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SUMMARY

Virulence factors expressed by enteric bacteria are
pivotal for pathogen colonization and induction of
intestinal disease, but the mechanisms by which
host immunity regulates pathogen virulence are
largely unknown. Here we show that specific anti-
body responses are required for downregulation of
virulence gene expression in Citrobacter rodentium,
an enteric pathogen that models human infections
with attaching-and-effacing bacteria. In the absence
of antibodies against the pathogen, phenotypically
virulent C. rodentium, accumulated and infected
the epithelium and subsequently invaded the lamina
propia, causing host lethality. IgG induced after
infection recognized virulence factors and bound
virulent bacteria within the intestinal lumen, leading
to their engulfment by neutrophils, while phenotypi-
cally avirulent pathogens remained in the intestinal
lumen and were eventually outcompeted by the
microbiota. Thus, the interplay of the innate and
adaptive immune system selectively targets virulent
C. rodentium in the intestinal lumen to promote path-
ogen eradication and host survival.

INTRODUCTION

Host innate and adaptive immune responses against invading
pathogenic microorganisms are critical for pathogen eradication
and host survival. To establish infection and successful repli-
cation, pathogens have evolved many strategies to acquire
nutrients, circumvent host defenses, and exploit the host cellular
machinery (Roy and Mocarski, 2007). A key strategy is the
expression of specific virulence factors that enable pathogens
to colonize their host and replicate within its tissues by subvert-
ing host signaling pathways (Okumura and Nizet, 2014; Roy and

Mocarski, 2007). While the virulence factors involved in path-
ogen colonization and invasion have been heavily studied, the
immune mechanisms that regulate the expression of bacterial
virulence during infection are largely unknown. Furthermore,
it remains unknown whether the host immune system can
recognize virulence factors to promote pathogen clearance.
Enterohemorrhagic Escherichia coli (EHEC) and enteropatho-
genic E. coli (EPEC) are major causes of diarrheal disease and
lethal infections worldwide (Kaper et al., 2004; Mundy et al.,
2005). These Gram-negative bacteria are food- and water-borne
non-invasive pathogens that attach to and colonize the intestinal
tract by inducing characteristic attaching-and-effacing (A/E)
lesions on the intestinal epithelium, leading to transient enteritis
or colitis in humans (Kaper et al., 2004; Mundy et al., 2005). The
genomes of EHEC, EPEC and the related natural mouse path-
ogen Citrobacter rodentium harbor the locus for enterocyte
effacement (LEE) pathogenicity island, which is critical for these
pathogens to colonize hosts and cause pathology (Deng et al.,
2001; Deng et al., 2004). The LEE virulence genes include those
encoding several effector proteins, a type III secretion system
(T3SS), proteins that mediate intimate epithelial attachment
such as intimin and its translocated receptor as well as Ler, a
global regulator that is required for expression of most, if not
all, LEE genes (Deng et al., 2004). Notably, patients infected
with EPEC develop IgG antibodies reactive to LEE virulence
factors (Jenkins et al., 2000; Li et al., 2000; Martinez et al.,
1999). However, the physiological relevance of such antibodies
including their role in pathogen eradication is unclear.
C. rodentium is widely used to model human infections with

EPEC and EHEC (Collins et al., 2014). In the early phase of the
infection, C. rodentium expresses LEE virulence genes (Deng
et al., 2001, 2004) that allow it to localize and replicate near the
epithelium where competing commensals are largely absent
(Kamada et al., 2012). By day 12 post-infection (p.i.), the expres-
sion of LEE virulence is downregulated, and as a result, non-LEE
expressing pathogens relocate to the lumen where they are out-
competed by resident microbes (Kamada et al., 2012). Infection
of germ-free (GF) mice with C. rodentium is also associated with
downregulation of LEE virulence at the late stages of infection,
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Aim
- how is the elimination of LEE virulence mediated?

