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Human reservoir

Environmental reservoir

Reservoirs of antibiotic resistance

Agricultural reservoir



Where Do Antibiotic Resistance 
Genes Originate?

• Little known about antibiotic resistance in 
environmental settings

• Soil is the source of most antibiotics in 
clinical use

• Soil is the most species-rich environment 
• 99.9% of species in soil cannot be cultured



Metagenomics:
The genomic analysis of an 
assemblage of organisms

Metagenome
The collective genomes of an 
assemblage of organisms

Handelsman et al., 1998
Rondon et al., 2000
Handelsman, 2005



Collect soil

Extract DNA

Digest  

Functional Metagenomics

Ligate into vector

Transform E. coli

Screen transformants for activity



6’-N-acetyltransferase

Aminoglycoside modification sites

Adapted from Kotraet al. 2000. 
Antimicrobial Agents & Chemotherapy
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Penicillin core A. Penicillin G. B-E, semi-synthetic � -lactam antibiotics.  
B. Amoxicillin.  C. Ampicillin.  D. Carbenicillin. E. Piperacillin. 

Carbapenem core
B. R = imipenem. 

Cephalosporin core
A1. Cephalexin.  A2. Cefamandole.  A3. Cefotaxime.  

bbbb-Lactam Antibiotics



bbbb-lactam Resistance in Metagenomic 
Libraries

2 clones -- 35% amino acid identity/54% similarity to 
probable class A �  -lactamase from Gloeobacter
violaceus

3 clones -- No ORFs with recognizable � -lactamase

2 clones -- Similarity to class B carbapenemase
from Elizabethkingia meningoseptica

1 clone – First “hybrid” �  -lactamase – single ORF 
contains two parts – one resistance to 
penicillin-like  compounds, other confers 
resistance to cephalosporins
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Phalanx or Traitors?

Microbial Communities 
in the Midgut of Caterpillar Larvae 



Why are commensal gut 
communities important?

• Normal flora contributes to host physiology
• Commensals switch to pathogens
• Community regulates invasion by 

pathogens
• Community resists or responds to 

deliberate manipulation



Gypsy Moth

Lepidopteran Larvae Model Systems

Cabbage White Butterfly



Why Lepidopteran Midguts?

• simple community
• easily manipulated
• share anatomical and immunological 

features with human gut
• good pathogens



Questions

Lepidopteran midgut community –
• Who’s there?
• Is it a community or just an assemblage ?
• Does community affect host health?
• Can we manipulate the community?

– Is it robust?
– What organisms and genes make it robust?

– What genes make a good invader?
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8  low G+C gram Enterococcus sp.
positive

9  gggg - Proteobacterium Enterobacter sp.
10  aaaa- Proteobacterium Agrobacterium sp.

Phylogeny of cultured /uncultured bacteria from 3rd instar 
gypsy moth midguts feeding on artificial diet

Phylotype Division   Genus Species

1  low G+C gram positive      Enterococcus sp. E. faecalis
2 low G+C gram positive      Staphylococcus sp. S. lentus
3 low G+C gram positive      Staphylococcus sp. S. cohnii
4 low G+C gram positive      Staphylococcus sp. S. xylosus
5  gggg - Proteobacterium             Enterobacter sp. 
6  gggg - Proteobacterium Pseudomonas P. putida
7  gggg - Proteobacterium Pantoea sp. P. agglomerans



Questions

Lepidopteran midgut community –
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Bioluminescent imaging

• Quorum sensing in insecta
– Pantoea pSB401              

(Signal+ Sensor+)

• Cell-cell communication
– Pantoea (Signal+)
– Pantoea panI::Tn5 pSB401 

(Signal- Sensor+)
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Communication in insecta
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Do quorum sensing signals influence 
pathogenesis by Pseudomonas 

aeruginosa?



P. aeruginosa invasion in 
cabbage white caterpillars

• P. aeruginosa is a pathogen of cabbage white caterpillars
• Quorum sensing signals play an important role
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AHL Mimics and Inhibitors

• Blackwell lab

• Novel AHL mimics
• Most potent inhibitor of 

LasR reported in the 
literature
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QSI of P. aeruginosa in cabbage 
white caterpillars
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Questions

Lepidopteran midgut community –

• Who’s there?
• Is it a community or just an assemblage ?

