Implication of gut microbiota in the association between infant antibiotic exposure and childhood obesity and adiposity accumulation
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ABSTRACT
Background
In animal studies early life antibiotic exposure causes metabolic abnormalities including obesity through microbiota disruption, but evidence from human studies is scarce. We examined involvement of gut microbiota in the associations between infant antibiotic exposure and childhood adiposity. 

Methods

Infant antibiotic exposure in the first year of life was ascertained using parental reports during interviewer-administered questionnaires. Primary outcomes were childhood obesity [body mass index (BMI) z-score>95th percentile] and adiposity [abdominal circumference (AC) and skinfold (triceps+subscapular (SST)) measurements] determined from ages 15-60 months. At age 24 months, when gut microbiota are more stable, stool samples (n=392) were collected for gut microbiota profiling using co-abundancy networks. Associations of antibiotic exposure with obesity and adiposity (n=1016) were assessed using multiple logistic and linear mixed effects regressions. Key bacteria associated with antibiotics exposure were identified by partial redundancy analysis and multivariate association with linear models.

Results

Antibiotic exposure was reported in 38% of study infants. In a fully adjusted model, a higher odds of obesity from 15-60 months of age was observed for any antibiotic exposure [OR(95% CI)=1.45(1.001, 2.14)] and exposure to ≥3 courses of antibiotics [2.78(1.12, 6.87)]. For continuous adiposity indicators, any antibiotic exposure was associated with higher BMI z-score in boys [β=0.15(0.01, 0.28)] but not girls [β=-0.04(-0.19, 0.11)] (P-interaction=0.026). Similarly, exposure to ≥3 courses of antibiotics was associated with higher AC in boys [1.15(0.05, 2.26)cm] but not girls [0.57(-1.32, 2.45)cm] (P-interaction not significant). Repeated exposure to antibiotics was associated with a significant reduction (FDR-corrected P-values<0.05) in a microbial co-abundant group (CAG) represented by Eubacterium hallii, whose proportion was negatively correlated with higher child adiposity. Meanwhile, a CAG represented by Tyzzerella 4 was positively correlated with the repeated use of antibiotics and childhood adiposity. 

Conclusions

Infant antibiotic exposure was associated with disruption of gut microbiota and higher risks of childhood obesity and increased adiposity. 
INTRODUCTION
Childhood obesity, a growing global epidemic, is associated with a broad spectrum of adverse health outcomes in adulthood such as type 2 diabetes1. Identifying modifiable determinants of childhood obesity is thus a pressing research need. Some human observational studies have reported associations between antibiotic exposure during infancy and higher childhood adiposity and obesity risk. Most of these studies observed stronger associations in boys2–4 and with earlier timing2,5–8 and higher frequency2,5,6,9 of antibiotic exposure. However, no associations between infant antibiotic exposure and childhood weight gain10 and obesity11 were observed in two recent studies. Differences in population characteristics, antibiotic exposure pattern, and study design are likely explanations for the discordance in results. 
Accumulating evidence indicates that colonization of the gut microbiota at an early age plays a pivotal role in the weight gain and development of obesity in the later life12–14. At early ages antibiotics are a major factor disrupting the normal colonization and development of infant gut microbiota, which may consequently influence child weight gain and obesity risk. For example, early life exposure to antibiotics in mice led to metabolic changes (increased total fat mass and higher abdominal, visceral, and liver adiposity) that persisted even after restoration of normal microbiota population structures upon cessation of antibiotics15,16. The effect is greater with earlier exposure (pre-weaning), indicating that infancy may be a critical period for host-microbe metabolic interaction16. Nonetheless, to our knowledge, no human study to date has evaluated the potential implication of gut microbiota on the association between early life antibiotic exposure and childhood obesity. 

