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Background:  Classically, IgA in the gut prevents the invasion of microorganisms to systemic organs through the process of neutralization 
and immune exclusion. Interestingly, recent reports suggest that IgA might help in biofilm formation and promote bacterial growth inside the 
intestine.
Methods:   In this study, we used flow cytometry, ELISA, and chemical models of colitis to test whether the quality and quantity of IgA can 
select for bacterial persistence in the gut.
Results:  We found that members of Proteobacteria, such as γ-Proteobacteria and SFB, are preferentially coated by IgA in WT mice. In the par-
tial absence of either T-dependent or -independent IgA responses, there are no significant differences in the frequency of bacteria coated with 
IgA in mice. However, Rag−/− mice that lack all antibodies had a severe reduction in Proteobacteria and were resistant to DSS-induced colitis, 
suggesting that secretory IgA might be essential for differential retention of these taxa in the mouse gut. Rag−/− littermates in the F2 generation 
generated from (B6 × Rag−/−) F1 mice acquired the underrepresented bacteria taxa such as γ-Proteobacteria through vertical transmission of 
flora. They died soon after weaning, possibly due to the acquired flora. Additionally, continued exposure of Rag−/− mice to B6 flora by cohousing 
mice led to the acquisition of γ-Proteobacteria and mortality.
Conclusions:  Together, our results indicate that host survival in the complete absence of an IgA response necessitates the exclusion of specific 
bacterial taxa from the gut microbiome.

Lay Summary 
This study indicates host survival in the absence of IgA response necessitates the exclusion of certain bacterial taxa from the gut microbiome, 
and microbial colonization may be continuous when fecal bacteria are present.
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Introduction
The intestinal tracts of mice and humans, which are essen-
tially sterile in utero, get colonized with microbes during birth 
and in the early neonatal period. Although over 50 bacterial 
and 10 archaeal divisions or phyla have been identified,1 mi-
crobial diversity in the intestine is restricted, and dominated 
by just 2 divisions of bacteria (Bacteroidetes and Firmicutes) 
and 1 member of Archaea (Methanobrevibacter smithii)2,3 
indicating active selection mechanisms.

The microbiota of the gut contains autochthonous “perma-
nent” residents as well as allochthonous “transient” residents. 
Most autochthonous residents cannot proliferate in environ-
mental reservoirs outside the host and rely on vertical trans-
mission from parent to offspring.4 Indeed, studies performed 
with mice have revealed that the microbiota of littermate 
mice is more similar than the microbiota of genetically iden-
tical mice that differ in maternal origin.5 In this context, it is 

recommended that pups from heterozygous breeding should 
be used for metagenomics studies to normalize for microbial 
contributions.6 An alternative approach for normalizing the 
microbiota is to cohouse adult mice from different strains for 
extensive periods, allowing mice to acquire heterologous flora 
as they feed on feces or ingest feces while self-grooming. This 
technique is simple and can also be used to study flora acqui-
sition in early life by cohousing dams from different strains 
with their new-born litters.

In addition to microbes, the neonate mice also receive 
IgA from the breast milk when nursed by the dams. IgA 
has been shown to be a major player in shaping microbial 
colonization of the infant gut, and in influencing innate im-
mune cell development.7,8 After weaning, the passive IgA is 
replaced by active IgA that is made following interactions of 
the intestinal immune system with bacterial components. The 
secreted IgA coats luminal bacteria and restricts their access 
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to intestinal tissue and subsequent translocation into internal 
organs.9,10 The IgA secreted in the gut can originate from 
T cell-dependent or -independent mechanisms in response 
to the microflora. Most commensal bacteria in the gut are 
coated by T-independent IgA.11 Certain bacteria like SFB in-
duce huge amounts of nonspecific IgA that can coat other 
bacteria.12 Further, IgA marks the disease driving members in 
the intestine. Colitogenic microbes were found to be highly 
coated with IgA in human.13 A previous report from our lab 
studying immunocompetent mouse strains showed that im-
mune exclusion by IgA in the gut is a driving factor against 
susceptibility to induced colitis models.14