Kamada et al, 2012

C. rodentium 
- TLR signaling   clearance + damage reduction 
- IL-22     prevention of systemic spreading 
- humoral immunity  clearance + limitation of systemic spread
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Adaptive immunity is required for the clearance of C. 
rodentium

Aim To address the role of the adaptive immunity in C. rodentium    
  infection

Figure 1



Aim To assess whether the adaptive immunity regulates LEE virulence

Adaptive immunity is required for LEE virulence 
downregulation during C. rodentium infection

Figure 1



Adaptive immunity is required for the clearance of the C. 
rodentium 

Figure 2

SPF GF

Rag1-/-

WT B6

Fig. S1, related to Fig. 1. Ler-regulated virulence factors are required for pathogen association 
near the epithelial surface.
Histological analysis of the distal colon of SPF and GF WT or Rag1-/- mice infected with C. rodentium
on day 14 post-infection. Arrows denote marked submucosal edema and infiltration of acute 
inflammatory cells (magnification 250X). Arrowheads in high power fields (magnification 1000X) 
show bacterial colonies that had invaded the mucosa. 

Figure S1.  Kamada N. et al.

Figure S1



LEE virulence is required for the demise of the Rag1-/- mice

Figure 2

Figure 2A

SPF GF 

Fig. S2, related to Fig. 2. . Avirulent C. rodentium does not induce intestinal inflammation in 
immunodeficient mice
Histological analysis of the distal colon of SPF and GF Rag1-/- mice infected with ler mutant ('ler) C. 
rodentium on day 21 post-infection (magnification 250X).

Figure S2.  Kamada N. et al.

Figure S2



The presence of commensals is critical for the elimination of C. 
rodentium 

Figure 2



IgG IgM IgA

Fig. S3, related to Fig. 3. Pathogen-specific antibodies are found in the intestinal lumen of C. 
rodentium-infected mice.
GF WT mice were infected orally with 1x109 cfu of C. rodentium. Production of total IgG, IgM and IgA 
against C. rodentium in the luminal content of GF mice before (d0) and after (day 12 and 22) oral 
infection with C. rodentium was analyzed. Dots represent individual mice.  ***, p<0.001; N.S., not 
significant by Dunnett’ test.

Figure S3.  Kamada N. et al.

Figure S3

Figure 3

Use of a QM-mouse to avoid the production of specific 
antibodies



Pathogen-specific IgG is required for downregulation of LEE 
expression 

Figure 3



Pathogen-specific IgG selectively bind virulent bacteria

Fig. S4, related to Fig. 4. C. rodentium infection induces Ler-regulated virulence factor-specific IgG.
A, GF WT mice were infected with GFP-expressing C. rodentium. Cecal bacteria were harvested at indicated 
days post-infection and binding of IgG was analyzed by flow cytometry.  Results are representative of 3 
experiments. B, Purified IgG from the sera of C. rodentium-infected mice (day 42 post-infection), or control IgG
was added to the reporter ler-lux C. rodentium strain in DMEM medium and expression of ler overtime was 
determined by luminescence (left panel). RLU, relative light unit.  Bacteria grown in DMEM (positive control) or 
LB medium (negative control) are shown for comparison. Bacterial growth in DMEM or LB medium was 
assessed in parallel (right panel). Data are representative of 2 independent experiments in triplicate cultures 
(mean ± SD). C, Bacterial lysates of WT and 'ler mutant C. rodentium were loaded with SDS-PAGE. Serum 
or luminal content were obtained from naïve (d0) and C. rodentium-infected (d21) SPF mice, and used as 
primary antibodies. C. rodentium-specific IgG was detected by anti-mouse IgG secondary Ab. D, Purified 
intimin protein was loaded with SDS-PAGE (left), and blotted with luminal content obtained from naïve (d0) and 
C. rodentium-infected (d21) GF mice. C. rodentium-specific IgG was detected by anti-mouse IgG secondary Ab. 
Results are representative of 2 independent experiments.
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Specific IgG are produced in response to the virulence factors