We hypothesized that antibiotic exposure in infancy is associated with higher childhood obesity risk and adiposity, and that gut microbiota is a potential contributor to this association.
METHODS
Study population

We used data from the Growing Up in Singapore Towards healthy Outcomes (GUSTO) mother-offspring cohort study, described in detail elsewhere17. 1247 women were recruited into the study. Pregnant women who were bearing twins (n=10) or dropped out before delivery (n=65) were excluded from the present analysis, resulting in 1172 singleton deliveries. The study was granted ethical approval by the institutional review boards of the respective hospitals and written informed consent was collected from all women at recruitment. The current study is a prospective analysis linking infancy antibiotic exposure with later childhood adiposity.
Exposure: Infant antibiotic exposure

Offspring exposure to antibiotics was ascertained through parental report of interviewer-administered questionnaires at ages 3, 6, 9, and 12 months. We focused on the binary response (yes/no) and recalled age at antibiotic exposure. Since approximately half of the parents did not recall and report the name of the antibiotic, potential differential influences of different antibiotic types were not investigated. From the binary response, total number of antibiotic courses exposed was derived by adding the reported antibiotic exposure for all questionnaires in the first year of life. Age of first antibiotic exposure was generated as the earliest reported child’s age of antibiotic exposure for all the questionnaires. Of the 1172 singleton births, 1060 children had information on antibiotic exposure. Baseline descriptive information was thus generated for this subset. The participant flow is detailed in Supplementary Figure 1.
Outcomes: Child adiposity

The offspring’s anthropometry (weight, length/height, abdominal circumference (AC)) was measured at ages 15, 18, 24, 36, 48, 54, and 60 months. Measurements of weight (SECA weighing scale) and length/height (mobile mat/stadiometer) have been described in detail previously18. BMI was calculated as weight (kg)/length2 (m2), and transformed into age-and-sex-specific z-score using a local Singapore reference19. AC was measured using an inelastic measuring tape (Butterfly brand, China) to the nearest 1 mm. All measurements were taken based on standardized protocols in duplicates (and subsequently averaged)20.
At ages 18, 24, 36, 48, 54, and 60 months, triceps (TS) and subscapular (SS) skinfolds were measured on the right side of the body to the nearest 0.2 mm using Holtain skinfold calipers (Holtain Ltd, Crymych, UK). Three measurements were taken with the two closest values averaged. Sum of skinfold thickness (SST) was derived by adding TS and SS. The anthropometric measurements were measured by a team of trained clinical coordinators who were blinded to the child antibiotic exposure history.  
Covariates

Maternal characteristics ‒ Data on maternal ethnicity, age, educational attainment, regular cigarette smoking, and self-reported pre-pregnancy weight were collected from participants at recruitment. Maternal weights (SECA model 803, SECA Corp., Hamburg, Germany) and height during pregnancy (SECA stadiometer model 213) were measured. Total weight gains were calculated by subtracting self-reported pregnancy weight from the last measured weight before delivery. Pre-pregnancy BMI was calculated as weight(kg)/height2 (m2). Gestational diabetes mellitus (GDM) was defined based on the 1999 World Health Organization (WHO) criteria21,22. 
Child characteristics ‒ Information on gestational age at birth, birth weight, infant sex, mode of delivery, and birth order was abstracted from obstetric records. Gestational age was determined with a dating ultrasound scan in the first trimester. Low birth weight was defined as birth weight <2500 g and preterm birth as delivery of live birth at <37 weeks of gestation. Duration of any breastfeeding was calculated from parental report of infant milk feeding through interviewer-administered questionnaires at ages 3, 6, 9, and 12 months. 
Gut microbiota

DNA extraction and V4 region of 16S rRNA gene sequencing

Since the gut microbiota becomes more stabilized around age 1-3 years23, we evaluated the gut microbiota at 24 months. Stool samples (n=392) were collected and stored at -80oC until further use. To ensure sufficient statistical power for gut microbiota analyses, these stool samples were collected only from the main study ethnic group, i.e. Chinese participants. Total microbial DNA was extracted by MoBio PowerFecal DNA kit (Qiagen, Carlsbad, CA) following the Earth Microbiome Project protocols (www.earthmicrobiome.org)24. The V4 region of 16S rRNA gene was amplified by polymerase chain reaction with modified 515F and 806R primers. The amplicon sequencing was performed on the MiSeq platform (Illumina, San Diego, CA) based on the standard protocol to generate 250 bp paired-end reads24. Quality control and raw sequencing data were processed with the same method as described in the previous study (see SupplementaryText 1)25. Altogether, 312 operational taxonomic units (OTUs) were obtained for the later analysis.

