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Effect of Probiotic dose escalation on faecal microbiota and gut inflammation in extremely preterm infants – A randomised study

Background
Survival of extremely preterm infants (gestation <28 weeks) has improved in the last few decades due to advances in neonatal intensive care. This population of infants is at high risk of morbidities such as necrotizing enterocolitis (NEC)(1), late onset sepsis (LOS)(2), and suboptimal nutrition in early postnatal life due to feeding intolerance, which are associated with poor long-term growth and neurodevelopmental outcomes(3-9).
Evidence from systematic reviews of over 60 randomised controlled trials (RCTs) and 30 non-RCTs suggests that probiotics significantly reduce the risk of all-cause mortality, NEC, LOS, and feed intolerance in preterm infants(10-12). Despite this, the uptake of prophylactic administration of probiotics as standard practice for preterm infants has been relatively slow due to concerns such as inadequate evidence on the optimal strains/combinations and dose(13).
An effective dose of a probiotic has been pragmatically defined as that which has been shown to be beneficial in a large RCT(14). Deshpande et al recommended a daily dose of 3 x 109 colony forming unit (cfu)/ day in preterm very low birth weight (VLBW) infants (<32 weeks’ gestation) based on the median dose used in RCTs. They recommended starting at half the dose (1.5 x 109 cfu/day) in extremely low birth weight infants (14). However, very few probiotic dose-response studies in preterm infants have been reported till date (15, 16).  
Dutta et al randomly allocated 149 preterm infants (mean gestation 30-31 weeks) to groups A–D (received 12-hourly probiotic supplementation of 1010 cells for 21 days, 1010 cells for 14 days, 109 cells for 21 days and placebo, respectively). The proportion of infants colonized with probiotic species was similar with high-dose and standard dose regimes. There were trends toward more cfu of Lactobacillus and Bifidobacterium per ml of stool in group A versus B and group B versus C(15). Underwood et al randomly allocated 12 formula-fed preterm infants (mean gestation 30 to 31 weeks at first dose) to receive either B. infantis or B. lactis in increasing doses over a 5-week period. The dose was 5 × 107, 1.5 × 108, 4.5 × 108, 1.4 × 109, 4.2 × 109 cfu at weeks 1, 2, 3, 4 and 5, respectively. There was a greater increase in faecal bifidobacteria among infants receiving B. infantis than those receiving B. lactis. This difference was most marked at a dose of 1.4 × 109 cfu twice daily. Relative abundance of bifidobacteria declined with increasing dosage over time/dose in the B. lactis group and showed a statistically nonsignificant trend towards increase in the B. infantis group. 
These findings suggest that the colonization response is dependent on probiotic dose as well as the strain.(16). Experts in the field have highlighted the need for more well-designed, strain-specific and dedicated-dose response studies(17, 18).
Given the limited evidence regarding the optimal dose of probiotics, we aim to conduct a dose response study using the multi-strain probiotic. We hypothesise that compared to the lower dose (3 billion cfu/day) a higher dose (>3 billion cfu/day) will be more effective in reducing gut inflammation and dysbiosis, with potential for translating into clinically relevant benefits. The results of the proposed study will help in defining the optimal dose of the 3-strain probiotic for preterm infants in our unit and guiding future research in this field. 
Methods and participants
Design and setting: A probiotic dose response study in extremely preterm infants in our tertiary neonatal intensive care unit.
Eligibility criteria: (1) gestation of <28 weeks, (2) readiness to commence on feeds/on feeds for <12 hours and (3) informed parental consent.
Rationale for recruiting neonates <28 weeks:  Our study focusses on extremely preterm infants as they are at high risk of NEC, LOS, feeding intolerance, frequent exposure to broad spectrum antibiotics, and dysbiosis(1, 2, 19). 
Exclusion criteria: (1) congenital malformations, (2) chromosomal aberrations, (3) not ready for feeds/on feeds for ≥12 hours.
Intervention: Probiotic mixture containing B. breve M-16V, B. longum subsp. infantis M-63, and B. longum subsp. longum BB536 (Total 3 x 109 cfu (Guaranteed) in one-gram sachets, Manufactured and supplied by Morinaga Milk Industries, Japan). 
Rationale for selecting the three Bifidobacterium strain product: This is based on previous studies reporting the benefits of multi-strain probiotic, significance of bifidobacteria in infants(20), and importantly, our two previously published RCTs using the three Bifidobacterium strain (21, 22).
One of our two trials evaluated this product against a placebo in neonates with congenital gastrointestinal surgical conditions(22). The median (IQR) relative abundance of potentially pathogenic families was lower in the probiotic versus placebo group after two weeks of supplementation [50.4 (6.6–67.6) versus 67.1 (50.9–96.2); p = 0.04]. The median (IQR) relative abundance of Bifidobacteriaceae was higher in the probiotic group at 2 weeks after commencing supplement [9.8 (24.9–52.1) versus 0.03 (0.02–2.1); p < 0.001]. 
Our other RCT compared single vs the three-strain bifidobacterial probiotic in extremely preterm infants(21). The time to full feeds (TFF: Primary outcome) was similar in infants administered single (SS) vs three-strain (TS) bifidobacterial probiotic at a dose of 3 billion cfu/day. Both probiotics were safe and effective in reducing dysbiosis (higher bifidobacteria and lower Gammaproteobacteria). Faecal propionate (SS, p<0.001, and TS, p=0.0009) and butyrate levels (TS, p=0.029) were significantly raised after 3 weeks of supplementation. We speculated that TFF could not be reduced any further as it was already reduced to the lowest possible duration. However, the fact that both groups received the same total dose of probiotics (3 billion cfu/day) may explain our inability to demonstrate clinically significant differences between the two groups. None of participants in these two trials developed sepsis due to the administered probiotic organisms. 
Probiotic protocol

