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Abstract Mice with a null mutation in the cystic fibrosis

transmembrane conductance regulator (Cftr) gene show

intestinal structure alterations and bacterial overgrowth. To

determine whether these changes are model-dependent and

whether the intestinal microbiome is altered in cystic fi-

brosis (CF) mouse models, we characterized the ileal tissue

and intestinal microbiome of mice with the clinically

common DF508 Cftr mutation (FVB/N Cftrtm1Eur) and with

Cftr null mutations (BALB/c Cftrtm1UNC and C57BL/6

Cftrtm1UNC). Intestinal disease in 12-week-old CF mice,

relative to wild-type strain controls, was measured histo-

logically. The microbiome was characterized by pyrose-

quencing of the V4–V6 region of the 16S rRNA gene and

intestinal load was measured by RT-PCR of the 16S rRNA

gene. The CF-associated increases in ileal crypt to villus

axis distention, goblet cell hyperplasia, and muscularis

externa thickness were more severe in the BALB/c and

C57BL/6 Cftrtm1UNC mice than in the FVB/N Cftrtm1Eur

mice. Intestinal bacterial load was significantly increased

in all CF models, compared to levels in controls, and

positively correlated with circular muscle thickness in CF,

but not wild-type, mice. Microbiome profiling identified

Bifidobacterium and groups of Lactobacillus to be of al-

tered abundance in the CF mice but overall bacterial fre-

quencies were not common to the three CF strains and were

not correlative of major histological changes. In conclu-

sion, intestinal structure alterations, bacterial overgrowth,

and dysbiosis were each more severe in BALB/c and

C57BL/6 Cftrtm1UNC mice than in the FVB/N Cftrtm1Eur

mice. The intestinal microbiome differed among the three

CF mouse models.

Introduction

Cystic fibrosis (CF) is an autosomal recessive disease

caused by defects in the cystic fibrosis transmembrane

conductance regulator (CFTR) gene. Although over 1500

different mutations in CFTR have been documented, a

deletion of a phenylalanine at position 508 (DF508) ac-

counts for 70 % of those found among people with CF

(O’Sullivan and Freedman 2009). CF patients have well-

described pathologies affecting the lung and pancreas, and

can also develop intestinal disease which manifests as

meconium ileus and distal intestinal obstruction syndrome

in this population (van der Doef et al. 2011). Small in-

testinal bacterial overgrowth has been reported as a feature

of clinical CF intestinal disease (Lisowska et al. 2009).

Intestinal phenotypes resembling meconium ileus

(Snouwaert et al. 1992) and distal intestinal obstruction

syndrome (Durie et al. 2004) develop in mice with a null

mutation in Cftr (Cftrtm1Unc mice) and in the mice these

traits are characterized by mucous build up and the pres-

ence of lethal intestinal plugs (Durie et al. 2004; Snouwaert
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et al. 1992). Histologically, Cftrtm1Unc mice, on either the

C57BL/6 J (Durie et al. 2004; Kent et al. 1996) or BALB/

cJ (Bazett et al. 2011; Canale-Zambrano et al. 2010) ge-

netic background, have intestinal goblet cell hyperplasia,

and crypt dilation and elongation. Our studies of C57BL/J

x BALBc/J F2 Cftrtm1Unc mice also demonstrated the in-

testinal submucosa to be thicker in the Cftr-deficient mice

(Canale-Zambrano and Haston 2011). Finally, intestinal

bacterial overgrowth is a feature of the Cftrtm1Unc model

(Canale-Zambrano et al. 2010; Clarke et al. 2004; Norkina

et al. 2004).

In addition to Cftrtm1Unc mice, cystic fibrosis has been

modeled with FVB/N Cftrtm1Eur mice (van Doorninck et al.

1995) which carry the clinically common DF508 mutation.

These mice express the mutant allele at the same level at

which wild-type (WT) mice express the wild-type allele in

assayed tissues including the intestine (French et al. 1996).

This CF mouse model has been used to assay CFTR

function in the lung (Gavina et al. 2013; Lubamba et al.

2009), salivary glands (Droebner and Sandner 2013) and

intestine (Dekkers et al. 2013; Dhooghe et al. 2013) but the

intestinal disease in these mice has not been quantified. An

early report indicated Cftrtm1Eur mice to have an intestinal

phenotype of goblet cell hyperplasia with limited crypt

distention and intestinal obstructions (van Doorninck et al.

1995), at 5–7 weeks of age, but the extent of disease in

adults, and whether Cftrtm1Eur mice also develop bacterial

overgrowth is unknown.