Statistical analysis

Maternal and child characteristics were first summarized [mean ± SD or n (%)]; independent sample t-tests (for continuous variables) and chi-square tests (for categorical variables) were used to test differences in characteristics according to childhood antibiotic exposure and obesity status.

Logistic regression was first used to assess the associations between antibiotic exposure in the first year of life and risk of any obesity between 15 to 60 months, defined as age-and-sex-specific BMI >95th percentile (using local reference) at any time point. The analysis was first adjusted for potential confounders (characteristics related to both antibiotic exposure and childhood obesity in this study): (categorically) ethnicity (Chinese/Malay/Indian), regular cigarette smoking (yes/no); (continuously) pre-pregnancy BMI. The full model was further adjusted for other determinants of childhood adiposity and other conceptually important factors in the literature: (categorically) birth order (first-born/non-first-born), mode of delivery (vaginal/non-vaginal), preterm birth (yes/no), low birth weight (yes/no), duration of any breastfeeding (<1 month, 1 to <3 months, 3 to <6 months, 6 to <12 months, and ≥12 months), gestational diabetes (yes/no); (continuously) maternal age at recruitment, height, and gestational weight gain. Because previous studies have reported a greater influence of antibiotic exposure on obesity risk in boys, we also stratified our analyses by sex. We also tested potential interaction of delivery mode and infancy antibiotic exposure on childhood adiposity and conducted corresponding stratified analyses. In sensitivity analyses, alternative longitudinal analysis methods using generalized estimating equations and Cox proportional hazard regression were performed. Furthermore, analyses were also repeated using BMI z-score derived using the WHO growth reference26. We have also used more stringent obesity outcomes, defined as 1) more persistent childhood obesity outcome (classified as obese at ≥2 time points, which represents roughly 8% of the study population) and 2) any obesity between 24-60 months.
The longitudinal associations of early life antibiotic exposure with offspring adiposity (BMI z-scores, AC, and SST as continuous variables) from 15 through 60 months were examined using linear mixed effects (LME) models with an unstructured covariance matrix for random effects variables (intercept and slope) and maximum likelihood estimation method27. A random intercept and random linear slope for age were also included in addition to the fixed effect of age (linear, quadratic, and cubic terms). The LME analysis was adjusted for the same factors in the binary outcome analyses. 
For epidemiological analyses involving clinical outcomes, we consider childhood obesity as the primary outcome. For subgroup analysis, sex-stratified analyses were determined a priori and thus P <0.05 would also be a reasonable statistical threshold. Other associations should be considered exploratory and hypothesis generating that should be confirmed in future studies.