Fig. S4, related to Fig. 4. C. rodentium infection induces Ler-regulated virulence factor-specific IgG.
A, GF WT mice were infected with GFP-expressing C. rodentium. Cecal bacteria were harvested at indicated 
days post-infection and binding of IgG was analyzed by flow cytometry.  Results are representative of 3 
experiments. B, Purified IgG from the sera of C. rodentium-infected mice (day 42 post-infection), or control IgG
was added to the reporter ler-lux C. rodentium strain in DMEM medium and expression of ler overtime was 
determined by luminescence (left panel). RLU, relative light unit.  Bacteria grown in DMEM (positive control) or 
LB medium (negative control) are shown for comparison. Bacterial growth in DMEM or LB medium was 
assessed in parallel (right panel). Data are representative of 2 independent experiments in triplicate cultures 
(mean ± SD). C, Bacterial lysates of WT and 'ler mutant C. rodentium were loaded with SDS-PAGE. Serum 
or luminal content were obtained from naïve (d0) and C. rodentium-infected (d21) SPF mice, and used as 
primary antibodies. C. rodentium-specific IgG was detected by anti-mouse IgG secondary Ab. D, Purified 
intimin protein was loaded with SDS-PAGE (left), and blotted with luminal content obtained from naïve (d0) and 
C. rodentium-infected (d21) GF mice. C. rodentium-specific IgG was detected by anti-mouse IgG secondary Ab. 
Results are representative of 2 independent experiments.
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There are 2 phenotypically different C. rodentium populations 

Figure 5



Neutrophils are required for the elimination of phenotypically 
virulent C. rodentium 

Figure 6

Fig. S5, related to Fig. 6. Impaired eradication of C. rodentium in LysMCreMcl1fl/fl chimeric 
mice.
A, GF WT mice were infected with C. rodentium. At day 7 post infection, cecal tissues were 
harvested and fixed with Carnoy’s to preserve mucus layer. Luminal neutrophils were assessed by 
H&E staining. Inset denotes intraluminal neutrophil surrounded by C. rodentium. B, Confirmation of 
neutrophils depletion in LysMCreMcl1fl/fl chimeric mice. Cells were isolated from the peripheral blood 
of LysMCreMcl1wt/wt or LysMCreMcl1fl/fl chimeric mice. Isolated cells were stained with CD45, CD11b, 
Ly6G and DAPI, and analyzed by flow cytometry. Percentage of neutrophils (CD45+CD11b+Ly6Ghi) 
and monocytes (CD45+CD11b+Ly6Glo) is indicated. Data are representative of 4 individual mice. C, 
LysMCreMcl1wt/wt or LysMCreMcl1fl/fl chimeric mice (n= 12; Mcl1wt/wt, n=9; Mcl1fl/fl) were infected orally 
with 1x109 cfu of C. rodentium and pathogen load in feces was determined over the indicated time. 
Data points are given as median.  † denotes bacterial loads could not be determined beyond this 
time due to mouse lethality. D, LysMCreMcl1wt/wt or LysMCreMcl1fl/fl chimeric mice were infected 
orally with 1x109 cfu of C. rodentium. Production of C. rodentium-specific IgG in the serum and the 
luminal content of GF mice was analyzed before (d0) and after (day 7) infection. Dots represent 
individual mice.  *, p<0.05; **, p<0.01; N.S., not significant by Dunn’s test.

Figure S5.  Kamada N. et al.
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Discussion

• Adaptive immune system is necessary for the survival of the animal in 
absence of other competing bacteria 

• The presence of virulent and avirulent subpopulations contributes to the 
virulence stabilty 

• LEE virulence is microbiota independent but its activation mechanism is 
not known  

• IgG are generated against LEE virulence factors but not against other 
avirulent surface antigenes: the mechanisms are not known 

• Intimin is a highly antigenic protein  
• The way of IgG to the lumen is not known 
• Other component from the adaptive immune system may be critical for 

the outcome 



The Bamboo-Eating Giant Panda Harbors a Carnivore-Like Gut
Microbiota, with Excessive Seasonal Variations
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Institute of Microbiology, Yunnan University, Kunming, People’s Republic of Chinac; Ministry of Education Key Laboratory of Systems Biomedicine, Shanghai Centre for
Systems Biomedicine, Shanghai Jiao Tong University, Shanghai, People’s Republic of Chinad