The bacterial overgrowth phenotype is potentially of

interest to the development of CF pathology in the intestine

but clinical studies of this interaction are likely to be

confounded by the prevalence of antibiotic treatment in the

CF patient population. Specifically, non-CF studies have

shown that the introduction of specific bacteria to mice can

result in increased crypt depth (Preidis et al. 2012), and that

gastroenterological patients with small intestinal bacterial

overgrowth also have a decreased villus to crypt ratio

(Lappinga et al. 2010) which is consistent with the CF

intestinal change. High throughput microbiome sequencing

has been applied to CF, most commonly of respiratory

samples, and has shown there to be an effect of antibiotic

treatment on the pulmonary microbiome (Zhao et al. 2012).

The clinical CF intestinal microbiome has not been char-

acterized, but limited investigation of fecal samples from

CF patients (Duytschaever et al. 2011, 2013; Hoffman et al.

2014; Lynch et al. 2013; Scanlan et al. 2012) has suggested

an intestinal dysbiosis exists, and features alterations in the

abundance of individual bacterial groups including Bifi-

dobacterium (Duytschaever et al. 2013; Scanlan et al.

2012) and Escherichia coli (Hoffman et al. 2014), which

may be associated with disease (Hoffman et al. 2014). An

evaluation of the intestinal microbiome of the differing CF

mouse models has not been completed.

CF mouse models thus recapitulate important aspects of

the gastrointestinal pathology observed in patients and can

be studied in the absence of antibiotics. The current study

was undertaken to determine whether differences exist in

the intestinal disease phenotype among three different CF

mouse models- BALB/c Cftrtm1Unc, C57BL/6 Cftrtm1Unc

and FVB/N Cftrtm1Eur mice, and, if so, to investigate

whether these changes are associated with specific con-

stituents of the intestinal microbiome.

Materials and methods

Mice

Cftr?/tm1Eur heterozygous mice (van Doorninck et al.

1995), which had been backcrossed for 13 generations to

the FVB/N strain, were obtained from Dr. B. Scholte of the

Erasmus University Medical Centre Rotterdam, the

Netherlands. These mice were bred together to produce

Cftrtm1Eur mice and wild-type Cftr ?/? controls and were

genotyped as previously described (Paradis et al. 2010),

Cftr?/tm1UNC heterozygous mice on either C57BL/6 or

BALB/c background were used to generate knockout

(Cftrtm1UNC) mice as previously described (Bazett et al.

2012; Haston et al. 2006). All mice were bred and main-

tained at the Meakins-Christie Laboratories of McGill

University. To circumvent possible premature death due to

intestinal disease, all mice (CF and WT) were fed standard

chow and received PEGLYTE� (17.8 mmol/L poly-

ethylene glycol, Pharma Science, DIN:00777838) in their

drinking water as described previously (Bazett et al. 2012;

Clarke et al. 1996; Haston et al. 2006; Paradis et al. 2010).

Mice were weaned at 3 weeks of age and grouped in

ventilated cages of 1–3 mice based on their sex. CF and

WT mice were co-housed. At 12 weeks of age the mice

were weighed and euthanized with a lethal dose of anes-

thetic. At dissection, the entire small intestine was re-

moved, flushed with phosphate buffered saline containing a

mucolytic agent (10 mM dithiothreitol), the contents col-

lected, and the tissue was fixed in formalin before being

submitted for standard histological processing. All animal

procedures were performed in accordance with McGill

University guidelines set by the Canadian Council on

Animal Care.

Histology

Paraffin-embedded Sects. (5 lm) were stained with he-

matoxylin and eosin for evaluation of general histological

structure. The crypt to villus axis (CVA) height was mea-

sured, from 25 complete and intact CVAs within each

ileum, using image analysis of the histological sections
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(Olympus BX51, Image-Pro Plus 5.1, Media Cybernetics)

as in previous studies (Bazett et al. 2011; Canale-Zambrano

et al. 2010; Canale-Zambrano et al. 2007). Separate mea-

surements of villus height and crypt depth were also taken.

The number of goblet cells was counted for an average of

20–25 CVAs per section from Periodic acid-Schiff/Alcian

blue stained sections. For muscle thickness, both the cir-

cular and longitudinal muscle layers of the muscularis

externa were measured at 50 regular intervals throughout

the section, and nuclei per mm2 were enumerated in ten

regions located throughout the section. All sections were

scored by an observer blinded to mouse strain and Cftr

genotype.

