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Abstract

Background: In cystic fibrosis (CF), pathophysiologic changes in the gastrointestinal tract 

lead to malnutrition and altered gut microbiome. Microbiome alterations have been linked to 

linear growth, gut inflammation and respiratory manifestations. Elucidating these gut microbiome 

alterations may provide insight into future nutritional management in CF.
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Methods: Infants were followed for 12-months at four sites in the United States (US-CF) and 

Australia (AUS-CF). 16s rRNA gene sequencing was performed on longitudinal stool samples. 

Associations between microbial abundance and age, antibiotic prophylaxis, malnutrition, and 

breast feeding were evaluated using generalized linear mixed models. Taxonomic and predictive 

functional features were compared between groups.

Results: Infants with CF (N=78) were enrolled as part of a larger study. AUS-CF infants 

had higher mean weight-for-age z-scores than US-CF infants (p=0.02). A subset of participants 

(CF N=40, non-CF disease controls N=10) provided stool samples for microbiome analysis. 

AUS-CF infants had lower stool alpha diversity compared to US-CF infants (p<0.001). AUS-

CF infants had higher relative abundance of stool Proteobacteria compared to US-CF infants 

which was associated with antibiotic prophylaxis (p<0.001). Malnutrition (weight-for-age <10th 

percentile) was associated with depleted Lactococcus (p<0.001). Antibiotic prophylaxis (p=0.002) 

and malnutrition (p=0.012) were linked with predicted decreased activity of metabolic pathways 

responsible for short chain fatty acid processing.

Conclusions: In infants with CF, gut microbiome composition and diversity differed between 

the two continents. Gut microbial diversity was not linked to growth. The relationship between 

malnutrition and antibiotic prophylaxis with reduced SCFA fermentation could have implications 

for gut health and function and warrants additional investigation.
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1. INTRODUCTION

Gut microbial colonization begins at birth, evolves over time, and is influenced by several 

external factors, including mode of delivery, feeding regimen, geographic location, and 

medication exposures (1). Normal early development of the gut microbiome is essential 

in the maturation of the host immune system (2). Alterations in the gut microbiome of 

children are recognized in diseases including malnutrition, obesity, atopy, inflammatory 

bowel disease, and cystic fibrosis (CF) (3). In children with CF, growth is an important 

marker of nutrition and has strong associations with later lung function and survival (4).

In CF, alterations in the gut environment occur due to cystic fibrosis transmembrane 

conductance regulator (CFTR) dysfunction leading to alterations in the gut mucus, intestinal 

pH, and nutrient absorption (5). These alterations create an environment that contributes 

to bacterial dysbiosis with downstream effects in the respiratory tract (6). Infants with CF 

have been shown to have a distinct pattern of gut microbiome development, dominated 

by Streptococcus and Veillonella, Bifidobacterium, and Bacteroides (7). In infants with 

CF, changes in the gut microbiome have been shown to precede Pseudomonas aeruginosa 
colonization in the airway and those who were breast fed had a trend towards prolonged 

time to first pulmonary exacerbation (7). This highlights a potential link between the gut and 

airway microbiome. Studies have reported increased prevalence of Proteobacteria, mostly 

Escherichia coli (8), with reduced Bifidobacterium and other commensals (6, 9) in the gut 

of infants with CF. These changes appear to be associated with increased gut inflammatory 

AR et al. Page 2

J Cyst Fibros. Author manuscript; available in PMC 2024 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



markers (10). These alterations in the gastrointestinal tract may have long-lasting effects on 

health; the gut microbiome in infants with CF has been linked to linear growth (11).

This study aims to elucidate these previously reported gut microbiome findings. We describe 

and compare the gut microbiome in a large, prospective, observational study of infants with 

CF born in the United States (US) and Australia (AUS). We also explore the relationships 

between microbiome composition, growth, and infant dietary intake. This unique study 

design allows for insight into potential geographic differences in the gut microbiome in 

infants with CF.