Gut microbiota data analysis
For microbiota analysis we utilized co-abundant network analysis constructed by SparCC algorithm and PERMANOVA test as stated in the Supplementary Text 125,28. The 312 OTUs clustered into 34 co-abundant groups (CAGs). Network of 29 CAGs with the absolute correlation coefficient value > 0.3 was visualized by using Cytoscape v3.5.1 (http://www.cytoscape.org/). The relative abundance of each CAG was derived by summing the abundance of OTUs present within them. The OTU with the highest relative abundance in each CAG was selected as the representative OTU.  
Partial redundancy analysis (partial RDA) was used to identify CAGs associated with antibiotic exposure after adjusting for covariates in CANOCO 5.0 (Microcomputer Power, Ithaca, USA). Antibiotic exposure was used as the exposure variable while covariates included FUT2 secretor status (determined by polymorphisms of the FUT2 gene, which affected child gut microbiota (unpublished data)), delivery mode, duration of breastfeeding and birth weight (see Supplemental Text 2 for further details). Monte-Carlo permutation (999 permutations under the unrestricted model) was performed to evaluate the influence of antibiotics on the child gut microbiota during partial RDA. Further, we used multivariate associations with linear models (MaAsLin) to investigate each key CAG’s significance and association with the antibiotic exposure after adjusting for covariates29. The same analysis strategy is employed to the OTU-level analysis; α-diversity and β-diversity of gut microbiota were assessed using strategies stated in Supplementary Text 1. Heatmaps and scatter plots were plotted using MATLAB 2016b (The MathWorks, MA, USA). Relative abundances of CAGs were plotted using GraphPad Prism version 7 for Windows (GraphPad Software, CA, USA). Spearman correlation was used to evaluate the relationship between CAG/OTU and adiposity.
RESULTS 
The characteristics of GUSTO participants according to antibiotic exposure in the first year of life are shown in Table 1. Compared with non-exposed children, children exposed to antibiotics in the first year were more likely to be boys, born to mothers who were older, smoked cigarettes regularly, and who had a higher pre-pregnancy BMI. Chinese children were less likely to be exposed to antibiotics. Similar results were observed when participants were summarized according to total number of antibiotic courses exposed (Supplementary Table 1). When characteristics were summarized according to childhood obesity status (Supplementary Table 2), we found that obese children were more likely to be Malay or Indian, born low birthweight and to mothers with lower educational attainment and a higher pre-pregnancy BMI. The percentages of children meeting criteria for obesity at each time point and occasions classified as obese were shown in Supplemental Table 3.
In the fully adjusted logistic regression analyses, a higher odds of obesity age 15-60 months was observed for any antibiotic exposure in the first year of life (OR=1.45; 95% CI: 1.001, 2.11), particularly for exposure to ≥3 courses of antibiotics (OR=2.78; 95% CI: 1.12, 6.87) and for those exposed between ages 6 to 12 months (OR=1.57; 95% CI: 1.01, 2.42), as compared with children who were not exposed to antibiotics (Table 2). When the more parsimonious adjustment model (Model 1) was applied for sex-stratified analyses, the results were largely the same. These associations were also observed in unadjusted analyses and in a simpler model adjusting for only confounders. These results were more prominent in boys than in girls, although the interaction term was not statistically significant. Results were similar when BMI z-score was derived using the WHO (instead of local) growth reference (Supplementary Table 4) or when Cox proportional hazard regression and generalized estimating equation (instead of logistic regression) were used (Supplementary Table 5 and Supplementary Table 6, respectively). The patterns of associations, including potential sex-interaction, between antibiotic exposure and later obesity outcomes remained similar using persistent obesity and any obesity between 24-60 months as the outcomes, although general attenuation and wider confidence intervals were observed (Supplemental Table 7 & 8). 
When adiposity measures (BMI z-score, SST, and AC) of the children were analyzed continuously, no statistically significant associations were observed for the overall population (Table 3). However, in sex-stratified analyses, antibiotic exposure (binary, exposure to 1 or ≥3 courses, and exposure at ages 6 to 12 months) was associated with higher BMI z-score (P-interactions≤0.08 for all) and AC in boys. In girls, exposure to antibiotics at age 3 to <6 months specifically was associated with higher AC (P-interaction=0.013), but not for BMI z-score and SST or for all other antibiotic exposure classifications. 
There were no statistically significant interactions between delivery mode and infancy antibiotic exposure on childhood obesity risk and adiposity (all P-interactions > 0.15) (Supplemental Table 9 and 10). However, in stratified analyses, exposure to ≥3 courses of antibiotic during infancy was associated with a higher risk of obesity only among children delivered through vagina, whereas later antibiotic exposure (between 6 to 12 months) was only associated with higher later obesity risk among non-vaginal delivered children (Supplemental Table 9). These associations of sub-groups should be confirmed in bigger studies with sufficient number of cases in both modes of delivery.
Antibiotic exposure is associated with the child gut microbial community

The co-abundant network of gut microbiota is shown in Figure 1A. The OTUs clustered into 29 CAGs and were used in the partial RDA to assess the influence of antibiotic exposure on the child’s overall gut microbiota. After accounting for covariates, antibiotic exposure in the first 12 months affected gut microbiota (P<0.01) (Figure 1B). We identified 4 key CAGs affected by the antibiotic exposure (Figure 2A). Among them, the relative abundances of 2 CAGs decreased, while the other two increased, with increasing antibiotic exposure. In particular, antibiotic exposure inhibited CAG1 represented by the Eubacterium hallii group (FDR-P-value<0.001). The mean relative abundance of CAG1 was reduced from 1.78% to 0.01% if children received at least 3 courses of antibiotic treatment compared with non-treatment (Supplementary Figure 2A and Supplementary Table 11). Moreover, CAG1 in turn showed an inverse association with SST (Figure 2B). In contrast, CAG13 and CAG32 represented by Gemella (FDR-P-value=0.02) and Tyzzerella 4 (FDR-P-value<0.001, Supplementary Figure 2B and Supplementary Table 11) were enriched with increasing antibiotic exposure and showed positive association with SST (Figure 2B). 