We report here that members of the phyla Proteobacteria 
are IgA coated in the wild-type mice and are underrepre-
sented in CBA/N mice that make poor T-independent type 2 
immune response15 and have significantly reduced IgA-coated 
bacteria in the gut. This was also true for Rag−/− mice that 
lack all antibodies suggesting that IgA might be required for 
Proteobacteria to take up residence in the gut. Since IgA is 
essential for biofilm formation,16,17 we explored the possi-
bility that retention of certain bacteria in the gut might re-
quire repeated exposure to the organism. We found that 
Proteobacteria can be obtained by horizontal and vertical 
transfer of microbes from wild-type mice. However, the ac-
quisition of such flora led to mortality. Together, our data 
indicate that ongoing exposure to environmental bacteria, es-
pecially by the feco-oral route can alter the microbial compo-
sition of the gut and may lead to disease if the new entrants are 
pathogens and/or if the individual is immunocompromised.

Materials and Methods
Mice
C57BL/6ByJ (B6), Rag1−/− (Rag−/−), TCRβ−/− obtained 
from the Jackson laboratories were maintained in the small 
animal facility of the National Institute of Immunology. Male 
or female mice 6–8 weeks of age were used for experiments, 
unless otherwise indicated. B6 × Rag−/− crosses to generate 
F1 and F2 were set up in-house. For cohousing experiments, 
B6 and Rag−/− females were cohoused.

Estimation of Fecal-Bacterial Loads
To determine fecal-bacterial loads, fecal pellets were col-
lected, weighed, and stored at −20 °C. DNA was subsequently 
extracted using the Qiagen DNA Stool Mini kit as per kit 
protocol and quantified using Nanodrop (Thermo Scientific, 
NanoDrop Products). The yield was calculated as DNA per 
gm of fecal weight.

Estimation of Immunoglobulin (Ig) Amounts
Mice were bled, and serum collected by centrifuging at 16 
000g for 10 min. Serum Ig was estimated on plates coated 
with 2 µg/mL of goat anti-mouse Ig (Southern). Captured Ig 
was detected with goat anti-mouse Ig-HRP (Southern).

DSS Colitis
Colitis was induced in mice by adding 2.5% DSS (M.W. 36 
000–50 000 Da, MP Biomedicals) to autoclaved drinking 
water. The DSS was replaced every third day. Mortality, 
weight loss, and disease activity were recorded over time. 
For scoring of disease index, 0 = normal fecal pellet, 1 = few 
formed pellets to semisolid stool, 2 = semisolid to fluid stool 

with or without blood, 3 = bloody stool, 4 = bloody fluid, 5 
= dead on arrival.

IgA Coating and Separation of IgA-Coated Fecal 
Bacteria
To estimate frequency of IgA-coated bacteria, fecal pellets 
were collected, homogenized in sterile PBS and centrifuged 
at 800g for 5 min to remove debris. The supernatant was col-
lected and centrifuged at 9200g for 10 min to pellet fecal bac-
teria and the pelleted bacteria were stained with biotinylated 
goat anti-mouse IgA (Southern Biotech) for 30 min at 4 °C, 
washed twice with PBS 0.05 M EDTA and counterstained 
with streptavidin-APC Cy7 (BD) and nucleic acid stain Syto-
13 (Invitrogen) in saline. IgA-coated and -uncoated bacteria 
were separated on streptavidin-MACS columns (Miltenyi 
Biotech) after staining with biotinylated goat anti-mouse IgA 
(Southern). Preparations were routinely >85% pure.

Staining of Fecal Samples With Anti-mouse IgA
Fecal samples will be stained with biotinylated anti-mouse IgA 
for 30 min, washed with Versene (Invitrogen), counterstained 
with streptavidin-APC-Cy7, washed, stained with Syto-13 
and analyzed by flow cytometry.

Real-Time PCR
25 ng of fecal genomic DNA along with bacteria specific 
primers (500 nM) and Power SYBR Green PCR master mix 
(Applied Biosystems) were used for real-time PCR in an ABI 
Prism 7000 cycler. Amplification conditions were 95 °C for 5 
min was followed by 40 cycles of 95 °C for 60 s, 50–67 °C 
for 45 s, and 72 °C for 60 s. Results were calculated using 
ΔΔCt method, to determine the relative change in expression. 
Eubacteria universal primer were used to normalize for differ-
ence if any in the input DNA.