ABSTRACT The giant panda evolved from omnivorous bears. It lives on a bamboo-dominated diet at present, but it still retains a
typical carnivorous digestive system and is genetically deficient in cellulose-digesting enzymes. To find out whether this endan-
gered mammalian species, like other herbivores, has successfully developed a gut microbiota adapted to its fiber-rich diet, we
conducted a 16S rRNA gene-based large-scale structural profiling of the giant panda fecal microbiota. Forty-five captive individ-
uals were sampled in spring, summer, and late autumn within 1 year. Significant intraindividual variations in the diversity and
structure of gut microbiota across seasons were observed in this population, which were even greater than the variations be-
tween individuals. Compared with published data sets involving 124 gut microbiota profiles from 54 mammalian species, these
giant pandas, together with 9 captive and 7 wild individuals investigated previously, showed extremely low gut microbiota diver-
sity and an overall structure that diverged from those of nonpanda herbivores but converged with those of carnivorous and om-
nivorous bears. The giant panda did not harbor putative cellulose-degrading phylotypes such as Ruminococcaceae and Bacte-
roides bacteria that are typically enriched in other herbivores, but instead, its microbiota was dominated by Escherichia/Shigella
and Streptococcus bacteria. Members of the class Clostridia were common and abundant in the giant panda gut microbiota, but
most of the members present were absent in other herbivores and were not phylogenetically related with known cellulolytic lin-
eages. Therefore, the giant panda appears not to have evolved a gut microbiota compatible with its newly adopted diet, which
may adversely influence the coevolutionary fitness of this herbivore.

IMPORTANCE The giant panda, an endangered mammalian species endemic to western China, is well known for its unique bam-
boo diet. Unlike other herbivores that have successfully evolved anatomically specialized digestive systems to efficiently decon-
struct fibrous plant matter, the giant panda still retains a gastrointestinal tract typical of carnivores. We characterized the fecal
bacterial communities from a giant panda population to determine whether this animal relies on its symbiotic gut microbiota to
cope with the complex carbohydrates that dominate its diet, as is common in other herbivores. We found that the giant panda
gut microbiota is low in diversity and highly variable across seasons. It also shows an overall composition typical of bears and
entirely differentiated from other herbivores, with low levels of putative cellulose-digesting bacteria. The gut microbiota of this
herbivore, therefore, may not have well adapted to its highly fibrous diet, suggesting a potential link with its poor digestive effi-
ciency.
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The giant panda (Ailuropoda melanoleuca) is one of the most
intriguing herbivorous mammalian species in evolutionary

history. Phylogenetically, it is considered a “bear” species within
the family of Ursidae (1, 2), where other members are carnivores
or omnivores. However, highly fibrous bamboo leaves and stems
dominate its diet, with the addition of fresh, soft bamboo shoots in
spring and summer. The giant panda spends up to 14 h daily
consuming a remarkable quantity of bamboo (3), which can reach
12.5 kg each day (4). It was estimated that the ancient omnivorous

giant panda started to eat bamboo at least 7 million years ago
(MYA) and became an exclusively bamboo-eating mammalian
species at about 2 to 2.4 MYA (5). This dietary switch was probably
associated with several mutations in the giant panda genome, in-
cluding the pseudogenization of the umami taste receptor gene
T1R1 since about 4.2 MYA (6, 7), and defects of dopamine me-
tabolism in its appetite-reward system (8). To adapt to its highly
specialized food source, the giant panda has developed a suite of
unique morphological characteristics, including powerful jaws
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Background

- belong to the family of the Ursidae 
- started to eat bamboo 7 million years ago (MYA) 
- exlusively bamboo-eating species 2-2.4 MYA

- genetic: pseudogenization of umami taste receptor gene 
- anatomic: powerful jaws and teeth, enlarged pseudothumb 

But harbor a carnivore-like gut!

symbiotic gut microbes?