2. METHODS

2.1. Study population

Four sites were part of this study: Indiana University and Riley Hospital for Children 

(Indianapolis, USA), Washington University and St. Louis Children’s Hospital (St. Louis, 

USA), Royal Children’s Hospital (Melbourne, Australia) and Princess Margaret Hospital for 

Children (Perth, Australia). Infants with CF identified by newborn screening and diagnosed 

based on sweat chloride concentrations >60 mmol/L or two pathogenic CFTR variants were 

enrolled before 4-months of age. Results from this cohort have been previously published 

(12–14). The study presented here was an ancillary study with additional collection of 

stools samples from a sub-set of the participants to assess the gut microbiome. Non-CF 

disease controls were children under 24-months of age recruited at Indiana University who 

underwent bronchoscopy for clinical indications (Supplemental Table 1). As the non-CF 

control dataset was small, additional analysis was performed using a publicly available 

dataset of healthy infants (15) to ensure representation of a more general population. Study 

approval was obtained from the regulatory board at each institution, and written informed 

consent was obtained from parents.

Infants with CF were followed for a year and underwent infant pulmonary function 

testing, bronchoscopy, computed x-ray tomography of the chest (chest CT). Control infants 

participated in one visit. CF research visits were scheduled every one-to-three months until 

approximately 12 months of age (participants were allowed a window to complete all study 

procedures). Additional ancillary study data were obtained and included the following: 

growth (weight, length, and weight-for-length z-scores), feeding mode (breast milk and/or 

formula), time of transition to solid foods, medications, and environmental smoke exposure. 

Data were entered and managed using REDCap (16), hosted at the Indiana Clinical and 

Translational Sciences Institute.

2.2. Sample collection and processing

Fecal sample collection was attempted at each study visit. Parents collected stool from a 

diaper, which was immediately placed in a sterile specimen cup, kept in their home freezer, 

and transported chilled to the next clinic visit, where it was stored at −80°C. For non-CF 

disease controls, fecal material was collected from the child’s diaper, placed in a sterile 

specimen cup and frozen at −80°C during the bronchoscopy visit.

AR et al. Page 3

J Cyst Fibros. Author manuscript; available in PMC 2024 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Frozen fecal samples were shipped to Washington University for DNA extraction using 

QIAGEN PowerLyzer® PowerSoil kit® (catalog 12855) as per manufacturer guidelines, then 

sent to the University of Illinois-Chicago for 16S rRNA gene sequencing (V4 region) using 

the MiSeq Illumina sequencing platform with the V2–500 kit (Illumina Inc) (17).

2.3. Statistical analysis

Statistical analysis was performed using R version 4.1.0 unless specified (18). Benjamini-

Hochberg was applied for multiple comparisons and post-corrected p-values <0.05 were 

considered significant. Participant demographics and exposures were compared using the 

Fisher’s exact test. Growth parameters, including weight and length, were transformed 

to weight, length, and weight-for-length z-scores according to the WHO Growth Charts 

(ages 0 to <2 years) (19). Linear mixed models (LMM) were used to determine significant 

differences in these metrics over time.

Sequencing data were processed through DADA2 (20) for taxonomic profiling and Picrust2 

(21) for metabolic pathways prediction against the MetaCyc database (22). R package 

details are available in the online supplement. Alpha diversity (Shannon Index) was 

compared across the three groups (US-CF, AUS-CF, and non-CF disease controls) using 

the Kruskal-Wallis test and comparison over time (US-CF vs AUS-CF) using linear mixed 

modeling (LMM). To compare beta diversity, Principal Coordinates Analysis (PCoA) 

was performed based on the Bray-Curtis dissimilarity, followed by the permutational 

multivariate analysis of variance (PERMANOVA) to determine significance. For phylum 

analysis, relative abundance (RA) of each major phylum (defined as mean RA > 1%) was 

compared using the Wilcoxon test (US-CF vs non-CF, AUS-CF vs non-CF) and LMM 

(US-CF vs AUS-CF over time). At the genus level, RA of each major genus (defined as 

mean RA > 1%) was compared using the zero-inflated Wilcoxon test (US-CF vs non-CF, 

AUS-CF vs non-CF) and generalized linear mixed model (GLMM) (US-CF vs AUS-CF over 

time). Generalized linear mixed models were used to explore associations between genus 

abundances and predicted pathways, age, antibiotic prophylaxis, malnutrition, and any breast 

milk exposure in the infants with CF. Antibiotic prophylaxis was defined as daily antibiotic 

use over time (initiated prior to stool sample collection), and malnutrition was defined as 

weight-for-age <10th percentile at any time point in the study (23).

