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SUMMARY

The gut microbiome of humans and animals is critical to host health. Mice are used to investigate 

the microbiome and its influences; however, the predictive value of such studies is hindered 

by cage effects due to coprophagy. Our objectives were to evaluate the influence of cage 

density on the statistical power to detect treatment-dependent effects of a selective pressure on 

microbiome composition. C57BL/6 mice were separated into groups of 2 or 4 mice per cage 

and then assigned to groups receiving enrofloxacin, broad-spectrum antibiotics, or control. Fecal 

samples were collected at weeks 0, 1, and 4, along with contents of the jejunum and cecum. 

Bacterial DNA analysis examined microbiome richness, diversity, and variability within and 

between cages. Statistical analyses reveal that reduced housing density consistently results in 

comparable susceptibility to antibiotics, reduced cage effects, and increased statistical power to 

detect treatment-associated effects, justifying the practice of reduced housing density.
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Graphical Abstract

In brief

Cage effects are a broad concern in mouse microbiome studies, given close contact and 

coprophagic behaviors. By comparing housing densities, Russell et al. show that reduced housing 

density consistently results in reduced cage effects and increased statistical power to detect 

antibiotic treatment-associated effects in the gut microbiome, despite comparable susceptibilities.

INTRODUCTION

Standardization, reproducibility, and translatability are 3 key components of any biomedical 

research experiment. Efforts to improve those aspects demonstrate good scientific practices 

and reflect the ethical considerations underlying replacement, refinement, and reduction of 

animal models. For these reasons, it is essential to look at all of the potential variables within 

an experiment, particularly those in which animal models are used and those that translate 

to human medicine. One such variable that has gained considerable attention over the last 

couple of decades is the gut microbiome. In the context of mouse models, factors such as 

differing husbandry practices (Ericsson et al., 2018; Bidot et al., 2018), different animal 

sources (Ericsson et al., 2015; Hufeldt et al., 2010), and the use of antimicrobials (Korte et 

al., 2020) can significantly alter the microbiome and affect the results of a study (Hart et al., 

2017; Moskowitz et al., 2019; Denning et al., 2011). While assessing differences within the 

microbiome in murine studies has become critical to understanding its influence on human 
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health and disease susceptibility, it is important to understand the treatment effect size in 

the context of the inherent within-group variability, both of which may be altered by factors 

such as housing density.

Because mice are subject to the effects of their microenvironment within each cage due to 

close contact and coprophagy, it is reasonable to assume that the microbiome of cage mates 

will begin to resemble each other over time more closely than the microbiome of mice in the 

same treatment group but in other cages. Indeed, the cage has been proposed, justifiably, as 

the biological unit, with each mouse being a technical replicate within the cage (Festing and 

Altman, 2002); however, the vast majority of peer-reviewed literature treats each mouse as a 

biological unit in statistical analyses. While single-housing mice would completely eliminate 

the possibility of cage effects, mice are social animals (Paigen et al., 2012), and animal 

welfare considerations preclude housing mice individually unless there is a strong scientific 

rationale. In addition, mice are traditionally housed with greater housing densities (typically 

4 or 5 mice per cage [mpc]) to reduce housing costs, resulting in a 4- to 5-fold increase in 

housing costs for mice housed individually. In an effort to decrease cage effects (defined 

here as an increased intra-cage similarity within treatment groups), a rational compromise 

would be to house 2 mpc, allowing mice to express social behaviors, while only doubling the 

housing costs (compared to 4 mpc).

It is unclear, however, whether reduced housing density would render mice more susceptible 

to the effects of an experimental pressure, such as antibiotics, due to the lack of cage 

mates to help re-inoculate the gut. It is also not known whether the data would reflect 

increased intra-cage similarity in microbiome composition (i.e., cage effects) or whether any 

difference in cage effects between data generated in mice housed 2 or 4 mpc would result in 

an increased ability to detect the effect of an experimental pressure. Without a demonstrated 

benefit in statistical power, it is difficult to justify the increased housing costs.

