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Fig. 1 Digital plots of the displacement of a wild type bacterium, A W405, and a generally nonchemotactic mutant, cheC 497, at the rate of 
12.6 words (data points) per second. Tracking began at the points indicated by the large dots. The plots are planar projections of three-
dimensional paths. If the left and upper panels of each figure are folded out of the page along the dashed lines, the projections appear in 
proper orientation on three adjacent faces of a cube. The cultures were grown in a minimal salts medium on glycerol, threonine, leucine, 
and histidine, as described by Hazelbauer et al.10

• They were washed twice at 4° C with a solution containing 10-2 M sodium phosphate 
(pH 7.0), 10-4 M EDTA (ethylenediamine tetraacetate) and 10-3 M magnesium sulphate and diluted at room temperature to an optical 
density of0.01 (590 nm) in a solution containing 10-2 M sodium phosphate(pH 7.0), 10-4 M EDTA,and 0.18 % (w/v) hydroxypropyl methyl-
cellulose (Dow Methocel 90 HG). They were tracked as such at 32.0° (viscosity 2.7 cp) in a tantalum and glass chamber 2 mm in diameter 

and 2 mm high. 

analysis ignores the smallest changes (Table 1, legend). Changes 
in direction also occur during runs (Table 1). The drift is about 
what one would expect from rotational diffusion: the root-

mean-square angular deviation of a 2 µm diameter sphere 
occurring int sec in a medium of viscosity 2.7 cp at 32° C is 29 
ytdegrees. 
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Fig. 2 The speed of the wild type bacterium of Fig. I displayed 
by an analogue monitor. The recording has been divided into 
three parts, each 9.8 s long; the figure should be read from left 
to right and top down. Twiddles occurred during the intervals 
indicated by the bars. Note the consequent changes in speed. 
The longest run can be seen at the left end of the bottom trace. 
It appears in the upper panel of Fig. 1 angling downwards and 
slightly to the left, five runs from the end of the track. It is 45 

words or 3.57 s long. 

The shortest twiddles and the shortest runs are the most 

probable (Fig. 4). The distribution of twiddle lengths is 

exponential (Fig. 4a). The distribution of run lengths is 
exponential for unc 602 (not shown) but only approximately 
so for AW405 (Fig. 4b). If for AW405 one allows for variations 
in mean run length for different bacteria, the curvature in the 
semi-log plot of the aggregate run-length data vanishes (Fig. 4c). 

From calculations of autocorrelation functions of sequences of 
twiddles and of sequences of runs we conclude that twiddles 

and runs of different length occur at random. The statistics are 
Poisson; for a given organism in a given isotropic environment 
the probability per unit time of the termination of a twiddle or 

the termination of a run is a constant. 
The wild type is known to have chemoreceptors for serine, 

for aspartate and for a number of sugars 7 • If serine is added to 
suspensions of A W405 (no gradients), the run-length dis-
tributions remain exponential but shift dramatically toward 
longer runs (Fig. 5); the twiddles are suppressed. Calcula-
tions of the autocorrelation functions indicate that runs of 
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Change in direction from run to run (degree) 

Fig. 3 Distribution of changes in direction from the end of one 
run to the beginning of the next for the wild type bacteria of 
Table I. The distribution was constructed from 1,166 events by 
summing the numbers falling in successive 10° intervals. If the 
analysis is confined to the shortest twiddles, the distribution is 
skewed even farther toward small angles (mean and standard 

deviation 62 ± 26°). 
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Guidance of motility by the environment

Thomas LECUIT   2021-2022

Fonction

• source of energy/nutrition: 
phototaxis (eg. Volvox, Euglena), glucose (E. coli),  anaerobic 
conditions (e.g. magnetotactic bacteria)

• reproduction: sperm cells 

• escape from predators/toxins

• patrolling: immune defense (eg. dendritic cells)

• embryonic development

• regeneration-repair
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PLoS ONE 11(10): e0162602. doi:10.1371/journal.pone.0162602
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Guidance of cell motility

• Neutrophile chasing a bacterium (Staphilococcus aureus) 

https://www.youtube.com/watch?v=I_xh-bkiv_cDavid Rogers at Vanderbilt University.
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Nature of guidance cues

