics (Figure 6C). When 313 

categorising at a 50% relative abundance threshold, the proportion of samples from infants with 314 

>50% Candida spp. abundance was significantly lower in the intervention group (Figure 6D), 315 

indicating that probiotic use induces a strong anti-Candida effect.  316 

 317 

We assessed the specific role of Candida spp. as a modulator of the effect of probiotic 318 

use on gut microbiome maturation. We used SEM to evaluate the direct influence of Candida 319 

spp. abundance on bacterial richness (Figure 6E), as well as its indirect role on microbiome 320 

maturation via interactions with probiotic strains (Figure 6F). While probiotics and milk type 321 

were significantly associated with the gut microbiome richness, we did not observe a direct 322 

association of Candida spp. with bacterial richness in this model (Figure 6E). Similarly, the 323 

association of probiotic strains with bacterial community types was not influenced by the relative 324 

abundance of Candida spp. (Figure 6F), denoting the stronger ecological influence of the 325 

probiotic strains compared to endogenous Candida sp. The strong anti-Candida effect of the 326 

probiotics may explain why this fungal species is not associated with the successional patterns 327 

observed in our study, as it was in a recent thorough ecological analysis of the premature 328 

microbiome assembly without a probiotic intervention3. Although the effect of the probiotic on 329 

Candida spp does not seem to constitute a mechanism by which microbiota maturation is 330 

enhanced, the effect is nevertheless important given the clinical relevance of Candida spp in 331 

nosocomial infections among premature infants43,44.   332 

 333 
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Probiotic-induced microbiome maturation reduced proinflammatory cytokines in stool of 334 

extremely premature infants 335 

Extremely premature infants are at an increased risk of NEC, a devastating inflammatory 336 

condition 15-17. To investigate the effect of probiotics on intestinal inflammation, we determined 337 

the concentration of 17 cytokines and calprotectin in stool in a subset of samples (N=170). 338 

Cytokines play a central role in immune and inflammatory functions in the gut and are known to 339 

accumulate in stool and reflect intestinal inflammatory processes45. We applied generalized 340 

estimation equation models on longitudinal data to determine differences in stool cytokines 341 

during the time of hospitalization and after the probiotic intervention started (T2-T4). Probiotics 342 

led to an overall reduction in several important proinflammatory cytokines, including 343 

calprotectin, IFN-, IL-12p70, IL-4, as well as an increase in IL-22 (Figure 7A). In the gut, IL-344 

22 exerts generally protective functions, such as maintaining barrier function and tissue injury 345 

regeneration46, with recently reported critical role in the prevention and treatment of NEC in 346 

mice47.  This demonstrates a strong and consistent intestinal anti-inflammatory effect of 347 

probiotics in extremely premature infants. (Figure 7A and Extended Data Table S6).   348 

We also compared cytokine levels in relation to microbiome maturation (C4 vs. C1-C3 349 

vs. Term). There was a significant decrease in IFN, IL-1 and IL-8 and calprotectin in stool 350 

samples from preterm infants with a mature microbiome composition compared to those with an 351 

immature microbiome composition, and the levels of IFN and IL-1a in the mature microbiome 352 

were similar to those detected in term infant stool samples (Extended Data Figure S6). Overall, 353 

the differences between the immune status of preterm and term infants were significantly smaller 354 

for infants harboring the mature microbiome type (C4) as compared those with more immature 355 

microbiomes (C1-3) (Figure 7C). Finally, correlation analysis between cytokine concentrations 356 
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and microbial abundances revealed numerous significant correlations. Pathobionts, specifically 357 

the genera Staphylococcus and Streptococcus, showed positive correlations, while cell numbers 358 

of the probiotic strains showed negative correlations with the majority of the immune factors 359 

measured (Figure 7B). These findings suggest a predominant role of the probiotic strains on the 360 

immune milieu detected in stool samples from extremely premature infants. 361 

 362 

Discussion  363 

Microbiome maturation is disrupted and delayed in preterm infants predisposing the infant to 364 

life-threatening pathologies15-17. Our work demonstrated that a probiotic formulation leads to the 365 

stable colonization of Bifidobacterium strains weeks before bifidobacteria become dominant 366 

members of the fecal microbiome in untreated pre-term infants6,7.  This is in line with what was 367 

recently reported by Alcon-Gener et al.20 in an observational study, showing strong and 368 

persistent colonization by B. bifidum after supplementation to preterm infants born at <32 weeks 369 

GA20. Our study further revealed that probiotics expedited transition to a more mature 370 

bifidobacterial-high community state with enhanced stability and species interconnectivity, two 371 

key features of later stages of primary succession48.  Cell numbers of the Bifidobacterium strains 372 

administered with the probiotic and stool metabolites were among the strongest predictors of 373 

maturation, providing a mechanistic link between probiotic administration and an acceleration of 374 

microbiome maturation to a state more closely resembling the vaginally born, breastfed infant 375 

microbiome, the current benchmark for a desired term infant microbiome14.  376 

Although our study was not powered to capture health outcomes in this population, we 377 

detected favourable metabolic and immune features associated with probiotic-induced 378 

microbiome maturation. This includes favourable changes to features previously associated with 379 
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NEC in premature infants, including oleate49, proinflammatory cytokines50,51, and 3-380 

nitrotyrosine38. Overall, the mature microbiome composition resulted in marked metabolic and 381 

immune differences that approximated the term stool metabolome (Figures 4D and 7B), and are 382 

indicative of improved fatty acid absorption, breastmilk metabolism, and reduced inflammation. 383 

Our findings complement the recently reported immune silencing effect of the probiotic B. 384 

infants EVC001 on term infants26, extending the evidence for Bifidobacterium strains as drivers 385 

of beneficial immune imprinting during early life. These findings, as well as the ecological 386 

attributes of the more mature and stable microbiome suggest a beneficial effect to extremely 387 

premature infants, especially considering the well-established role of bifidobacteria excluding 388 

pathogenic organisms or providing cues for the developing immune system52. Larger studies in 389 

premature infants are needed to confirm if the metabolic and immune benefits resulting from an 390 

accelerated microbiome maturation result in improved health outcomes in extremely premature 391 

infants. Given that conditions such as NEC are driven by inflammation, such knowledge has 392 

substantial clinical implications.  393 

The pronounced effects of probiotic administration on microbiome maturation can be 394 

explained using an ecological framework. To establish in the gut, organisms must first overcome 395 

the habitat filters present and then possess traits to acquire the available resources to become 396 

competitive53. In contrast to many other probiotic products, the probiotic used in this study is 397 

composed of Bifidobacterium strains from autochthonous species that naturally dominate the 398 

early-life microbiota of infants29,52. Such strains, in contrast to L. rhamnosus HA-111, are highly 399 

adapted to the infant gut. These adaptation include the ability to utilize human milk 400 