3. RESULTS

3.1. Sample Characteristics

Seventy-eight infants with CF (22 US and 56 AUS) and 20 non-CF disease controls (all 

US) were recruited for this study. Of these, a subset provided fecal samples for microbiome 

analyses (17 US-CF, mean 7.88 samples; 23 AUS-CF, mean 5.26 samples and 10 non-CF 

disease controls, mean 1 sample). Demographic features, medication use, and dietary intake 

are summarized in Table 1. A notable difference is that 98% of AUS-CF infants were 

routinely prescribed antibiotic prophylaxis treatment (amoxicillin-clavulanate), while none 

of the US-CF infants received prophylaxis (p <0.001). Less than half of all the infants were 

exclusively breastfed, but over half were fed breast milk during the study period. All US-CF 
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infants received infant formula, whereas only 68% of AUS-CF infants were fed formula (p 

<0.001).

Growth parameters for the whole cohort (n=78) of US-CF infants (n=22) compared to 

AUS-CF infants (n=56) are shown in Figure 1A. AUS-CF infants had a significantly 

greater increase in weight-for-age z-score over time (p=0.02). The two groups were not 

significantly different in length-for-age and weight-for-length z-scores over time. In the 

sub-set of infants who provided stool samples (US-CF n=17, AUS-CF n=23), there was a 

significant difference in all growth parameters between the two groups (Figure 1B).

3.2. Gut Microbial Diversity

We evaluated the overall gut microbiome diversity and changes over time in infants with 

CF. Alpha diversity was represented using Shannon diversity. Compared to non-CF disease 

controls, US-CF infants had similar Shannon diversity to controls, whereas AUS-CF infants 

had lower Shannon diversity (p<0.001) (Figure 2A), a difference that persisted over time 

(Figure 2B). There were marked differences in beta diversity (p=0.0001) between all three 

groups (Figure 2C), which again continued over time in the US-CF group as compared to the 

AUS-CF infants (p=0.008) (Figure 2D). Data from the publicly available healthy controls is 

displayed in Figure S1. Fifty infants with samples as a newborn, at 4 months and 12 months 

of life were analyzed. These infants had increasing Shannon diversity over the first year of 

life (Figure S1A), with similar relative abundance of the major phylum and genus as the 

non-CF controls (Figure S1B–C). In our cohort of CF infants, Shannon diversity did not 

correlate with measures of growth including weight-for-age z-score, length-for-age z-score 

or weight-for-length z-score (Figure S2)

3.3. Gut Microbiome at the Phylum and Genus Level

Four major phyla were found in the microbiome: Actinobacteria, Bacteroidetes, Firmicutes, 

and Proteobacteria in each of the infant groups. Compared to non-CF disease controls, both 

US-CF and AUS-CF had a higher proportion of Proteobacteria and lower Bacteroidetes 

(Figure 3A). Proteobacteria abundance was different between the two CF infant groups, with 

AUS-CF infants having higher proportions of Proteobacteria than US-CF infants (Figure 3B, 

3C). Also, AUS-CF had lower proportions of Actinobacteria and Firmicutes than US-CF 

infants, differences that persisted over time (Figure 3B, 3C).

The major genera across the three groups were compared (Figure 3D, 3E, 3F) with each 

genus represented by a color and significant values are displayed for between group 

comparisons (Figure 3F). For Proteobacteria, the most abundant genera that accounted 

for differences between the three groups were Escherichia/Shigella (lower abundance in 

non-CF disease controls vs US-CF infants) and Klebsiella (higher abundance in AUS-CF 

infants vs US-CF and non-CF disease control infants). For the phylum Bacteroidetes, 

it was Bacteroides that had the highest abundance in non-CF disease controls vs both 

US-CF and AUS-CF infants, while differences in Actinobacteria was primarily driven by 

Bifidobacterium (lower abundance in AUS-CF infants vs US-CF or non-CF disease control 

infants). For Firmicutes, the main genera were Lachnoclostridium (higher abundance in both 
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groups of CF infants vs non-CF disease controls) and Veillonella (highest abundance in 

US-CF infants).