With this in mind, the goals of this study were to determine whether mice housed at a cage 

density of 2 or 4 mpc would be differentially affected by a selective pressure (antibiotics) on 

their microbiome and whether experimental designs using the 2 different housing densities 

would differ in their ability to detect an effect of antibiotics on the microbiome. Accordingly, 

adult mice arriving at our institution (cohort 1, N = 48, cohort 2, N = 72) were randomly 

divided into 2 housing densities (2 or 4 mpc) and 2 (cohort 1) or 3 (cohort 2) treatment 

groups in fully crossed study designs (Figures 1A and 1B). Cohort 1 comprised control and 

enrofloxacin treatment groups, while cohort 2 comprised control and enrofloxacin treated 

groups and a third group receiving a combination of vancomycin, ampicillin, metronidazole, 

and neomycin (VAMN). This allowed for 12 mice per group in either 3 cages of 4 mpc 

or 6 cages of 2 mpc. DNA from feces collected before treatment (upon arrival), after 1 

week of antibiotic or control exposure, and again 4 weeks after cessation of antibiotics, 

along with cecal and jejunal luminal contents collected at endpoint, were subjected to 16S 

rRNA amplicon sequencing. Here, we show that, relative to 4 mpc, a housing density of 2 

mpc was associated with reduced cage effects and a consistently increased ability to detect 

treatment-associated effects on the microbiome, despite comparable effects of the antibiotic 

pressure on any given individual.
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RESULTS

One library yielded only 187 reads and was removed from all further analyses. The next 

lowest number of sequences recovered was 28,190 sequences, so all of the data were 

randomly rarefied to a uniform read count of 28,189 sequences per sample. The baseline gut 

microbiota (GM) present in mice upon arrival from the supplier was relatively consistent, 

with no suggestion of inherent differences between randomized groups before housing 

(Figure S1A). Principal coordinates analysis of the GM upon arrival showed substantial 

overlap between samples from mice randomly assigned to each group (Figure S1B), and no 

significant difference in β diversity was detected between groups at baseline (p = 0.10; F = 

1.5). The mice in cohort 2 showed similar homogeneity upon arrival (Figure S2).

Assessments of richness (i.e., the number of observed amplicon sequence variants [ASVs] 

in samples from each group) revealed similar antibiotic-mediated reductions in mice housed 

4 mpc (Figures 2A and S3A) and 2 mpc (Figures 2B and S3B) immediately after the 

administration of enrofloxacin (T1), which were variably sustained 4 weeks after the 

cessation of antibiotics (T2). In all of the comparisons, the p values obtained in mice housed 

2 mpc were lower than in mice housed 4 mpc. Richness was similarly reduced at T1 in 

VAMN-treated mice (Figures 3C and 3D) but remained lower at T2 only in mice housed 

2 mpc. Surprisingly, similar comparisons of Shannon diversity failed to detect significant 

enrofloxacin-associated differences in the mice housed 4 mpc in either cohort (Figures 2E, 

S3C, and S3D), while significant differences were detected in mice housed 2 mpc at T2 in 

cohort 1 (p = 0.0012) (Figure 2F). Shannon diversity was similarly reduced in mice housed 4 

mpc (Figure 2G) or 2 mpc (Figure 2H) at T1 but remained lower selectively in mice housed 

2 mpc. Collectively, these data suggest that either the effect of antibiotics on richness and 

alpha diversity was greater in mice housed 2 per cage than in mice housed 4 per cage or that 

the statistical power to detect treatment-associated effects had changed due to the reduced 

contribution by cage as a factor.

Similarly, comparison of antibiotic-induced effects on beta diversity in the 2 housing 

densities revealed significant differences between samples from antibiotic-exposed and 

control mice housed 2 mpc at both T1 (p = 0.0198, F = 10.05) and T2 (p = 0.0099, 

F = 7.72) (Figure 3A), while the same analysis of samples from mice housed four per 

cage failed to achieve significance at T1 (p = 0.089, F = 5.73) or T2 (p = 0.059, F = 

4.04) (Figure 3B), indicating that mice housed 2 per cage are either more susceptible to 

enrofloxacin-induced changes in beta diversity than mice housed 4 per cage, or the reduction 

in cage-mediated influence has enhanced the ability to detect treatment-mediated effects. 