oligosaccharides and sugar hexoses52, to competitively exclude other microbes, including 401 

pathogens through short chain fatty acid production54, to decrease the intestinal luminal pH52, 402 
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and to sustain metabolic cross-feeding of other gut microbiome species55,56. Our random forest 403 

analysis revealed that all Bifidobacterium strains (but not L. rhamnosus HA-111) contributed to 404 

microbiome maturation, suggesting a contribution of the wider Bifidobacterium community to 405 

microbiome assembly. The strongest predictor among the bifidobacteria, B. bifidum, provides 406 

substrates (fucose and sialic acid) from the hydrolysis of mucus and HMOs to other microbiome 407 

members27,57,58, while the weakest predictor, B. infantis, internalises substrates without sharing29, 408 

supporting a contribution of cross-feeding in microbiome maturation. Our findings further point 409 

to the importance of priority effects in that an earlier arrival of the probiotic strains enhances 410 

both their own persistence and modifies the trajectory of the assembly process42,59. Given the 411 

rapid and sustained ecosystem transformation linked to the probiotic Bifidobacterium strains, we 412 

propose that bifidobacteria act as ecosystem engineers14 in the premature microbiome, capable of 413 

building, transforming, and preserving the microbial habitat in the infant gut. 414 

Apart from providing strong evidence for the ability to use probiotics to restore the 415 

microbiome in preterm infants, our findings provide important clues on the ecological factors 416 

that lead to the pronounced disruptions observed in preterm microbiomes5-12. Our findings show 417 

that autochthonous Bifidobacterium strains can effectively and stably colonize the preterm gut. 418 

In addition, our random-forest analysis and structural equation modeling showed that such 419 

strains and metabolites associated with their predominance in the community are more important 420 

determinants of microbiome maturation than the host, clinical, and dietary factors often 421 

considered to play important roles. This suggests that the premature microbiome is not primarily 422 

disrupted through treatments and feeding practices of a modern NICU, or the premature 423 

physiological or immunological state of the host, and that microbiome maturational delays are 424 

unlikely to reflect necessary adaptations of the microbiota to the premature conditions. Instead, 425 
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our findings point to the inability of the premature infant to acquire the necessary strains to 426 

initiate the assembly process.  427 

Ecologically, the human gut microbiota can be viewed as a meta-community in which 428 

individuals are linked through dispersal, which constitutes a key ecological process that shapes 429 

microbiome assembly at local scales60. Our strain-specific quantification showed that some 430 

infants in the control group did acquire the probiotic strains (Figure 1), likely because they were 431 

housed in the same NICU, demonstrating the ability to acquire early colonizers through 432 

horizontal transmission. However, this only occurred in a smaller subset of infants, and most 433 

infants acquired strains them later in microbiome development. These findings demonstrate that 434 

dispersal occurs infrequently in an NICU, possibly due to hygienic barriers to prevent infections, 435 

as well as the clinical practices linked to preterm births that disrupt vertical transmission from 436 

the mother to the infant (c-sections, antibiotics, maternal separation, etc.), all of which can 437 

reduce exposure to pioneer organisms that colonize term infants. This dispersal barrier may also 438 

contribute to immune dysregulation resulting in increased intestinal inflammation, which is 439 

central to the pathogenesis of inflammatory and infectious pathologies in extremely premature 440 

infants. If probiotics contain the right microbes that have evolved as early colonizers in humans, 441 

they can essentially function as a mechanism to restore the dispersal process. In this context, 442 

probiotics fall within the framework of ecological restoration as an attempt to reach a desired 443 

community, or to avoid an undesirable one. The findings of this study show that such an 444 

approach has great potential for clinical applications with health benefits to very vulnerable 445 

infant population.  446 

 447 
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Figure Legends 484 

Figure 1. Probiotic strains can stably colonize the extremely premature infant gut. A) Study 485 

design for the randomized controlled trial of probiotics in extremely preterm infants. In the 486 

treatment group, probiotic was started in the first week of life before sample collection (T1) and 487 

continued until 37-39 weeks gestational age (GA) weeks spanning T2 and T3. Additional 488 

samples were collected after cessation of probiotic at 39-40 weeks GA (T4) and 6 months 489 

corrected age (CA) (T5). B-F) Concentration of probiotic strains assessed by strain-specific 490 

qPCR demonstrates increased concentration of all probiotics strains immediately after starting 491 

probiotic at T2. Lacticaseibacillus rhamnosus decreased after cessation of probiotics (B) while 492 

the Bifidobacterium strains showed stable colonisation until 6 months CA. The dashed line 493 

denotes the limit of detection (103 bacterial cells/ml). P values are obtained from linear mixed 494 

models (LMM) and post estimation for linear combination of coefficients (see also Extended 495 

Data Table 2). LOD, limit of detection.  496 

 497 

Figure 2. Probiotics accelerate gut microbiome maturation in extremely preterm infants. 498 

A) Four gut microbiome community types were identified using hierarchical clustering on Bray-499 

Curtis dissimilarity matrix. Association of the community types with beta diversity was tested 500 

using PERMANOVA. B) Microbiome community type distribution across timepoints and 501 

probiotic use. Community types showed temporal distribution, with C1 and C2 more frequent in 502 

earlier and C4 in later timepoints. As a result, C4 is considered the mature community type, 503 

which appeared earlier in infants treated with probiotics. C) Comparison of bacterial richness 504 

(Chao1) in community types (See Extended Figure 2D for comparison of beta diversity). D) 505 

Comparison of the maturational patterns of the microbiome community types with term infants 506 
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at 1 week and 6 months of age. E-F) Comparison of the temporal development of preterm infant 507 

microbiome with term infants at 1 week and 6 months of age in controls (E) and probiotic-508 

treated infants (F). Centroid of each timepoint is denoted as the red circle and the distance to the 509 

centroid of each timepoint to the centroid of 6-month term infants are presented as labels. Trend 510 

analysis in panels C-F were conducted using trendyspliner in SplinectomeR package70. 511 

 512 

Figure 3. Probiotics promote a microbial community with higher interconnectivity and 513 

stability. A-B) Network analysis of the preterm infant microbiome along the microbiome 514 

maturation trajectory (A) and by intervention (B). C) Comparison of network degree and 515 

strength across community types. D) Probability of transition between community types assessed 516 

by Markov Chain modelling compared in controls and probiotic group. E) Time-to-event 517 

analysis demonstrates that probiotics accelerates transition into the C4 mature community type. 518 

Kaplan-Meyer curve for the probability of not reaching the mature community type is shown. F) 519 

Multivariable logistic regression demonstrating the association of probiotic treatment with 520 

microbiome maturation independently of early life events. Adjusted Odds Ratio (OR) and 95% 521 

confidence interval (CI) are presented for all variables in the model.  522 

 523 

Figure 4. Probiotic-induced microbiome maturation is reflected in the stool metabolome. 524 

