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Most infants with cystic fibrosis (CF) have pancreatic exocrine insufficiency that results in nutrient
malabsorption and requires oral pancreatic enzyme replacement. Newborn screening for CF has
enabled earlier diagnosis, nutritional intervention, and enzyme replacement for these infants,
allowing most infants with CF to achieve their weight goals by 12 months of agel. Nevertheless,
most infants with CF continue to have poor linear growth during their first year of lifel. Although
this early linear growth failure is associated with worse long-term respiratory function and
survival?3, the determinants of stature in infants with CF have not been defined. Several
characteristics of the CF gastrointestinal (Gl) tract, including inflammation, maldigestion and
malabsorption, could promote intestinal dysbiosis*®. As GI microbiome activities are known to
affect endocrine functions®’, the intestinal microbiome of infants with CF might also impact
growth. We identified an early, progressive fecal dysbiosis that distinguished infants with CF and
low length from infants with CF and normal length. This dysbiosis included altered abundances of
taxa that perform functions important for GI health, nutrient harvest, and growth hormone
signaling, including decreased Bacteroidetes and increased Proteobacteria. Thus, the Gl
microbiota represent a potential therapeutic target to correct linear growth defects among infants
with CF.

CF is caused by mutations in the CF transmembrane conductance regulator (CFTR),
resulting in altered fluid and ion transport across epithelial cell membranes in multiple
organs®. GI complications, including nutrient malabsorption, steatorrhea, GI obstruction,
and inadequate weight and body length, are among the earliest manifestations of CF and can
be life-threatening®-11. These symptoms result from exocrine pancreatic insufficiency (P1), a
complication affecting roughly 85% of infants with CF that is only partially compensated by
pancreatic enzyme replacement therapy. However, while early, insufficient weight gain is
often attributed to nutrient malabsorption or increased metabolic demands, length for age
varies among children with similar levels of CFTR dysfunction and PI, even among those
with normal weight?, suggesting that unknown factors contribute to linear growth failure.

Observations from clinical studies! and animal models!2 suggest that one of the mechanisms
of CF-related short stature involves CFTR-dependent growth hormone deficiencies unrelated
to nutrition. In a prospective multicenter study of infants with CF (BONUS, for the Baby
Observational and Nutritional Study), the study population achieved normal mean weight for
age at 12 months with nutritional supplementation compared with World Health
Organization (WHO) growth curves for healthy infants (mean z score difference —0.04, 95%
Cl -0.17 to 0.09). In contrast, the infants with CF did not achieve normal mean length at 12
months by WHO standards (mean z score difference, —0.56, 95% CI —0.70 to —0.42),
indicating short CF stature despite aggressive nutritional intervention 1. Moreover, weight
and length z scores negatively correlated with calories consumed, arguing against inadequate
caloric intake as the cause of growth failure. Infants with low length had significantly lower
serum levels of insulin-like growth factor 1 (IGF-1) than those with normal length®, similar
to observations from CF animal models!2.

Body length is a key determinant of lung growth; early short stature in CF is associated with
subsequent growth failure, poor respiratory outcomes, and decreased survival?3. Therefore,
improving or restoring normal linear growth among infants with CF is an important goal that
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could improve long-term outcomes. While medications that improve CFTR function
(modulators) have recently been introduced, they are initiated after infancy and have not
normalized growth for all children with CF in the US!2, underscoring the importance of
additional strategies to combat early CF growth failure.

Several studies*>13.14 have reported a fecal dysbiosis among young children with CF that
correlated with fecal measures of inflammation and fat. In addition to having altered nutrient
content from malabsorption, the CF Gl tract is characterized by impaired transit times,
abnormal mucus and pH, and inflammation®-11, all of which could affect GI microbiome
composition and function. Healthy GI microbiota perform functions important for growth,
including nutrient harvest and production of substrates that regulate host metabolism. Gl
microbial metabolites also control bone and body growth by modulating growth hormones,
including IGF-18. Therefore, GI microbiota could influence early CF nutritional outcomes
and, in turn, overall long-term health. To investigate this possibility, we compared the fecal
microbiota of infants with CF with normal and low lengths to determine the relationship
between CF fecal dysbiosis and linear growth.