Notably, these findings were reproducible in the second cohort of enrofloxacin-treated mice 

(Figure S4), as well as VAMN-treated mice (Figures 3C and 3D).

To assess the influence of housing density on the effect size of cage as a variable, mean 

intra- and inter-cage similarity between all of the possible sample pairs was calculated 

within each group and time point. For the purposes of this study, we defined a significant 

influence of cage as a significantly greater intra-cage similarity compared to inter-cage 

(within treatment and housing group) similarity. Analysis of the samples collected upon 

arrival revealed no difference between the mean intra- and inter-cage similarity in all but 
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1 group (Figure S5), indicating that each sample was, on average, no more similar to 

samples from cage mates than samples from other mice in the same treatment group. One 

week later, control mice demonstrated increased intra-cage similarity relative to inter-cage 

similarity in mice housed 2 mpc (p = 0.023), while antibiotic-exposed mice showed a 

general reduction (cohort 1) or no change (cohort 2) in both intra- and inter-cage similarity, 

but no significant differences between intra- and inter-cage similarity (Figures 4A and S6A). 

Control mice in cohort 2 showed no difference between intra- and inter-cage similarity in 

either housing group at T1, and VAMN induced substantial reductions in both intra- and 

inter-cage similarity, but no difference between the 2 (Figure 4B). Notably, at 3 weeks 

after the cessation of exposure, mice exposed to enrofloxacin demonstrated significantly 

increased intra-cage similarity relative to inter-cage similarity in mice housed 4 mpc (p < 

0.001), while control mice housed 2 mpc showed a modest, albeit significant (p = 0.047), 

cage effect (Figure 4C). Enrofloxacin was associated with strong cage effects in cohort 2 

(Figure S6B), while control mice in cohort 2 again showed modest cage effects (p = 0.016); 

VAMN-treated mice demonstrated pronounced cage effects at T2 (Figure 4D).

Comparing the mean intra- and inter-cage similarities across all 3 time points, the effects 

of housing density on enrofloxacin-induced cage effects were apparent. While enrofloxacin-

exposed mice housed 4 mpc retained greater intra- and inter-cage similarity at T1 compared 

to mice housed 2 mpc, intra-cage similarity was greatly increased in mice housed 4 mpc and 

a steep reduction in inter-cage similarity was observed at T2 (Figures 4C and S6C).

Assessment of other regions of the gastrointestinal (GI) tract revealed significant 

enrofloxacin-induced reductions in the richness of the cecal microbiota (p = 0.006 with 

4 mpc, p = 5.2 × 10−6 with 2 mpc; Figure 5A) at T2, but no significant differences in 

the richness of jejunal microbiota (Figure 5B). While mean cecal and jejunal richness were 

reduced in enrofloxacin-treated mice in cohort 2, the reduction did not achieve significance 

(Figure S7). VAMN induced significant reductions in both cecal richness (Figure S7A) and 

jejunal richness (Figure S7B) in mice housed 2 mpc, while neither comparison achieved 

significance in mice housed 4 mpc. Statistical comparison of cecal community structure 

detected significant enrofloxacin-associated effects in mice housed 2 mpc (p = 0.020, 

F = 4.7) but not in mice housed 4 mpc (p = 0.079, F = 3.7; Figure 5C), which was 

reproduced in cohort 2 (Figure S7C). A similar pattern was seen in jejunal beta diversity, 

with significant treatment-associated effects detected only in mice housed 2 mpc (p = 

0.020, F = 2.7; Figure 5D). Enrofloxacin failed to induce a significant change in beta 

diversity in mice housed 4 or 2 mpc in cohort 2 (Figure S7D). VAMN induced a significant 

difference in cecal beta-diversity in mice housed 2 mpc, but not 4 mpc (Figure S7E). There 

were no VAMN-associated differences in jejunal beta diversity in either housing density 

