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2. Motility and chemotaxis, in general and in the Ocean 

•! Why and how to swim? 

 Rotating a corkscrew, cracking a whip or coordinating many hairs  

•! The costs of swimming: a Datsun in Saudi Arabia? 

•! E. coli’s run-and-tumble swimming 

•! Diffusion of a bacterial population 

•! Chemotaxis 

 How it works 

 Examples of taxis 

•! Recent work on motility and chemotaxis in the Ocean 



Counterintuitive fluid mechanics 
(2)      Reversibility at low Re 

      

      

         The scallop theorem! 

(G.I.Taylor) 

http://web.mit.edu/fluids/www/Shapiro/ncfmf.html 



Costs and benefits of swimming for microbes 

Why swim? 

 Find food (encounter it more often (blindly), or actively exploit gradients) 

 Find mates (in the same manner) 

 Minimize death by predation (handling, not encounter)  

     

Why not? 

 Energy cost 

 Signal to predator (you’re ‘moving water’) 

 Higher encounter rate with predators and viruses 

 It’s difficult to swim if you are small: Brownian reorientation 

How to swim? ! need to circumvent the scallop theorem! 

 1) Rotating a rigid, helical flagellum (bacteria) 

 2) Waving a flexible flagellum (eukaryotes, e.g. sperm, phytoplankton) 

 ! Both are non-reversible motions and give propulsion 



Three types of swimming appendages 

      Bacterial flagella 

e.g. E. coli 

Cilia e.g. Paramecium 

   Eukaryotic flagella 

  e.g. spermatozoa 

Lighthill,1976 



The eukaryotic flagellum 

Flagellum is flexible:  

!! cell propagates waves down the 

flagellum  

!! from the base to the tip 

(mostly), like a whip 

Waves can be  

!! planar (2D)  

!! helical (3D) 

Powered by dynein molecular 

motors distributed along the length 

and circumference of the 

flagellum, driven by ATP 



Eukaryotic flagella: 

phytoplankton 

imbrickle.blogspot.com 

Leucocryptos marina, a marine dinoflagellate (Butcher 1967) 

http://www.uwlax.edu/biology/faculty/Howard/Research.htm 
Chlamydomonas 



Fauci & Dillon, ARFM, 2006 

Structure of the eukaryotic flagellum: the axoneme  

•! Protein: tubulin 

•! Diameter of the flagellum: 200 nm 

•! 9+2 structure 

•! Bending of flagellum: due to sliding between pairs of outer microtubules  



The prokaryotic flagellum 

Multiple polar flagella 

•! Helical and rigid: pitch ~ 2 !m, diameter ~ 20 nm 

•! Helical protein: flagellin 

•! Single motor at the base of each flagellum 



One polar flagellum (monotrichous) 
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The molecular motor 
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Propulsion by cilia 

•! Cilia have many functions: locomotion, excretion, circulation, feeding, 

irritability, contractility, reproduction 

•! Structure: same as the eukaryotic flagellum (9+2) 

•! Basic idea: a “Stokesian parachute” 

•! Metachronal waves 



Propulsion by cilia  

Paramecium 



Propulsion by cilia  

Opalina 



Cilia : metachronal waves  



Metachronal waves  



      Energetic cost of swimming 

-! Power required for swimming ~ square of swimming speed 

 (huge cost increase for fast swimmers, e.g. Mitchell) 

-! Efficiency: only ~1% !! 

-! Conversion: 

  1 Joule ~ 5x107 glucose molecules 

-! A Datsun in Saudi Arabia??  

  (Purcell 1977) 



Escherichia coli swimming 

(H. Berg) 



Bacteria 

Pseudoalteromonas haloplanktis  



Berg’s 3D 

tracking 

microscope 
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E. coli’s ‘run and tumble’ swimming 



!! a random walk! 

!! expect diffusion 



A population of bacteria “diffuses” 
(time scale 15 min; length scale 1 mm) 



Diffusion coefficient D = 0.5 x 10-10 m2/s  

A population of bacteria “diffuses” 



Run-and-tumble 

E. coli’s flagella 

are in fact 

polymorphic 



Other strategies 



Different 

swimming  

behaviors 

(mutants) 



Synechococcus swimming 



E. Coli swims on the right 
(DiLuzio et al, Nature, 2005) 
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Chemotaxis: introduction 
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The capillary assay 





Receptors 



Chemotaxis in E. coli:  

delay tumble when conditions are getting better 

Temporal vs. spatial gradient sensing 



Examples of different taxis in bacteria 



Aerotaxis  
(Pseudoalteromonas haloplanktis) 

First taxis discovered (Engelmann 1883, while studying photosynthesis) 



Aerotaxis  



Phototaxis 
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Bacterial waves 
(chasing the gradient) 

Ahmed & Stocker, unpublished 



pH taxis 

H. pylori: away from the stomach lumen, towards the epithelium 

Do marine bacteria to this? (ocean acidification) 
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Recent insights  

on motility and chemotaxis  

in the Ocean 







IMAGE: Stocker et al., 2010 
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20 mm 
Bacteria 
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Rapid chemotaxis !!

1 min 

5 min 

25 min 

200 !m 2a 

y 

"! Rapid chemotaxis, 10-fold increase in nutrient gain 

"! Adaptation to aquatic nutrient landscape? 
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 Stocker et al, PNAS 2008 

Pseudoalteromonas haloplanktis  



Super-effective chemotaxis? 

Hydrodynamic effect? (Locsei & Pedley 2009) 



Colonization of particle plumes!

     Chisholm, Nature 2000 

Carbon fluxes 

U

  Marine snow 

“The response of bacteria to 

sinking organic particles has 

a big influence on the 

oceanic carbon 

cycle” (Azam & Long 

Nature 2001) 

Plume: ecological niche for bacteria ? 

(Smith et al., Nature 1992) 



T
4U
-0
+
(
%V
%W
"
5<
7+
#
*%
XV

Q
%@
K
K
J
%%





Accumulation in the plume !

100 !m s-1 

500 !m 



•! Low Reynolds number: the flow regime of microbes  

•! Accuracy: geometry (~5 !m), flows (!m/s), chemical gradients (low Re) 

•! Transparent: track single bacteria 

•! Versatile experimental platform 

Ideal for studying microbial processes: 

Microfluidics!

 Stocker et al, PNAS 2008; Seymour et al, L&O Methods 2008; 

Am Nat 2009; JoVE 2008; JPR 2009; AME 2010; Science, in press 



Photoresist 

•! Spin-coat photoresist on wafer 

       (thickness = channel depth) 

Mask (transparency) 

•! Print mask (transparency) 

Mask 

UV light 

•! Align mask and expose to UV 

Developed wafer 

•! Develop wafer 

   (wash off unlinked photoresist)   

•! Design channels (CAD) 

Silicon wafer 

Silicon wafer 

Soft lithography (Whitesides et al 2001) 

d 

Microfabrication!



PDMS 

Glass slide 

•! Cast PDMS and cure in oven 

•! Make holes (inlets and outlets)  

•! Peel PDMS off wafer 

•! Bond to glass slide (oxidized) 

Silicon wafer 

•! Videomicroscopy 

Phase-contrast inverted microscope 

•! Connect tubing and syringe 

Syringe Microfabrication!



Visualization!

Roman Stocker MIT 



Taylor & Stocker, in prep. 

Foraging in !
turbulent waters!

Roman Stocker MIT 