To perform this analysis, prospectively collected fecal samples from 207 infants with CF!
from the BONUS study were analyzed by sequencing (Table 1, Supplementary Tables 1-2).
To provide context for understanding the relationship between age, fecal taxonomic
differences, and growth among infants with CF, we first compared the fecal microbiota of
BONUS infants to those of age-matched healthy infants (controls) (Table 1, Supplementary
Table 3). We performed shotgun metagenomic sequencing for all samples and used
metagenomic phylogenetic analysis'® to define their taxonomic compositions. Tests of
association between microbial (species) beta diversity and collected clinical data were
conducted using permutational multivariate analysis of variance (PERMANOVA) with a
Bray distance measure, with a null hypothesis of 0% variability. Inter-participant differences
explained a large amount (46%) of microbial taxonomic variation in the study population (p
< 0.001), followed by age (1.7%, p < 0.001). Having CF explained 1.5, 1.8 and 5.2% of
taxonomic variation at months 4, 6 and 12, respectively (Supplementary Table 4). This effect
size of disease relative to inter-subject variability is similar to those identified in other
pediatric fecal microbiome studies of, for example, inflammatory bowel disease and
diabetes6:17. A greater effect of CF was seen in comparing phylum-level microbiota of all
study samples, and in particular the overall distribution of Proteobacteria, predominantly
Escherichia coli (Fig. 1a). At the earliest time points, the composition of the fecal microbiota
in most participants was dominated by high relative abundance of only a few species, mainly
Bifidobacterium longum, B. breve and E. coli (Extended Data Fig. 1), a finding similar to
that of a recent study of healthy infants!6. Alpha diversity, which was relatively low at 4
months in most participants, increased over the first year of life in all infants as
expected!®19: however, the increase for infants with CF was significantly slower compared
to controls (Fig. 1b).

By month 4, CF infant fecal microbiota exhibited notable taxonomic differences from those
of controls that were consistent with previously published studies of young children with
CF45.13.14 ‘most markedly in the relative abundances of Proteobacteria and Bacteroidetes.
These differences were maintained or increased over time (Fig. 1c, Extended Data Figs. 2—
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4). Mean relative abundance of Proteobacteria over the first year declined in controls by
11.2% (p < 0.001, t-test) but did not change significantly among infants with CF (Fig. 1c).
While in infants with CF the mean abundance of Proteobacteria species excluding £. coli
decreased by 6.7% (p < 0.001, t-test), the abundance of £. coliincreased by 6.8% (p < 0.01,
t-test) (Extended Data Fig. 3). In contrast to Proteobacteria, Bacteroidetes relative
abundance was significantly lower in infants with CF compared to controls at all time points
(p<0.001, t-test) (Fig. 1c). While the few studies published on the effects of gastric acid
suppressors (Ho blockers and proton pump inhibitors) on the infant fecal microbiome
suggest that the relative abundance of Proteobacteria, including £. cofi, increases with these
treatments20-21, Proteobacteria abundances remained high (and Bacteroidetes lower) in
month 12 CF samples when we excluded samples from infants prescribed gastric acid
suppressors (p < 0.001, one-sided Wilcoxon rank-sum test). The relative abundance of
Firmicutes increased while Actinobacteria decreased in controls over the first year, as
described in other healthy infant studies22; both trends were relatively attenuated in CF
samples (Fig. 1c, Extended Data Fig. 4).

These comparisons suggested delayed maturation of CF fecal microbiota relative to controls,
which we quantified with a microbiota age analysis?2. Microbiota age comparisons go
beyond comparisons at individual time points, which can only indirectly suggest differential
development. Instead, this technique directly queries whether microbiota development
appears similar in trajectory but with a lag in one cohort by considering temporal dynamics
during model fitting. Again, before investigating relationships between microbiota
development and growth in the infants with CF, we first applied this analysis to compare
infants with and without CF. Random forest models were trained on a subset of the control
samples to predict host ages based on respective fecal microbiome taxonomic profiles. The
predictive power of each model was then assessed on the remaining control samples,
demonstrating high correlations between true and predicted age (0.843 <=r <= 0.937 for full
model replicates, Fig. 2a) across different randomly chosen training subsets and different
feature sets. In contrast, when applying these control-trained models to CF samples,
predicted and true host ages correlated relatively poorly (0.479 <= r <= 0.583 for full model
replicates, Fig. 2a). Differences in CF and control fecal microbiota development were further
quantified by comparison of their calculated relative microbiota ages. Specifically, we
defined the “relative microbiota age” of a sample to be the difference between a sample’s
true age and the age predicted by our microbiota age models. We then used our models
trained on controls to predict the relative microbiota age of CF samples, thereby comparing
them to the observed pattern of microbiota development in controls to determine whether the
microbiota of CF samples appeared to be younger than their true age, which would suggest
delayed development. To strengthen this comparison, we similarly examined whether control
microbiota appeared older than their true age based on microbiota development patterns
observed in infants with CF by predicting the microbiota age of control samples using
microbiota age models trained on CF samples. CF relative microbiota age tended to be
negative (significant negative shift at months 6 and 12 across all replicate models, ¢ < 0.01,
Wilcoxon signed-rank test, Fig. 2b), while control relative microbiota age tended to be
positive (significant positive shift at month 12 in 8/10 replicate models, g < 0.01, Wilcoxon
signed-rank test, Fig. 2b). Interestingly, most of the informative taxa for our models
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belonged to the phylum Firmicutes (Supplementary Table 5), similar to Subramanian et al.
22 and the results of microbiota age analysis were similar when using sparse models, as well
as when controlling for acid suppressors (Extended Data Fig. 5). These results indicate that
infant CF fecal microbiota maturation is delayed compared to normal infants.