Similar results were observed at the OTU level, reinforcing the notion that first-year antibiotic exposure is associated with child gut microbial composition at age 24 months. Principal coordinate analysis based on Bray-Curtis distance suggested that antibiotic exposure altered child’s gut microbiota structure (Supplementary Figure 3). By using partial RDA, we subsequently identified 14 OTUs associated with the repeated antibiotic exposure from 312 OTUs. Five OTUs were reduced by the cumulative antibiotic exposure in the first year, while 9 were enriched (Supplementary Figure 4-6, Supplementary Table 12). Among the 5 reduced OTUs, 2 OTUs from Eubacterium hallii group and 1 from Bacteroides correlated negatively with BMI z-score and SST at 24 months (Supplementary Figure 5 and Supplementary Figure 7). Among 9 enriched OTUs, OTU1466 from Tyzzerella 4 correlated positively with SST at age 24 months (Supplementary Figure 5 and Supplementary Figure 12). Antibiotic exposure did not change the α-diversity of gut microbiota. Sex-specific gut microbiota analyses were not feasible due to lower number of subjects with available microbiota data.
DISCUSSION
In this multi-ethnic Asian mother-offspring cohort, we found that antibiotic exposure in the first year of life was associated with higher adiposity and higher risk of obesity between ages 15-60 months, especially in boys and with repeated exposure. To our knowledge, we showed for the first time in human pediatric population that antibiotic-use related alterations in the gut microbiota composition can be a potential mechanism linking the observed antibiotics-obesity associations.  
Previous studies investigating associations between infant antibiotic exposure and childhood obesity mainly utilized data from prospective birth cohort studies or retrospective cohorts using electronic health databases. These studies in general reported that antibiotic exposure in infancy was associated with higher obesity risk or higher adiposity in childhood, with a stronger association observed in boys2–4, with earlier exposure timing2,5–8, and with repeated exposure2,5,6,9. When compared with the only study that included Asian participants3, concordance in results was also noted. Nonetheless, two studies reported no associations between infant antibiotic exposure and childhood weight gain10 and obesity11 in their primary analyses. The latter study did not examine influence of repeated exposure to antibiotics and both studies did not investigate potential sex interactions. Our study confirmed that the association of antibiotic exposure with higher childhood obesity risk is stronger in boys and with repeated exposure to antibiotics. The sex differences observed may be due to differential intestinal adaptation in response to antibiotics in males and females as shown in animal studies30, though exact mechanisms should be further explored. We, however, did not observe that earlier exposure (<3 months old) in the context of periods within the first year of life was associated with higher risk of obesity. At the time of study subjects recruitment, the duration of maternity leave after childbirth in Singapore was 12 weeks 31, after which infants may be sent to infant care centers while mothers return to work. During this transitional period, the infants are exposed to more diverse microbes in the care center and also through interaction with other infants, and less breastfeeding/breastmilk consumption, which in turn could have exacerbated the influence of antibiotic exposure. This explanation is, however, speculative. A previous study, albeit focusing on antibiotics exposure from birth to age 18, reported that both recent and cumulative doses of antibiotic exposure were associated with higher childhood BMI, and that some of these impacts strengthened with age9. Taken together, it may be important to exercise continued judicious use of antibiotics throughout childhood. Alternatively, our results based on timing of antibiotic exposure could have been affected by chance findings and should be further examined in studies with a higher number of participants.
The associations between antibiotic exposure attenuated with more stringent outcome definition (classified as obese at ≥2 time points or any obesity between 24-60 months). This may suggest that infancy antibiotic exposure is correlated more strongly with more transient or immediate obesity outcomes after the exposure. However, our study might have also been underpowered to detect such associations, thus these observations will need to be confirmed in larger study.