Using Picrust2, the functional nature of the bacteria present in the gut of the infants was 

assessed, and predicted MetaCyc pathways were analyzed for beta diversity (Figure S3). 

There were marked differences (p=0.0001) of microbial community functional elements 

when comparing non-CF disease controls, AUS-CF, and US-CF infants when analyzed 

using the PCoA plot (Figure S3A). Between the CF cohorts, US-CF infants differed from 

AUS-CF infants across time points (p<0.001) with axis-1 accounting for 60.5% of the 

variation present (Figure S3B). The top 20 functional pathways that contributed to the axis-1 

variation for AUS-CF and US-CF infants are shown in Figure S3C. The two most prevalent 

in AUS-CF infants were pathways related to fatty acid elongation and oxidation (FAO-PWY 

and FASYN-ELONG-PWY).

3.4. Association of Gut Microbiome with Clinical Factors

We examined the associations between clinical factors and environmental exposures with gut 

microbial composition, specifically evaluating the link between microbial feature abundance 

(genus and predicted metabolic pathways) with age, antibiotic prophylaxis, malnutrition, 

and breast milk exposure in the infants with CF (Figure 4). As CF clinical care strongly 

focuses on growth and attempts to limit malnutrition, we used malnutrition as the clinical 

variable for growth in our analyses (defined as weight-for-age <10th %tile). Breast milk 

exposure was defined as the infant ever having breast milk. Six US-CF and two AUS-CF 

infants fulfilled the criteria for malnutrition. Figure 4A shows the estimated coefficient 

of the association between genus abundance and each of these clinical factors. Age 

in days was associated with enrichment of Firmicutes and depletion in Proteobacteria. 

Klebsiella was abundant in infants treated with antibiotic prophylaxis, whereas other 

genera were depleted, including Staphylococcus, Megasphaera, Tyzerella and Haemophilus. 

Megasphaera, Tyzerella, Haemophilus, Staphylococcus, and Lactococcus were also reduced 

in infants with CF with malnutrition, while Lactobacillus was enriched in infants who had 

ever had breast milk.

In Figure 4B, the top 20 predicted metabolic pathways that differed between US-CF 

and AUS-CF infants are displayed, which are clearly separated by antibiotic prophylaxis 

and age. In reciprocal fashion, pathways that were depleted with antibiotic prophylaxis 

were enriched with age and vice versa. Malnutrition was associated with depleted 

Bifidobacterium shunt, a pathway of fermentation to short-chain fatty acids acetate and 

lactate. Antibiotic prophylaxis was associated with reduced biosynthesis of nucleosides and 

nucleotides, as well as certain amino acids, but these pathways were more enriched with 

increased age. Fatty acid biosynthesis pathways were predicted to be increased in infants 

receiving antibiotic prophylaxis.

4. DISCUSSION

This prospective observational study compared the composition of the gut microbiome in 

infants with CF from two countries longitudinally and examined its relationship to growth, 

malnutrition, diet, and antibiotic prophylaxis. Australian and US infants with CF were 
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similar in height and weight at enrollment, but the former cohort gained more weight 

over time. The majority (98%) of Australian infants were treated with daily antibiotic 

prophylaxis, which had marked effects on the gut microbiome. Australian infants had less 

diverse gut microbiome at baseline and over time when compared to US infants. The gut 

microbiome was dominated by Proteobacteria in Australian infants with CF, with decreased 

concentrations of Actinobacteria and Firmicutes compared with US infants. Escherichia, 

Shigella, and Klebsiella accounted for the majority of the Proteobacteria in these infants. 

Though no significant correlation was seen between Shannon diversity and growth in the 

infants with CF, in those with malnutrition, the gut microbiome was predicted to be depleted 

of similar bacteria to those on antibiotic prophylaxis.