When ready for enteral feeds, enrolled infants will be supplemented with freshly reconstituted contents of the allocated sachets every day and continued until corrected gestational age (CGA) of 37 weeks. 
The single dose (1.5×109 cfu/day) will be given via the feeding tube until reaching feeds of 50 mL/kg/day. It will be increased thereafter to 3×109 (given twice a day in divided doses), 6×109 (given twice a day in divided doses) or 9 ×109 cfu (given twice a day in divided doses) based on the allocation status of the enrolled infants, once feeds exceed 50 mL/kg/day. Considering the risk of probiotic sepsis, supplementation will be discontinued when feeds are stopped for suspected or proven sepsis and NEC(14).
During reconstitution, care will be taken to reduce the risk of cross-contamination by adhering to strict hand hygiene, separate preparation of individual doses and avoiding contact with indwelling central lines, tubes, and catheters. 
Comparisons: We will compare laboratory-based and clinical outcomes in enrolled infants administered a total daily dose of 3 versus 6 versus 9 x109 cfu of the probiotic under study.
Primary outcome: 
1) Faecal Calprotectin levels: The first sample (T1) as soon as possible after birth/admission. The second sample (T2) will be collected after four weeks of supplementation.
Rationale for assessing faecal Calprotectin levels: Faecal calprotectin is used as an indicator of intestinal inflammation and a biomarker for NEC. In a systematic review including over 600 neonates, 10 of the 13 studies reported elevated levels of faecal Calprotectin among infants diagnosed with NEC(23). High faecal Calprotectin is associated with prematurity and low birth weight suggesting a relatively more proinflammatory state of preterm gut(24, 25). In premature infants, faecal Calprotectin correlates with the relative abundance of Gammaproteobacteria which are implicated in the pathogenesis of NEC(26). The level of faecal Calprotectin is low in breast fed infants compared to formula fed infants suggesting an anti-inflammatory effect of breast milk(25). Given these data we hypothesize that higher dose of probiotics will reduce gut inflammation to a greater extent and hence lower fcal levels compared to the standard dose.
2) Faecal microbiota analysis:(A) Faecal microbiota assessed using 16S ribosomal RNA gene sequencing. (B) Next-generation sequencing. 
Secondary outcomes:  
Time to full feeds of 150 ml/kg/day, NEC ≥stage II, all-cause mortality, LOS, duration of parenteral nutrition and hospital stay, anthropometry at discharge, mental  and psychomotor development  indices at 24 months of age using Bayley Scale of Infant and Toddler Development (Bayley-III) assessment.(27). Faecal SCFA levels assessed by modified gas chromatography–mass spectrometry. On microbial analysis, we will look specifically for the ESCAPE pathogens (Enterococcus Faecium, Staphylococcus Aureus, Klebsiella Pneumoniae, Acinetobacter Baumannii, Pseudomonas aeruginosa and Enterobacter species(28) and compare their relative abundances between the three study groups. ESCAPE pathogens are known to be resistant to commonly used antibiotics and responsible for serious resistant infections globally(29).
Safety: (1) Sepsis due to the administered bifidobacterial strains. (2) abdominal distension, diarrhoea and vomiting leading to cessation of trial supplement.
Sample size:  
Based on a mean reduction in calprotectin from baseline to 3–4 weeks post-supplementation of 51 µg/g (standard deviation: 133 µg/g) in 13 extremely preterm neonates in the live three-strain probiotic group of a small trial conducted in our unit, a total sample of 75 participants, 25 in each of three dosage groups, achieves 80% power to detect a difference of approximately 27 µg/g between group mean changes from baseline, while adjusting for baseline calprotectin levels. The calculation also allows for a dropout rate of approximately 10%. The sample size calculation was performed with Power Analysis and Sample Size (PASS 2019. NCSS, LLC. Kaysville, Utah, USA). 