(Figure S7F). Interestingly, evaluation of the intra- and inter-cage similarity within the cecal 

microbiota at T2 revealed significant cage effects in all groups (i.e., both treatment groups 

and both housing densities) (Figure 5E), while an increased intra-cage similarity of jejunal 

communities was detected only in mice exposed to enrofloxacin (p < 0.001 with 4 mpc, 

p = 0.047 with 2 mpc; Figure 5F). Interestingly, evidence of cage effects within the cecal 

(Figure S7G) and jejunal (Figure S7H) microbiome in cohort 2 was stronger in mice housed 

2 mpc—most notably in VAMN-treated mice.
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DISCUSSION

A number of studies have assessed the effects of housing density from the perspective of 

animal welfare. Outcome measures have included anxiety-related and aggressive behavior 

(Van Loo et al., 2001; Laber et al., 2008; Nicholson et al., 2009; Paigen et al., 2012; Morgan 

et al., 2014), proxies of autonomic signaling such as adrenal weight (Peters and Festing, 

1990; Nicholson et al., 2009; Paigen et al., 2012; Morgan et al., 2014) and corticosterone 

levels (Peng et al., 1989; Laber et al., 2008; O’Malley et al., 2008; Nicholson et al., 2009) 

and other physiological parameters (Smith et al., 2004, 2005; Laber et al., 2008; O’Malley 

et al., 2008; Nicholson et al., 2009; Paigen et al., 2012; Morgan et al., 2014). The goal 

of these studies was to develop datadriven guidelines whereby housing density could be 

maximized without causing any adverse effects, implying that each mouse within a cage 

routinely served as the biological or experimental unit.

There are no published reports of the influence of cage density on the GM, although 

the practice of coprophagy has been shown to alter the GM, even in singly housed mice 

(Bogatyrev et al., 2020). Recognizing that the cage is also a significant variable nested 

within other treatments (Hildebrand et al., 2013), the present study approached the question 

from the perspective of statistical power, and the partitioning of these independent factors. 

Collectively, the data presented here indicate that, while the GM of mice housed at either 

housing density is similarly affected by antibiotic exposure in terms of richness, alpha 

diversity, and beta diversity, the cage effects were stronger in mice housed 4 mpc, and 

treatment-associated effects (in the fecal microbiome) were stronger in mice housed 2 mpc. 

Cage effects were most prominent in samples collected 4 weeks post-cessation of antibiotic 

exposure, despite comparable rebounds in richness, alpha diversity, and beta diversity. We 

speculate that the antibiotic-mediated depletion of bacteria was comparable among groups, 

but resulted in the establishment of different cage-based GM populations based on the 

semi-stochastic effects of the antibiotic. Whether the different housing densities affected 

the antibiotic-mediated influence on the microbiome was not determined, but the public 

availability of these and other datasets represents a resource for researchers investigating 

particular taxonomies of interest.

It is unclear whether the greater antibiotic-induced differences in richness, alpha diversity, 

and beta diversity detected in mice housed 2 mpc were due to reduced efficacy of the 

antibiotics in the context of a larger “cage microbiota,” or reduction in the contribution 

of “cage” as a statistical variable. Intuitively, with 4 mpc, there is a greater amount of 

total fecal biomass, continuously re-inoculating the cage, relative to mice housed 2 mpc. 

At the same time, mice housed with 3 other mice, rather than 1 other mouse, presumably 

experience a greater degree of cage-associated influence relative to other experimental 

pressures. Ultimately, the 2 effects are intertwined and it is not possible to completely 

separate them. We were intrigued by the increased antibiotic-associated cage effects 

observed at the final time point, suggesting that, after cessation of the antibiotic pressure 

and reduced intra-cage similarity, mice within each antibiotic-exposed cage assumed highly 

similar compositions, with a substantial divergence between cages. This effect was greatly 

mitigated in mice housed 2 mpc.
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At the institutional per diem of $0.72 per cage per day, the housing costs for mice 

maintained 2 mpc for 5 weeks were $241.92, compared to $120.96 for mice housed 4 mpc 

in cohort 1. Considering the identical animal purchase costs of $930 ($38.75 per mouse × 

24 mice) and expenses associated with DNA extraction, library preparation, and sequencing 

totaling roughly $2,800 per arm of the study, regardless of housing density, the savings 

of $121 are relatively eager. Rather, the increased ability to detect the effect of a mock 

experimental pressure (i.e., antibiotics) on various features of the GM would seem to be 

worth the difference in housing cost, representing a minor portion of the total experimental 

costs.

