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Supplementary Figure 1. Observed diversity of fungi and bacteria from 3 - 48 months of 
life. Curves show LOESS fit for observed ITS2 (blue, n = 9,547 from 825 children) and bacterial 
16S rRNA genes (red, n = 12,616 from 910 children) clustered into OTUs at 97% identity and 
rarefied to 3,000 reads/sample. Shaded regions represent 95% confidence intervals. Source data 
are provided in the Source Data file. 



 
 
Supplementary Figure 2. Comparison of the relative abundance of select taxa in adults and 
children. Displayed are the relative abundance of ITS2 (clustered into OTUs at 99% identity and 
rarefied to 3,000 reads/sample) in HMP (n = 310 samples from 146 adults; red circles) and 
TEDDY (children from 2 - 68 m, n = 9,570 samples from 825 children; blue triangles) for (a) the 
five most abundant taxa from TEDDY, and (b) the five remaining most statistically significant 
differences between HMP and TEDDY. Samples with no reads for a given taxa are displayed as 
a random number ≤ 0.1. The mean relative abundance is marked with a black line. The q-values 
were determined using FDR-corrected Kruskal-Wallis rank sum tests. Source data are provided 
in the Source Data file. 



 

 
 
Supplementary Figure 3. Bray-Curtis PCoA ordination of the changes in bacteria, fungi, and plant community diversity over 
time. All rarefied individual samples (total: bacteria 16S rRNA genes (n = 12,616 from 910 children) and fungi ITS2 (n = 9,547 from 
825 children): 3000 reads; plant ITS2 (n = 4,378 from 720 children): 100 reads) from a given month were merged, then community 
samples were rarefied to the month with the lowest total reads (bacteria: 51,000 from 2 - 48 m; fungi: 45,000 from 2 - 48 m; plant: 
2,600 from 3 - 42 m). Source data are provided in the Source Data file. 



 
 
Supplementary Figure 4. Metadata that vary by fungal relative abundance. The relative 
abundance of fungi in metagenomic samples over time according to (a) breastfeeding status 
(breastfeeding and eating food, purple, n = 3,114 from 619 children; stopped breastfeeding, 
green, n = 8,751 from 759 children), (b) probiotics status (taken probiotics, green, n = 4,064 
from 322 children; never taken probiotics, magenta, n = 8,198 from 566 children), (c) sex (male, 
violet, n = 6,526 from 485 children, female, green, n = 5,736 from 403 children), and (d) asthma 
status (develop asthma during the study, brown, n = 1,035 from 78 children; do not develop 
asthma, blue, n = 11,228 from 810 children). Curves show LOESS fit for the data, and shaded 
regions represent 95% confidence intervals. Source data are provided in the Source Data file. 
 



 
 
Supplementary Figure 5. Fungal species that vary by clinical center. The ITS2 relative abundance of Clavispora lusitaniae, 
Candida zeylanoides, and Geotrichum candidum over time according to location (samples/children: Colorado: 1,365/108; Finland: 
1,951/203; Florida/Georgia: 655/51; Germany: 993/78; Sweden: 3,116/246; Washington: 813/77). Curves show LOESS fit for the 
relative abundance of ITS2 OTUs clustered at 99% identity and rarefied to 3000 reads/sample. Shaded regions represent 95% 
confidence intervals. Source data are provided in the Source Data file. 
  



 
 
Supplementary Figure 6. Differences in Candida albicans and Candida (all species) relative abundance between matched 
children that do and do not develop type 1 diabetes. Curves show LOESS fit for the relative abundance of ITS2 OTUs (clustered at 
99% and rarefied to 3,000 reads/sample) from 105 children that developed type 1 diabetes (n = 1,547 samples) and 103 matched 
controls (n = 1,400 samples) that did not. Shaded regions represent 95% confidence intervals. Source data are provided in the Source 
Data file. 
  



 
 
Supplementary Figure 7. Difference in Candida sake and Candida albicans relative 
abundance over time between children that do and do not develop celiac disease. Curves 

show LOESS fit for relative abundance of ITS2 OTUs (clustered at 99% and rarefied to 3,000 
reads/sample) from 29 children in the IA nested case-control that developed celiac disease 

(yellow, n = 390 samples pre-celiac diagnosis) and 640 children (blue, n = 7,249 samples) that 
did not. Shaded regions represent 95% confidence intervals. Source data are provided in the 

Source Data file. 