The microbiome will be compared between the three doses using the methods outlined in the included appendix. Samples from 25 children in each group (50,000 16S reads; ~50M shotgun reads) would have ~80% power to detect the compositional taxonomic difference of gut microbiome at 5% α level. Most of the parametric and non-parametric test (Wilcoxon Rank-Sum Tests) will have 80% power for individual metagenomics markers (e.g. abundance of particular species) given a non-negligible effect size (fold change or Cohen's d) at sample size 25. T-test will be preferred in our analysis by converting the raw variables into normal-distribution variables.
The power of detecting compositional difference between the groups at a given level of type 1 error (5%) depends on two factors— the sample size and the number of reads. The reads number of 50,000 is one of the common throughputs of 16S rRNA sequencing (it corresponds to around 5Gb shotgun metagenomic sequencing). We have used this fixed number of reads in our power evaluation. The number of samples in each group will influence the type 2 error (and power) detecting the compositional differences between two groups based on metagenomic simulations. The number of Monte-Carlo experiments was set to 5000 for each simulated sample. Type of variables for microbiota will be as follows: (1) Categorical: Presence/absence of particular species or pathways; the clusters based on unsupervised clustering of gut microbial profile, etc. (2) Continuous: Alpha-diversity, richness, abundance of particular species or pathways, or the difference of these numeric variables (treatment vs baseline) etc.
In summary the sample size is adequately powered (80%) to detect a difference in the level of Calprotectin and microbiome outcomes.
Odds ratio (OR) vs relative risk (RR): The R package "sjstats" and “logisticRR” can be used to calculate the OR and the RR between binary outcomes (e.g. presence/absence of a particular species or a pathway).
Approach to statistical analysis for clinical (secondary) outcomes
Continuous variables will be compared using the t test for normally distributed data and Wilcoxon rank sum test for skewed data. Categorical variables will be compared using the fisher’s exact test. Logistic regression analysis will be used for analysis of binary outcomes (primary outcome) to derive relative risk and 95% confidence intervals (CI). Linear regression analysis will be used for continuous outcomes to derive regression coefficients and respective CI. A p value <0.05 will be considered statistically significant. 
Pre-planned subgroups: Infants small for gestational age (SGA: Birth weight (BW) <10th centile for gestational age) due to intrauterine growth restriction, considering they are at high risk of mortality and morbidities (e.g., NEC, LOS and feed intolerance). 
Randomisation, allocation concealment and blinding
Group allocation will be based on computer-generated randomisation sequence in random block sizes of 2 and 4. Opaque, sealed and coded envelopes will be used for randomisation. Allocation concealment will be optimised by prescribing allocation only after obtaining informed parental consent and recording basic neonatal data. The clinical trial pharmacist will supply the randomisation sequence and the sachets containing three-strain (B. breve M-16V, B. longum subsp. infantis M-63 and B. longum subsp. longum BB536; 1×109 of each strain/g sachet) probiotic manufactured by Morinaga Milk Industry Co., Japan, to the nursing staff. This will be an open label study. However, all outcome assessors, including microbiology experts assessing the laboratory-based outcomes, and developmental paediatricians assessing growth and neurodevelopment at 24 months of age using Bayley III will be masked to the allocation status of the enrolled infants. 
Ethics: Approval from the institutional human research ethics committee (HREC) will be obtained before commencing recruitment.
Data safety and monitoring board (DSMB)