The limitations of the present study include the use of a handful of selective pressures on 

the microbiota and investigation of the genetic background of a single mouse. Future studies 

are needed to confirm these findings in other models, but based on other reports describing 

the development of cage-dependent features within the GM (Hildebrand et al., 2013) and the 

reproducibility of key findings across multiple 2 cohorts and 2 different antibiotic pressures, 

we would anticipate our findings to be widely applicable. One last pragmatic consideration 

for pair housing is vivarium space. In smaller vivaria or active multi-investigator facilities, 

housing space is at a premium. Pair housing basically doubles the amount of caging 

needed for the same size experiment performed with group-housed mice, and this is simply 

untenable in some situations. In addition, in pair-housing scenarios, any time a mouse dies 

or is removed from study, an individual mouse remains and must be accommodated in some 

way. In some instances, this can represent an animal welfare issue, and must be addressed 

in the Animal Care and Use protocol. Those considerations notwithstanding, the current data 

suggest that a reduced housing density of 2 mpc is associated with an increased ability to 

detect treatment-associated effects on the gut microbiome by mitigating the effect of cage 

as an independent variable. These findings add to the growing number of procedural best 

practices for experimental design (Walker et al., 2016; Robertson et al., 2019; Ericsson and 

Franklin, 2021; Basson et al., 2020) of murine studies of the GM.

STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Additional information should be directed to and will be fulfilled by the 

lead contact, Aaron Ericsson (ericssona@missouri.edu).

Materials availability—This study did not generate new or unique reagents.

Data and code availability

• All 16S rRNA amplicon sequencing data used to support the findings reported 

here have been deposited in the NCBI Sequence Read Archive under BioProject 

SRA: PRJNA689557 (Cohort 1) and BioProject SRA: PRJNA790931 (Cohort 2).

• No new original code was generated for the purpose of these studies.

• However, any additional information required to reanalyze the data reported here 

is available from the Lead contact upon request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Study design and mice—This study was performed using two independent cohorts of 

six-week-old female C57BL/6NHsd mice from Envigo. Mice in Cohort 1 (N = 48) were 

randomly assigned to one of two experimental treatment groups (control or enrofloxacin); 

mice in Cohort 2 were randomly assigned to one of three experimental groups (control, 

enrofloxacin, or VAMN). Both cohorts were then further subdivided into two different 

housing densities (2 or 4 mpc), resulting in a total of six cages at 2 mpc and three cages at 4 

mpc in each treatment group (Figure 1A). Beginning immediately upon arrival, mice in the 

control group received untreated water, while mice in the enrofloxacin and VAMN groups 

received drinking water treated with antibiotics for one week, while mice in the. For mice in 

the enrofloxacin groups (Cohort 1 and 2), enrofloxacin was added to the drinking water at a 

concentration of 85 mg/L. For mice in the VAMN group, a combination of vancomycin (500 

mg/L), ampicillin (1 g/L), metronidazole (1 g/L), and neomycin (1 g/L) were added. Mice 

were provided ad libitum access to the treated or untreated water for one week. Following 

one week of antibiotic exposure, the enrofloxacin and VAMN groups were switched to 

the same untreated water being provided to the control group and allowed to recover for 

an additional three weeks. Fecal samples were collected from all mice immediately upon 

arrival (T0, prior to co-housing), on day 8 as antibiotic-treated water was being switched 

to untreated water in the enrofloxacin group (T1, immediately post-antibiotic exposure), 

and four weeks after cessation of treatment at necropsy (T2, Figure 1B). Jejunal and cecal 

luminal contents were also collected at necropsy to determine whether long-term cage 

effects had developed in those sites.