A-B) Principal component analysis of gut metabolome in premature infants at different 525 

timepoints and by intervention. Interaction between the effects of timepoint and probiotics was 526 

tested using PERMANOVA. C) Principal component analysis of gut metabolome in premature 527 

infants with mature (C4) vs. immature (C1-C3) community types. Effect of maturational status 528 

on the variance of the metabolome was tested using PERMANOVA. D) Differentially enriched 529 



 24 

metabolites in mature (C4) vs. immature (C1-C3) community types as assessed by volcano plot 530 

with fold change threshold of 2 and adjusted t-test threshold of 0.05. Pink circles represent 531 

features above this threshold. E)  The most discriminatory metabolic features from immature 532 

(gray) or mature (turquoise) microbiome maturation status in premature infants compared to 533 

term, breastfed infants (purple). Comparisons were made by pairwise Wilcoxon test. F) 534 

Metabolite levels by microbiome maturity in relation to term breastfed infants. Mean fold 535 

difference in the mature-term vs. immature-term comparisons are shown. 536 

 537 

Figure 5. Probiotic strains and stool metabolites are predictive and drivers of microbiome 538 

maturation. A) Predictors of mature microbiome community type (C4 vs. C1 C2 & C3 539 

combined) ordered by their importance identified through random forest modelling using 10-fold 540 

cross-validation, 500 trees, and 1000 permutations. B) Structural equation modelling was used to 541 

differentiate the influence of probiotics on bacterial richness (Chao1) at each timepoint while 542 

taking into account the structure of association of other early life factors. Probiotic was 543 

administered during T2 and T3 timepoints. Model fit was assessed using p value, CFI, RMSEA, 544 

and SRMR. Abx, antibiotics; CFI, comparative fit index; C/S, Caesarean section; RMSEA, root 545 

mean square error of approximation; SRMR, standardized root mean residuals. 546 

 547 

Figure 6. Probiotic use depletes Candida spp. but probiotic-Candida interactions do not 548 

modulate microbiome maturation. A) Mycobiome community structure at genus level 549 

compared in controls and infants who received probiotics. B) Longitudinal analysis of Candida 550 

spp. according to the intervention using splinectomeR reveals significantly lower abundance in 551 

the probiotic group.  C) Distribution of Candida spp. by intervention confirms lower average 552 
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relative abundance in the probiotic group. D) Categorizing Candida spp. relative abundance into 553 

< 50% or >50% revealed the infants who received probiotic are less frequently dominated by 554 

high levels of Candida spp. E-F) Structural equation modelling to examine the direct effect of 555 

Candida spp. on bacterial richness E) and indirect effect on microbiome maturation via 556 

interaction with probiotic strains F). Model fit was assessed using p value, CFI, RMSEA, and 557 

SRMR. CFI, comparative fit index; C/S, Caesarean section; RMSEA, root mean square error of 558 

approximation; SRMR, standardized root mean residuals. 559 

 560 

Figure 7. Probiotic-induced microbiome maturation reduced proinflammatory cytokines in 561 

stool of extremely premature infants. A) Cytokine concentrations in premature infants 562 

according to the intervention. Comparisons were made by generalized estimating equation 563 

(Extended Data Table S6). B) Correlation of fecal cytokine levels with the 12 most abundant 564 

bacterial genera (mean relative abundance > 1%), Candida, and probiotic strains log 10 565 

transformed cell numbers. Statistical significance was assessed by adjusting for multiple 566 

comparison using Benjamini and Hochberg method. C) Cytokine levels by microbiome maturity 567 

in relation to term breastfed infants. Mean fold difference in the mature-term vs. immature-term 568 

comparisons are shown. 569 

 570 

 571 

 572 

 573 

 574 

 575 
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STAR Methods  578 

CONTACT FOR REAGENT AND RESOURCE SHARING 579 

Further information and requests for resources and reagents should be directed to and will be 580 

fulfilled by the Lead Contact, Marie-Claire Arrieta (marie.arrieta@ucalgary.ca). 581 

Experimental model and participants details 582 

Inclusion and exclusion of study participants 583 

This study was part of a randomized, open-label, controlled trial in the NICU of the Foothills 584 

Medical Centre in Calgary (ClinicalTrials.gov Identifier: NCT03422562). FloraBABY (Renew 585 

Life®, Canada) probiotic was administered to infants in the intervention arm after 586 

randomization. Eligible participants were premature infants admitted to the NICU with birth 587 

weight < 1000 grams and born at less than 29 weeks GA. Eligible infants were identified within 588 

24 hours of birth and parents were approached for informed consent. Once consent was obtained, 589 

infants were randomly assigned in blocks of 4 to receive either FloraBABY probiotics or no 590 

product. Randomization was conducted using a computer-generated table of random numbers. 591 

The study excluded infants with major congenital anomalies, hypoxic-ischemic injury and NEC 592 

or bowel perforation occurring within 72 hours of birth. Probiotic administration was started 593 

before 7 days of age and continued until 37 weeks post-menstrual age, at a dose of 0.5g per day 594 

in 1 ml of milk or colostrum as part of the feeding. Each dose contained 4 ×  109 total colony 595 

forming unit (CFU) of four Bifidobacterium strains (B. breve 1.2 ×  109 CFU, B. bifidum 596 

8 × 108 CFU, B. infantis 6 ×  108 CFU, and B. longum 6 ×  108) together with 597 

Lacticaseibacillus (formerly Lactobacillus61) rhamnosus 1 ×  109 CFU, mixed with maltodextrin 598 

and ascorbic acid. No probiotic or placebo was given to infants in the control group. Treatment 599 

for the intervention group started after obtaining informed parental consent and after the first 600 
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stool sample was obtained, except for two infants, who received the probiotic before the first 601 

stool sample. Probiotics were administered until the age of term (37-39 weeks post-menstrual 602 

age). Total probiotic treatment duration ranged between 45-87 days, depending on gestational 603 

age at birth (Figure 1A). This trial was conducted in accordance and compliance with all 604 

relevant ethical regulations by the Conjoint Health Research Ethics Board of the University of 605 