An independent DSMB will be established prior to commencing recruitment into the RCT (Ref. Lancet 365, 711–722 (2005). It will monitor all outcomes from enrolment until the CGA of 37 weeks or discharge, whichever comes early.
Trial registration: The RCT will be prospectively registered on the ANZCTR website (ANZCTR, http://www.anzctr.org.au) prior to commencing recruitment of study infants.
Sponsorship and conflict of interest: The investigational probiotic product will be supplied free of cost by the manufacturer Morinaga Milk Industries, Tokyo, Japan. They will not sponsor the study and nor will have any role in the concept, design, execution, and reporting of the study. All authors declare no conflict of any kind related to this study.
Data handling, storage, and confidentiality: The National Health and Medical Research Council (NHMRC) Australian guidelines will be followed for confidentiality and data storage.
Analysis of faecal samples: Faecal sample collection, DNA extraction, SCFA assessment and microbiota analysis details are included in appendix.
Statistical analysis: Analysis of change from baseline to post-supplementation calprotectin measurements between treatment groups will be conducted using linear regression modelling while adjusting for baseline measurements in the model. Post-hoc pairwise comparisons between groups, when indicated, will be made while controlling for an overall alpha error rate of 0.05. Continuous neonatal outcomes will be compared between the three treatment groups using ANOVA or Kruskal-Wallis tests depending on normality of data distributions. Chi-square tests will be used to compare categorical outcomes, and Kaplan-Meier survival methods will be used for time to event analyses. When multiple pairwise comparisons are made, the overall family-wise error rate will be maintained at 0.05 using the Bonferroni correction. SPSS statistical software (Armonk, NY: IBM Corp) will be used for data analysis.
Involvement of the consumer group: Consumer groups (parents of ex-preterm infants) are involved (Stan Perron Foundation).
Medication reconciliation: We will record doses administered, omitted, and wasted sachets and match them against the number of unused sachets.
Ongoing microbiological quality assurance: We will conduct microbial analysis of random sachets of study supplements to rule out the presence of harmful pathogens and to check viability and colony counts of the probiotic strain. All routine clinical specimens (blood, urine, cerebrospinal fluid, endotracheal secretions, wound swabs) from study infants will be analyzed using culture methods to enable diagnosis of infections due to supplemented probiotic organisms. Our laboratory’s automated blood culture system detects bifidobacteria (if present) within the standard 5-day (120 h) incubation period. 
Reporting: Given that the study design is an RCT, CONSORT guidelines will be used for reporting clinical outcomes. The STROBE-Metagenomics guidelines will be followed for reporting the results of microbial analysis(30). 