Herbivores bacteria  Bacteroidales, Clostridiales,     
        Fibrobacterales, Spirochaetales 
Carnivores     Enterobacteriaceae, Enterococcus

Background



Sampling   121 fecal samples from giant pandas  
     24 adults, 16 juveniles, 5 unweaned cubs 
     12 males, 21 females completed the whole trial 

Timecourse  3 seasons: Spring (T1), Summer (T2), late autumn (T3) 

Sequencing  barcoded pyrosequencing of V3 region from 16S rRNA  
     genes 

Dataset   92’819 usable reads corresponding to 781 OTUs

Study design



Figure S1

Technical features of the dataset 
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Figure S1 OTU-level alpha diversity of the gut microbiota of the giant panda population. (A to D) Rarefaction 

curves of T1 (A), T2 (B), T3 (C) and cub samples (D), respectively. (E to H) Shannon diversity index curves 

of T1 (E), T2 (F), T3 (G) and cub samples (H), respectively. 
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Overall gut microbiota structure in giant  pandas

Figure 1



Seasonal and age-dependent variation of the alpha diversity 

Figure 2



Interseasonal variation in species abundance
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Figure S2 Abundance variations in the ten dominant genera (>1% of total sequences), Escherichia/Shigella 

(A), Klebsiella (B), Streptococcus (C), Lactococcus (D), Lactobacillus (E), Weissella (F), Enterococcus (G), 

Clostridium sensu stricto (H), Clostridium XI (I) and Turicibacter (J) across seasons, compared by paired 

sample Wilcoxon signed rank test. * P <0.05, ** P <0.01, *** P <0.001 (with Bonferroni post-hoc test). Only 

the 33 individuals that were sampled in all three seasons are included. See Figure 2 for definition of box and 

whisker plot. 
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Inter- and intraindividual variation

Figure 3



Comparison of gut microbiota structure of pandas with other 
mammals 

Studies   This study 

     8 captives, 8 wild giant pandas 

     3 other data sets with mammals 

Animals   128 animals, 57 species from 13 different taxonomic   

     orders 

Sequences  229’288 sequences      
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Figure S5 The gut microbiota of the captive and wild giant pandas (n = 137) had lower numbers of observed 

OTUs (A) and Shannon diversity indices (B) compared with other herbivores (n = 66), omnivores (n = 26) and 

carnivores (n = 16) by Mann-Whitney test (with Bonferroni post-hoc test). See Figure 2 for definition of box 

and whisker plot. NS (not significant; P >0.05). 
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Comparison of gut microbiota structure of pandas with other 
mammals 

Figure 4

Weighted UniFrac Unweighted UniFrac
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Figure S7 Comparison of gut microbiota structure of the giant panda population described in this study with 

that of the newly sampled herbivores, omnivores, and carnivores. PCoA score plots based on the weighted (A) 

and unweighted (B) UniFrac distances are shown. 

 

Comparison of gut microbiota structure of pandas with other 
mammals: new samples
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Phylotypes involved in the deviation of panda gut microbiota 
from the non-panda herbivores

Figure 5



Identification of putatively cellulolytic bacteria 
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GGRef851804 - Clostridium leptum str. DSM753 (ABCB02000019.1)

Denovo752 [0-0.2%, 0.1%, 12]

Denovo307 [0-24.0%, 1.4%, 77]

GGRef2718311 - Eubacterium limosum str. KIST612 (NC014624.2)

GGRef248563 - Compost clone SMB82 (AM183061.1) [0-4.1%, 1.1%, 58]

GGRef204581 - Cellulosilyticum ruminicola str. H1 (EF382648.1)

GGRef276044 - Mus musculus C57BL/6J cecal clone WD5aak40f08 (EU510752.1) [0-1.4%, 0.6%, 28]
Denovo58 [0-0.4%, 0.1%, 11]

GGRef359579 - Ruminococcus bromii str. L2-63 (EU266549.1)

GGRef790466 - Eubacterium saphenum str. ATCC49989 (ACON01000003.1)

GGRef4452633 - Giant panda feces clone GiantpOTU50 (JF920357.1) [0-2.8%, 1.1%, 15]

GGRef16230 - Clostridium celatum str. DSM1785 (X77844.1)

GGRef828353 - Clostridium sp. str. 6-14 (AB596887.1)

Denovo282 [0-7.7%, 0.3%, 13]

GGRef4367187 - Gastrointestinal specimens clone ELU0141-T227-S-NIPCRAMgANa000266 (HQ797624.1) [0-23.9%, 2.5%, 58]