Thomas LECUIT   2021-2022

— Chemical cues: Chemotaxis

Migration 
mode

Cue Signal generation

Chemotaxis Diffusible chemical 
released from 
cells or deposited 
extracellular vesicles

Simple diffusion

Regulated removal 
by degradation of the 
chemoattractant or decoy 
receptors

Release of extracellular 
vesicles

Dictyostelium discoideum

S. SenGupta, C. A. Parent and J. E. Bear, Nature Rev Mol. Cell Biol.  2021 

https://doi.org/10.1038/ s41580-021-00366-6 
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Chemical guidance — Chemotaxis
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1. Bacterial chemotaxis 

2. Eukaryote chemotaxis
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Chemical guidance of bacteria

sarily associated with the mass transfer
may have operated, the most signifi-
cant being dehydration, which would
also result in increased thermal con-
ductivity and hence lower thermal
gradients in the maria (35).

Conclusions

In recent years studies of the gravi-
tational field of the moon have gen-
erated several new clues on the moon's
origin, history, and structure. The gross
homogeneity of the moon seems well
established; the moon is closer to equi-
librium than the earth but far fromi
completely inactive; the full explana-
tion of the most intriguing features,
the mascons, appears to require more
detailed gravimetry measurements as
well as other data; and more measure-
ments are needed to provide the same
accuracy for data related to the back
side of the moon as for data related
to the front side.

References and Notes

1. P. M. Muller and W. L. Sjogren, Phys.
Today 22 (7), 46 (1969).

2. K. Koziel, in Physics and Astronomy of the
Moon, Z. Kopal, Ed. (Academic Press, New
York, 1962); Icarus 7, 1 (1967).

3. R. B. Baldwin, The Measure of the Moon
(Univ. of Chicago Press, Chicago, 1963); S.
Breece, M. Hardy, M. Q. Marchant, Army
Map Serv. Tech. Rep. 29 (1964); D. L. Meyer
and B. W. Ruffin, Icarus 4, 513 (1965); C. L.
Goudas, Advan. Astron. Astrophys. 4, 27
(1966); Z. Kopal, Space Sci. Rev. 4, 737
(1965).

4. J. D. Anderson, G. W. Null, C. T. Thorn-
ton, in Progr. Astronaut. Aeronaut. 14, 131
(1964); G. W. Null, H. J. Gordon, D. A.
Tito, Jet Propulsion Lab. Tech. Rep. 32-1108
(1967).

5. C. G. Vegos and D. W. Trask, Jet Propulsion
Lab. Space Program Sum. 3 (1967), p. 37.

6. W. L. Siogren and D. W. Trask, J. Space-
craft Rockets 2, 689 (1965).

7. C. B. Watts, Astron. Pap. Amer. Ephemeris
Nautical Almanac 17, 1 (1963).

8. B. S. Yaplee, S. H. Knowles, A. Shapiro, K.
J. Craig, D. Brouwer, Bull. Astron. 25, 81
(1965).

9. P. Goldreich, Astron. J. 71, 1 (1966).
10. G. Colombo, ibid., p. 891; S. J. Peale, ibid.

74, 483 (1969).
11. D. H. Eckhardt, Ibid. 70, 466 (1965); in

Measure of the Moon, Z. Kopal and C. L.
Goudas, Eds. (Reidel, Dordrecht, 1967).

12. C. 0. Alley, P. L. Bender, R. M. Duke, J.
E. Faller, P. A. Franken, M. M. Plotkin, D.
T. Wilkinson, J. Geophys. Res. 70, 2267
(1965); J. Faller, I. Winer, W. Carrion, T.
S. Johnson, P. Spadin, L. Robinson, E. J.
Wampler, D. Wieber, Science 166, 99 (1969);
C. 0. Alley, P. L. Bender, D. G. Currie, R.
H. Dicke, J. E. Faller, W. M. Kaula, G. J.
F. MacDonald, J. D. Mulholland, H. H.
Plotkin, S. K. Poultney, D. T. Wilkinson,
in preparation.