Gut microbiota is one of the key factors maintaining host health and development of metabolic diseases25,32–34. Disruption in gut microbial colonization by repeated antibiotic exposure in early life may be the mechanism underlying our observations. Particularly in mice models, antibiotic-induced variations in gut microbiota during early life have been associated with weight gain and adiposity accumulation through changing host metabolism and immunological development 15,16. In a human pediatric population we showed that microbial variations induced by cumulative antibiotic exposure in the first year were associated with adiposity accumulation at 24 months of age.
We observed that repeated antibiotic exposure in the first year significantly reduced CAG1 represented by the OTU from Eubacterium hallii, which was negatively correlated with BMI z-score and SST at 24 months. Eubacterium hallii is a member of the butyrate-producers35,36. Following fecal transplantation from lean donors, Eubacterium hallii was enriched in small intestinal biopsies of 9 obese and insulin resistant subjects; this increase was associated with improved metabolic syndrome measures37. In contrast, repeated antibiotic exposure significantly enriched CAG32 represented by the OTU from Tyzzerella 4, which was positively correlated with SST at 24 months. Tyzzerella 4 might contain potentially unfavorable bacteria, since this taxa has been reported to be enriched in individuals with high risk of cardiovascular disease38. Additionally, obese mice fed on a high-fat-diet (compared with normal diet) tended to harbor more Tyzzerella 4 in the intestine39. 
A strength of our study is the high resolution of outcome variables through frequent measurement of anthropometry and adiposity indicators in the study children; these measurements were obtained by trained research personnel, thus reducing measurement (recall) errors associated with self-reports as in some previous studies. Furthermore, we adjusted for a comprehensive list of confounders, including prenatal and antenatal maternal factors, which may not have been collected in previous studies based on electronic databases. Despite our best efforts to account for confounding from the available data, unmeasured confounder(s) can remain a concern. For example, prenatal antibiotic exposure has been associated with both offspring gut microbiota and obesity40 but not adjusted in our analyses. We thus assessed sensitivity of our estimates to unmeasured confounding via the E-value proposed by VanderWeele and Ding41. The higher the E-value, the stronger the confounder associations must be to explain an effect. For main antibiotics-childhood obesity estimates, our observed odds ratios of 1.45, 2.78, 1.57 (for binary antibiotics, ≥3 antibiotic courses, and exposure at 6 to 12 months, respectively) yielded E-values of 2.26, 5.00, and 2.52, respectively. This means that the main estimates could be explained by an unmeasured confounder that was associated with both the exposure and outcome by an odds ratio of 2.26, 5.00, and 2.52-fold, respectively, above and beyond the measured confounders, but weaker confounding could not do so. For lower confidence intervals, a relatively weak unmeasured confounder associated with both early life antibiotic exposure and childhood obesity by an odds ratio of 1.03, 1.49, and 1.11-fold could explain the lower confidence limit. 
Our data on child’s antibiotic exposure was self-reported by the parents, which may have increased misclassification. However, since obesity and adiposity outcomes happened after the administration of questionnaires concerning antibiotic exposure, the probability of differential misclassification bias was likely reduced, resulting in more conservative observed estimates. We were also limited by a modest sample size (cf. studies using electronic health databases). Due to our moderate study size, we are underpowered to study the association between antibiotic exposure and more severe childhood obesity outcomes (e.g. BMI z-score >99 percentile); these should be further investigated in future studies with a sufficient sample size. Furthermore, because many statistical tests were conducted for the current study, multiple comparisons are a potential concern, and associations other than childhood obesity measure and sex-stratified analyses should be considered hypothesis generating. Selection bias could also arise due to losses of potential participants during follow-up. Compared to followed-up singleton births included in the current epidemiological investigation, children who were not included were less likely to be preterm or classified as low birthweight babies at birth; their mothers were older at recruitment, had a higher educational attainment, and tended to breastfeed for a longer duration (Supplemental Table 13). Similar differences were noted comparing children included for gut microbiota analysis vs. those not included (Supplemental Table 14). These observations suggest that our results may be more generalizable to more educated, health-conscious mothers and healthier children in Singapore, and our effect estimates could have been underestimations for more vulnerable populations, though this should be further investigated. Our findings may also have less generalizability outside of Singapore. In this study, we used 16S rRNA gene sequencing for the profiling of gut microbiota, which can be limiting in the taxonomic resolution and identification of functional genes related with the antibiotics treatment. A future analysis utilizing metagenomics sequencing would help build more granularity in the findings. Last, as with any observational study causality cannot be claimed. 
Conclusions