Calgary (approved protocol REB16-0542). 606 

Maternal, infant and early-life factors 607 

The following variables were collected throughout the study and incorporated in the analysis: GA at 608 

birth, chronological age, birth weight, sex, number of older siblings, mode of delivery, maternal 609 

antenatal administration of antibiotics, age in days at the start of enteral feeds and inclusion in 610 

the study, total duration of probiotics, duration of neonatal antibiotic use (type and duration), 611 

type of feeds during NICU and up to 6 months CA, including milk type, fortification, and type of 612 

fortification. 613 

METHOD DETAILS 614 

Sample Collection and Processing  615 

Stool samples were collected at five time points: prior to first probiotic administration (T1); 2-3 616 

weeks after first administration (T2); 4-5 weeks after first probiotic administration (T3); 2 weeks 617 

after probiotic discontinued (T4); and at 6 months CA (T5; Figure 1A). CA refers to the infant 618 

age if the pregnancy would have gone to term. Stool samples for the control group were 619 

collected at matched gestational and chronological age time points. Stool was collected directly 620 

from the infant’s diaper by NICU nurses (T1-T4) or participant parents at home (T5). Samples were 621 
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placed at 4C in the NICU or at home for a maximum of 12 hours, or at -20C in a NICU or 622 

home freezer for up to 48 hours and were stored at -80°C upon arrival in the laboratory for 623 

subsequent processing. 624 

DNA extraction 625 

DNA was extracted from ~50 mg of stool.  Samples were mechanically lysed using MO BIO dry 626 

bead tubes (MO BIO Laboratories, USA) and the FastPrep homogenizer (TissueLyser II, Qiagen, 627 

Hilden, Germany) before DNA extraction with the DNeasy PowerSoil Pro Kit according to the 628 

manufacturer’s instructions (Qiagen, Canada). Following extraction, DNA concentration was 629 

measured in a NanoDrop spectrophotometer (Thermofisher, Canada) and subsequently used in 630 

qPCR and sequencing reactions.  631 

Quantitative PCR 632 

To specifically quantify FloraBABY strains in fecal samples, qPCR was performed on genomic 633 

DNA using specific primer sequences (Extended Data Table 2) and qPCR protocols previously 634 

validated to detect these probiotic strains in stool samples62. We carried out further validation of 635 

the specificity of the primers using individual strains in maltodextrin powder and a standard 636 

operating procedure, provided by Lallemand Health Solutions, Montreal, Canada. Each strain 637 

powder was spiked into stool samples negative for the probiotic strains. These samples were 638 

obtained from infants enrolled in a longitudinal birth cohort study in rural Mexico, with no 639 

history of exposure to probiotics. To determine the concentration of each strain, one gram of 640 

lyophilized powder of each probiotic strain was diluted in 99 ml phosphate buffered saline to 641 

obtain 10-2 solution.  Flow cytometry counts provided the concentration (bacteria/ml) to calculate 642 

the total count of cells in 10-2 solution for each strain. A selected set of stool samples from 643 
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Mexican cohort were spiked with the exact volume required to reach a concentration of 109 644 

bacteria/ml. Unspiked stool samples were used as negative controls. To validate the qPCR 645 

methods, ten-fold dilutions (102  to 109) of DNA extracted from the spiked and unspiked aliquots 646 

were used as templates in qPCR validation plates (triplicates for each dilution). Reactions were 647 

run using StepOne™ Real-Time PCR System using the following protocol: 2 initial steps of 648 

2 min each at 50 °C and 95 °C, followed by 40 cycles of 15 seconds at 95 °C, 30 seconds at 60 649 

°C and 30 seconds at 72 °C. DNA concentrations were measured for all five probiotic strains 650 

using serially diluted spiked DNA extracted from spiked stool samples as standards. Clinical 651 

samples were run on duplicate using 4ng of extracted DNA as template. Cell numbers were 652 

calculated as cell/ml based on the standard curve method. Cell number values obtained below the 653 

detection limit (103 cells/ml for all probiotic strains) were substituted with limit of detection 654 

divided by square root of 2 to account for variance in statistical tests and models. 655 

16S rRNA and ITS2 gene sequencing  656 

PCR was used to amplify the V4 region of the bacterial 16S rRNA gene and the ITS2 region of 657 

the fungal ITS genetic marker from fecal DNA. This generated ready-to-pool dual-indexed 658 

amplicon libraries as described previously63. 16S and ITS amplicon libraries were prepared at 659 

Microbiome Insights (University of British Columbia, Vancouver, Canada). In-house extracted 660 

DNA samples were sent to the facility and amplified using Phusion Hot Start II DNA 661 

Polymerase (Thermo-Fisher). PCR products were purified, and DNA concentration normalized 662 

using the high-throughput SequalPrep Normalization Plate Kit (Applied Biosystems, USA) and 663 

quantified accurately with the KAPA qPCR Library Quantification kit (Roche, Canada). 664 

Controls without template DNA and mock communities with known amounts of selected 665 

bacteria and fungi were included in the PCR and downstream sequencing steps to control for 666 
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microbial contamination and verify bioinformatics analysis pipeline. Samples were sequenced in 667 

two runs and biological controls were included in both runs to assess for batch effects. The 668 

pooled and indexed libraries were denatured, diluted, and sequenced in paired-end modus on an 669 

Illumina MiSeq (Illumina Inc., San Diego, USA). 16S rRNA and ITS2 gene sequencing were 670 

performed at Microbiome Insights, Vancouver, BC.   671 

Metabolomics  672 

Untargeted fecal metabolomics was performed at the Metabolomics Research Facility of the 673 

University of Calgary. Stool samples from timepoints 1, 3, 4 and 5 (N=209) were prepared for 674 

metabolomic analysis. Frozen fecal samples were mixed with ice-cold 50% methanol in a 1:5 675 

ratio and homogenized in a bead beater with three small steel beads (30Hz for 2x1.5 minute) 676 

using high quality 2mL autoclaved safe-lock tubes. Samples were incubated for 30 min at 4 ºC 677 

and then centrifuged for 10 min at maximum speed at 4 ºC. The supernatant was collected and 678 

stored at -80 ºC until analysis. 200uL of each sample were transferred to 0.8mL deep 96-well 679 

plates. Prior to the run samples were diluted further to 1:50. Samples were run on a Q Exactive™ 680 

HF Hybrid Quadrupole-Orbitrap™ Mass Spectrometer (Thermo-Fisher, Catalog number: 681 

IQLAAEGAAPFALGMBFZ) coupled to a Vanquish™ UHPLC System Integrated 682 

biocompatible system (Thermo-Fisher, Catalog number: IQLAAAGABHFAPUMZZZ 8). 683 

Chromatographic separation was achieved on a Syncronis HILIC UHPLC column (2.1mm × 684 

100mm × 1.7μm, Thermo-Fisher) using a binary solvent system at a flow rate of 600uL/min. 685 

Solvent A consisted of 20mM ammonium formate pH 3.0 in mass spectrometry grade H2O; 686 

Solvent B, mass spectrometry grade acetonitrile with 0.1% formic acid (%v/v). The following 687 

gradients were used: 0-2 mins, 100% B; 2-7 mins, 100-80% B; 7-10 mins, 80-5% B; 10-12 mins, 688 

5% B; 12-13 mins, 5-100% B; 13-15 mins, 100% B. A sample injection volume of 2μL was 689 
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used. The mass spectrometer was run in negative full scan mode at a resolution of 240,000 690 

scanning from 50-750m/z. Metabolite data were analyzed using the MAVEN software 691 

packages64,65. Metabolites were identified by matching observed m/z signals (+/- 10ppm) and 692 

chromatographic retention times to those observed from commercial metabolite standards 693 