13. J. C. Harrison, J. Geophys. Res. 68, 4269
(1963).

14. B. F. Burke, Phys. Today 11 (7), 54 (1969);
T. Gold, Science 157, 302 (1967); I. I.
Shapiro, ibid., p. 806; M. H. Cohen, D. L.
Jauncey, K. I. Kellermann, B. G. Clark,
ibid. 162, 88 (1968); M. H. Cohen, Annu. Rev.
Astron. Astrophys. 7, 619 (1969).

15. J. Weber, in Physics of the Moon, S. F.
Singer, Ed. (American Astronomical Society
Science and Technology Series 13, Tarzana,
California, 1967), p. 181.

16. E. W. Brown, Mem. Roy. Astron. Soc. 53,
39, 163 (1897); ibid. 54, 1 (1899-1901); ibid.
57, 51 (1908); ibid. 59, 1 (1908); A. H. Cook,
Geophys. J. Roy. Astron. Soc. 2, 222 (1959);
H. Jeffreys, Mon. Notic. Roy. Astron. Soc.
122, 421 (1961).

17. W. J. Eckert, Astron. J. 70, 787 (1965).
18. T. C. van Flandern, Jet Propulsion Lab.

Tech. Rep. 32-1247 (1968), p. 13.
19. E. W. Brown, Mon. Notic. Roy. Astron. Soc.

75, 510 (1915).
20. W. H. Munk and G. J. F MacDonald, The

Rotation of the Earth (Cambridge Univ. Press,
New York, 1960).

21. W. M. Kaula, in Measure of the Moon, Z.
Kopal and C. L. Goudas, Eds. (Reidel,
Dordrecht, 1967); J. Lorell, in ibid., p. 356;
W. H. Michael, Jr., and R. H. Tolson, in The
Use of Artificial Satellites for Geodesy, G.
Veis, Ed. (National Technical University,
Athens, 1967), vol. 11, p. 609.

22. W. M. Kaula, Theory of Saztellite Geodesy
(Blaisdell, Waltham, Mass., 1966).

23. E. L. Akim, Dokl. Akad. Nauk SSSR 170,
799 (1966).

24. J. Lorell and W. L. Sjogren, Science 159,
625 (1968).

25. W. H. Michael, Jr., W. T. Blackshear, J.
P. Gapcynski, in COSPAR Space Research 10
(North-Holland, Amsterdam; in press).

26. P. M. Muller and W. L. Sjogren, Science
161, 680 (1968).

27. , in COSPAR Space Research 10 (North-
Holland, Amsterdam, in press).

28. L. Wong, W. Downs, G. Buechler, R. Pris-
lin, Aerospace Corp. Rep. ATR-69(7140)-1
(1969).

29. U.S. Air Force Aeronautical Chart and In-
formation Center, Lunar Photomap Develop-
ment Study (U.S. Air Force Aeronautical
Chart and Information Center, St. Louis,
1969).

30. H. C. Urey, The Planets (Yale Univ. Press,
New Haven, 1952); Phys. Chem. Earth 2,
46 (1957); in Space Science, D. P. LeGailey,
Ed. (Wiley, New York, 1963).

31. A. E. Ringwood, Geochim. Cosmochim. Acta
30, 41 (1966).

32. H. Jeffreys, The Earth (Cambridge Univ.
Press, New York, ed. 3, 1952).

33. P Goldreich and A. Toomre, J. Geophys.
Res. 74, 2555 (1969).

34. V. S. Safranov, Icarus 7, 275 (1967).
35. W. M. Kaula, J. Geophys. Res. 74, 4807

(1969); Phys. Earth Planet. Interiors, 2, 123
(1969).

36. H. C. Urey, Science 162, 1408 (1968);
and G. J. F. MacDonald, in Physics and
Astronomy of the Moon, Z. Kopal, Ed.
(Academic Press, New York, ed. 2, 1969).

37. J. J. Gilvarry, Nature 188, 804 (1960); ibid.
221, 553, 732 (1969).

38. T. Gold, personal communication.
39. H. P. Ross, J. Geophys. Res. 73, 1343

(1968).
40. R. B. Baldwin, Science 162, 1407 (1968); 3.

A. O'Keefe, ibid., p. 1405.
41. N. F. Ness, Trans. Amer. Geophys. Union

50, 216 (1969).
42. D. U. Wise and M. T. Yates, J. Geophys.