We previously demonstrated that an older cohort of children with CF had fecal dysbioses
characterized by high relative abundance of Proteobacteria, including £. coli, that was
associated with fecal measures of both malabsorbed fat and inflammation (calprotectin)?.
The dynamics of these associations during the first year of life, and their relationships with
diet, were analyzed using multivariate mixed-effect linear modeling while controlling for
diet. Diet has been shown to have a major impact on infant gut microbiome development.
Among factors investigated, cessation of breast-feeding is known to be the primary driver of
maturation to adult-like composition18; therefore, the model dietary categorization included
the presence or absence of breast milk (Supplementary Tables 2-4 and 6). Relative
abundance of Enterobacteriaceae was associated (¢ < 0.004) with fecal fat, which was
significantly higher in infants with CF compared to controls (Extended Data Fig. 6).
However, while calprotectin was also higher in infants with CF compared with controls
(Extended Data Fig. 6), we identified no significant relationship between fecal taxonomy
and calprotectin. These results support a model in which malabsorbed nutrients such as fat,
but not intestinal inflammation, drive infant CF fecal dysbiosis.

With this context, we then compared the fecal microbiota of infants with and without low
length. Many taxa differentially abundant in CF fecal samples have metabolic activities that
could impact linear growth. Therefore, we tested for a relationship between the magnitude of
taxonomic dysbiosis and body length among infants with CF using multivariate mixed-effect
linear modeling. For this analysis we controlled for diet, low weight and antibiotics.
Although infants in our CF cohort had, on average, normal weights?, we excluded infants
with low weight (n=25) in this analysis to further minimize any contribution of nutritional
failure to low length1:23.24_ Additionally, antibiotic use has been shown to affect the
composition of the fecal microbiome2®; treatment with these drugs was associated with a
decrease in Proteobacteria (q < 0.01) and an increase in Firmicutes (q < 0.04) in our CF
cohort. Infants with CF were categorized as having low or normal length or weight
(Supplementary Table 1) as described previously?. For all samples over all time points,
compared with normal-length infants with CF, those with low length had low relative fecal
abundances of Bacteroidetes and high abundances of Proteobacteria (g < 0.02,
Supplementary Table 6), and these differences were significant in pairwise comparisons at
month 12 (p< 0.001 and p < 0.04, one-sided Wilcoxon rank-sum test, for Bacteroidetes and
Proteobacteria, respectively, Fig. 3a), a pattern similar to that observed when comparing
infants with CF and controls (Fig. 1c, Fig. 3b). Comparing the phylum-Ilevel fecal microbiota
of these three infant groups illustrated that the dysbiosis was most pronounced among those
with CF and low length (Fig. 3a,b, Extended Data Fig. 4) independent of diet or antibiotics
(Supplementary Table 6), including not only reciprocal changes in abundances of
Proteobacteria and Bacteroidetes, but also Actinobacteria and Firmicutes. Moreover, when a
microbiota age analysis was applied to compare normal and low length infants with CF, we
again found differences in microbiota development (Extended Data Fig. 7). Specifically,
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model predictions suggested significant delays in microbiota development among low length
infants with CF compared to those with normal length at month 12 (significant negative
shifts in low length relative microbiota age for all replicate models, g < 0.01, Wilcoxon
signed-rank test). Therefore, low length was associated with delayed fecal microbiota
development among infants with CF.