For bacterial translocation into mesenteric lymph 
nodes, genomic DNA from the tissue was extracted 
with HiYieldGenomic DNA Mini Kit (Real Biotech), as 
recommended. Bacterial loads in tissue were determined by 
PCR with primers detecting all bacteria and expressed rela-
tive to GAPDH. Primers used in the study are listed in Table 
1.

Statistical Analyses
Data were analyzed by Student’s t-test. Error bars indicate 
standard error of mean.

Results
Bacterial Diversity and Variable Coating of Fecal 
Bacteria With IgA in B6 Mice
Mouse fecal bacteria belong predominantly to 4 phyla-
Bacteroidetes, Firmicutes, Actinobacteria, and Proteobacteria. 
In our B6 colony we find phylum Bacteroidetes consti-
tute the bulk of the bacterial diversity followed by phyla 
Proteobacteria, Firmicutes, and Actinobacteria (Figure 1A). 
Previous reports have indicated that 10%–50% of fecal 
bacteria are coated with IgA in B6 mice in various animal 
facilities.11,13,18 We found that in our colony of B6 mice, 
around 30% of fecal bacteria are coated with IgA (Figure 
1B). To determine whether specific members of the bacterial 
community are targeted with IgA in B6 mice, we separated 
IgA-bound and -unbound bacteria by magnetic cell sorting 
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(Figure 1B) and amplified bacterial 16S rDNA with phylum-, 
family-, or taxon-specific primers to determine whether 
specific members were enriched in the IgA-bound and -un-
bound fractions. We used equal input DNA to measure 
the abundance of specific groups relative to total bacterial 
DNA (amplified with Eubacteria) in the IgA-bound and 
-unbound fractions. We found that there was no clear sep-
aration of taxa into the 2 fractions. However, that Phylum 
Actinobacteria and Phylum Firmicutes (and members 
Bacillus, Clostridium clostridioforme, and Faecalibacterium 
prausnitzii) were enriched in the IgA-unbound fraction, and 
subphylum γ-Proteobacteria (and members Acinetobacter 
and Enterobacteriaceae) and members of phylum Firmicutes 
(Lactobacillus and SFB) were enriched in the IgA-coated 
fraction (Figure 1C). Many bacteria were equally distrib-
uted in both IgA-coated and -uncoated fractions. These 
include phylum Bacteroidetes and its members Bacteroides–
Prevotella–Porphyromonas (BPP), subphyla α-Proteobacteria, 
and β-Proteobacteria, and other taxa like Bifidobacterium 
(phylum Actinobacteria), Helicobacter (ε-Proteobacteria), 
and Peptostreptococcus (phylum Firmicutes). It is intriguing 
that a fraction of these taxa remain uncoated despite the 

presence of secreted IgA that can coat it. A possible explana-
tion is that they represent new entrants in the gut, and that 
mice are being continuously colonized.

Effect of Partial Absence of IgA on Bacterial 
Diversity in Fecal Pellets
IgA in the gut is generated following stimulation of B cells 
in Peyer’s patches or intestine through T-dependent or -in-
dependent mechanisms. To determine whether IgA coating 
was dominated by T-dependent or -independent IgA, we 
assessed IgA coating of bacteria in fecal pellets of T cell-
deficient (TCRβ−/−) mice that cannot mount T-dependent an-
tibody responses and of xid (CBA/N) mice that make poor 
T-independent antibody responses. We found that IgA coating 
was unaffected in both these strains (Figure 2A).

To determine whether microbial diversity was affected by 
the presence or absence of T-dependent and -independent 
IgA, we assessed bacterial composition by amplification 
of 16S rDNA with primers that either amplify all bacteria 
or are phylum/genus/family/species-specific in fecal pellets 
of these mice. We found that the fecal-bacterial diversity in 
the 2 strains was largely similar to that of B6 mice with few 

Table 1. Sequence of primers used in the study.