Differences in the gut microbiome between infants with CF living in Australia versus the 

US may have been related in part to geographic differences (24). US infants with CF had 

Shannon diversity that was like their non-CF disease control counterparts, which were all 

from the US. In comparison to age, antibiotic prophylaxis, and malnutrition, the type of 

diet seemed to have less of an influence on species abundance. There was a predominance 

of Proteobacteria in Australian infants with a concomitant decrease in Bifidobacterium. 

Escherichia, Shigella, and Klebsiella accounted for most of the Proteobacteria in these 

Australian infants. Compared to non-CF disease controls, both CF infant groups had higher 

abundance of Proteobacteria. The core bacteria in our cohort of infants with CF was similar 

to prior studies that reported an abundance of Bacteriodes, Veillonella, and Bifidobacterium 
(25). Though prior studies showed increasing Escherichia in infants with CF over time, this 

genus was relatively stable in our cohort (25). Fecal dysbiosis with decreased abundance 

of Bacteroidetes and increased abundance of Proteobacteria has been linked to poor linear 

growth in infants with CF (11). In our cohort, AUS-CF infants, despite higher proportions of 

Proteobacteria, had better weight gain over time than their US-CF counterparts. Also, we did 

not see a link between Shannon diversity and linear growth (or weight gain) in our cohort. 

However, the effects of gut dysbiosis are likely not just important locally in the gut, but 

potentially have more far-reaching effects on other organ systems including the respiratory 

tract (6, 7). With a greater understanding of these relationships and the directionality, the gut 

microbiome could be a target for future therapeutic interventions.

Nutrition in early life has long been a focus in CF clinical care as it has significant links 

to future lung function (4). Australian infants had better growth over time than US infants, 

consistent with past studies that used CF patient registry data to compare children in the 

US and Australia (26). In that study, they noted that these differences remained even after 

controlling for age, gender, genotype and diagnosis after newborn screen (26). In our cohort, 

we found growth differences started early in life as weight-for-age measures diverged in 

the first six months and over time; the mechanism for this difference is not known. One 

notable difference in treatment was the use of prophylactic antibiotics in Australia, which 

were started early and may account for some of this divergence. Systemic antibiotics have 

been shown to promote growth. A meta-analysis examining the effects of antibiotics in 

non-CF children reported positive effects on growth in children in low- and middle-income 

countries (27), thought to be related to treatment of subclinical infection or modulation of 

the microbiome (27). In the current study, feeding regimens did not overtly differ between 
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the two continents, i.e., breast milk vs infant formula, though we were not able to account 

for the mother’s diet while breastfeeding, which could introduce additional variability.

Using Picrust2, we examined predicted associations between the gut microbiome 

composition and malnutrition in these infants with CF. Malnutrition was associated with 

depleted Bifidobacterium shunt, a pathway of fermentation to short-chain fatty acids (acetate 

and lactate). Short-chain fatty acids are produced in the colon by bacteria fermentation of 

non-digestible foods like fiber and resistant starches (28) and stimulate T-cell differentiation 

(29), specifically regulatory T-cells. The depletion of this pathway in our malnourished 

infants with CF is consistent with previous studies, where acetate levels were found to be 

lower in malnourished children (30) and correlated to BMI z-score (31). In our study, fatty 

acid pathways were predicted to be enriched in those that received antibiotic prophylaxis. 

Several of the fatty acid pathways, PWY-6282, FASYN-INITIAL-PWY, FASYN-ELONG-

PWY, and FAO-PWY, are known to be used by Escherichia, a genus that accounted 

for a large portion of the increased Proteobacteria seen in Australian infants with CF. 

Also, antibiotic prophylaxis was predicted to be associated with reduced biosynthesis of 

nucleoside and nucleotides, as well as certain amino acids. These findings may represent 

slower microbiome growth (slower DNA replication and protein synthesis) and thus may 

explain the decreased diversity seen in Australian infants initially and over the course of the 

study. These pathways depleted with antibiotic prophylaxis became less depleted over time. 

This may reflect lower adherence to the antibiotic regimen over time or represent an ability 

to restore the microbiome despite outside influences. It is difficult to determine if this was 

simply delayed maturation of the gut microbiome due to antibiotic prophylaxis (AUS-CF 

infants showing slower increase in diversity over time) or unrelated.