(Sigma). Creatine was quantified by an 8-point standard curve. Metabolomic data were 694 

normalized by median, square root transformed, and pareto scaled (mean-centered and divided 695 

by the square root of the standard deviation of each variable) using Metaboanalyst 5.066 for 696 

downstream analysis.  697 

 698 

Immune factor determination  699 

Frozen stool samples were used to measure cytokine, chemokine and calprotectin concentrations 700 

using the V-PLEX TH17 Panel 1, V-PLEX Proinflammatory Cytokine Panel 1, and R-PLEX 701 

Human Calprotectin assays (Mesoscale Devices). Prior to assay determination, 50 – 150 mg of 702 

sample were homogenized in 1 mL of lysis buffer (150 mM NaCl, 20 mM Tris, 1 mM EGTA, 703 

1% Triton X-100, protease inhibitor) for 4 min at 20 Hz using a tissue homogenizer (TissueLyser 704 

II, Qiagen). Homogenized samples were then centrifuged at 14,000 x g for 10 min to removed 705 

debris, and appropriately diluted according to total protein present in corresponding supernatants, 706 

as determined by the Pierce BCA Protein Assay Kit (Thermo Scientific, Product No. 23225). 707 

Acquired MSD data for each sample was then normalized to its total protein concentration prior 708 

to statistical analysis. 709 

Quantification and statistical analysis 710 
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Sequencing processing 711 

Sequences were checked for quality, trimmed, merged, and checked for chimeras using the 712 

DADA2 v1.10.167 pipelines for 16S or ITS2. Unique amplicon sequence variants (ASVs) were 713 

assigned taxonomy using the UNITE v.8.0 (fungi)68 and SILVA v.132 (bacteria) 69 databases at 714 

99% sequence similarity. Sequencing data analysis was conducted in R70. Initial preprocessing of 715 

the ASV table was conducted using the Phyloseq package v.1.26.171. Overall, 10,915 unique 716 

bacterial ASVs were detected. ASVs only present in the negative controls (n=3,963) and ASVs 717 

belonging to phylum Cyanobacteria, family of mitochondria, and class of chloroplast (n=49) 718 

were removed. Samples with less than 5,000 sequencing reads were excluded (n=15) and ASVs 719 

with less than 20 reads across the entire dataset (n=6,173) were also removed. The remaining 720 

samples (n=264) were rarefied to the minimum 6,000 sequencing reads per sample resulting in 721 

3,410 remaining ASVs. This dataset was used for analysis unless otherwise specified. For the 722 

ITS2 dataset, 3,400 unique ASVs were detected. ASVs only present in the negative controls 723 

(n=29) and ASVs belonging to kingdom Plantae (n=53) and unclassified fungi at phylum level 724 

(n=815) were removed. Samples with less than 5,000 sequencing reads were excluded (n=15) 725 

and ASVs with less than 20 reads across the entire dataset were also removed resulting in 2,319 726 

remaining ASVs. This dataset was used for analysis unless otherwise specified.  727 

Assessing sequencing technical accuracy 728 

Genomic DNA of 6-8 samples was included in sequencing library preparation of both 729 

sequencing runs as biological controls. We assessed the technical accuracy between the runs by 730 

analyzing biological controls composition between the runs (Extended Data Figure 1A and 731 

1B). Depth of sequencing was also compared between the sequencing runs. Run 2 had 732 

significantly higher sequencing depth per sample in both 16S rRNA and ITS2 gene sequencing 733 
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(Extended Data Figure 1C and 1D). Run 2 included a higher proportion of older infants and 734 

had higher total DNA concentration (Extended Data Figure 1E and 1F). No other variables 735 

differed between sequencing runs. 736 

Exclusion of data 737 

Two infants received probiotics prior to sample collection and thus their T1 samples were 738 

removed from the analysis. 739 

Probiotic strain colonization assessment 740 

Data analysis was conducted in R v.4.0.370. The effect of the probiotic intervention and sampling 741 

timepoint on probiotic strain cell number was determined using linear mixed models (LMM) and 742 

post estimation for linear combination of coefficients using lme4 v.1.1.2672, foreign v.0.8.80 and 743 

multcomp v.1.4.1673 packages. The frequency of probiotic strains detection at different 744 

timepoints were compared between controls and infants who received the probiotic using χ2 test. 745 

Identification of microbiome community types 746 

Microbiome maturation was assessed using hierarchical clustering on Bray-Curtis dissimilarity 747 

matrix at the genus level, with ward sum-of-square algorithm. The optimal number of clusters 748 

was determined using Gap statistics, which compares the observed change in within-cluster 749 

dispersion versus the expected change under an appropriate reference null distribution74. 750 

Dissimilarity (β diversity) of clusters was assessed by permutational ANOVA (PERMANOVA) 751 

using the vegan package v.2.5.775.  752 

Assessment of the effect of probiotics on the transition to the mature community type 753 

Markov chain state transition probabilities were estimated using markovchain package v.0.8.576 754 

and visualized using DiagrammeR v.1.0.6.177. The time to transition to the mature community 755 

type was assessed using Kaplan Meyer analysis using survival package v.3.2.7 and visualized by 756 
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survminer package v.0.4.878,79. The confounding effect of other relevant early life events on the 757 

association of probiotics with gut microbiome maturation was assessed using logistic regression 758 

using finalfit package v.1.0.280.   759 

Comparison of microbiome composition in preterm with term infants 760 

Comparison of preterm and term infant gut microbiome was performed using the gut 761 

microbiome data of a preliminary subset of term infants enrolled in the MAGIC Study 762 

(ClinicalTrials.gov Identifier: NCT03001167), a longitudinal microbiome study of term infants 763 

conducted at the Children’s Hospital of Philadelphia. We focused on breastfed, vaginally-born 764 

term infants at 1 week (N=44) and 6 months (N=24) of age. Clustering as explained above was 765 

applied to the term infant data at the genus level and compositional dissimilarity was assessed 766 

using Bray-Curtis metric and visualized using ggridges package v. 0.5.281. The difference in 767 

PCoA1 was calculated for the preterm infants to the mean of PCoA1 of terms infants at 1 week 768 

and compared based on the intervention using ANOVA. The microbiome composition at the 769 

genus level was z normalized and visualized in a heatmap using ComplexHeatmap package v. 770 

2.4.282. 771 

Ecological investigation of microbiome community in response to probiotics 772 

Microbiome network analysis was conducted at the genus level and separately for each cluster. 773 

Genera with less that 0.1% mean relative abundance and less than 25% prevalence were 774 

excluded. The microbiome data was centre log-ratio transformed to control for 775 

compositionality83,84. Subsequently, partial correlations were assessed using Spearman rank 776 

correlation and correlations with absolute coefficient of more than 0.25 were visualized as 777 

networks using qgraph package v. 1.6.585. Centrality network parameters were estimated using 778 

qgraph package85. 779 
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Metabolomics comparison by intervention and community type 780 