Mice were housed conventionally in polycarbonate microisolator cages on individually 

ventilated racks (Thoren, Hazelton, PA) under positive pressure. Each cage contained 

compressed pelleted paper bedding and nestlets (Ancare, Bellmore, NY), ad libitum access 

to irradiated chow (Labdiet 5058, LabDiet, St. Louis, MO), and ad libitum access to 

acidified, autoclaved water, while under a 14:10 light/dark cycle. Cages were changed 

and cleaned biweekly, using barrier procedures inside a primed class II biosafety cabinet 

(BSC), by the care staff of the MU Office of Animal Resources. All procedures were 

performed under the approval of the University of Missouri Institutional Animal Care and 

Use Committee and according to the guidelines of the Guide for the Care and Use of 

Laboratory Animals.

METHOD DETAILS

Sample collection—Sample collection at T0 and T1 occurred inside a class II BSC. 

The home-cage containing mice was removed from its rack and placed in the primed BSC, 

alongside an empty, autoclaved cage. Individual mice were placed in the empty cage and 

allowed to defecate normally. Freshly evacuated pellets were collected using autoclaved 

toothpicks and placed in sterile 2 mL round-bottom tubes containing a 0.5 cm diameter 

stainless steel bead. At T2, the mice were euthanized and fresh fecal pellets along with 

jejunal and cecal luminal contents were collected postmortem and stored in the same 

manner. All samples were collected in the morning between the hours of 8 a.m. and 1 

p.m. Once collected, samples were stored at −80°C until DNA extraction took place.
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DNA extraction—Fecal DNA was extracted using PowerFecal kits (Qiagen) according 

to the manufacturer’s instructions. DNA yields are quantified via fluorometry (Qubit 2.0, 

Invitrogen, Carlsbad, CA) using quant-iT BR dsDNA reagent kits (Invitrogen).

16S rRNA library preparation and sequencing—Extracted fecal DNA was used 

to generate libraries at the MU DNA Core Facility. Bacterial 16S rRNA amplicons 

were constructed via amplification of the V4 region of the 16S rRNA gene using dual-

indexed universal primers (U515F/806R) previously developed against the V4 region, 

flanked by Illumina standard adapter sequences(Loy et al., 2007; Caporaso et al., 2011). 

Oligonucleotide sequences are available at proBase. PCR was performed in 50 μL reactions 

containing 100 ng metagenomic DNA, primers (0.2 μM each), dNTPs (200 μM each), and 

Phusion high-fidelity DNA polymerase (1U). Amplification parameters are 98°C(3 min) + 

[98°C(15 sec) + 50°C(30 sec) + 72°C(30 sec)] × 25 cycles + 72°C(7 min). Amplicon pools (5 

μL/reaction) were combined, mixed, and purified by addition of Axygen Axyprep MagPCR 

clean-up beads to an equal volume of 50 μL of amplicons and incubated for 15 min at room 

temperature. Products were then washed multiple times with 80% ethanol and the dried 

pellet resuspended in 32.5 μL EB buffer, incubated for two minutes at room temperature, 

and then placed on the magnetic stand for five minutes. The final amplicon pool was 

evaluated using an Advanced Analytical Fragment Analyzer automated electrophoresis 

system, quantified using quant-iT HS dsDNA reagent kits, and diluted according to 

Illumina’s standard protocol for sequencing on the MiSeq instrument.

Informatics analysis—Amplicon sequences were filtered, trimmed, and annotated at 

the MU Informatics Research Core Facility. Primers were designed to match the 5’ ends 

of the forward and reverse reads. Cutadapt (Martin, 2011) (version 2.6; https://github.com/

marcelm/cutadapt) was used to remove the primer from the 5′ end of the forward read. If 

found, the reverse complement of the primer to the reverse read was then removed from the 

forward read as were all bases downstream. Thus, a forward read could be trimmed at both 

ends if the insert was shorter than the amplicon length. The same approach was used on the 

reverse read, but with the primers in the opposite roles. Read pairs were rejected if one read 

or the other did not match a 5’ primer, and an error-rate of 0.1 was allowed. Two passes were 

made over each read to ensure removal of the second primer. A minimal overlap of 3 with 

the 3′ end of the primer sequence was required for removal.