References

1.	Cotten CM. Modifiable risk factors in necrotizing enterocolitis. Clinics in Perinatology. 2019;46(1):129-43.
2.	Gowda H, Norton R, White A, Kandasamy Y. Late-onset neonatal sepsis—a 10-year review from North Queensland, Australia. The Pediatric infectious disease journal. 2017;36(9):883-8.
3.	Chan SH, Johnson MJ, Leaf AA, Vollmer B. Nutrition and neurodevelopmental outcomes in preterm infants: a systematic review. Acta Paediatrica. 2016;105(6):587-99.
4.	Ehrenkranz RA, Dusick AM, Vohr BR, Wright LL, Wrage LA, Poole WK, et al. Growth in the neonatal intensive care unit influences neurodevelopmental and growth outcomes of extremely low birth weight infants. Pediatrics. 2006;117(4):1253-61.
5.	Lee ES, Kim EK, Shin SH, Choi YH, Jung YH, Kim SY, et al. Factors associated with neurodevelopment in preterm infants with systematic inflammation. BMC Pediatr. 2021;21(1):114.
6.	Mondal A, Misra D, Al-Jabir A, Hubail D, Ward T, Patel B. Necrotizing enterocolitis in neonates: Has the brain taken a hit 10 years later? Journal of Pediatric Neurosciences. 2021;16(1):30.
7.	Schlapbach LJ, Aebischer M, Adams M, Natalucci G, Bonhoeffer J, Latzin P, et al. Impact of sepsis on neurodevelopmental outcome in a Swiss National Cohort of extremely premature infants. Pediatrics. 2011;128(2):e348-e57.
8.	Strunk T, Inder T, Wang X, Burgner D, Mallard C, Levy O. Infection-induced inflammation and cerebral injury in preterm infants. The Lancet infectious diseases. 2014;14(8):751-62.
9.	Zozaya C, Shah J, Pierro A, Zani A, Synnes A, Lee S, et al. Neurodevelopmental and growth outcomes of extremely preterm infants with necrotizing enterocolitis or spontaneous intestinal perforation. Journal of Pediatric Surgery. 2021;56(2):309-16.
10.	Deshmukh M, Patole S. Prophylactic probiotic supplementation for preterm neonates—a systematic review and meta-analysis of nonrandomized studies. Advances in Nutrition. 2021;12(4):1411-23.
11.	Morgan RL, Preidis GA, Kashyap PC, Weizman AV, Sadeghirad B, Chang Y, et al. Probiotics reduce mortality and morbidity in preterm, low-birth-weight infants: a systematic review and network meta-analysis of randomized trials. Gastroenterology. 2020;159(2):467-80.
12.	Sharif S, Meader N, Oddie SJ, Rojas-Reyes MX, McGuire W. Probiotics to prevent necrotising enterocolitis in very preterm or very low birth weight infants. Cochrane Database of Systematic Reviews. 2020(10).
13.	Razak A, Patel RM, Gautham KS. Use of probiotics to prevent necrotizing enterocolitis: evidence to clinical practice. JAMA pediatrics. 2021;175(8):773-4.
14.	Deshpande GC, Rao SC, Keil AD, Patole SK. Evidence-based guidelines for use of probiotics in preterm neonates. BMC medicine. 2011;9(1):1-13.
15.	Dutta S, Ray P, Narang A. Comparison of stool colonization in premature infants by three dose regimes of a probiotic combination: a randomized controlled trial. American journal of perinatology. 2015;32(08):733-40.
16.	Underwood MA, Kalanetra KM, Bokulich NA, Lewis ZT, Mirmiran M, Tancredi DJ, et al. A comparison of two probiotic strains of bifidobacteria in premature infants. The Journal of pediatrics. 2013;163(6):1585-91. e9.
17.	Depoorter L, Vandenplas Y. Probiotics in Pediatrics. A Review and Practical Guide. Nutrients. 2021;13(7).
18.	Ouwehand A. A review of dose-responses of probiotics in human studies. Beneficial Microbes. 2017;8(2):143-51.
19.	Flannery DD, Ross RK, Mukhopadhyay S, Tribble AC, Puopolo KM, Gerber JS. Temporal trends and center variation in early antibiotic use among premature infants. JAMA network open. 2018;1(1):e180164-e.
20.	Saturio S, Nogacka AM, Alvarado-Jasso GM, Salazar N, de Los Reyes-Gavilán CG, Gueimonde M, et al. Role of bifidobacteria on infant health. Microorganisms. 2021;9(12):2415.