Differential metabolic features were identified using MetaboAnalyst 5.0 with volcano plot, using 781 

a fold change threshold of 2 and adjusted t-test threshold of 0.0566.   782 

Predictive modelling  783 

Predictive modelling was conducted to identify predictors of microbiome maturation in 784 

premature infants. Decision tree was performed using rpart v. 4.1.15 and visualized using 785 

rpart.plot v. 3.0.886,87. Random forest was performed using 10-fold cross-validation, 500 trees, 786 

and 1000 permutation using randomForest v. 4.6.14 and caret v. 6.0.86 packages88,89.  787 

Structural equation modelling 788 

Structural equation modeling (SEM) was performed using the lavaan package v. 0.6.690. The 789 

model was estimated using maximum likelihood (ML) parameter estimation and NLMINB 790 

optimization method with bootstrapping (n=1000)91. Model fit was assessed by χ2 test, the 791 

comparative fix index (CFI), root mean square error of approximation (RSMEA) and its 90% 792 

confidence interval (CI), and the standardized root mean residuals (SRMR). Non-significant χ2 793 

test, CFI≥0.9, RMSEA<0.05, and SRMR<0.08 were considered as indications of good model fit 794 

91.  795 

Longitudinal analysis 796 

Longitudinal analysis was performed using permuspliner function from splinectomeR v.0.1.0 797 

with 1000 permutations92 for taxa, and generalized estimating equation (GEE)93 for cytokines 798 

using geepack v.1.3.294. The optimum GEE model for each cytokine was selected based on the 799 

cytokine distribution and the model performance with different correlation structures: 800 

independence, exchangeable, autoregressive 1, or unstructured. The family of the GEE model 801 

was set as gaussian or gamma for normal or positively skewed cytokine distribution, 802 
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respectively. The models were compared based on the quasi-likelihood information (QIC) 803 

criterion using MuMIn v.1.43.17 and pander v.0.6.4 packages 95,96. The model with the lowest 804 

QIC was selected for each cytokine. Trend analysis was conducted using trendyspliner function 805 

of SplinectomeR.  806 

Univariate analysis of cytokines and metabolites 807 

Cytokine and metabolite concentrations were compared by pairwise Wilcoxon test. 808 

 809 

Data Availability Statement 810 

Demultiplexed 16S and ITS2 sequencing data was deposited into the Sequence Read Archive 811 

(SRA) of NCBI and will be accessible via accession numbers PRJNA721684 and 812 

PRJNA721688. Metabolomics mass spectral raw data were deposited to MetaboLights (study 813 

identifier MTBLS2699).  814 

 815 

Code Availability Statement: The R codes are provided as supplementary file 1. 816 

 817 

 818 

  819 
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Figure 1. Probiotic 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 before 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 colonisation until 6 months 

CA. 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 Extended Data Table 2). LOD, limit 

of detection. 
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Figure 2. Probiotics accelerate 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 

timepoints and probiotic use. Community types showed temporal distribution, with C1 and C2 more frequent in earlier 

and C4 in later timepoints. 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 Extended 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-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 timepoint 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 panels C-F were conducted using trendyspliner in SplinectomeR package70.
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Figure 3. Probiotics promote a microbial community with higher interconnectivity and stability. A-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 modelling compared in controls and probiotic group. E) Time-to-event analysis 

demonstrates that probiotics accelerates transition into the C4 mature community type. Kaplan-Meyer curve for the 

probability of not reaching the mature community type is shown. F) Multivariable logistic regression demonstrating the 

association of probiotic treatment with microbiome maturation independently of early life events. Adjusted Odds Ratio 

(OR) and 95% confidence interval (CI) are presented for all variables in the model. 



Figure 4

C)

B)A)

D)

Probiotics*Timepoint 
R2= 0.08 p=0.03

Increased in immatureIncreased in mature

Leucine

L-phenylalanine

Oleic acid

Palmitoleic acidArachidic acidInosine

N-acetyl-DL- glutamate
N-acetyl-L- aspartate

Cholate

E) F)
p=0.002

p<0.001

p=0.001

p<0.001 p<0.001

p=0.003 p<0.001
p=0.008 p<0.001

p=0.026p=0.004

p=0.012
p=0.012
p<0.001 P=0.003

R2= 0.07 p<0.001

p=0.001
p<0.001



Figure 4. Probiotic-induced microbiome maturation is reflected in the stool metabolome. A-B) Principal 

component analysis of gut metabolome in premature infants at different timepoints 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) vs. 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) vs. 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. E)  The most discriminatory 

metabolic features from immature (gray) or mature (turquoise) microbiome maturation status in premature infants 

compared to term, breastfed infants (purple). Comparisons were made by pairwise Wilcoxon test. F) Metabolite levels 

by microbiome maturity in relation to term breastfed infants. Mean fold difference in the mature-term vs. immature-

term comparisons are shown .
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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 vs. C1 C2 & C3 combined) ordered by their importance 

identified through random forest modelling using 10-fold cross-validation, 500 trees, and 1000 permutations. B) 

Structural equation modelling was used to differentiate the influence of probiotics on bacterial richness (Chao1) at each 

timepoint while taking into account the structure of association of other early life factors. Probiotic was administered 

during T2 and T3 timepoints. Model fit was assessed using p value, CFI, RMSEA, and SRMR. Abx, antibiotics; CFI, 

comparative fit index; C/S, Caesarean section; RMSEA, root mean square error of approximation; SRMR, standardized 

root mean residuals.
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Figure 6. Probiotic use depletes Candida spp. but probiotic-Candida interactions 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) Categorizing Candida spp. 

relative abundance into < 50% or >50% revealed the infants who received probiotic are less frequently 

dominated by high levels of Candida spp. E-F) Structural equation modelling to examine the direct effect of 

Candida spp. on bacterial richness E) and indirect effect on microbiome maturation via interaction with probiotic 

strains F). Model fit was assessed using p value, CFI, RMSEA, and SRMR. CFI, comparative fit index; C/S, 

Caesarean section; RMSEA, root mean square error of approximation; SRMR, standardized root mean residuals.
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Figure 7

Figure 7. Probiotic-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 (Extended Data Table S6). 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 vs. immature-term comparisons are shown .