• Does the community affect host health?
• Can we manipulate the community?

– Is it robust?
– What organisms and genes make it robust?
– What genes make a good invader?



Bacillus thuringiensis (Bt)

• Gram-positive bacterium of the Bacillus cereus group 

• Common in environment (soil, leaf surfaces, insects)

• Insecticidal crystal d-endotoxins (pore forming)

• B. thuringiensis subsp. kurstaki specific for Lepidoptera

• Insect dies of starvation or septicemia

CR     Crystal
SP      Spore
SPG   Sporangium

Sporulating stage of Bt

Gill et al. 1992 Annu Rev Entomol 37: 615-636
Knowles 1994 Adv Insect Physiol 24: 275-308
Schnepf et al. 1998 MMBR 62: 775-806

Gypsy Moth



Mechanism of Bt killing???

Bt bacterium

Bt toxin

Bt spore

Presumed mechanisms of killing:
Bacteremia caused by Bt
Starvation



Compounds that enhance 
sensitivity to Bt toxin also affect 

bacterial community



Phalanx Hypothesis

Gut microbial community protects insect 
from infection by Bacillus thuringiensis



Phalanx Hypothesis

Gut microbial community protects insect 
from infection by Bacillus thuringiensis

Prediction:  Eliminating gut bacteria 
will enhance Bt activity.
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Gypsy moth larvae reared on antibiotics
are not susceptible to Bt

(gentamicin, penicillin, rifampicin, streptomycin)

Broderick et al. 2006 PNAS 103:15196-15199



Mechanism of Bt killing

Phalanx Hypothesis

Traitor Hypothesis

Members of the normal gut community collaborate 
with Bt to kill caterpillars

Prediction:
Restoring gut inhabitants to sterile caterpillars 

should restore Bt activity.



Traitor Hypothesis:

Gut community is required for Bt to kill larvae.

- Rear larvae on antibiotics through 3 rd instar
500 µg/ml gentamicin, penicillin, rifampicin, streptomycin

- Feed enteric bacteria – Enterobacter sp. NAB3
(Broderick et al. 2004 AEM 70: 293-300)

- Assess susceptibility to Bt (100 IU)

•
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Broderick et al. 2006 PNAS 103:15196-15199



How do Enterobacter and Bt 
collaborate to kill gypsy moths?

Observations about innate immunity:
• aspirin and other anti-inflammatories

reduce the rate of Bt killing

• pro-inflammatory compounds can replace 
Enterobacter in restoring killing



New model for mechanism of Bt killing

Enterobacter

hemolymph

Enteric bacteria released from the gut to the hemolymph

gut



New model for mechanism of Bt killing

Enterobacter

Death results from massive inflammatory 
response to enteric bacteria in hemolymph

“immune perversity”



Questions

Lepidopteran midgut community –

• Who’s there?
• Is it a community or just an assemblage ?

• Does community affect host health?

• Can we manipulate the community?
– Is it robust?
– What organisms and genes make it robust?
– What genes make a good invader?



Community Robustness

• Robustness –
– Resistance to and recovery from perturbation

– Resistance, stability, resilience

• Robustness –
– Inversely related to susceptibility to invasion

Structural robustness – membership and 
abundance of members

Functional robustness -- activity



Robustness -- Invasion

Approach
• Invaders – Enterococcus and Pantoea
• Treat with antibiotics
• Apply invader
• Assess community
• Measure population of invader

Surprises
recovery from antibiotic treatment INCREASES diversity

the recovered community is more easily invaded



Effects of antibiotics on establishment of invaders in gypsy moth midgut communities. 



Shift in species abundance

• ‘Vacuum effect’
– Decreasing the abundance of certain 

members allows for increased abundance of 
others

– Previously reported in lion, badger and lynx 
populations and communities



Summary

• Who’s there?
– Simple assemblage of culturable and non-culturable members
– Contains two phyla (Firmicutes and Proteobacteria)

• Is it a community or just an assemblage ?
– Lactone-based quorum sensing signals are exchanged in the 

high pH caterpillar gut
– Signal is essential for disease induction by Pseudomonas 

• Does the community affect host health?
– gut bacteria required for killing by Bt
– may kill by inducing an overblown immune response

• Can we manipulate the community?
– Perturbation of community with antibiotics can increase diversity 

and susceptibility of community to invasion
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