We found previously that the fecal microbiota of children with CF had altered capacities for
synthesizing and degrading two short-chain fatty acids (SCFA), butyrate and propionate®.
SCFA have been shown to modulate bone and body growth®.7, indicating that fecal dysbiosis
could contribute to inadequate length achievement by altering their production.
Unfortunately, meaningful measurements of SCFA were not possible for this study, since
SCFA are volatile and require specialized sample storage conditions?®, and fecal SCFA
levels do not accurately reflect luminal levels due to rapid uptake by the host27=29,
Therefore, to test this model, we compared the presence and abundance of taxa known or
predicted to produce butyrate and propionate (Supplementary Table 7) among different
groups of study participants. At month 12, of the 28 SCFA-producing species commonly
found in our dataset (i.e., present in >10% samples), 20 were less prevalent in samples from
infants with CF compared to controls, and of the 13 SCFA-producing species that exhibited
a statistically significant difference in prevalence between CF and controls (q < 0.05; chi-
squared test), 12 were significantly less prevalent in CF compared to controls (Extended
Data Fig. 8). These results suggest that SCFA production by intestinal microbiota of infants
with CF may be diminished compared with infants without CF, in agreement with recent
findings from both metabolomic and proteomic studies suggesting lower intestinal levels of
butyrate and propionate in children with CF compared to healthy controls30-31,

Our findings are consistent with the concept that the infant CF fecal dysbiosis is selected by
altered nutrient content within the GI lumen. In support of this model, prior studies of
patients with surgically-induced fat malabsorption and of animals fed high-fat diets
demonstrated fecal enrichments of Proteobacteria and depletion of Bacteroidetes, as found
here32:33 In addition, we recently showed that £, coliisolated from the fecal samples of
older children with CF exhibit growth advantages in glycerol34, which forms the backbone
of many dietary phospholipids abundant in the CF Gl tract due to Pl and malabsorption.
These effects occurred despite treatment with oral pancreatic enzyme supplementations
(which include lipase)®. Therefore, our results indicate that malabsorption is a recalcitrant
risk factor for fecal dysbiosis and, as an apparent consequence, impaired growth, in early CF
childhood. Low length among infants with CF was found previously? to correlate with lower
serum levels of IGF-family growth factors that, in a gnotobiotic mouse model, were shown
to be modulated by the GI microbiota through SCFA production®7. Therefore, fecal
dysbiosis among infants with CF could affect length achievement by altering endocrine
function. Unfortunately, too few study participants had paired fecal and serum samples
collected in this study to test this model. Future functional metagenomic or metabolomic
investigations of animal or human may identify the functions of the GI microbiota that might
modulate hormone signaling and growth.

It is also possible that CFTR dysfunction directly impacts growth through non-microbial
mechanisms. However, studies of early CF nutrition and growth demonstrated a wide variety
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of outcomes among children with the same CFTR mutation?, regardless of CFTR modulator
therapy2, indicating an important role for non-CFTR influences such as the GI microbiota,
which are amenable to manipulation. Therefore, therapies that either address the early fecal
dysbiosis exhibited here in infants with CF, or that replenish SCFA or modulate their
production (such as with prebiotics, as supported by a recent study3°), could improve early
growth, GI function, and long-term CF outcomes of many types. Gl dyshioses can also
worsen fat malabsorption and inflammation by disrupting bile acid production, contributing
to growth failure3®. This study identified a relationship between fecal microbiota and low
length in infants with CF that suggests mechanistic hypotheses that can be tested in animal
models and future interventional studies, and that could inform more effective strategies to
improve the growth, and consequent long-term outcomes, in infants with CF.

Fecal samples were collected from 207 of the 231 infants who participated in the Baby
Observational and Nutritional Study (BONUS), a longitudinal, observational cohort study
that was conducted during regularly scheduled CF clinic visits in the first year of life at 28
US Cystic Fibrosis Foundation-accredited Care Centers in the CF Foundation Therapeutic
Development Network. The primary goal of BONUS was to examine incremental weight
gain, linear growth and clinical features in the first year of life among infants with CF who
underwent newborn screening (NBS). Detailed study design and methods, including
descriptions of consent for the samples obtained and institutional review board approvals,
have been previously published!. Fecal samples were collected at 3, 4, 5, 6, 8, 10 and 12
months of age (1157 total samples). Stool was uniformly collected in study-provided sterile
collection cups at home within one day of each clinic visit and kept at 2-8°C until frozen at
—70°C in clinic. Metadata considered in this study is detailed in Supplementary Table 1,
with categories assigned to infants for analyses in Supplementary Table 2. For diet, each
sample is scored as Y (yes) or N (no) for breast milk, formula and table food, Y if the
participant was given that food source at any time during the month of the sample. Reporting
food source intake in this binary format allowed for comparison with the control cohort, as
metadata for the two cohorts was collected independently and was not equivalent. Moreover,
the conclusions of Backhed et al.18 indicate that considering presence or absence of breast
milk in the diet is a particularly conservative, evidence-based way to evaluate the effect of
this diet on fecal microbiota. For antibiotic use, each sample is scored as Y or N for current
or prior antibiotics, Y if the participant was given any oral or intravenous antimicrobial
medications at any time during the month of the sample or during prior months.