The QIIME2 (Bolyen et al., 2019) DADA2 (Callahan et al., 2016) plugin (version 

1.10.0) was used to denoise, de-replicate, and count amplicon sequence variants (ASVs), 

incorporating the following parameters: 1) forward and reverse reads were truncated to 150 

bases, 2) forward and reverse reads with number of expected errors higher than 2.0 were 

discarded, and 3) Chimeras were detected using the "consensus" method and removed. R 

version 3.5.1 and Biom version 2.1.7 were used in QIIME2. Taxonomies were assigned to 

final sequences using the Silva.v132 database, using the classify-sklearn procedure.

QUANTIFICATION AND STATISTICAL ANALYSIS

Differences in richness (represented by ASVs) and alpha-diversity (Shannon index) of 

fecal samples were performed using a mixed effect model. For fecal samples from three 
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time-points, we included the interaction of treatment and time as fixed effect, and cage 

and individual mouse nested in cage as random effects. The model for cecal and jejunal 

samples collected at necropsy included treatment as fixed effect, and cage as random 

effect. Differences in beta-diversity under Bray-Curtis distances were determined using 

non-parametric multivariate analysis of variance (PERMANOVA), with cage nested within 

treatment. Comparisons between inter- and intra-cage similarity were performed using 

Welch’s t test.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Mice are coprophagic, and cage effects obscure treatment effects in 

microbiome research

• Impact of housing density on detectable antibiotic-driven microbiome effects 

is examined

• Reduced housing density increases the ability to detect treatment effects in 

microbiome

• Increased ability to detect treatment effects also found in jejunal and cecal 

microbiome
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Figure 1. Experimental design
(A) Depiction of how C57BL/6NHsd mice were randomly assigned to groups receiving 

nothing (control), enrofloxacin, or VAMN in the drinking water, and housing 4 or 2 mice per 

cage (n = 12 mice/group).

(B) Depiction of treatment and study duration in cohort 1 (N = 48), including control and 

enrofloxacin-treated groups, and cohort 2 (N = 72), including controls, enrofloxacin-treated, 

and VAMN-treated groups, and the timing and nature of each sample collection.
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Figure 2. Effects of antibiotics on richness and alpha diversity in different housing densities
(A and B) Richness of 2 independent cohorts of mice as represented by the number 

of distinct observed amplicon sequence variants (ASVs). Mice in cohort 1 received 

enrofloxacin (Enro)-treated water or control (CTL) with mice housed 4 per cage (A) or 

2 per cage (B).

(C and D) Mice in cohort 2 received broad-spectrum antibiotics (VAMN) in drinking water 

(or CTL) and were housed 4 per cage (C) or 2 per cage (D). Feces were collected upon 

arrival (T0), immediately after 1 week of exposure to antibiotics or CTL (T1), and 3 weeks 

after cessation of exposure (T2).

(E–H) Alpha diversity as estimated by the Shannon diversity index in cohort 1 for mice 

housed 4 per cage (E) or 2 per cage (F), and cohort 2 for mice housed 4 per cage (G) or 2 per 

cage (H). p values were obtained from the mixed effect models.
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Figure 3. Sustained effects of antibiotics on beta diversity 4 weeks after cessation of exposure
(A–D) Principal coordinates analysis of fecal samples from mice receiving enrofloxacin or 

control, and housed 4 mice per cage (A) or 2 mice per cage (B), and mice receiving VAMN 

antibiotics or control, and housed 4 mice per cage (C) or 2 mice per cage (D). Fecal samples 

were collected upon arrival from the supplier (T0), immediately after 1 week of exposure 

to antibiotics or CTL (T1), and 3 weeks after cessation of exposure (T2). p values were 

obtained from the nested PERMANOVA.
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Figure 4. Housing density-mediated influence on cage effects
Tukey boxplots showing mean intra-cage and inter-cage similarity between all of the 

possible sample pairs within a given treatment group and housing density immediately after 

1 week of exposure (T1) to enrofloxacin (Enro) or CTL in cohort 1 (A) and VAMN or CTL 

in cohort 2 (B).