Bacteria Primers

Eubacteria (all groups) 5ʹ-ACTCCTACGGGAGGCAGCAG-3ʹ
5ʹ-ATTACCGCGGCTGCTGG-3ʹ

Actinobacteria 5ʹ-CGCGGCCTATCAGCTTGTTG-3ʹ
5ʹ-ATTACCGCGGCTGCTGG-3ʹ

Bacteroidetes 5ʹ-GGARCATGTGGTTTAATTCGATGAT-3ʹ
5ʹ-AGCTGACGACAACCATGCAG-3ʹ

Firmicutes 5ʹ-GGAGYATGTGGTTTAATTCGAAGCA-3ʹ
5ʹ-AGCTGACGACAACCATGCAC-3ʹ

Bifidobacterium 5ʹ-TCGCGTC(C/T)GGTGTGAAAG-3ʹ
5ʹ-CCACATCCAGC(A/G)TCCAC-3ʹ

Lactobacillus 5ʹ-AGCAGTAGGGAATCTTCCA-3ʹ
5ʹ-CACCGCTACACATGGAG-3ʹ

Bacillus 5ʹ-GCGGCGTGCCTAATACATGC-3ʹ
5ʹ-CTTCATCACTCACGCGGCGT-3ʹ

Bacteroides–Prevotella–Porphyromonas (BPP) 5ʹ-GGTGTCGGCTTAAGTGCCAT-3ʹ
5ʹ-CGGA(C/T)GTAAGGGCCGTGC-3ʹ

SFB 5ʹ-GACGCTGAGGCATGAGAGCAT-3ʹ
5ʹ-GACGGCACGGATTGTTATTCA-3ʹ

Helicobacter 5ʹ-CTTAACCATAGAACTGCATTTGAAACTAC-3ʹ
5ʹ-GGTCGCCTTCGCAATGAGTA-3ʹ

Enterobacteraiceace 5ʹ-GTGCCAGCMGCCGCGGTAA-3ʹ
5ʹ-GCCTCAAGGGCACAACCTCCAAG-3ʹ

Alphaproteobacteria 5ʹ-CIAGTGTAGAGGTGAAATT-3ʹ
5ʹ-CCCCGTCAATTCCTTTGAGTT-3ʹ

Betaproteobacteria 5ʹ-TCACTGCTACACGYG-3ʹ
5ʹ-ACTCCTACGGGAGGCAGCAG-3ʹ

Gammaproteobacteria 5ʹ-TCGTCAGCTCGTGTYGTGA-3ʹ
5ʹ-CGTAAGGGCCATGATG-3ʹ

Faecalibacterium prausnitzii 5ʹ-AGATGGCCTCGCGTCCGA-3ʹ
5ʹ-CCGAAGACCTTCTTCCTCC-3ʹ

Peptostreptococcus productus 5ʹ-AACTCCGGTGGTATCAGATG-3ʹ
5ʹ-GGGGCTTCTGAGTCAGGTA-3ʹ

Clostridium clostridiiforme 5ʹ-CCGCATGGCAGTGTGTGAAA-3ʹ
5ʹ-CTGCTGATAGAGCTTTACATA-3ʹ
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differences such as lower representation of Actinobacteria 
and higher representation of β-Proteobacteria in the CBA/N 
strain and higher representation of both Actinobacteria and 
γ-Proteobacteria in the TCRβ−/− strain (Figure 2B and C). 
Since both TCRβ−/− and CBA/N mice still had secretory IgA 
in the gut, we hypothesized that a more drastic change in 
colonization of the microbe might be observed in mice com-
pletely deficient in gut IgA.

