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rRNA

Delong, Wickham & Pace,  Science 243: 1360-1363 (1989)

Bacterial cell

5 - GCTGCCTCCCGTAGGAGT - 3

Probes hybridize to ribosomal RNA

Individual bacteria visualized with 
fluorescence in situ hybridization (FISH)

Bandpassfilters   

vs.  spectral imaging and 
linear unmixing

to discriminate up to 16 
fluorophores

Nature Structural Biology 9, 750 - 755 (2002) 



Fluorescence Spectral Imaging

Spectral Image Data Cube

Resolve emission signatures by linear unmixing

Valmet al., 2011 PNAS 108: 4152-57
Valmet al., 2016 PLoSOne doi: 10.1371/journal.pone.0158495
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Choose fluorophores whose emission peaks are 

separated by ~20 nm or more



unmixed merge28 label types

Imaging Proof-of-Principle with E. coli
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A. M. Erenet al. (2014)  PNAS 111: E2875-E2884

Human oral microbiome is complex, but most taxa 

are site specialists
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Most cells in dental plaque come from 

a small number of bacterial genera

data from Human Microbiome Project, mean of 148 individuals
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Combinatorial Labeling and Spectral Imaging FISH (CLASI-FISH)

16S rRNA

Corynebacterium

AGTTATGCCCGTATCGCCTG

Streptococcus

TAGCCGTCCCTTTCTGGT

Porphyromonas

CCTCACGCCTTACGACGG

Haemophilus/Aggregatibacter

TCCCAAGCATTACTCACC

Neisseriaceae

CCTGTGTTACGGCTCCCG

Capnocytophaga

TCAGTCTTCCGACCATTG

Actinomyces

ATCCAGCTACCGTCAACC

Fusobacterium

GGCTTCCCCATCGGCATT

Leptotrichia

GCCTAGATGCCCTTTATG

Bacteria

GCTGCCTCCCGTAGGAGT
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Mixture of genus-level probes applied to a whole-mount of plaque

Mark Welch et al. 2016  PNAS 113(6): E791



Mixture of genus-level probes applied to a whole-mount of plaque
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Rothia Veillonella Neisseria       
Streptococcus                       Actinomyces
Autofluorescence

Tongue biofilm:

a patch mosaic

around a core of 

epithelial cells

S. Wilbert et al., unpublished,
manuscriptin preparation



confocal slices along Z-axis 2.5 microns apart

Tongue consortia are 3-dimensional

S. Wilbert et al., manuscript in preparation
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Tongue biofilm participates in 

host NO homeostasis

Å Rothia, Actinomyces, and Veillonella are 

prominent in tongue consortia

Å All are predicted nitrate reducers 

Å All are candidates to function in NO 

homeostasis; control of vasodilation; blood-

pressure

Å Caution: Use of antiseptic mouthwash can lead 

to a measurable increase in blood pressure

Lundberg et al 2004



30 mm

Does thickness of the biofilm correlate with its age?

S. Wilbert et al., manuscript in preparation
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Buccal

epithelial 

cells are 

more thinly 

colonized



A more enclosed 

system: 

mouse gut

Mucus (wheat germ 

agglutinin)

Mucus (anti-mouse 

colonic mucin)

autofluorescence 

autofluorescence



B. cellulosilyticus
4 Bacteroides
B. caccae
C. aerofaciens
C. scindens
R. torques
autofluorescence

Micron-scale mixing suggests a dynamic gut community 

host 
epithelium

food



Patchiness, but cells are mixed within  patches