A) 
p = 0.02 p = 0.03 p = 0.005 p = 0.003 

p = 0.07 p = 0.06 p = 0.045 p = 0.01 
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Figure S1. Sequencing technical accuracy verification. A-B) Composition of biological controls at phylum level 

correspond strongly between the two sequencing runs for both bacteria (A) and fungi (B). C-D) Depth of 

sequencing is higher in Run 2 in both bacteria 16S rRNA gene sequencing (C) and fungi ITS2 sequencing (D). E)

Run 2 is enriched in older infants and F) Run 2 has higher total genomic DNA concentration.
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Figure S2

Figure S2. Probiotic strains can stably colonize the extremely premature infant gut. A-E) the frequency of 

probiotic strains detection at different timepoints are compared between controls and infants who received the 

probiotic. The frequencies were statistically tested between the intervention groups at each timepoint using χ2 test. ~ p 

< 0.01, * p < 0.05, ** p< 0.001. 
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Figure S3. Microbiome community type assessment in the bacterial microbiome of preterm infants. A) 

The optimal number of clusters was identified using Gap statistics. Subsequently, microbiome community 

types were identified by hierarchical clustering and cutting the tree into 4 clusters. B) Infants who received 

probiotic arrive at the mature community type as early as T2 while the control group shows delays in 

microbiome maturation. Mature community type was identified based on the frequency of the 4 clusters across 

the timepoints (see Figure 2B). C) Individualized microbiome community trajectories are illustrated in rows, 

with each row representing individual time series per study participant. D) Comparison of bacteria beta 

diversity using Bray-Curtis dissimilarity in community types. Trend analysis was conducted using 

trendyspliner in SplinectomeR package70 (See Figure 2C). 
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Figure S4. Comparison of the preterm infant microbiome to term breastfed infants. 

A) Comparison of the overall composition using Bray-Curtis dissimilarity and visualized as principal coordinate 

plot (PCoA) reveals that communities are distinct in term vs. preterm infants with the term community having lower 

heterogeneity. B). Comparison of the community types with terms infants using Bray-Curtis dissimilarity and 

visualized as PCoA plot. The mature C4 community type is closer in composition to the term infants. Association of 

the infant status and community types with beta diversity was tested using PERMANOVA in panels A and B. C)

Most abundant taxa at the genus level are visualized in a heatmap comparing community types in preterm infants to 

the composition of the term infants. Mature C4 community type is clustered with the term infants and is 

characterized by higher abundance of Bifidobacterium spp. 
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Figure S5. Mycobiome community types are not associated with microbiome maturation trajectory in 

premature infants. A) Four gut mycobiome community types were identified using hierarchical clustering 

on Bray-Curtis dissimilarity matrix. B) The mycobiome community types do not show strong temporal 

distribution across timepoint but C4 community type (blue) is reduced throughout the study. C) Most 

abundant taxa at the genus level are visualized in a heatmap according to the intervention, community type 

(cluster) and timepoints (T1-T5).



Figure S6

Figure S6. Probiotics reduced proinflammatory cytokines in stool of extremely premature infants. A) Cytokine 

concentrations in premature infants treated with probiotics (red) and untreated controls (gray) during the randomized 

clinical trial. Shaded area denotes the hospitalization period after after the probiotic intervention started (Timepoints 

T2-T4). Comparisons were made by generalized estimating equation B) Cytokine concentrations in premature infants 

according to maturational status. Comparisons were made by pairwise Wilcoxon test. 

A)

B)
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Table S1. Effect of probiotic use and sample time point on probiotic strain concentrationa 

(see Figure 1).  

 
 B. bifidum B. breve B. longum B. infantis L. rhamnosus 

Variables Estimates p-value Estimates p-value Estimates p-value Estimates p-value Estimates p-value 

Linear Mixed Model 
Intervention  

    Control 

    Probiotics 

 

Ref. 

0.005 

 

0.989 

 

Ref. 

0.016 

 

0.965 

 

Ref. 

-0.024 

 

0.950 

 

Ref. 

-0.113 

 

0.775 

 

Ref. 

0.021 

 

0.934 

Timepoint 

    T1 

    T2 

    T3 

    T4 
    T5 

 

Ref. 

0.038 

0.069 

0.847 
1.732 

 

- 

0.895 

0.815 

0.004 

<0.001 

 

Ref. 

0.066 

0.006 

1.330 
1.071 

 

- 

0.824 

0.984 

<0.001 

0.005 

 

Ref. 

0.083 

0.154 

1.071 
0.426 

 

- 

0.789 

0.625 

<0.001 

0.268 

 

Ref. 

0.154 

0.536 

0.711 
0.696 

 

- 

0.625 

0.096 

0.025 

0.079 

 

Ref. 

0.003 

0.166 

0.151 
0.013 

 

- 

0.987 

0.425 

0.466 
0.961 

Interaction 

    Intervention*T2 

    Intervention*T3 
    Intervention*T4 

    Intervention*T5 

 

2.527 

2.537 
2.537 

1.250 

 

<0.001 

<0.001 

<0.001 

<0.001 

 

3.106 

2.893 
1.827 

1.954 

 

<0.001 

<0.001 

<0.001 

<0.001 

 

3.151 

2.745 
2.264 

1.481 

 

<0.001 

<0.001 

<0.001 

0.012 

 

2.837 

2.087 
2.681 

0.925 

 

<0.001 

<0.001 

<0.001 

0.125 

 

2.606 

2.100 
0.676 

-0.045 

 

<0.001 

<0.001 

0.039 

0.907 

Post-estimation of linear combination of coefficients 
Cumulative effect of 

probiotic at:  

    T1+T2 

    T1+T3 

    T1+T4 
    T1+T5 

 

 

2.532 

2.541 

2.542 
1.255 

 

 

<0.001 

<0.001 

<0.001 

0.005 

 

 

3.123 

2.908 

1.843 
1.970 

 

 

<0.001 

<0.001 

<0.001 

<0.001 

 

 

3.127 

2.722 

2.241 
1.457 

 

 

<0.001 

<0.001 

<0.001 

0.001 

 

 

2.725 

1.975 

2.568 
0.813 

 

 

<0.001 

<0.001 

<0.001 

0.083 

 

 

2.627 

2.121 

0.697 
-0.024 

 

 

<0.001 

<0.001 

0.001 

0.936 

a The analysis was conducted using linear mixed model following log10 transformation of the probiotic cell number. Cell number values 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. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

Table S2. Florababy strain-specific primers 

 

Strain Primer Name Primer Sequence 

Annealing 

Temp 

(˚C) 

Amplicon 

Size (bp) 

Bifidobacterium 

breve 

HA-129 

HA-129_225-F2 

HA-129_225-R2 

CGACCCTAATGACGTGGAGG 

CATTTCAGCCAGTACGTGCG 
60 195 

Lacticaseibacillus 

rhamnosus 

HA-111 

113A29_293FL 

113A29_321RU 

ACTCCAAAGAGCATTACCTCCG 

TGAATATGCCGGATCTAAGTCCA 
60 71 

Bifidobacterium 

bifidum HA-132 

R71_GB_NC2_F 

R71_GB_NC2_R 
AAGTGTGAGCCGGTGATAGC 

CAGTACGTCGGCCGTTACAT 
60 78 

Bifidobacterium 

longum subsp. 