21.	Athalye-Jape G, Esvaran M, Patole S, Simmer K, Nathan E, Doherty D, et al. Effect of single versus multistrain probiotic in extremely preterm infants: a randomised trial. BMJ open gastroenterology. 2022;9(1):e000811.
22.	Rao S, Esvaran M, Chen L, Keil AD, Gollow I, Simmer K, et al. Probiotic supplementation in neonates with congenital gastrointestinal surgical conditions: a pilot randomised controlled trial. Pediatric research. 2022:1-10.
23.	Pergialiotis V, Konstantopoulos P, Karampetsou N, Koutaki D, Gkioka E, Perrea DN, et al. Calprotectin levels in necrotizing enterocolitis: a systematic review of the literature. Inflammation Research. 2016;65(11):847-52.
24.	MacQueen B, Christensen R, Yost C, Gordon P, Baer V, Schlaberg R, et al. Reference intervals for stool calprotectin in preterm neonates and their utility for the diagnosis of necrotizing enterocolitis. Journal of Perinatology. 2018;38(10):1379-85.
25.	Park JS, Cho JY, Chung C, Oh SH, Do H-j, Seo J-H, et al. Dynamic Changes of Fecal Calprotectin and Related Clinical Factors in Neonates. Frontiers in Pediatrics. 2020;8:326.
26.	Ho TT, Groer MW, Kane B, Yee AL, Torres BA, Gilbert JA, et al. Enteric dysbiosis and fecal calprotectin expression in premature infants. Pediatric research. 2019;85(3):361-8.
27.	Balasundaram P, Avulakunta ID. Bayley Scales Of Infant and Toddler Development.  StatPearls. Treasure Island (FL)2022.
28.	De Oliveira DMP, Forde BM, Kidd TJ, Harris PNA, Schembri MA, Beatson SA, et al. Antimicrobial Resistance in ESKAPE Pathogens. Clin Microbiol Rev. 2020;33(3).
29.	Pendleton JN, Gorman SP, Gilmore BF. Clinical relevance of the ESKAPE pathogens. Expert Rev Anti Infect Ther. 2013;11(3):297-308.
30.	Bharucha T, Oeser C, Balloux F, Brown JR, Carbo EC, Charlett A, et al. STROBE-metagenomics: a STROBE extension statement to guide the reporting of metagenomics studies. The Lancet Infectious Diseases. 2020;20(10):e251-e60.
31.	Beals EW. Bray-Curtis ordination: an effective strategy for analysis of multivariate ecological data.  Advances in ecological research. 14: Elsevier; 1984. p. 1-55.
32.	Li J, Rettedal EA, van der Helm E, Ellabaan M, Panagiotou G, Sommer MOA. Antibiotic Treatment Drives the Diversification of the Human Gut Resistome. Genomics Proteomics Bioinformatics. 2019;17(1):39-51.
33.	Li J, Sung CY, Lee N, Ni Y, Pihlajamaki J, Panagiotou G, et al. Probiotics modulated gut microbiota suppresses hepatocellular carcinoma growth in mice. Proc Natl Acad Sci U S A. 2016;113(9):E1306-15.
34.	Li H, Durbin R. Fast and accurate short read alignment with Burrows-Wheeler transform. Bioinformatics. 2009;25(14):1754-60.
35.	Truong DT, Franzosa EA, Tickle TL, Scholz M, Weingart G, Pasolli E, et al. MetaPhlAn2 for enhanced metagenomic taxonomic profiling. Nat Methods. 2015;12(10):902-3.
36.	Wood DE, Lu J, Langmead B. Improved metagenomic analysis with Kraken 2. Genome Biol. 2019;20(1):257.
37.	Spellerberg IF, Fedor PJ. A tribute to Claude Shannon (1916–2001) and a plea for more rigorous use of species richness, species diversity and the ‘Shannon–Wiener’Index. Global ecology and biogeography. 2003;12(3):177-9.
38.	Oksanen J, Blanchet FG, Kindt R, Legendre P, O’hara R, Simpson GL, et al. Vegan: community ecology package. R package version 1.17-4. http://cran r-project org> Acesso em. 2010;23:2010.
39.	Dufrêne M, Legendre P. Species assemblages and indicator species: the need for a flexible asymmetrical approach. Ecological monographs. 1997;67(3):345-66.
40.	Robin X, Turck N, Hainard A, Tiberti N, Lisacek F, Sanchez JC, et al. pROC: an open-source package for R and S+ to analyze and compare ROC curves. BMC Bioinformatics. 2011;12:77.