IgA-Coating Frequencies and Bacterial Diversity in 
Mice With That Lack Antibody Responses
In order to understand how the colonization and retention 
of microbiota is affected in the complete absence of secre-
tory IgA in the gut, we assessed the microbial composition 
in fecal pellets of B6 and Rag−/− mice. As expected, the 

fecal bacteria in the Rag−/− mice were not coated with IgA 
(Figure 3A). Like B6 mice, the microbiota in Rag−/− mice 
were dominated by Firmicutes and Bacteroidetes (Figure 3B). 
We found no difference in the overall representation of 3 
major phyla—Bacteroidetes, Firmicutes, and Actinobacteria. 
However, representation of Faecalibacterium was higher and 
that of SFB was lower (both members of phylum Firmicutes) 
in Rag−/− mice (Figure 3C). A severe reduction was seen in 
the proportions of α-Proteobacteria and γ-Proteobacteria 
in Rag−/− mice, and proportions of Enterobacteriaceae and 
Acinetobacter (other members of this phylum) were also 
reduced (Figure 3C). The fecal-bacterial load, represented by 
the amount of DNA obtained per gram of fecal weight, was 
lower in Rag−/− mice although the difference was not sta-
tistically significant (Figure 3D). Since Rag−/− mice cannot 

Figure 1. Bacterial diversity and variable coating of fecal bacteria with IgA in B6 mice. (A) Distribution of various bacterial phyla in fecal pellets from 
B6 mice. Pie chart is plotted by using 1/ΔCt × 100 normalized to Eubacteria. Data represent distribution in 12 B6 over 3 independent experiments. (B) 
Representative MACS sort profile of IgA-bound and -unbound fraction from B6 fecal pellets. (C) Relative abundance of bacteria in IgA+ve (ie, fraction 
bound by IgA) versus bacteria in IgA-ve fraction (ie, IgA-unbound fraction) in B6 fecal pellet. Results represent pooled data from across 6 independent 
experiments (*P < .05, **P < .01, ***P < .001).
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produce IgA, the primary antibody required to limit bacterial 
translocation to systemic organs, we reasoned that these mice 
might have higher bacterial loads in the peripheral organs like 

MLN and spleen. Total bacterial loads in MLN and spleen, 
as measured with primers for Eubacteria and normalized to 
the housekeeping gene GAPDH, was not different between B6 

Figure 2. Effect on bacterial diversity in CBA/N and TCRβ−/− mice. (A) Frequency of IgA-coated bacteria in fecal pellets of B6, TCRβ−/−, and CBA/N 
mice. Data from n = 6, over 2 independent experiments. (B, C) Relative abundance of various bacterial phyla, subphyla, and species in fecal pellets of 
CBA/N and TCRβ−/− mice with respect to B6 mice. Data pooled from n = 6 mice over 2 independent experiments (*P < .05, **P < .01, ***P < .001).
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Figure 3. Effect on bacterial diversity in the absence of IgA. (A) Flow cytometry profile of IgA-coated fecal bacteria in B6 and Rag−/− mice. (B) 
Distribution of microbiota in Rag−/− mice. Pie chart is plotted by using 1/ΔCt × 100 normalized to Eubacteria. n = 9. (C) Relative abundance in Rag−/− 
mice with respect to B6 mice of various bacterial phyla, subphyla, and species. Data pooled from 12 to 13 mice over 3 experiments. P values indicated 
wherever significant. (D) Fecal-bacterial loads in untreated B6 and Rag−/− mice. Data pooled from 8 mice over 2 experiments. (E) Bacterial loads in 
mesenteric lymph nodes and spleen expressed as a ratio of Eubacteria Ct to GAPDH Ct. Data pooled from 3 independent experiments (*P < .05).
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mice and Rag−/− mice (Figure 3E). These data indicate that 
in Rag−/− mice components of the innate immunity like den-
dritic cells, macrophages, and anti-microbial peptides at the 
epithelial barrier are enough to restrain bacteria to the lumen.