Control cohort.

Fecal samples were collected from 25 healthy infants as part of a prospective, single center,
observational cohort study to follow healthy infants not affected with CF for the first year of
life. Written informed consent was obtained from all participating parents or guardians, and
institutional review board approval was provided by the University of Buffalo. Fecal samples
were collected at 2, 4, 6, 9 and 12 months of age (122 total samples); therefore, age
matching for the two cohorts was possible for 4, 6, and 12-month time points. Stool was
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collected in study-provided sterile containers at home and kept at —20°C until delivered to
the clinic. Although this storage protocol differs from that of the CF cohort, there is
extensive literature demonstrating that storage at 4°C versus —20°C during the time period of
this study generates very similar taxonomic profiles of fecal samples3’-39, Control metadata
was limited to that collected as part of the observational cohort study and included length
and weight metrics, diet, antibiotic use, fecal calprotectin and fecal fat content
(Supplementary Table 3). Diet and antibiotic use are scored similarly to the CF cohort.

Fecal DNA extraction and metagenomic sequencing.

The conduct of this ancillary study was judged to be exempt from review as human subjects
research by the University of Washington institutional board. DNA extraction from fecal
samples has been described previously#40. The resulting DNA samples were stored at
—80°C until sequenced. For each sample, a random-fragment library was constructed using
the Nextera library protocol (Illumina, Inc.) with dual indexing and sequenced on the HiSeq
2500 platform to produce 96-bp paired-end reads. Sequencing generated an average of 29.6
million reads per sample, 97% of samples with >10 million reads. Initial FASTQ files were
filtered prior to subsequent analysis. Human DNA sequence was identified and removed
using KneadData 0.35 (http://huttenhower.sph.harvard.edu/kneaddata) with the Hg-19
human reference genome. Reads were filtered and trimmed for quality using Trimmomatic
0.33 (http://www.usadellab.org/cms/index.php?page=trimmomatic). Duplicate reads were
removed using EstimateLibraryComplexity, part of the Picard Tools package (https://
broadinstitute.github.io/picard/), and the Sequniqg 0.1 Python package (https://github.com/
standage/sequniq). All software packages were run using default settings.

Taxonomic profiling.

Statistics.

Taxonomic classification and relative species abundance of bacteria were obtained using
MetaPhlAn212, which uses a database of clade-specific markers to quantify microbiota
constituents at the species and higher taxonomic levels'®. Species with maximum abundance
of less than 0.01% across all samples were removed to minimize sampling noise. Taxonomic
proportions were rescaled to sum to unity. MetaPhlAn2 was run using default settings.

Statistical analysis was conducted in R (v3.5.1) (https://www.R-project.org). Results were
considered significant at a p value of <0.05 unless otherwise indicated. Multivariate
hypotheses of the association of clinical metadata and taxonomic profiles were tested using
permutational multivariate analysis of variance (PERMANOVA) implemented by adonis
(10° permutations; Bray distance) in vegan v2.5-3 (https://CRAN.R-project.org/
package=vegan). Multidimensional scaling (principal coordinate analysis) of taxonomic
profiles using a Bray distance was performed with mmds in bios2mds v1.2.2 (https://
CRAN.R-project.org/package=bios2mds ) and taxonomic factors (shown as arrows) were
fitted onto an ordination using envfit in vegan. To investigate early shifts in microbial alpha
diversity, we tested Shannon’s diversity index of taxonomic profiles using the function
“diversity” in vegan. Hypothesis testing was conducted using either a one-sided Wilcoxon
rank-sum or a t-test as indicated. P values were corrected for multiple testing using a
Benjamini-Hochberg adjustment. To identify significant associations between covariates and
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taxa we used MaAsLin*! to model the arcsine square root transformed relative abundance
using a mixed-effect linear model. In the models, participant was used as a random effect
and the binary (presence/absence) variables associated with food source (breast milk and
formula supplement), weight (low weight or normal weight) or antibiotic treatment (prior to
and including time points) contributed as fixed effects. The continuous variables of percent
fecal fat and measured calprotectin were also considered as fixed effects. Adjusted p values
using Benjamini-Hochberg FDR were reported as g values and were considered significant
for g < 0.05.

Microbiota age analysis.