Res., in press.
43. S. J. Peale and R. E. Lingenfelter, personal

communication.
44. J. E. Conel and G. B. Holstrom, Science

162, 1403 (1968).
45. A. L. Turkevich, E. J. Franzgrote, J. H.

Patterson, ibid., p. 117.
46. Lunar Sample Preliminary Examination

Team, Science 165, 1211 (1969).
47. Supported by NASA grant NGL 05-007-002.

Publication No. 763, Institute of Geophysics
and Planetary Physics, University of Califor-
nia, Los Angeles.

Chemoreceptors in Bacteria

Studies of chemotaxis reveal systems that detect
attractants independently of their metabolism.

Julius Adler

Motile bacteria are attracted to a
variety of chemicals-a phenomenon
called chemotaxis [for a review, see (1)].
Although chemotaxis by bacteria has
been recognized since the end of the
19th century, thanks to the pioneering
work of Engelmann, Pfeffer, and other
biologists, the mechanisms involved are

still almost entirely unknown. How do
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bacteria detect the attractants? How is
this sensed information translated into
action; that is, how are the flagella di-
rected? This article deals primarily with
the first question.
To learn about the detection mech-

anism that bacteria use in chemotaxis,
it is important first to know what is
being detected. One possibility is that

the attractants themselves are detected.
In that case, extensive metabolism of
the attractants would not be necessary
for chemotaxis. There is another possi-
bility: the attractants themselves are
not detected but, instead, some metabo-
lite of the attractants is detected (for
example, the pyruvate inside the cell);
or the energy produced from the at-
tractants, perhaps in the form of
adenosine triphosphate, is detected. In
these cases, metabolism of the attract-
ants would be necessary for chemo-
taxis. The idea that bacteria sense the
energy produced from the attractants
has, in fact, gained wide acceptance for
explaining chemotaxis (and also photo-
taxis) (2).
To try to determine which of these

possibilities is correct, experiments
were carried out with Escherichia coli
bacteria, which had previously been

SCIENCE, VOL. 166

Julius Adler (1930-)
demonstrated to exhibit chemotaxis to-
ward various organic nutrients (3). The
results show that extensive metabolism
of the attractants is not required, or
sufficient, for chemotaxis. Instead, the
attractants themselves are detected.
The systems that bacteria ulse to de-

tect chemicals withouLt metabolizing
therm are here called "chemoreceptors."
Efforts to identify the chemoreceptors
are described.

A Quantitative Mlethod

for Studying Cheinotaxis

In the I 8o\s Pilleffer (4) demiioni-
strated chemnotaxis by exposing a suIS-
pensioni ol' mlotile bacteria to a solItion
of iln attractant in a capillary tuLbe and
then obseIving nlicroscopically that the
bacteria accuLm1ul_ated first at the moulth
of the capillary (Fig. 1 ) antd later inside.
A modification of this method, xxhich
permits quantitative study of chemo-
taxis, is here described briefly (5).

Wild-tvpe LEscherichiai coli K 1 2,
strain W31 110, Wx as uLsed, except wx here
other"xiso indicated. A capillary tube
containinlg a solution of attractant Wc.as
plLshecd into a Suspension of bacteria
on a slide (6). Alter incubation ait
30(C (7) I'or 60 minuLtes, the capillary
xx as taken out of' the bacterial SuLspen-
sion and washed to remove bacteria
adhering to the ouLtside. The number of
bacteriia inside the capillary was then
measLured by platinig the contents of the
capillary ancd coLunting colonices the next
dcay. The error is --+ 1 5 percent.
A typical result lor glucose (8') at

various concenrtrations is shown in Fig.
2. From such a (lose-response cuLrve-
or, better, from a double log plot one
canl estimate a threshold concentration
f'or accUmnlationl inside the capillary, in
this case abOUt 4 X Io-7Jj. (The
threshold is actually low er thlan this.
since the glucose is being tised uLp.) At
the highest concenitrations, so muLch at-
tractant diffLuses out that the bacteria
wx hich ha.ve accla1.1ted oLutside the
capillMary do not enter in the time al-
lowed. The peak conicentration varies
xwith timc of incuhationi, rate of uLse of
the attractant, and other factors (5).