Effect of Vertical Transmission of B6 Flora to 
Rag−/− Mice
Neonates are stably colonized soon after birth with mater-
nally transmitted microbes and thus, the differences in micro-
bial composition between Rag−/− and B6 adults may reflect 
differential familial transmission of specific taxa. Hence, we 
determined whether vertical transmission of bacteria from 
B6 dams to Rag−/− pups would lead to stable equilibration 
of flora in the 2 strains despite the absence of IgA. To do 
this, we crossed B6 and Rag−/− mice, and the pups from 
the F1 generation were then intercrossed and Rag−/− and 
B6 littermates in the F2 generation were identified by the 
presence or absence of serum immunoglobulins (Figure 4A). 
When fecal samples were analyzed, most taxa were present in 
similar proportions indicating equilibration of flora between 
both strains (Figure 4B). Representation of γ-Proteobacteria 
was found to be higher in Rag−/− littermates (Figure 4B). 
These data indicate that Rag−/− pups born to and nursed by 
F1 dams and exposed to B6 flora early in life, can acquire 
and retain the otherwise underrepresented bacterial taxa 
as adults. The Rag−/− littermates that acquired the “pro-
inflammatory” members started dying soon after weaning 
(data not shown) indicating that the acquired taxa have 
pathogenic potential, and that an adaptive immune system is 
needed to contain them.

Horizontal Transmission of B6 Flora to Rag−/− Mice 
by Cohousing
It has been reported that the intestinal microbiome of adult 
immunocompetent mice is quite resilient and can resist col-
onization by non-autochthonous bacteria in cohousing 
experiments.19 We tested whether Rag−/− mice could be 
colonized by B6 flora in such horizontal transfer experiments. 
Adult female Rag−/− mice were cohoused with adult female 
B6 mice to provide continuous exposure of B6 flora to Rag−/− 
mice. Fecal samples were collected at various time points post-
cohousing and bacterial composition was compared with the 
flora at the start of the experiment (Figure 5A). We found that 
cohoused Rag−/− mice started dying by day 15 (Figure 5B) 
and this correlated with the acquisition of γ-Proteobacteria 
and SFB by day 11, and high abundance of Actinobacteria, 
α-Proteobacteria, Helicobacter, and Enterobacteriaceae 
(Figure 5A) in the Rag−/− mice. Fecal microbial loads were 
also slightly higher in Rag−/− mice at this time as compared 
with the loads in cohoused B6 controls (Figure 5C) indicating 
that the acquired flora can expand in the absence of IgA.

Physiological Relevance of the Presence of Pro-
inflammatory Bacteria in Mice
The taxa that are underrepresented taxa in Rag−/− mice, 
namely α- and γ-Proteobacteria, have been deemed as “pro-
inflammatory” in experimental colitis models.18,20 Indeed, 
we found that when colitis was induced with 2.5% DSS 
in drinking water, Rag−/− mice survived and showed min-
imal weight loss and disease activity as compared with B6 
mice (Figure 6A–C). These findings support an earlier re-
port showing that the severity of DSS-induced colitis was 

markedly reduced in Rag−/− mice21 and resistance to DSS 
colitis. These data further indicate that colitogenic members 
have been selected against in mice lacking IgA and raise the 
possibility that the retention of such colitogenic members 
may be facilitated by IgA coating.

Discussion
A layer of simple epithelium that aids absorption of nutrients 
lines the intestine and forms a physical barrier separating 
luminal microbes from the underlying lamina propria and 
systemic organs. Immune protection against infection by in-
testinal pathogens, containment of bacteria to the lumen, and 
maintenance of gut homeostasis in individuals is mediated 
by a variety of immune cells including CD8 cells in the epi-
thelial layer (IELs), and neutrophils, basophils, macrophages, 
and dendritic cells and IgA-secreting plasma cells in the 
subepithelial lamina propria.22–25 In mice harboring conven-
tional flora, the gut-associated lymphoid tissue, unlike other 
systemic lymphoid organs, is in a state of chronic stimulation 
with continuous sampling of luminal antigens. Occasional in-
trusion by luminal bacteria is taken care of by innate immune 
cells and effector T cells. This homeostasis can break down 
due to a combination of factors including barrier dysfunction, 
pathogen entry, dysbiosis, and intestinal injury, resulting in 
greater bacterial entry and recruitment of cells to the site of 
the breach. Alterations in the composition of the gut micro-
biota, known as dysbiosis, have been associated with several 
chronic metabolic and intestinal diseases.