This study has a few limitations. The sample size was low with relatively few infants 

participating and a larger number of those being from Australia. Whether Proteobacteria 

enrichment was due to antibiotic prophylaxis or continental differences was difficult to 

determine, since all but one of the infants in the Australian group received antibiotic 

prophylaxis during the study. However, historic samples from the Royal Children’s 

Hospital, collected before initiation of antibiotic prophylaxis, had markedly greater diversity, 

suggesting antibiotic prophylaxis, rather than geography or local diet, explains differences 

between AUS-CF and US-CF infants (32). During the time of this trial, some of the 

Australian infants were participating in another blinded clinical trial examining the use 

of enteral Azithromycin, which would have further contributed to their antibiotic exposure. 

Fecal sample collection was added after the main study began enrollment, and not all 

infants had fecal samples collected at every visit. Sample collection occurred every one-to-

three months and was coordinated with clinic visits, but the first sample was obtained 

after the initiation of antibiotic prophylaxis in Australian infants. These factors introduce 

potential variability into the analyses. Malnutrition was seen in only a small number of 

infants. Non-CF disease control infants were only recruited from one US site and were a 

convenience sample; these infants were undergoing bronchoscopy for clinical indications. 

The non-CF disease control infants were not age matched and had only one sample 

collected. However, the non-CF infants were grouped into appropriate age time periods for 

microbiome comparisons. Furthermore, since these were infants undergoing bronchoscopy 

for clinical indications, they may not represent the general non-CF infant population. To 
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account for this limitation, additional analysis using a publicly available dataset of healthy 

infants was analyzed with results similar to the non-CF controls. Lastly, our metabolic 

analysis was based on Picrust2 prediction. These are associations and causality cannot be 

determined. In the future, more direct studies of bacterial metabolism may be helpful, like 

metabolomics or measuring production of substrates like short chain fatty acids.

In conclusion, in infants with CF, gut microbiome composition and diversity were affected 

by age, antibiotic prophylaxis and differed between the two continents. Gut microbial 

diversity was not linked to growth. However, functional examination of metabolic pathways 

identified associations between the gut microbiome and age, antibiotic use, as well as 

malnutrition in infants with CF. Clinical practices appear to contribute significantly to 

the differences noted, and therefore the infant gut microbiome should be an important 

consideration for future management of CF.
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Highlights

• AUS-CF infants had higher weight for age z-scores than US-CF infants over 

time

• AUS-CF infants had more Proteobacteria, related to continent or antibiotic 

prophylaxis

• Malnutrition and daily antibiotics were linked to changes in the microbiome 

with predicted functional changes
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Figure 1. Growth measures between US-CF and AUS-CF infants across time.
Scatter plots with fitted linear regression lines of US-CF and AUS-CF infants. (A) Whole 

cohort. For weight-for-age z-score, AUS-CF infants (n=56) had more weight gain than 

US-CF infants (n=22) over time, p=0.024. There was not a significant difference in length-

for-age z-score, p=0.069 or weight-for-length z-score, p=0.107. (B) Sub-cohort with stool 

sequenced. Weight-for-age z-score (waz), length-for-age z-score (laz) and weight-for-length 

z-score (wlz) differs between US-CF infants (n=17) and AUS-CF infants (n=23). (waz 

p=0.00382; laz p=0.027087; wlz p=0.0167)
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Figure 2. Microbiome Diversity
(A) Overall comparison of Shannon diversity among non-CF, US-CF and AUS-CF 

(comparison across the three groups, p < 3.0e-9; non-CF vs US-CF: p = 0.439; non-CF 

vs AUS-CF: p = 2.66e-05). (B) Boxplot for Shannon diversity of non-CF, US-CF, and 

AUS-CF at different age time points (T1: 0–6 months; T2: 6–9 months; T3: 9–12 months; 

T4: 12–15 months; T5: 15–18 months; T6: 18–24 months). US-CF vs AUS-CF, p = 1.60e-5. 

(C) PCoA plot of beta diversity with overall comparison across the three groups, p = 1e-04. 