Microbiota age was determined using an approach similar to Subramanian et al.?2. To train a
model, control samples were randomly subsampled to achieve the same number of samples
(23) per time point. These samples were then randomly split into a training set and testing
set (for model evaluation) using a 70%-30% split while guaranteeing that time points were
equally represented in the training and testing sets, resulting in 80 total training samples and
35 total testing samples with 16 training samples per time point and 7 testing samples per
time point within those training and testing sets. Regularized Random Forests#243 were then
fit to the training set (R package “RRF”, ntree = 10,000, all other parameters set to the
default). To assess whether model performance was noticeably affected by choice of training
and testing samples, this process was performed 10 times to produce 10 replicate models
each trained and evaluated on different randomly selected training and testing sets. This
process, including training 10 replicate models, was repeated for different feature sets
including all MetaPhlAn21® taxonomic abundances (full model) or using all abundances for
a specific taxonomic level (phylum-level, genus-level, species-level, and strain-level
models). Models fit to CF data were trained and evaluated in a similar manner. Due to the
small number of CF samples available at month 2, the number of training and testing
samples were similar per time point (20 training samples, 9 testing samples per time point)
though total number of training and testing samples was larger because more time points
were available for CF infants (160 training samples and 72 testing samples). Acid
suppression medication-controlled microbiota age models were fit using only samples from
infants that were not on acid suppressors, which meant that each control model replicate was
trained using 14 samples per time point (70 total) and each CF model replicate was trained
using 19 samples per time point (152 total). Normal and low length CF microbiota age
models were fit ignoring month 2 due to the small number of samples and the sufficient
number of overlapping time points when not comparing to controls. This meant that each
replicate normal length CF microbiota age model was trained using a total of 490 training
samples (70 per time point) and 210 testing samples (30 per time point). Similarly, each
replicate low length CF microbiota age model was trained using a total of 154 training
samples (22 per time point) and 63 testing samples (9 per time point).

Model performance was evaluated based on the Pearson correlation between model
predictions for sample microbiota age and the true age of the sample. Correlations were
calculated separately for each replicate model using either the testing set associated with the
replicate or the full set of CF samples. Relative microbiota age was calculated by comparing
predicted microbiota age to a spline fit to the associated model. For each replicate model, a
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spline was fit using model predictions on the associated testing set as a function of the true
age of the test samples (R function “smooth.spline”, df = 3, all other parameters set to the
default). A sample’s relative microbiota age was then defined as a model’s prediction of the
sample’s microbiota age minus the value of the model’s associated spline at the true age of
the sample. Each sample had 10 estimates of its relative microbiota age, one from each
replicate model trained on the opposite cohort. Significance of negative or positive shifts in
relative microbiota age at each time point was calculated using the Wilcoxon signed-rank
test with the null hypothesis that the median relative microbiota age was 0 for each cohort at
each time point.

Informative model features were identified using the random forest importance score based
on the average (across all trees in the forest) decrease in the residual sum of squares in the
regression when splitting on a feature. The most informative taxa for a given cohort
(controls, controls excluding samples on acid suppressors, CF infants, CF infants excluding
samples on acid suppressors) and a given feature set (species-level, genus-level, all taxa)
were defined here as the taxa with the top ten highest mean importance scores across all
replicate models trained on that cohort. Following Subramanian et al.?2, we further
examined the performances of microbiota age analysis using sparse models that are
restricted to these most informative taxa for each feature set. Due to overlap in informative
taxa between models trained on different cohorts, these sparse models used 23, 20, and 24
unique informative taxa for species-level, genus-level, and all taxa models respectively.
Sparse models were trained and evaluated as above.

Fecal fat assay.

The fecal fat content of each sample was measured using the acid steatocrit method as
described previously*#4. Acid steatocrit has been shown to correlate significantly with both
acid excretion and fecal fat concentration in comparisons with 72-hour fecal fat measures in
children with CF, with sensitivity and specificity for fat malabsorption of 90% and 100%,
respectively?®. Briefly, 0.5 g stool was mixed with vortexing with 1 ml of deionized water
for 30 sec and homogenized for three minutes using a mini-beadbeater-8 (Biospec). To the
homogenate 333 pl of 5 N perchloric acid was added, and the mixture was vortexed for 30
sec. The tube was then centrifuged at 13,000 rpm for 15 min. After centrifugation, three
layers were distinguished: a solid layer at the base of the tube, a middle aqueous layer, and
an upper lipid layer. The relative heights of the fat and solid layers in the tube were used to
calculate the percentage fat content of the stool as follows: (Height of fat layer/(Height of
solid + fat layers)) x 100.

Reporting summary.