IgA is the predominant immunoglobulin isotype found in 
the gut and is produced by T-dependent and -independent 
immune responses. Earlier studies have shown that the 
steady-state intestinal flora is predominantly coated by IgA 
generated from T-independent immune responses.11 To deter-
mine how microbial composition in the gut is affected in the 
absence of T-independent (TI) IgA, we used CBA/N mice with 
a mutation in Btk gene. These mice have a defect in B cells 
involved in secreting TI IgA.26 Furthermore, humans with 
mutation in Btk have been shown to be highly susceptible 
to IBD which was corroborated with mouse models of co-
litis using Btk-deficient mice.27 We did not find any significant 
differences between wild-type and CBA/N mice in IgA-coated 
frequency of fecal bacteria (Figure 2A) or any of the major 
Phylum we assessed (Figure 2B). To determine how microbial 
composition was altered in the absence of T-dependent IgA, 
we studied the TCRβ−/− mice (deficient in T-dependent im-
mune responses). Previous studies have shown TCRβ−/− mice 
to be more susceptible to induced-colitis models, however, the 
susceptibility is largely dependent on the nature of resident 
microflora in the gut.28–30 We found higher proportions of 
γ-Proteobacteria and Actinobacteria in TCRβ−/− mice when 
compared with WT mice (Figure 2C). The relative abundance 
of other members of the gut microbiota was largely unaltered.

We hypothesized that to see significant differences in mi-
crobiota we need to study microbiota retention and colo-
nization in the complete absence of immunoglobulins. We 
examined the microbial composition in Rag−/− mice versus 
WT mice. Rag−/− mice lacks adaptive immune responses 
and hence would lack any secretory antibodies in the gut. 
We observed a statistically significant reduction in the abun-
dance of Proteobacteria in feces obtained from Rag−/− mice. 
Specifically, we observed a reduction in α-Proteobacteria 
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Figure 4. Vertical transmission leads to equilibration of flora between littermates. (A) Serum ELISA for the identification of Rag−/− and B6 pups 
obtained from F1 × F1 crosses. (B) Fold expression of various bacterial taxa in the fecal sample of Rag−/− mice as compared with Rag+/+ mice. Data 
pooled from 8 to 12 mice over 2 experiments (*P < .05, **P < .01).
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and γ-Proteobacteria (Figure 3A–C). Our data agree with 
previous reports that show reduced bacterial diversity in 
Rag−/− mice.18

Next, we wanted to know whether the potentially 
colitogenic flora (members of Proteobacteria) could be 
transferred to the Rag−/− mice by crossing B6 × Rag−/− mice. 
The pups from F1 progeny of B6 × Rag−/− mice were further 
bred and the resultant F2 progeny of the B6 and Rag−/−cross 

were compared for microbial diversity. The taxa that were 
originally less represented in the Rag−/− mice, were found to 
be equally represented in Rag−/− and B6 littermates of F2 
progeny. Thus, Rag−/− mice can acquire the missing bacte-
rial members upon exposure to B6 littermates (Figure 4A and 
B). However, Rag−/− pups from the F2 progeny started dying 
shortly after weaning indicating the need for an adaptive im-
mune system especially IgA to allow for the persistence of 

Figure 5. Cohabitation leads to changes in flora distribution. (A) Distribution of various bacterial taxa in fecal samples collected from Rag−/− mice 
cohoused with B6 mice over time. Panel includes bacterial phyla and subphyla assessed. Data represent distribution in 8 mice pooled over 2 
experiments. Results have been calculated as 1/ΔCt ×100 after normalizing for Eubacteria. P values indicated as *P < .05 for B6 mice compared with its 
day0; $P < .05 for Rag−/− mice compared with its day 0. (B) Survival post-cohousing of Rag−/− mice is plotted over time. (C) Bacterial loads in feces of 
B6 versus Rag−/− mice. P values indicated as *P < .05. Data pooled from 4 independent experiments.
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certain bacteria. While we were unable to record the exact 
days when the Rag−/− pups died, their death post-weaning 
suggests that once the maternally derived immunoglobulins 
are lost, the potentially pathogenic microbes obtained from 
the dams can be fatal to the immune-deficient host.