Bacterial load measurement

DNA for bacterial load quantification was extracted from

200 mg of the centrifuged small intestinal contents using a

Stool DNA Kit (Qiagen, #51504). The bacterial load was

quantified by real-time PCR amplification of the 16S (small

ribosomal subunit) gene as previously described (Canale-

Zambrano et al. 2010; Ott et al. 2004). A standard curve of

the number of 16S rRNA gene copies present was created

by extracting and quantifying DNA from a known number

of E. coli D5Ha, which has seven 16S rRNA copies per

bacteria.

Bacterial DNA extraction and PCR amplification

of the 16S rRNA gene

DNAwas isolated from small intestinal contents by repeated

bead beating followed by a column extraction as previously

described (Hoffman et al. 2014; Yu and Morrison 2004).

FLX Pyrosequencing of the V4–V6 variable region of the

bacterial 16S rRNA gene (Primers: 530-F: GTGCCAGC

MGCNGCGG and 1100-R: GGGTTNCGNTCGTTG) was

completed by MrDNA as previously described (Dowd et al.

2008). 10,000 readswere sequenced per sample and a total of

548,576 reads were collected. Raw sequences were analyzed

using Mothur (Schloss et al. 2009) version 1.28, a publicly

available online computational microbiomics resource

which has previously been used to analyze themicrobiome in

CF patients (Zhao et al. 2012) and mice (Russell et al. 2012),

with a pipeline similar to that described previously (Schloss

et al. 2011). Raw sequences were cleaned using the Mothur

implementation of PyroNoise (Quince et al. 2009) and ana-

lyzed sequences were retained based on read lengths of

[200 bp, fewer than two barcode mismatches, fewer than

three primer mismatches and no homopolymer stretches[8

nucleotides. Sequences were aligned using the SILVA ref-

erence database (Pruesse et al. 2007) and unique sequences

were defined as having no more than two bases apart. Chi-

meras were removed using the Mothur implementation of

UChime (Edgar et al. 2011). The resulting 355,187 se-

quences were assigned to operational taxonomic units

(OTUs) based on 97 % sequence similarity with the most

abundant read serving as the representative read. Taxonomic

assignment of reads was completed with the Ribosomal

Database Project classifier (Wang et al. 2007). The se-

quencing data was rarefied to 5457 sequences per sample.

Statistical analysis

Weight, histological and bacterial load phenotypes are

expressed as the mean ± SD and differences in phenotype

between mice grouped by Cftr genotype were determined

using Student’s t test. To assess the significance of differ-

ences among models, ANOVA was used with Tukey’s post

hoc test. Correlations between bacterial load and histo-

logical features were defined with Pearson’s correlation

coefficient.

Phylogenetic trees were constructed using Clearcut

(Evans et al. 2006) via Mothur. Alpha diversity, Chao1

richness estimator, Simpson Evenness and Shannon’s

Diversity were calculated in Mothur (Schloss et al. 2009).

Correlations between these population measures and phe-

notypes of histological features, bacterial load and body

weight were defined with Pearson’s correlation coefficient.

To investigate the compositional similarity between sam-

ples, Bray-Curtis dissimilarities were calculated for each

model, data were visualized using two dimensional non-

metric dimensional scaling (NMDS) ordination, and sig-

nificant differences between groups were determined by

Adonis, using vegan package 2.0–10 in R (http://CRAN.R-

project.org/package=vegan). Differences in abundance of

OTUs between mice grouped by Cftr genotype were de-

termined by the Mothur implementation of the Metastats

program (White et al. 2009). The abundance of OTUs

which had reads in more than two CF mice was correlated

with histological features and with body weight. Correla-

tions were completed on the CF mice with all three strains

considered together and were evaluated using Pearson’s

correlation coefficient with the Bonferroni-corrected

P\ 0.0011 taken as the level of significance.

Results

Survival and body weight phenotype

A population of mice was bred from a cross of FVB/N

Cftr?/tm1Eur progenitors and of the mice produced 28 %

were homozygous for the DF508-Cftr allele at weaning,

which is consistent with expected Mendelian ratios.

Greater than 89 % of Cftrtm1Eur mice survived to the ex-

perimental age of 12 weeks and no intestinal blockages
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were apparent at necropsy. As seen in Fig. 1a, the average

weight of the Cftrtm1Eur mice at 12 weeks of age was not

significantly different from that of wild-type controls

(P = 0.11), in agreement with previous data of this strain

(Bazett and Haston 2014; Paradis et al. 2010). This is in

contrast to Cftrtm1UNC mice, also bred from heterozygous

progenitors, which had less than the expected 25 % ho-

mozygous Cftrtm1UNC mouse production rates at weaning

(BALB/c = 9.2 %, C57BL/6 = 6.9 %). Cftrtm1UNC mice

were significantly smaller than controls for BALB/c

(P = 0.0008), and C57BL/6 (P = 0.04) strains, in agree-

ment with previous reports (Bazett et al. 2011; Canale-

Zambrano et al. 2010; Haston et al. 2002; Norkina et al.