Further information on research design is available in the Life Sciences Reporting Summary
linked to this paper.
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Data Availability

All metagenomic DNA sequence data required to assess the conclusion of this research are
available without restriction from the Sequence Read Archive (SRA) at the National Center
for Biotechnology Information under BioProject accession PRINA510445.

Extended Data
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Extended Data Fig. 1. Principal coordinates analysis of the fecal microbiota of infantswith CF
and controls at month 4.

The structure of the fecal microbiomes of infants in this study at month 4 seen in a
multidimensional scaling plot is dominated by the large abundances of Bifidobacterium
longum, B. breve and E. coli. One samples is represented for each of 109 infants with CF
and 25 controls. Each colored dot represents the microbiota of a different study sample, as
indicated.
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Extended Data Fig. 2. Phylogenetic plot comparing aver age microbiota at multiple taxonomic
levels at months 4 and 12 for infantswith CF and controls.

As indicated in the legend at lower right, greyscale bars indicate relative abundance; red vs.
black bars on the outside of the circular graph indicate whether taxa were enriched in infants
with CF (black) or controls (red) samples at month 12.
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Extended Data Fig. 3. Mean percent relative abundance of genera in Phylum Proteobacteriain
fecal samples from infantswith CF with normal length, infants with CF with low length and
controls

Proteobacteria remained relatively high in infants with CF, and especially those with low
length, due primarily to replacement with £. coli. In addition, abundances of K/ebsiellaand
Enterobacter remained relatively high. Bar height represents mean percent relative
abundance of Proteobacteria at each timepoint, and the mean relative abundance contribution
for selected genera are indicated within each bar.
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Extended Data Fig. 4. Aver age percent relative abundance of different bacterial phylain fecal
samples from infants with CF with normal length, infantswith CF with low length and controls.

Phylum-level average microbiota at each collection time point of the control infants (left),
compared to normal length infants with CF (middle), and low length infants with CF (right).
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Extended Data Fig. 5. Fecal microbiota development is significantly delayed in infantswith CF
relative to controls when omitting infants prescribed any acid suppressorsand when modelsare
trained on a spar se set of taxonomic features.

a, infants prescribed any acid suppressors, including proton pump inhibitors and/or H2
blockers were omitted. b, models trained on a sparse set of taxonomic features. Shown are
the distributions of “relative microbiota age” (x-axis), following the approach in

Subramanian et al.2! for each subject group (CF or controls) using abundances at all
taxonomic levels as the normalized error in a sample’s predicted microbiota age when using
a computational model constructed for the other group (e.g., negative relative microbiota age
indicates delayed development compared to the group used to construct the model). Y-axis,
density of samples that mapped to a given relative microbiota age at the indicated
timepoints. Colored ratios summarize the fraction of replicate full-feature models that
produced a distribution of relative microbiota ages that was significantly negatively (green
for CF samples relative to control models) or positively (blue for control samples relative to
CF models) different from zero (q < 0.01, one-sided Wilcoxon signed-rank test).
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Extended Data Fig. 6. L evels of fecal fat percentage and fecal calprotectin during thefirst year of
life.

Lines above the boxes represent significant differences (q <= 0.01, two-sided Wilcoxon
rank-sum test) between time points within a cohort (colored lines) or between cohorts at the
same time point (black lines). Boxplot hinges indicate the first and third quartile, and
whiskers indicate 1.5 times the IQR above and below.
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Extended Data Fig. 7. Fecal microbiota development is significantly delayed in infantswith CF
with low length relative to infantswith CF with normal length at month 12.

Shown are the distributions of “relative microbiota age” (x-axis), following the approach in
Subramanian et al.21 for each subject group (CF low length or CF normal length) as
described in Figure 2. Colored ratios summarize the fraction of replicate full-feature models
that produced a distribution of relative microbiota ages that was significantly negatively (red
for CF low length samples relative to CF normal length models) or positively (purple for CF
normal length samples relative to CF low length models) different from zero (¢ < 0.01, one-
sided Wilcoxon signed-rank test).
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Extended Data Fig. 8. Prevalence of selected butyrate-producing species with significantly
different prevalence between infants with CF compared to controls at month 12.