ResuLlts similar to that shown in Fig.
2 were obtained ior other attractants-
for example, galactose, riibose, aspar-
tate, and serine (8).
Are the attractants themselves de-

tected, or is it something that results

The author is a professor in the depai-tmiienits
of biochemistry and genetics at the Universityof Wisconsin, Madisoni.
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Fig. 1. Photomicrograph showing ittraction of Escllerichia coli bacteria to aspartate.
The capillary tLtbe (di.ameter. 25 microns) cont.ained aspartate ait a concentration of
2 X 1() ,A1. [Photomicrograph by Scott W. Ramsey, dark-field photogr.aphy]

Iablte 1. The ability of salt'OLIs ImeCtabotiia,bhc chcmniicals to attract LEscher/ic/ta coli.

Chemotaxis:

Att ractant

Calactose
Gialactonate
Glutcose
GlLueonate
(ilItClt-on;ate
GIt ccrotI
(I KetoT tutarate
Sticciniate

Lunimarate
M zitate
P5rl t1-LVttC

rh reslold
molarity

4x tO
I ()

4x O7

> 10 '

> I1()
to 2

> If)
1()

> I 1

NalximlllLlm response

Ntolail-ity No. of bacteriaoIttractedl

I () 12510,)
(I 5.0001

t( 187,000
(No tesponse)
(No response)
(No response)
(No response)

() 8.000
(No i>esponse)

t 5,000
(No tresponse)

Douibting time
for growsth

(IIOLII'S)

2.6

2.0
1.2
1.1
1.1

t.8

2.5

2.0
2.0
1.7
3.0

hlic chemotaxis stuidies veic carried out for I hotir with ssild-type (W31 10) bacteria grown oni cachchmciiical (0.025M) as sole sotirce of caibon and enei-gy, in a miiedium dcscribed etsescwheie (45).-;- Maxinitim response" refers to the nmtiber of bacte-iia attiacted into a capillary tLibe in I houir atthlc peak coniceintration of atti-actant. The pcak coneentiation was determined from a dose-responsecurse for concenti-ations betsseen 10t xJ andt 10 IM (as in Fig. 2) for each chemical. A backgrouindaltue (the saltte obta,1ined sslheni there is no aItti actat in thc capillary tuibe) of about 300(1 bactcriahias becn subtiactcd (sce 46).

Table 2. T3he ability of t-aspartate and -sc inc and of sonme of their prodiucts to attract
F /ichrichiii cColi.

Attirac tanilt

Asp.urtate
Se tiiie
Succ inate
Fitmniarate
N1ialate
Oxal acetate
Pyrxlate

Thlrcslhod
nioltat ity

6 X 10-s6 x to
2 It -

1(1--
10I

> 1(0-'
tol

Chllmotaxisi
NIMaximum response

IVNI il7a ity No. (

at

3 X to :i 3

WI)
1(): 1

'0II
(No t-esponse)
(No i-esponse)

of bacteria

.ttractecd
3(0,000
194,000
43.000
3,000
3,000

Oxygen
tuptake't
lo81,hrper 10-t

clls)
12
25
6i

30
44

5
61

W Tlie bacteiia wcre growsne on glycerol as sole sou-ce of carbon and energy. Otherwise the conditions
wscc as dcescribed for Table 1. Ox3gen uiptake was measured in chemotaxis medium (see 6)at 300C.
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E. coli attracted by 2mM Aspartate in capillary
Bacteria enter the capillary during 1h from the metabolism of the attractants

-an intermediate, or the energy pro-
duced-that is detected? The following
five approaches lead to the conclusion
that chemotaxis is not a consequence of
the metabolism of the attractants but,
rather, that the attractants themselves
are detected.

Inert Metabolizable Chemicals

1) Some chemicals that are exten-
sively metabolized fail to attract bac-
teria. This result makes it clear that
metabolism of a chemical and energy
production from it are not sufficient to
make a chemical an attractant.