2004). There was a significant difference in weight among

the strains of CF mice with the FVB/N Cftrtm1Eur mice

weighing more than the BALB/c Cftrtm1UNC mice. The

strain-dependent difference in body weight among CF mice

was not evident within the wild-type mice; Fig. 1a.

Ileal histology

To determine whether adult FVB/N mice with the DF508
mutation in Cftr presented with intestinal disease, and if so,

how this intestinal disease related to that of Cftrtm1UNC

mice, measures of crypt-villus axis (CVA) height, muscu-

laris externa thickness, and goblet cell count were made in

ileal tissue procured from FVB/N Cftrtm1Eur, BALB/c

Cftrtm1UNC, C57BL/6 Cftrtm1UNC, and wild-type control

mice. As shown in Fig. 1b–d, the ilea of each of the three

CF mouse models contained significantly more goblet cells

per CVA than those of wild-type control mice (P = 0.001

for FVB/N; P = 8.4 9 10-6 for BALB/c, P = 6.4 9 10-5

for C57BL/6). Among the CF models, there was a sig-

nificant difference in goblet cell hyperplasia, with FVB/N

Cftrtm1Eur mice having fewer goblet cells per CVA than the

BALB/c Cftrtm1UNC mice. This trait did not vary by strain

in wild-type mice, as shown in Fig. 1b.

Fig. 1 Body weight and ileal goblet cell counts of FVB/N Cftrtm1Eur,

BALB/c Cftrtm1UNC, C57BL/6 Cftrtm1UNC, and WT control mice at

12 weeks of age. a Weights of mice at sacrifice. b Number of goblet

cells per crypt to villus axis (CVA), (villus open square; crypt filled

square). Data are presented as the mean ± SD (n = 5–13 mice/group).

Horizontal bars indicate groups compared by ANOVA (NS not

significant). *Indicates a significant difference, P\ 0.05, by Tukey’s

post hoc test. # Indicates a significant difference, P\ 0.05, between CF

and WT mice within each strain by Student’s t test. Representative ileal

sections of c a wild-type control mouse from each strain, and d FVB/N

Cftrtm1Eur, BALB/c Cftrtm1UNC and C57BL/6 Cftrtm1UNC mice featuring

hyperplasia of goblet cells (arrows). Periodic acid-Schiff//Alcian Blue

stain, magnification 9400
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Secondly, the average CVA height in all three CF mouse

models exceeded that of wild-type mice (P = 0.004 for

FVB/N; P = 3.6 9 10-6 for BALB/c, P = 6.4 9 10-6 for

C57BL/6; Fig. 2a, b). The CVA height did not differ by

strain among wild-type mice, but in the CF mice the CVA

distention of FVB/N Cftrtm1Eur mice was significantly

reduced compared to that of the BALB/c Cftrtm1UNC and

C57BL/6 Cftrtm1UNC mice; Fig. 2c.

Finally, to investigate whether the DF508 mutation in

Cftr caused an increase in the muscularis externa layer of

the ileum, and how this compared to the null mutation

models of Cftr, measurements of the muscle layers in the

Fig. 2 Crypt to villus axis (CVA) height and muscularis externa

thickness and cell density of the ileal tissue of FVB/N Cftrtm1Eur,

BALB/c Cftrtm1UNC, C57BL/6 Cftrtm1UNC, and WT control mice at

12 weeks of age. Representative ileal sections of a a wild-type control
mouse from each strain, and b FVB/N Cftrtm1Eur, BALB/c Cftrtm1UNC

and C57BL/6 Cftrtm1UNC mice showing distended CVA and increased

muscle thickness. Hematoxylin and Eosin stain, magnification 9200.