N = 23 controls, 152 CF, g< 0.05, chi-squared test.
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Figure 1. Fecal microbial composition isaltered in infantswith CF compared to controls.
a, The microbiota of all samples at the phylum level among control infants (left) and infants

with CF (right). Samples are ordered within each cohort according to the relative abundance
of Proteobacteria (and then Actinobacteria for samples where relative abundance of
Proteobacteria was negligible). Black dots indicate the relative abundance of £. coliin each
sample. b, Boxplot of Shannon Index, with individual data, indicating slower increases in
fecal microbiota diversity for infants with CF compared to controls, with significant
differences at month 12. Number of samples (N), one per patient at months 4, 6 and 12: 156,
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169 and 152 for infants with CF and 25, 25, and 23 for controls. ¢, Boxplots of
Proteobacteria, Bacteroidetes, Firmicutes and Actinobacteria relative abundances at months
4, 6 and 12 for infants with CF and controls. Boxplot hinges indicate the first and third
quartile, and whiskers indicate 1.5 times the IQR above and below. Indentations in each box
indicate approximately the 95% confidence intervals about the median. Box width is
proportional to the square root of N. One-sided Wilcoxon rank-sum test, * p< 0.05, ** p<
0.01, ***p < 0.001.
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Figure 2. Development of the fecal microbiomein infantswith CF isdelayed compared to
controls.

a, Performance of microbiota age models. Each box summarizes the Pearson correlations (y-
axis) between true and predicted microbiota age across replicate models trained on subsets
of control samples. The control correlations were calculated from subsets of withheld testing
samples and the CF correlations were calculated using these control-trained models on all
CF samples. Models differ by the feature set used for prediction as indicated on the x-axis:
all MetaPhlAn taxonomic features, phylum-level features, genus-level features, species-level
features, or strain-level features (n = 10 replicate models for each feature set). Boxplot
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hinges indicate the first and third quartile, and whiskers indicate 1.5 times the IQR above
and below. b, Development of fecal microbiota among infants with CF is significantly
delayed relative to controls. Shown are the distributions of “relative microbiota age” (x-
axis), following the approach in Subramanian et a/.? for each subject group (CF or controls)
as the normalized error in a sample’s predicted microbiota age when using a computational
model constructed for the other group (e.g., negative relative microbiota age indicates
delayed development compared to the group used to construct the model). Y-axis, density of
samples that mapped to a given relative microbiota age at the indicated timepoints. Colored
ratios summarize the fraction of replicate full-feature models that produced a distribution of
relative microbiota ages that was significantly negatively (green for CF samples relative to
control models) or positively (blue for control samples relative to CF models) different from
zero (g < 0.01, one-sided Wilcoxon signed-rank test).
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Figure 3. Low length infantswith CF have more extreme dyshiosis than normal length infants
with CF.

a, Boxplots of Proteobacteria, Bacteroidetes, Firmicutes and Actinobacteria relative fecal
abundances at 3, 6 and 12 months for normal length compared to low length infants with CF.
The number of samples (N) at month 3, 6 and 12 is 120, 124 and 113 for normal length and
38, 45, and 39 for low length infants. Hinges indicate the first and third quartile, and
whiskers 1.5 times the IQR above and below. Indentations in each box indicate
approximately the 95% confidence intervals about the median. Box width is proportional to
the square root of N. One-sided Wilcoxon rank-sum test, * p< 0.05, ** p< 0.01, ***p<
0.001. b, Dynamics of the fecal microbiota of controls (left) and normal length (middle) and
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low length (right) infants with CF during the first year of life. Bars represent the relative
abundances of bacterial phyla. Samples are ordered within each panel according to the
relative abundance of Proteobacteria (and then Actinobacteria once the relative abundance of
Proteobacteria is negligible). Vertically-aligned samples are not guaranteed to be from the
same subject. Black dots indicate the relative abundance of £. co/i in each sample.
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Summary demographic, nutritional and clinical characteristics of participating healthy infants (controls) and

infants with CF.

Characteristic Controlsl Infantswith CF
Demogr aphic and diagnostic

Participants 25 207
Female (Male) NR 99 (108)
Pancreatic insufficient (sufficient) NA 188 (19)
CFTR mutations

F508del homozygous NA 117
F508del heterozygous NA 76

Other NA 13
Unknown NA 1
Nutritionalz

Any breastmilk at M04> (M12) 1770 66723
Any formula at M04 (M12) 16 (5) 123 (112)
Any table food at M04 (M12) NR 52 (151)
Treatments

Received antibiotics at or before M06 (M12) 6 (9) 98 (120)
Received acid suppression

PPI 6only 0 31

H, blockers only 5 59

PPI and H, blockers 0 46

1 . .
NA: not applicable. NR: not received.

2 . -
Not mutually exclusive categories.

3M04, month 4. M12, month 12.

4Number of control samples with metagenomic data at M04: 25, at M12: 23.

5Number of samples from children with CF with metagenomic data at M04: 156, at M12: 152.

6Prot0n pump inhibitors.
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