Table 1 shows that among a number
of chemicals that are readily metabo-
lized and yield energy, as judged by the
ability of Escherichia coli to grow on
them in the absence of any other car-
bon and energy source, there are some
that fail to attract the bacteria or that
attract them very weakly. (The weak
response of some of the citric acid
cycle compounds could result from
their structural resemblance to aspar-
tate, and this resemblance might per-
mit slight detection by an aspartate
receptor.) The case of glycerol is
shown in more detail in Fig. 2. The in-
ability of glycerol to attract bacteria
had already been shown by Pfeffer in
1888 (1, 4). The failure of some of the
chemicals of Table 1 to attract bacteria
was evidently not attributable to an
inhibition of chemotaxis, since the pres-
ence of each of these chemicals in com-
bination with chemicals that are at-
tractants did not prevent the response
of bacteria to the attractants, as docu-
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mented below for the case of pyruvate
and succinate.
Among the chemicals that are ex-

tensively metabolized but fail to attract
bacteria (or attract them very weakly)
are some that are the first products in
the metabolism of the attractants as-
partate and serine. First products
should also attract, if bacteria detect
metabolites of the attractants, or energy
produced from the attractants.

In Escherichia coli, aspartate is
known to be converted to fumarate, a
reaction catalyzed by aspartase (9).
Some aspartate may also be converted
to oxalacetate by oxidation or trans-
amination. The resulting fumarate and
oxalacetate would give rise to succinate,
malate, and pyruvate by way of the

Galactose molarity

Fig. 4. Graph showing chemotaxis toward
galactose by a wild-type strain, W3 110
(solid circles), and by galactose- mutant,
SU742 (open circles) which has the
genes for the three enzymes of galactose
metabolism deleted. Both strains of bac-
teria were grown on mannose (see 30).
The incubation time was 1 hour.

d 1000 Glucose / 100,000
z

a\ Galactose\
X m |triple mutant

50,000 -50,000 -

Glycerol
0 i6

1- 165 lo4Co3 1i602016 7 16' 1651S4 16' 162 161
Molarity Galactose molarity

Fig. 2 (left). Graph showing chemotaxis toward glucose (solid circles) but not toward
glycerol (open circles). Wild-type (strain W3110) bacteria, grown on glycerol, were
used, and the experiment lasted 1 hour. Fig. 3 (right). Graph showing chemotaxis
toward galactose by a wild-type strain, W3110 (solid circles), and by a galactose-
mutant, W4690 (open circles), which has a mutation in each of the genes for three
enzymes needed in the metabolism of galactose. Both strains of bacteria were grown
on mannose (see 30). The experiment lasted 1 hour.

type bacteria consume the galactose
and in this way alter the gradient. The
galactose used in these experiments had
been purified (13) to remove any con-
taminating attractants, such as glucose.

SCIENCE, VOL. 166

citric acid cycle. Table 2 shows that
cells that are strongly attracted to as-
partate are not attracted to any of these
intermediates or are attracted to them
very weakly; these cells are able to use
the intermediates readily, as one finds
by measuring the rates of oxidation un-
der the same conditions and by the
same cells that are used in the chemo-
taxis studies. (The inertness of most of
these chemicals in chemotaxis is shown
in Table 1, but in those chemotaxis
studies the bacteria are not strictly
comparable to one another since they
are first grown on the chemical in ques-
tion with that chemical as the sole
source of carbon and energy before
being tested for chemotaxis.)
One of the prominent routes of

L-serine metaboLism in Escherichia coli
is conversion to pyruvate by L-serine
deaminase (10). Table 2 shows that
the bacteria are attracted strongly to
L-serine but not at all to pyruvate,
though they oxidize pyruvate readily.

Pyruvate, oxalacetate, malate, fuma-
rate, and succinate are, of course, also
intermediates in the metabolism of glu-
cose, galactose, and ribose, which are
good attractants.

Nonmetabolizable Attractants

2) Some chemicals that are essen-
tially nonmetabolizable attract bacteria.
It has now been found that mutant
bacteria that have lost the ability to
metabolize an attractant are still at-
tracted to it, and that bacteria are at-
tracted to largely nonmetabolizable an-
alogs of attractants.