infantis HA-116 

R33_GB_GE1_F 

R33_GB_GE1_R 

ACGATGCGAGGTGCGATTAT 

CCCAAGACAAGTCCGCAGAT 
60 80 

Bifidobacterium 

longum subsp. 

longum HA-135 

R175_AP_HP10_F 

R175_AP_HP10_R 
GTCGCCACATTTCATCGCAA 

GAGAGCTTCGATTGGCGAAC 
60 99 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

Table S3. Study participants characteristics 

Variables Probiotics N=26 Control N=31 P value 

GA weeks mean (SD) 26 (1) 26 (1) 0.3 

BWT mean (SD) 797 (208) 751 (132) 0.324 

Sex n (%) Male 

Female 

14 (44%) 

12 (46%) 
11(32%) 

21 (68%) 
0.4 

Multiples n (%) 7 (23%) 10 (29%) 0.77 

Mode of delivery n (%) SVD 

CS 

8 (31%) 

18 (69%) 
6 (19%) 

25 (81%) 
0.37 

Birth order n (%) 1st 

2nd-3rd 

≥4th 

20 (77%) 

4 (15%) 

2 (7.7%) 

18 (58%) 

12 (39%) 

1 (3%) 

0.13 

Chorioamnionitis n (%) 3 (11.5%) 5 (16%) 0.7 

PPROM n (%)  9 (35%) 13 (42%) 0.79 

Antenatal ABX n (%) 10 (38%) 11(35%) >0.99 

ABX any 23 (89%) 29 (94%) 0.65 

EARLY ABX n (%) 19 (73%) 26 (84%) 0.35 

Hospital days mean (SD) 106 (26) 105 (28) 0.88 

DOT median (25%-75%) 15.5 (8-23) 11.5 (5-17) 0.12 

ABX: antibiotics, Early ABX: first 48 hours of life, DOT: days of ABX treatment: sum of duration of 

each ABX per 100 hospital days. P value was determined by unpaired t test, Mann-Whitney and Fisher 

exact. 

 

 

 

 

 



 

 

 

 

 

 

Table S4: Study participant dietary information at ages 1, 2, 4 weeks of life, at 40 weeks 

PMA and 6 months CA. 

Time of Assessment  Participants analyzed 

Probiotics  

Participants analyzed 

Control 

P value 

Week 1 N=26 N=31 
 

MOM  16 (61%) 18 (58%) >0.999 

DHM 19 (73%) 20 (65%) 0.5737 

Week 2 N=23 N=31 
 

MOM 19 (83%) 27(87%) 0.7108 

DHM 6(26%) 7 (29%) >0.999 

HMF 22 (96%) 26 (84%) 0.2241 

Week 4 N=25 N=28 
 

MOM 21 (84%) 26 (93%) 0.4042 

DHM 3(12%) 4(14%) >0.9999 

HMF 21(84%) 26(93%) 0.4042 

PMA 40 weeks N=25 N=30 
 

Exclusive MOM 15 (60%) 23(77%) 0.2447 

Mixed 

 (MOM+ Formula)  

4(16%) 3(10%) 0.24 

Formula 10(40%) 7 (23%) 0.2447 

6 mo CA N=24 N=30 
 

MOM 6mo CA 5(21%) 7(23%) >0.9999 

Formula 21(88%) 27(93%) >0.9999 

MOM: mother’s own milk, DHM: donor human milk, HMF: human milk fortifier, Formula: any type of 

artificial formula milk. 



 

 

 

 

Table S5. Differential metabolites in premature infant stool between immature and mature 

community types  

Compounds 
Fold change 

(FC) 
Log2 FC 

Adjusted p 

(FDR) 
-log10(p) 

Leucine  3.8787 1.9556 7.7103e-05 4.1129 

N-Acetyl-DL- 

glutamic acid  
0.41038 -1.285 0.00049245 3.3076 

L-phenylalanine  2.3824 1.2524 0.00049245 3.3076 

N-Acetyl-L-aspartic 

acid 
0.34299 -1.5438 0.0032034 2.4944 

Inosine  5.704 2.512 0.0035457 2.4503 

L-valine  2.3677 1.2435 0.0035574 2.4489 

Oleate 

 
10.025 3.3255 0.01729 1.7622 

Orotate 

 
0.2987 -1.7432 0.017844 1.7485 

Arachidic acid 

 
6.3829 2.6742 0.018335 1.7367 

L-cysteine 

 
3.3505 1.7444 0.018335 1.7367 

Palmitoleic acid 

 
10.038 3.3274 0.020116 1.6965 

Cholate 

 
0.044846 -4.4789 0.038278 1.417 

LL-2,6 

diaminoheptanedioate 
0.34884 -1.5194 0.043007 1.3665 

Taurine 0.23445 -2.0927 0.043544 1.3611 

Features selected by fold change threshold (2) and false discovery rate (0.05). 

 

 

 

Table S6. Effect of probiotic and sample timepoint on stool cytokine concentrations. 

 



The analysis was conducted using generalized estimating equation (GEE). The optimum GEE model for each cytokine was selected based on the 

cytokine distribution and the model performance 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. 

 

 Intervention 

[probiotics] 

Timepoint [T3] Time point [T4] 

Cytokine (pg/mg 

total protein) 

Estimate p-value Estimate p-value Estimate p-value 

Calprotectin 

 

-0.57 0.010 -0.28 0.219 -0.13 0.592 

IFN gamma -1.44 0.019 1.43 0.129 -0.83 0.134 

IL-10 -0.84 0.031 0.01 0.975 0.25 0.623 

IL-12p70 -0.98 0.005 -0.07 0.860 0.54 0.256 

IL-13 -0.54 0.250 -0.36 0.557 0.07 0.909 

IL-1 beta -0.26 0.638 1.29 0.019 -1.44 0.006 

IL-2 0.46 0.133 0.34 0.233 0.84 0.001 

IL-4 -1.13 0.003 -0.03 0.941 0.44 0.388 

IL-6 -0.80 0.193 -0.74 0.429 -0.41 0.613 

IL-8 -0.93 0.100 -0.21 0.796 -1.14 0.075 

TNF alpha -0.54 0.069 0.21 0.512 0.21 0.519 

IL-17A 0.67 0.064 -0.48 0.330 -0.89 0.061 

IL-21 0.14 0.711 -0.05 0.922 -0.19 0.685 

IL-22_ 0.86 0.045 -0.47 0.351 -0.71 0.175 

IL-23 -0.02 0.933 0.12 0.728 -0.10 0.797 

IL-27 0.34 0.245 -0.16 0.669 -0.17 0.667 

IL-31 0.49 0.398 -0.49 0.408 -0.46 0.513 

MIP3 alpha 0.56 0.105 0.09 0.831 0.76 0.102 
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