Appendix 

Methods for shot gun metagenomics

In brief the DNA will be extracted from stool samples, followed by library preparation and metagenomic sequencing. Metagenomic data pre-processing for quality control of raw reads and removal of sequences of human origin. The taxonomic profiling of gut microbiome will be carried out and analysed in terms of microbial diversity and differential abundance analysis. For the microbial diversity, the alpha diversity will be calculated using Shannon index and the species richness measured using Chao1 estimator. Wilcoxon rank sum tests will be used to evaluate the differences in alpha diversity and species richness between the different groups. For beta diversity analysis, the nonmetric multidimensional scaling (NMDS) plot will be based on Bray-Curtis dissimilarities matrix (31). ADONIS test will be used to determine the overall community composition difference between the subjects in the different groups. These calculations and visualizations will be implemented using the R package vegan.

DNA extraction, library preparation, and metagenomic sequencing
For each fecal sample, 0.25 g aliquot was extracted using Qiagen Fast Stool DNA isolation kit with slight modification. In the first lysis step with InhibitEx Buffer, 0.4g of silica beads (0.1mm 0.2g and 1.0 mm 0.2g) was added into the sample prior to homogenization in FastPrep®-24 (MP Biomedicals) for 1 minute at 4 m per sec. Library preparation was performed according to Illumina’s TruSeq Nano DNA Sample Preparation protocol. The samples were sheared on a Covaris E220 to ~450bp, following the manufacturer’s recommendation, and uniquely tagged with one of Illumina’s TruSeq HT DNA barcodes to enable sample pooling for sequencing. Finished libraries were quantitated using Promega's QuantiFluor dsDNA assay and the average library size was determined on an Agilent Tapestation 4200. Library concentrations were then normalized to 4nM and validated by qPCR on a QuantStudio-3 real-time PCR system (Applied Biosystems), using the Kapa library quantification kit for Illumina platforms (Kapa Biosystems). Libraries were then pooled at equimolar concentrations and sequenced on an Illumina HiSeq2500 sequencer in rapid mode and a read-length of 251bp paired-end (Illumina V2 Rapid sequencing reagents).
Finished libraries were quantitated using Promega's QuantiFluor dsDNA assay and the average library size was determined on an Agilent Tapestation 4200. Library concentrations were then normalized to 4nM and validated by qPCR on a QuantStudio-3 real-time PCR system (Applied Biosystems), using the Kapa library quantification kit for Illumina platforms (Kapa Biosystems). Libraries were then pooled at equimolar concentrations and sequenced on an Illumina HiSeq2500 sequencer in rapid mode and a read-length of 251bp paired-end (Illumina V2 Rapid sequencing reagents).

Metagenomic data pre-processing
The quality control of raw reads was performed by removing adaptor regions, low quality bases/reads and PCR-duplicated reads as previously described (32, 33), the script is available on GitHub (https://github.com/TingtZHENG/VirMiner/). Afterwards, the high-quality reads were mapped against human reference genome using Burrows-Wheeler Aligner (BWA) (34) to filter out the host contamination. The mapped reads which met two criteria were removed: 1) consecutive exact match ≥ 25 bp; 2) identity ≥ 95%.

Microbial taxonomic profiling 
Taxonomic profiling of gut microbiome was performed using MetaPhlAn3.0 (https://github.com/biobakery/MetaPhlAn/tree/3.0) (35), to classify reads into different taxonomies and determine taxonomic relative abundances profiles, with default parameters. A total of 268,004,732 high-quality paired sequences were obtained from stool samples, with  4,322,657 ± 950,303 (average ± standard deviation) reads per sample, which were assigned into 256 OTUs and classified into 99 taxa at the genus level. Taxonomy assignment of oral microbiome was done by Kraken 2 (36) (https://ccb.jhu.edu/software/kraken2/), with the Minikraken database (version minikraken_8GB_20200312) downloaded from ftp://ftp.ccb.jhu.edu/pub/data/kraken2_dbs/. The taxonomic relative abundance was calculated using Bracken (version 2.5). The OTU profiling was firstly randomly rarefied to include the same number of sequences per sample and then the relative proportion of each taxa was calculated. Finally, we generated a data set containing 59,496,988 high-quality paired sequences with an average sample read counts of 959,629 ± 872,602, which were classified into 5,217 OTUs and 1,473 taxa at the genus.