Subsequently, we wanted to test whether we can achieve 
horizontal transmission of microbiota from B6 to Rag−/− mice 
by cohousing the 2 strains and whether that also led to the 
mortality in the Rag−/− mice. This method takes advantage of 
the coprophagic nature of mice to enable transfer of microbes 
across co-caged mice. Earlier reports have shown that po-
tential colitogenic flora can be transferred between 2 mouse 

strains by simply cohousing them.31,32 In fact, a study has pre-
viously demonstrated equilibration of microbial communities 
between B6 and Rag−/− mice post-cohousing for 3 weeks.11 
However, it is also important to note that previous data from 
our lab,14 and other groups,33 have shown that microbiota 
cannot be transferred by cohousing immune-competent mouse 
strains with conventional flora. We followed the transfer ki-
netics of individual microbes after cohousing B6 and Rag−/− 
mice. We report that Rag−/− mice cohoused with B6 mice 
gained α-Proteobacteria, gamma-Proteobacteria by day 15 
(Figure 5A). Also, total microbial loads were slightly higher 
in Rag−/− mice on day 15 post-cohousing compared with B6 
mice (Figure 5C). Cohoused Rag−/− mice also started dying at 
this time point supporting our hypothesis that acquiring the 
flora from B6 mice is causing morality due to the absence of 
an adaptive immune response. Other studies where specific-
pathogen-free mice were cohoused with pet store mice, a mor-
tality rate of approximately 20% was reported, suggesting 
that introduction of unfamiliar microbiota can lead to mo-
rality in mice.34,35 Interestingly, adult Rag−/− mice died within 
2 weeks of cohousing exposure but the Rag−/− pups obtained 
from B6 × Rag−/− breeding only die after weaning (~4–5 
weeks), showing that maternal milk IgA can provide protec-
tion, and adult Rag−/− mice cohoused with B6 mice die only 
when they are exposed via continued cohousing coprophagy 
from B6 littermates post-weaning. Interestingly, it has been 
shown that exposure to pathobionts in Rag−/− mice versus 
WT mice causes an expansion of the pathobionts which is in 
sync with our findings. This study, however, has no data for 
mortality, a gap filled by our manuscript.36

We also observed that certain bacterial members which 
are in lower abundance in non-cohoused Rag−/− mice have 
been associated with causing enhanced intestinal inflamma-
tion in other mouse models. For example, members of the 
phylum Proteobacteria such as Enterobacteriaceae have 
been associated with enhanced intestinal inflammation.20 
Enterobacteriaceae have been reported to reside in the 
healthy gut at low levels and are amongst the most com-
monly overgrown symbionts in many conditions involving 
inflammation, such as IBD, colorectal cancer, and antibiotic 
treatment.37 Previous study from our lab also found associ-
ation of members of Proteobacteria with enhanced suscep-
tibility to DSS-induced colitis.14 However, it is important to 
note that in the previous report, the potential colitogenic 
bacteria were found to be enriched in IgA-uncoated frac-
tion. The differences seen in this study might be attributed 
to chronologically separated lines of wild-type mice and the 
fact that microbiota can be readily influenced by changes in 
environment and/or diet.38 The possible factors which lead to 
such differences were outside the scope of the current study. 
Both the studies corroborate the role of IgA in shaping the 
murine gut microbiota and providing protection in induced-
colitis models. We hypothesized that decreased abundance 
of potentially colitogenic bacteria in the Rag−/− mice would 
mean lower susceptibility to colitis inducing agents. Indeed, 
we found Rag−/− mice to be less susceptible to DSS-induced 
colitis compared with B6 mice indicating that non-IgA-coated 
taxa still found in Rag−/− mice do not cause problems even 
after DSS because that is not their colonization strategy 
(Figure 6A–C).

Collectively, our data would suggest that mice are being 
colonized with microbiota continuously and that in the 

Figure 6. Physiological outcome of reduced bacterial diversity in Rag−/− 
mice. (A) Survival, (B) weight change, and (C) disease index over time in 
B6 and Rag−/− mice given 2.5% DSS in drinking water. Data are mean 
of 6 mice per group. P values indicated wherever significant (*P < .05, $P 
< .01, #P < .001).
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absence of enough immunoglobulins acquiring “inflamma-
tory” bacteria is harmful for an immunocompromised host.
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