LM longitudinal muscle, CM circular muscle. c CVA height, (villus

open square; crypt filled square) was measured by image analysis of

histological sections for 25 ileal CVAs per mouse. d Muscle layer

thickness was measured by image analysis of ileal histological

sections (longitudinal muscle filled square; circular muscle open

square) LM longitudinal muscle, CM circular muscle. e Number of

nuclei per unit area (mm2) of muscularis externa. Data are presented

as the mean ± SD (n = 5–13 mice/group); Horizontal bars indicate

groups compared by ANOVA (NS not significant). *Indicates a

significant difference, P\ 0.05, by Tukey’s post hoc test. # Indicates

a significant difference, P\ 0.05, between CF and WT mice within

each strain by Student’s t test
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ileal tissue were completed in these mice. As shown in

Fig. 2, both the circular and longitudinal muscle layers of

the muscularis externa in the ileum were significantly

thicker in the FVB/N Cftrtm1Eur, BALB/c Cftrtm1UNC and

C57BL/6 Cftrtm1UNC mice compared to strain controls

(P = 0.005 for FVB/N; P = 2.2 9 10-7 for BALB/c,

P = 2.8 9 10-7 for C57BL/6). Among strains, there was

no difference in total muscle thickness for the wild-type

mice, but there was a significant difference in this trait for

CF mouse models (P = 1.5 9 10-7) wherein the total

muscle layer thickness, circular muscle thickness, and

longitudinal muscle thickness were each significantly re-

duced in the FVB/N DF508 mice compared to the

Cftrtm1UNC models; Fig. 2d. Finally, tissue from all three

CF mouse models had significantly fewer nuclei per mm2

of muscularis externa compared to controls, indicating that

hypertrophy of smooth muscle cells contributed to the in-

creased muscle thickness; Fig. 2e.

Bacterial load quantification

To determine whether the CF mouse models presented with

similar increases in bacterial load, the intestinal contents

from FVB/N Cftrtm1Eur, BALB/c Cftrtm1UNC, C57BL/6

Cftrtm1UNC, and wild-type control mice were evaluated

with quantitative real time RT-PCR. As shown in Fig. 3a,

all three CF mouse models had significantly increased

bacterial density compared to the levels in wild-type strain

controls (P = 0.044 for FVB/N; P = 0.006 for BALB/c,

P = 0.018 for C57BL/6). While the bacterial load was

similar in all strains of wild-type mice, there was a sig-

nificant difference by strain in the CF mice, with bacterial

loads in C57BL/6 Cftrtm1UNC mice significantly exceeding

those of FVB/N Cftrtm1Eur mice. The bacterial load of

BALB/c Cftrtm1UNC mice was not significantly different

from that of either of FVB/N Cftrtm1Eur mice or C57BL/6

Cftrtm1UNC mice.

To determine whether bacterial load was related to ex-

tent of histological disease, correlation analyses were per-

formed. Bacterial load was significantly correlated with

circular muscle thickness (r = 0.36; P = 0.04), in CF, but

not WT, mice as illustrated in Fig. 3b, c. There was also a

suggestive, but non-significant, correlation between bacte-

rial load and CVA height in CF mice (r = 0.31; P = 0.09,

data not shown). Neither goblet cell count per CVA nor

body weight of CF mice correlated significantly with

bacterial load (P[ 0.22, data not shown).

Intestinal microbiome of CF mice

To investigate whether the bacterial microbiome within the

small intestine differed among mice grouped by Cftr

genotype within each strain, DNA extracted from intestinal

content samples was evaluated by 454 pyrosequencing of

the V4–V6 region of the bacterial 16S rRNA gene.

The effect of a Cftr mutation on the overall composi-

tional similarity for each strain was investigated using

Bray-Curtis dissimilarity and is presented in Fig. 4a–c with

two dimensional non-metric multidimensional scaling

(NMDS). As seen in this figure, samples from FVB/N

Cftrtm1Eur mice clustered with those from FVB/N wild-type

mice (Adonis test, P = 0.20) as did samples from BALB/c
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Fig. 3 Small intestinal bacterial load of FVB/N Cftrtm1Eur, BALB/c

Cftrtm1UNC, C57BL/6 Cftrtm1UNC, and WT control mice at 12 weeks

of age and correlation to circular muscle thickness. a Bacterial load

was measured using quantitative RT-PCR of the 16S rRNA of DNA

isolated from small intestinal contents. Average ± SD is shown

(n = 7–14 mice/group). Horizontal bars indicate groups compared

by ANOVA (NS not significant). *Indicates a significant difference,

P\ 0.05, by Tukey’s post hoc test. # Indicates a significant

difference, P\ 0.05, between CF and WT mice within each strain

by Student’s t test. Correlation between bacterial load and circular

muscle thickness in b CF mice (n = 8–13 per strain) and c WT mice

(n = 7–13 per strain)
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Cftrtm1UNC with their in strain wild-type mice (Adonis test,

P = 0.14). C57BL/6 Cftrtm1UNC derived samples clustered

separately from C57BL/6 wild-type-derived samples

(Adonis test P = 0.002).