GGRef2398623 - Clostridium sticklandii str. DSM519 (NC014614.1)

GGRef37589 - Clostridium disporicum str. DSM5521 (Y18176.1)

Denovo479 [0-1.0%, 0.2%, 49]

Denovo195 [0-3.7%, 0.7%, 10]

GGRef4389066 - ASBR reactor treating swine waste clone 04f01 (GQ134102.1) [0-6.2%, 1.2%, 69]

Denovo0 [0-3.3%, 0.2%, 24]

Denovo620 [0-0.4%, 0.2%, 10]

GGRef300582 - Spectacled bear feces clone SB2aaa01b12 (EU471327.1) [0-0.8%, 0.5%, 11]

Denovo780 [0-13.5%, 0.6%, 25]

GGRef566787 - Eubacterium sulci str. ATCC35585 (NR025289.1)

Denovo704 [0-1.7%, 0.3%, 18]

GGRef4446133 - Clostridium tertium str. E089 (JX267105.1)

GGRef19113 - Oscillospira guilliermondii (AB040497.1)

Denovo661 [0-0.3%, 0.1%, 10]

GGRef828483 - Eubacterium tarantellae str. DSM3997 (FR733677.1)

GGRef1079697 - Clostridium sp. str. 232.1 (JF262039.1)

GGRef25889 - Clostridium sartagoforme str. DSM1292 (Y18175.1)

GGRef324891 - Clostridium metallolevans str. SN1 (EU887815.1)

GGRef851659 - Pseudoflavonifractor capillosus str. ATCC29799 (AAXG02000048.1)

GGRef712142 - Eubacterium coprostanoligenes str. HL (HM037995.1)

GGRef2560266 - Eubacterium siraeum str. V10Sc8a (FP929059.1)

GGRef261722 - Clostridium perfringens D str. JGS1721 (NZABOO01000063.1)

Denovo209 [0-2.1%, 0.4%, 20]

GGRef1841529 - Flavonifractor plautii str. ATCC29863 (AGCK01000014.1)

Denovo653 [0-66.9%, 7.7%, 111]

GGRef552235 - Christensenella minuta str. YIT12065 (AB490809.1)

GGRef32182 - Clostridium cylindrosporum str. DSM605 (Y18179.1)

GGRef743082 - Clostridium sp. str. C3 (FN377817.1) [0-21.9%, 1.6%, 36]

Denovo152 [0-1.1%, 0.3%, 42]

GGRef4356307 - Pseudoflavonifractor sp. 2-1.1 (JX273469.1)

GGRef548689 - Clostridium cellulosi str. D3 (FJ465164.1)

GGRef1135992 - Clostridium sartagoforme str. K2 (AB610554.1)

Denovo396 [0-10.0%, 0.6%, 44]

Denovo199 [0-0.6%, 0.2%, 29]

GGRef167215 - Proteiniclast icum ruminis str. D3RC-2 (DQ852338.1)

GGRef31395 - Faecalibacterium prausnitzii str. L2-6 (AJ270470.2)

 

Figure S8 Phylogeny of Clostridia-related lineages identified by the de novo and multi-step OTU 

classification procedures. Only the OTUs present in at least 10 out of the 121 giant panda samples are 

included. The prefix ‘Denovo’ represents the OTUs classified by the de novo method (highlighted by the blue 

text), whereas ‘GGRef’ represents the OTUs classified by the reference-based approach, with numerals 

representing the Greengenes’ prokMSA ID (highlighted by the red text). OTUs classified by the de novo 

method were inserted into pre-established Greengenes’ phylogenetic tree in ARB. The six OTUs selected as 

key phylotypes to discriminate the gut microbiota of giant pandas from that of non-panda herbivores are 

highlighted in yellow. Accession numbers of reference sequences from the Greengenes’ database are noted in 

Figure S8



Discussion

- No adaptation of the microbiota to the lifestyle, and this over 
2 Mio years 

- low microbial diversity <-> fragile lifestyle? 
- intra- >> interindividual variation reflects the stability of the 

ecosystem 
- phyisiological mechanisms remain to be explained