 
 
Supplementary Figure 8. Differences in Penicillium paneum relative abundance based on country and breastfeeding or 
formula feeding status. Curves show LOESS fit for relative abundance of ITS2 OTUs (clustered at 99% and rarefied to 3,000 
reads/sample) of samples collected (a) from children in Finland, Germany, Sweden, or USA, (b) while children were currently 
breastfeeding (pink, n = 2,157 samples from 503 children) or not breastfeeding (blue, n = 6,736 samples from 660 children), and (c) 
while children were currently on formula (orange, n = 1,879 samples from 196 children) or not on formula (green, n = 7,697 samples 
from 689 children). Shaded regions represent 95% confidence intervals. Source data are provided in the Source Data file. 
  



Supplementary Table 1. Metagenomic data analyzed. 
 

Study Subjects Samples Reads/Sample 
(Median) 

Age  Countries Source 

TEDDY 888 12,168 2.6 x 107 3 - 48 m USA, Finland, 
Sweden, Germany 

dBGaP: phs001442.v3.p2 

HMP1 203 203 3.6 x 107 adults USA https://portal.hmpdacc.org 
MAHERY2 109 109 2.3 x 107 adults Madagascar BioProject PRJNA485056 
Obregon-Tito et al.3 18 34 3.4 x 106 adults Peru BioProject PRJNA268964 
Rampelli et al.4, 
Smits et al.5 

53 53 5.2 x 106 adults Tanzania BioProject PRJNA278393 
BioProject PRJNA392180 

FijiCOMP6 119 119 2.9 x 106 adults Fiji BioProject PRJNA2170522 
DIABIMMUNE7 79 86 5.8 x 106 2 - 5 m Finland, Estonia, 

Russia 
BioProject PRJNA497734 

 
 



Supplementary Note 1. Penicillium paneum background, further analysis, and discussion. 
 
The only known report of P. paneum in gut samples was the isolation of two P. paneum colonies 
among 349 fungal isolates8. In adult HMP samples, there was no P. paneum reported, however 
sequences would have clustered into an OTU with the closely related P. roqueforti (2 nt 
difference in ITS2 region). Reanalysis of the unclustered data found that the P. paneum sequence 
in TEDDY samples was present in just two HMP subjects (each one sample), at low abundance. 
Differences between cohorts may result from sampling different geographic locations with local 
dietary characteristics. However, here we analyzed samples from multiple communities and P. 
paneum was abundant from children at all sites (Supplementary Figure 8a). The high relative 
abundance of P. paneum in the TEDDY data suggests this may either be an important group of 
fungi in developing children, or a contaminant indicative of low fungal DNA in samples. 
 P. paneum could theoretically have been detected due to its presence in consumed milk 
or formula. Penicillium has been found in mature breast milk9, but the specific species present 
and their abundances have not been examined. P. paneum was abundant both in children who 
were breastfed and those who drank formula (Supplementary Figure 8b, c). Although some 
Penicillium require only very low oxygen concentrations for growth10 and therefore might be 
able to colonize a developing child's GI tract, previous isolates of P. paneum did not grow at 
37°C11. Therefore, like fungi in healthy adults12, P. paneum detected in stool may simply be 
transiting, rather than colonizing, the GI tract. 
 Another possibility is that P. paneum is a contaminant of the 
collection/extraction/amplification/sequencing pipeline, and its presence was detected in samples 
with especially low fungal DNA concentrations. Unfortunately, no negative controls were 
performed specifically for the fungal analysis portion of the TEDDY study. Reads matching P. 
paneum were roughly equal across sequencing pools (Supplementary Data 8a) and P. paneum 
was not present in PCR positive controls (Supplementary Data 8b). However, the positive 
controls used relatively high concentrations of fungal template compared to the amount typically 
found in stool samples. P. paneum also had high relative abundance in the metagenomic data, 
suggesting this species was not solely a contaminant of PCR reagents. In a subset of samples (n 
= 13) that were known to contain a high relative abundance of P. paneum (>90%), copies of 
ITS2 were at the limit of detection (Supplementary Data 8c). Finally, we examined metagenomic 
samples of children aged 2 - 5 m from a similar cohort, and found zero reads matching P. 
paneum (DIABIMMUNE study, 6.1 x 108 reads examined; Supplementary Data 8d). In the 
TEDDY study, fungi were present in especially low abundance in the youngest samples where P. 
paneum relative abundance was highest. It may be that when there was little or no fungi present 
in a sample, the contaminant was detected. 
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