Next, we determined whether there were community

structure differences in the intestinal microbiome either be-

tween each line ofCFmice and respective controls, or among

the CF models. Richness, which represents the number of

microbial taxa in a sample, was calculated with the Chao 1

estimator. This parameter was decreased (P = 0.06) in

samples from BALB/c Cftrtm1UNC mice, but not in FVB/N

Cftrtm1Eur (P = 0.60) or C57BL/6 Cftrtm1UNC (P = 0.41)

mice, when compared to in strain controls, as shown in

Fig. 4d. Further, there was a significant difference in the

Chao 1 estimates among the CF models, which was not

evident within the wild-type mice, as the FVB/N Cftrtm1Eur

micewere estimated to have greater richness than theBALB/

c Cftrtm1UNC mice. Community evenness, or the relative

distribution of taxa within the samples, was evaluated with

Simpsons Evenness Index. As shown in Fig. 4e, community

evenness was significantly increased compared to controls in

samples from BALB/c Cftrtm1UNC (P = 0.005) and C57BL/

6 Cftrtm1UNC mice (P = 0.0001) but not from FVB/N

Cftrtm1Eur mice (P = 0.61). Variability in evenness among

CF mouse strains, but not wild-type mice, was also evident,

as the FVB/N Cftrtm1Eur mice differed from the BALB/c and

C57BL/6 Cftrtm1UNC mice for this parameter. Diversity, a

combination of the richness and evenness of a population,

which was measured with Shannon’s index, was higher

(P = 0.06), in samples from C57BL/6 Cftrtm1UNC mice

relative to wild-type levels. No differences in diversity were

evident for comparisons between any of the remaining wild-

type or CF mouse strains, as illustrated in Fig. 4f.

To determine whether any of the microbiome community

measures was related to extent of histological disease, body

weight, or to bacterial load, correlation analyses were per-

formed. The histological features of CVA height (r = 0.60;

P = 0.008), goblet cells/CVA (r = 0.57; P = 0.014), cir-

cular muscle thickness (r = 0.65; P = 0.003), longitudinal

muscle thickness (r = 0.55; P = 0.018), circular muscle

cell density (r = -0.70; P = 0.001), and longitudinal

muscle cell density (r = -0.54; P = 0.018) were each

correlatedwith Simpson’s evenness index inCF, but notWT,

mice as shown in Supplemental Fig. 1. Similarly, the rich-

ness measure (Chao1) was suggestively to significantly

correlated with intestinal disease in CFmice, as illustrated in
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Fig. 4 Small intestinal microbiome community metrics for FVB/N

Cftrtm1Eur, BALB/c Cftrtm1UNC, C57BL/6 Cftrtm1UNC, and WT

control mice. Two dimensional non-metric multidimensional scaling

(NMDS) of the Bray-Curtis dissimilarity between samples for a FVB/

N Cftrtm1Eur mice, b BALB/c Cftrtm1UNC mice, c C57BL/6 Cftrtm1UNC

mice, and respective wild-type mice. d Richness was measured using

the Chao 1 estimator. e Evenness defined by Simpson’s Evenness.

f Diversity, measured with Shannon’s Diversity Index. Data are

presented as mean ± SD (n = 4–9 per group). Horizontal bars

indicate groups compared by ANOVA (NS not significant). *Indicates

a significant difference, P\ 0.05, by Tukey’s post hoc test.
# Indicates a significant difference, P\ 0.05, between CF and WT

mice within each strain by Student’s t test
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Supplemental Fig. 2, while not correlated in WT mice, with

the possible exception of Chao 1 estimates correlated to

goblet cells/CVA (r = 0.51; P = 0.09) in intestines of WT

mice. Shannon’s Diversity measures were not significantly

correlated with the histological features in CF or WT mice

(P[ 0.19), data not shown, but were correlated (r = 0.51;

P = 0.09) to bacterial load in CF (r = 0.67; P[ 0.009), but

not WT mice (P = 0.24), data not shown. None of the mi-

crobiome community measures was related to body weight

in either of CF (P[ 0.33), or WT mice (P[ 0.17), data not

shown.

Regarding the microbiome composition, for both the CF

and wild-type mice of each of the three strains, the major

phyla present were Firmicutes, Actinobacteria and Pro-

teobacteria (Fig. 5), in agreement with the expected mi-

crobiome in mouse intestines (Hildebrand et al. 2013;

Ivanov et al. 2009; O’Connor et al. 2014; Rehman et al.