Antibiotic exposure during the first year of life, especially among boys or with repeated exposure, was associated with higher risk of childhood obesity and increased adiposity from ages 15-60 months. The antibiotic-use associated alterations in the gut microbiota and their link with child adiposity sheds light on the potential mechanism through which administration of antibiotics can lay the foundation for metabolic adversities of future. The findings of this study add to calls for careful consideration of the benefits vs. risks of administrating antibiotics and the frequency of their use in early life.  
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Figure Legends

Figure 1 Co-abundant network analysis of the child gut microbiota at 24 months and key co-abundant groups associated with the antibiotic exposure by partial redundancy analysis (partial RDA). 

A) Co-abundant network highlighting relationships between OTUs of the child gut microbiota at 24 months. Each node represents one OTU. Nodes with the same color are from the same co-abundant group (CAG). Node size indicates the average abundance of each OTU in this cohort. The taxonomy of each OTU is labeled. The OTU with the highest relative abundance in each CAG was selected as the representative OTU. Grey and red lines show significant positive and negative correlations between two OTUs with an absolute coefficient value greater than 0.3. B) Partial RDA biplots illustrating the key CAGs associated with the effects of antibiotic exposure after adjusting for the covariates. The number of antibiotic courses infants received in the first year of life was used as the exposure variable. Secreting status, delivery mode, duration of breastfeeding and birth weight were all used as covariates. CAGs that explained ≥ 1% of the variability of samples on the first axis are indicated by arrows. The significance of the effects of the antibiotic exposure was tested using the Monte-Carlo Permutation Procedure (MCPP). 

Figure 2 Heatmap of key co-abundant groups (CAGs) associated with antibiotic exposure identified by the partial RDA and Spearman’s correlation between identified CAGs and the accumulation of adiposity at 24 months. 

A) Heatmap of key CAGs identified by partial RDA. The panel on extreme left represents the mean relative abundance (log-transformed) of the CAGs in each antibiotic exposure group. Color scale used for representing the CAG abundance is provided in the third panel from left, where brown represents the highest and dark blue represents the lowest abundance. The second panel from left represents R-value of Spearman’s correlation between the CAG and the sum of subscapular and triceps skinfolds (ss-ts) at 24 months. ‘+’ in the boxes indicate the associations that passed a significant of P <0.05. Color scale for spearman correlation is provided in the extreme right panel. B) Scatter plots of relative abundances of key CAGs against the sum of subscapular and triceps skinfolds at 24 months.
Table Legends 
Table 1 Characteristics of included GUSTO participants according to antibiotic exposure in the first year of life
1From independent sample t-test (continuous variables) and chi-square test (categorical variables)

Table 2 Table 2 Associations between early life antibiotic exposure with later childhood obesity (age- and sex- specific BMI > 95th percentile at any time point between ages 15-60 months)1

1Values are odds ratio (95% CI) from logistic regressions. *P< 0.05; **P <0.01

2Model 1: adjusted for ethnicity and pre-pregnancy BMI

3Model 2: adjusted for ethnicity, maternal age, education status, height, pre-pregnancy BMI, weight gain during pregnancy, gestational diabetes, regular smoking, mode of delivery, child birth order, preterm birth, low birth weight, duration of any breastfeeding

4Because estimate for ≥3 courses of antibiotic exposure was not estimable for girls, we collapsed the exposure categories into “not exposed (ref.)”, “exposed to 1 course”, and “exposed to ≥2 courses” for stratified analysis in girls.

Table 3 Associations between antibiotic exposure in the first year of life and adiposity measures between ages 15-60 months1,2
1Values are beta coefficients (95% CI) from linear mixed effects models. *P< 0.05, **P< 0.01

2Estimates were adjusted for ethnicity, maternal age, education station, height, pre-pregnancy BMI, weight gain during pregnancy, gestational diabetes, regular smoking, mode of delivery, child exact age at measurement, sex (except for BMI z-score and in sex-stratified analyses), birth order, preterm birth, low birth weight, duration of any breastfeeding
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