2a) Mutant bacteria that have lost
the ability to metabolize a chemical are
attracted to it. An Escherichia coli mu-
tant, W4690, which lacks three enzy-
matic activities essential for the metab-
olism of galactose (galactokinase,
galactose-l-phosphate uridyltransferase,
and uridine diphosphogalactose-4-epi-
merase) because of a point mutation in
each of the genes for these three en-
zymes (11) and another E. coli mu-
tant, SU742, in which these three genes
are deleted altogether (12) are both
strongly attracted to galactose, as com-
pared to wild-type bacteria (Figs. 3 and
4). The response peak occurs at a
somewhat higher concentration for the
wild-type bacteria than for the mutants;
this may reflect the fact that the wild-

attraction by Glucose (mM range)

glucose
receptor

nonchemotactic mutants

response
Fig. 15. The scheme for chemotaxis suggested in this article, showing location of defects
in the various mutants.

chemotaxis toward any of the attract-
ants-sugars, amino acids, or oxygen
-though the bacteria are perfectly
motile (43). Since it is unlikely that a
single mutation would lead to a loss of
all the kinds of chemoreceptors, these
mutants are probably defective at some
stage beyond the receptors, as shown
diagrammatically in Fig. 15. The de-
fect could be in a transmitting system
through which information from all
the receptors is channeled to the fla-
gella, or in the responding mechanism
itself. Genetic analyses of the mutants
have shown that three genes are in-
volved (43). Further studies of these
mutants may lead to an understanding
of the way in which the chemoreceptors
direct the flagella.

Implications for Neurobiology

and Behavioral Biology

The study of such stimulus-response
systems in bacteria may have relevance
for neurobiology and for behavioral'
biology of higher organisms. Possibly
the chemoreceptors of bacteria are re-
lated to chemoreceptor sites in animal
chemoreceptor cells, and perhaps
knowledge of the way in which bacte-
rial receptors function might lead to an
increased understanding of the mecha-
nism of smell and taste and other kinds
of sensory reception (44). If there is
an electrical signal that transmits infor-
mation from the bacterial receptor to
the flagellum, it might be similar to
changes in membrane potential in
higher organisms. The response of the

1596

flagellum to this signal may, in some
ways, resemble the response of muscle
to a nerve impulse.

The availability of behavioral mu-
tants of bacteria-for example, mu-
tants of the types reported here-
together with the existence of a great
body of knowledge about the genetics
and biochemistry of Escherichia coli,
should make the bacterial system a
favorable one for studying simple
forms of behavior and perhaps even
some primitive kinds of "learning."
From such studies might emerge a set
of facts and concepts that can be ap-
plied to investigations of more complex
phenomena in higher organisms.

Summary

Extensive metabolism of chemicals is
neither required, nor sufficient, for at-
traction of bacteria to the chemicals.
Instead, the bacteria detect the attract-
ants themselves. The systems that carry
out this detection are called "chemo-
receptors." There are mutants that fail
to be attracted to one particular chem-
ical or to a group of closely related
chemicals but still metabolize these
chemicals normally. These mutants are
regarded as being defective in specific
chemoreceptors. Data obtained so far
indicate that there are at least five
different chemoreceptors in Escherichia
coli. The chemoreceptors are not the
enzymes that catalyze the metabolism
of the attractants, nor are they the
parts of the permeases and related
transport systems that have been tested.

galactose
receptor

I I

galactose taxis

Chemical Company) and a-methyl glucoside(Pfanstiehl Laboratories, Waukegan, Ill.) were

chromatographed in an n-butanol, ethanol,
H20 (5:1:4) system for 25 hours [see E. L.
Hirst and 1. K. N. Jones, Discussions Faraday
Soc. 7, 268 (1949)1; 2-deoxyglucose (Calblo-
chem, Los Angeles) was chromatographed in
an isopropanol, H,,O (4:1) system for 27 hours
[see I. Smith, Chromatographic anid Electro-
phoretic Techniques (Interscience, New York,
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ABsTRACT

We have isolated 40 mutants of Escherichia coli which are nonchemotactic as

judged by their failure to swarm on semisolid tryptone plates or to make bands in
capillary tubes containing tryptone broth. All the mutants have normal flagella, a

fact shown by their shape and reaction with antiflagella serum. All are fully
motile under the microscope and all are sensitive to the phage chi. Unlike its
parent, one of the mutants, studied in greater detail, failed to show chemotaxis
toward oxygen, glucose, serine, threonine, or aspartic acid. The failure to exhibit
chemotaxis does not result from a failure to use the chemicals. The swimming of
this mutant was shown to be random. The growth rate was normal under several
conditions, and the growth requirements were unchanged.