2011; Russell et al. 2012). At the phylum level C57BL/6

Cftrtm1UNC mice had a significantly decreased abundance

of Firmicutes (P = 0.02) and an increased abundance of

Actinobacteria (P = 0.003), compared to levels in C57BL/

6 WT mice. While similar trends in those two phyla were

apparent in the other models, BALB/c Cftrtm1UNC and

FVB/N Cftrtm1Eur mice did not have significantly altered

abundances of specific bacteria at the phylum level when

compared to wild-type mice.

Further, to investigate whether specific taxa within the

phyla were affected by the Cftr deficiency, the 16S rRNA

gene reads were mapped into operational taxonomic units

(OTUs). As shown in Fig. 5b and Table 1, OTUs which

were largely specific to each model differed in abundance

between samples from CF and wild-type mice of each

strain. The relative abundance of an OTU corresponding to

Bifidobacterium was the only bacterial group increased in

CF mice of all three strains (FVB/N, P = 0.04; BALB/c,

P = 0.07; C57BL/6, P = 0.002) compared to wild-type

levels. In FVB/N Cftrtm1Eur mice, the other major micro-

biome difference was increased levels of an OTU corre-

sponding to a group of Lactobacillus, compared to levels in

FVB/N wild-type mice. In the BALB/c strain, two distinct

OTUs that both corresponded to Lactobacillus were altered

in abundance between Cftrtm1UNC and wild-type mice. In

C57BL/6 mice, OTUs for Lactobacillus and Erysipelo-

trichaceae, were of altered abundance in mice grouped by

Cftrtm1UNC genotype.

We analyzed whether the intestinal abundance of

specific bacteria was correlative of the CF traits. In this

analysis, the correlation for each OTU detected in more

than two CF mice was completed, using data from the CF

mice of all three strains considered together. This investi-

gation of OTU abundance with each of the histological

features, and with the phenotype of body weight, revealed

no significant correlations after correction for multiple

testing between OTU frequencies and traits of CVA dis-

tension, goblet cell hyperplasia, and muscle thickness in

CF mice (P[ 0.002, data not shown). A significant cor-

relation between the number of nuclei per mm2 in the

circular muscle layer and OTU17, which corresponds to an

unclassified Porphyromonadaceae (r = 0.82; P\ 0.0001)

was detected.

Discussion

Our investigation of intestinal disease in CF mice revealed

all three models to develop bacterial overgrowth with

histological features of crypt to villus axis distention,

goblet cell hyperplasia, and increased muscle thickness.

Secondly these traits, although significantly increased

compared to measures from wild type, were less severe in

adult FVB/N Cftrtm1Eur mice relative to BALB or C57BL/

6 J Cftrtm1UNC mice. Finally, microbiome profiling identi-

fied CF intestinal dysbiosis to be model specific in mice.

CF related intestinal structure changes were evident in all

models, and these phenotypes were reduced in magnitude in

the FVB/N DF508 mice. Indeed, the extent of CVA disten-

tion and goblet cell hyperplasia reported here agreewell with

prior findings for BALB/c (Bazett et al. 2011; Canale-

Zambrano et al. 2010) and C57BL/6 (Durie et al. 2004; Kent

et al. 1996) Cftrtm1UNC mice and the trait of increased in-

testinal muscle thickness, originally reported in BALB x

C57BL/6 J F2 Cftrtm1UNC mice (Canale-Zambrano and

Haston 2011), was also evident in the BALB/c and C57BL/6

Cftrtm1UNC models. The findings of increased longitudinal

and circular muscle thickness in the intestines of C57BL/6

Cftrtm1UNC mice may contradict those of prior reports

(De Lisle et al. 2010; Risse et al. 2012) but as in the latter

work normalized area of alpha smooth muscle staining was

reported, differences in methods of histological assessment

may have contributed to the discrepancy. The intestinal

disease measured here had not been comprehensively stud-

ied in adult FVB/N DF508 mice although indications of

goblet cell hyperplasia have been reported (van Doorninck

et al. 1995; Wilke et al. 2011) without ‘‘dramatic’’ CVA

distention (van Doorninck et al. 1995). The cause of CVA

distention in CFmice is unknown but it has been proposed to

depend on increased proliferation in the intestinal crypts

(Canale-Zambrano andHaston 2011; Gallagher andGottlieb

2001) which, in turn, may be related to their alkaline envi-

ronment (Liu et al. 2012; Putney and Barber 2003). The

milder CF phenotype of FVB/NDF508 mice extended to the

microbiome, in terms of population characteristics, where

standard metrics for these mice did not differ from those of

wild-type mice in contrast to samples from the Cftrtm1UNC

models. Given how the models were constructed, however,

we cannot discern whether the reduced phenotype of FVB/N
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DF508 mice, compared to the BALB and C57BL/6 J

Cftrtm1UNCmice, is the influence of theCftrmutation (DF508
compared to Cftr null) or of genetic background (FVB/N,

BALB, C57BL/6 J) which itself is known to affect both CF

traits (Haston et al. 2002), and microbiome composition

(Campbell et al. 2012; Hildebrand et al. 2013; O’Connor

et al. 2014).