(D) Cross-sectional beta diversity, US-CF vs AUS-CF: p = 0.008
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Figure 3. 
Stacked bar plot of mean relative abundance of major phylum by (A) groups and (B) time 

points (T1: 0–6 months; T2: 6–9 months; T3: 9–12 months; T4: 12–15 months; T5: 15–18 

months; T6: 18–24 months). (C) Color legend and p-values for (A) and (B). (D) Stacked bar 

plot of mean relative abundance of significantly changed major genus across groups and (E) 
over time. (F) Color legends and p-values for (D) and (E).
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Figure 4. 
GLMM analysis of microbial feature abundance (A-genus, B-pathway) with variables age, 

antibiotic prophylaxis, malnutrition, and breast milk exposure. The estimated coefficients 

with significance are plotted as a heatmap. (Act: Actinobacteria; Bac: Bacteroidetes; SCFA: 

short chain fatty acid; AA: amino acid; SEC: secondary metabolites; O: other biosynthesis. 

Significance levels: ****: p <0.0001; ***: p <0.001, **: p < 0.01; *: p < 0.05).
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TABLE 1:

Demographics

Whole cohort Sub-cohort with stool sequenced

Non-CF 
Disease 
Control 
(N=20)

US-CF (N=22) AUS-CF 
(N=56)

Non-CF 
Disease 
Control 
(N=10)

US-CF (N=17) AUS-CF 
(N=23)

Gender (Male) 14 (70.0%) 9 (40.9%) 28 (50.0%) 7 (70.0%) 7 (41.2%) 10 (43.5%)

Race (White) 19 (95.0%) 22 (100%) 54 (96.4%) 10 (100%) 17 (100%) 23 (100%)

Genotype

Homozygous Phe508del 0 (0%) 13 (59.1%) 30 (53.6%) 0 (0%) 11 (64.7%) 15 (65.2%)

Heterozygous Phe508del 0 (0%) 8 (36.4%) 24 (42.9%) 0 (0%) 5 (29.4%) 7 (30.4%)

Other 0 (0%) 1 (4.5%) 2 (3.5%) 0 (0%) 1 (5.9%) 1 (4.4%)

Anthropometrics at 
enrollment

Weight-for-age z-score 0.11±1.01 −1.09±1.13 −0.79±1.30 −0.10±1.18 −1.33±1.15 −0.50±0.86

Length-for-age z-score −0.47±1.17 −0.66±1.30 −0.70±1.72 −0.53±1.22 −0.81±1.42 −0.27±1.08

Weight-for-length z-score 0.45±1.26 −0.70±0.83 0.55±1.72 0.10±1.42 −0.83±0.85 −0.34±1.09

Pancreatic Status

Pancreatic Insufficiency - 18 (81.8%) 47 (83.9%) - 14 (82.4%) 21 (91.3%)

Medication

Antibiotic prophylaxis - 0 (0%) 55 (98.2%) - 0 (0%) 22 (95.7%)

Pancreatic enzyme use - 19 (86.4%) 48 (85.9%) - 15 (88.2%) 21 (91.3%)

H2 blocker/Proton pump 
inhibitor

- 14 (66.7%) 22 (39.2%) - 10 (58.8%) 11 (47.8%)

Diet

Breast milk exclusive - 10 (45.5%) 21 (37.5%) - 8 (47.1%) 9 (39.1%)

Ever had breast milk - 12 (54.5%) 35 (63.5%) - 9 (52.9%) 14 (60.9%)

Ever had infant formula - 22 (100%) 43 (67.8%) - 17 (100%) 20 (87.0%)

Site (n)

Indianapolis 20 (100%) 15 (68.2%) 0 (0%) 10 (100%) 13 (76.5%) 0 (0%)

St. Louis 0 (0%) 7 (31.8%) 0 (0%) 0 (0%) 4 (23.5%) 0 (0%)

Melbourne 0 (0%) 0 (0%) 33 (58.9%) 0 (0%) 0 (0%) 16 (69.6%)

Perth 0 (0%) 0 (0%) 23 (41.1%) 0 (0%) 0 (0%) 7 (30.4%)

N (%) or mean +/−
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