Microbial diversity analysis
The alpha diversity was calculated using Shannon index (37). The species richness was measured using Chao1 estimator. Wilcoxon rank sum tests were used to evaluate the differences in alpha diversity and species richness between elderly and young groups. For beta diversity analysis, the nonmetric multidimensional scaling (NMDS) plot was based on Bray-Curtis dissimilarities matrix (31). ADONIS test was used to determine the overall community composition difference between elderly and young samples. These calculations and visualizations were implemented using the R package vegan (38).

Differential abundance analysis
Species present in at least 30% of all the samples were used for differential abundance analysis. IndVal tests (39) were performed to detect the differentially abundant species between elderly and young groups, followed by adjustment for multiple testing using the Benjamini and Hochberg method. Species with a false discovery rate (FDR) ≤ 0.1 were deemed as significant.

Species-based classifier
XGBoost algorithm from R package xgboost was performed to discriminate elderly and young groups using the abundance profiles of gut and oral species. The species present in ≥30% of samples were selected to build the XGBoost models based on only gut or oral species. After tuning various parameters, the best performing models were selected. For gut species, the best performing model was derived with the following parameters: nrounds = 100, eta = 0.1, colsample_bylevel = 0.3333333, max_depth = 6, min_child_weight = 1, subsample = 1. For oral species, the best performing model was derived with the following parameters: nrounds = 100, eta = 0.3, colsample_bylevel =1, max_depth = 4, min_child_weight = 1, subsample = 1. Then combining the important features extracted from the two best performing models to build the final XGboost model. The best performing model based on combined gut and oral species was derived with the following parameters:  nrounds = 100, eta = 0.2, colsample_bylevel = 0.3333333, max_depth = 4, min_child_weight = 1, subsample = 0.75. The important features were identified using xgb.importance and their importance scores were normalized to 1. The performance of the XGboost models were quantified by the AUC of the receiver operating characteristic (ROC) with 5-fold cross validation. The generation of ROC and AUC calculation was implemented in the pROC R package (40). The highest accuracies the models achieved were also calculated.


Stool Short Chain Fatty Acid assay 
Quantification of SCFAs in faecal samples of study infants will be carried out according to our previously described method with slight modifications. All chemicals and standards will be purchased from Sigma-Aldrich (Merck, Singapore). In brief, the faecal samples stored in 1% phosphoric acid at -20°C will be first thawed and homogenized with vortex.  Then, 100 μL of 10% meta-phosphoric acid solution will be added to 0.5 mL of the faecal sample to adjust the pH to about 2.0. Samples will be vortexed for about 10 minutes and centrifuged for 30 minutes at 20,817 × g, at 4°C to solidify the precipitate. Subsequently, 0.5 mL of aqueous supernatant will be transferred into a new tube; 4-methyl valeric acid will be added as internal standard (IS) to a final concentration of 500 μM. Then, 500 μL of ethyl acetate will be added to extract SCFAs with a vortex for about 30 min and centrifuged for 30 min at 20,817 × g. Finally, 50 μL of organic extracts will be transferred into GC glass vials for the gas chromatography-mass spectrometry (GC-MS) analysis. One microliter of organic extracts will be injected into GC-MS system (Agilent Technologies 7890B-5977B) equipped with a HP-FFAP capillary column (30m× 0.250mm× 0.25 μm; Agilent). GC-MS setup was the same as described elsewhere. The SCFA analyses will be performed in duplicate. Quantifications will be carried out in selected ion monitoring acquisition mode in MassHunter Acquisition software with base peak ion selected as quantifier for each compound. The calibration graphs will be constructed in MassHunter Quantitative software (version B.09.00) by plotting the relative response (ratio of peak area SCFAs/peak area IS) vs. relative concentration for each individual SCFAs. The final SCFA concentrations will be expressed as microgram per gram wet weight fecal sample. 