We identified intestinal bacterial overgrowth to be a

feature of the Cftrtm1Eur model, as it is in Cftrtm1UNC mice,

and for the circular muscle layer of the intestine to be

increased with greater bacterial load in CF mice. The

correlation of muscle layer thickness on bacteria may

indicate this intestinal phenotype to occur as an adaptive

response in CF mice (Barbara et al. 2005). Supporting the

potential of an adaptive response wherein muscle layer

thickness increases with intestinal bacterial load, parasitic

infection of the small intestine of rats has been shown to

induce hyperplasia and hypertrophy of intestinal circular

muscle (Blennerhassett et al. 1992). Alternatively, as ex-

perimentally induced intestinal obstruction is associated

with an increased circular muscle layer (Zhao et al. 2010),

the correlation of load and muscle thickness in CF mice
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may indicate these traits to be related to developing in-

testinal obstruction.

The observations of altered smooth muscle thickness,

goblet cells, and small bowel bacterial content in the in-

testines of these mouse models support observations made

in people with CF. For example, people with CF tend to

have small bowel bacterial overgrowth (Fridge et al. 2007)

as well as an abundance of viscid mucous material in the

intestinal lumen (Kreda et al. 2012). De Lisle et al. (2010)

hypothesized that enteric microbiota impact smooth muscle

activity and intestinal transit time through a prostaglandin-

dependent mechanism, a pathway which could have con-

tributed to the correlation we observed between muscle

thickness and small intestinal bacterial load. Together,

these results support close relationships between intestinal

mucus secretion, dysbiosis, and dysmotility, indicating that

treatments that address one of these abnormalities (e.g.,

laxatives, antibiotics, and pro kinetic agents, respectively)

could positively impact the others and possibly improve

overall intestinal function.

In each of the three CF models studied here, the relative

abundance of specific CF microbiome constituents was

uniquely changed compared to those of wild-type mice.

Such variability has also been recorded in CF children

(Madan et al. 2012) and CF ferrets (Sun et al. 2014a, b),

where intestinal samples from each of studied subjects had

a largely unique microbiome profile. This finding may

suggest that a dysfunctional or deficient Cftr creates an

intestinal environment which includes lower luminal pH

(De Lisle et al. 2001), increased transit time (De Lisle

2007), increased mucus production (Malmberg et al. 2006)

and abnormal paneth cell dissolution (Clarke et al. 2004)

that is permissive for dysbiosis, but does not create a CF

specific dysbiosis. The existence of strain-dependent pro-

files is also likely the reason we were unable to identify

specific microbiome constituents which correlated with

histological features of intestinal disease in this panel of

mice. The intervention used to reduce the incidence of

lethal intestinal plugs in the mice, the laxative PEGLYTE,

may also have affected the microbiome data observed in

CF and WT mice (van der Wulp et al. 2013). Finally,

although work to document the CF intestinal and pul-

monary microbiomes is ongoing (O’Sullivan and Freed-

man 2009; Sun et al. 2014a; Zhao et al. 2012, Madan et al.

2012), to date increased E. coli levels in fecal samples

from CF children (Hoffman et al. 2014) and for the lung,

CF-associated bacteria including Pseudomonas aeruginosa

and Staphylococcus aureus (Goddard et al. 2012), as well

as Streptococcus and Prevotella (Filkins et al. 2012) have

been reported, these bacteria were not prominent in the

samples from CF mice studied here. The lack of com-

monality is likely due to known microbiome variation by

tissue sample site (Costello et al. 2009; HumanT
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Microbiome Project C 2012). The increase in Bifidobac-

terium evident in CF mice may have clinical relevance as it

has also been reported as a significant component of the

fecal microbiome in CF children (Madan et al. 2012).

In conclusion, mice deficient in Cftr exhibited intestinal

structure abnormalities and bacterial overgrowthwhichwere

of reduced magnitude in FVB/N Cftrtm1Eur mice. Further, in

CF mice bacterial overgrowth correlated with the increased

circular muscle thickness in the intestine. Our data also

support the hypothesis that intestinal microbial dysbiosis is

prevalent in CF, and we specifically showed the intestinal

microbiome in CF mice to be model-dependent.
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