(C and D) T2 represents fecal samples 3 weeks after cessation of exposure to antibiotics in 

cohort 1 (C) and cohort 2 (D).

(E and F) Line chart for cohort 1 (E) and cohort 2 (F) showing the mean ± SD intra- and 

inter-cage Bray-Curtis similarity upon arrival from the supplier (T0), T1, and T2; legend at 

right.
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Figure 5. Effects of housing density on antibiotic-induced changes in cecal and jejunal richness, 
alpha diversity, and beta diversity
(A and B) Richness as represented by the number of observed ASVs in the cecum (A) 

and jejunum (B) of mice housed 4 per cage or 2 per cage at 3 weeks after cessation of 

antibiotics (ABX) or sham (CTL) treatment; p values denote ABX-associated effects, based 

on a mixed-effects model with cage as a random effect.

(C and D) Principal coordinate analysis plots of Bray-Curtis similarities of cecal (C) 

and jejunal (D) microbiota in the mice shown in (A) and (B); p values denote treatment-

associated effects based on PERMANOVA.

(E and F) Tukey boxplots showing mean intra-cage and inter-cage similarity between all of 

the possible sample pairs within a given treatment group and housing density, 3 weeks after 

cessation of treatment, in the cecal (E) and jejunal (F) microbiota.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Enrofloxacin Sigma-Aldrich Prod#17849

Vancomycin Sigma-Aldrich Prod#V2002

Ampicillin Sigma-Aldrich Prod#A9393

Neomycin Sigma-Aldrich Prod#N6386

Metronidazole Sigma-Aldrich Prod#M1547

Critical commercial assays

QIAamp PowerFecal Pro DNA kit Qiagen Cat#51804

Quant-iT BR dsDNA kit ThermoFisher Cat#Q32853

Buffer EB (250 mL) Qiagen Cat# 19,086

HS NGS Fragment Kit (1-6000bp), 500 Agilent Cat# DNF-474-0500

Phusion™ High-Fidelity DNA Polymerase ThermoFisher Cat# F350L

Qubit dsDNA HS Assay Kit Invitrogen Cat# Q32851

Axygen™ MAGPCRCL250 ThermoFisher Cat# 14-223-153

MiSeq Reagent Kit v2 (500-cycles) Illumina Cat# MS-102-2003

Deposited data

Raw data This paper PRJNA689557 (cohort 1), PRJNA790931 (cohort 
2)

Experimental models: Organisms/strains

Mus musculus, C57BL/6NHsd Envigo Order code: 044

Oligonucleotides

Primer: U515 Forward: GTGYCAGCMGCCGCGGTAA IDT https://doi.org/10.1128/mSystems.00009-15

Primer: 806 Reverse: GGACTACNVGGGTWTCTAAT IDT https://doi.org/10.1128/mSystems.00009-15

Software and algorithms

Microsoft Excel Microsoft https://www.microsoft.com/en-us/microsoft-365/
excel

Past 3.0 National History Museum - 
University of Oslo

https://www.nhm.uio.no/english/research/
infrastructure/past/

SigmaPlot 14 SPSS Inc. http://www.sigmaplot.co.uk/

R version 4.0.3 The R Foundation for 
Statistical Computing

https://cran.r-project.org/bin/windows/base/old/
4.0.3/

nlme version 3.1-152 R Core Team https://CRAN.R-project.org/package=nlme

Psych version 2.1.9 William Revelle https://cran.r-project.org/package=psych

dplyr version 1.0.8 Hadley Wickham https://cran.r-project.org/package=dplyr

BiodiversityR World Agroforestry https://www.worldagroforestry.org/output/tree-
diversity-analysis
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