Towards the end of the 19th century, micro-
biologists discovered chemotaxis in the bacteria.
The list of stimuli includes a large variety of
chemicals: oxygen, organic nutrients, and min-
erals (for a more complete discussion, see 18).
How the bacteria detect the chemicals is not
known. The evidence suggests that they avoid
low (and also very high) concentrations of a

chemical, but whether the change in concentration
is detected as a change in the energy supply to the
motorapparatus (J. Links, Thesis, Leiden, Nether-
lands), or is detected by a specific chemoreceptor,
or by some other method has not been established.
It is also not known how the information, once

detected, is translated into action.
One approach to answering these questions is

the study of mutants defective in chemotaxis. In
this paper we report the isolation and character-
ization of mutants of Escherichia coli which are

fully motile but nonchemotactic.

MATERIALS AND METHODS

Media. Tryptone broth consists of 1% tryptone
(Difco) and 0.5% NaCl. Tryptone plates are made by
adding 1% agar (Difco) to tryptone broth. Semisolid
tryptone plates contain 0.35% agar. Bacteria used in
chemotaxis experiments were grown on a medium
containing minerals and 20 amino acids (3), except
where tryptone broth was used. The medium used in
capillary tubes or agar plates was the same as previ-
ously described (2), unless otherwise specified.

Bacteria. Mutants were isolated from two motile
strains, AW330 and AW405. AW330 is a K-12 de-
rivative which is F- gall- gah27 ara- lac- xyt- thr-
leu- B1- and is resistant to phages Ti and T5 and to
streptomycin. It was derived from M. L. Morse's
strain 553, which came from the Lederberg strain

W2580. A motile isolate was picked from the edge of
a swarm on a semisolid tryptone plate. AW405 is a

histidine-requiring, T6-resistant derivative of AW330.
The his4 allele was introduced from strain AT1372
(17) by transduction with P1, followed by penicillin
selection.

Isolation of mutants. A colony from a tryptone
plate was picked and grown overnight in 1 ml of
tryptone broth. A loopful was then spotted on the
center of a semisolid tryptone plate and was incubated
16 to 18 hr at 35 C in a water-saturated incubator.
After this time, the bacteria had swarmed out in
several rings (Fig. 1). A sample of the cells remaining
at the center of the plate (the "origin") was removed
with a melting point capillary, was suspended in 1 ml
of tryptone broth, and was sedimented at 4,600 X g

for 15 min. A loopful of the pellet, containing approxi-
mately 106 cells, was deposited on the center of a
fresh plate, and the procedure was repeated.

After 10 such transfers, swarming was considerably
reduced and the origin had become dense. A final
plug was removed from the origin. Analysis of the
sample at this stage revealed the presence of some
residual cells with wild-type chemotaxis, some non-

chemotactic mutants, and the following types already
known from studies on Salmonella (10, 11) and other
organisms: nonflagellated mutants, paralyzed mu-
tants (i.e., nonmotile flagellated bacteria), and mu-
tants with morphologically abnormal flagella. Of all

these, the great majority were the nonflagellated mu-
tants.

In order to obviate the testing of a large number of
colonies, the following procedure, based on the use of
antiflagella serum, was used to eliminate the non-

flagellated mutants. The final plug was grown over-

night in 10 ml of tryptone broth; 2.5 ml was centri-
fuged at 8,000 X g for 10 min, and the pellet was

gently resuspended in 2.5 ml of suitably diluted anti-
flagella serum (kindly given to us by M. L. DePam-
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FIG. 5. Utilization of glucose in a capillary tube by
the mutant M353 and its parent A W330. The tubes
contained the medium described in Fig. 3, except that
C'4-glucose (3 X 104 M and 5 X 105 counts per min
per ml) was used in place ofalanine. After 6 hr at 35 C,
when the tubes were sampled, visible turbidity in the
tube containing M353 extended to 1.0 cm, but no band
was visible. The first and second A W330 bands were

visible where indicated by the arrows. The tubes were

fractionated into 10 compartments of 0.8 cm, the con-

tents chromatographed on paper with n-butanol-acetic
acid-water (12:3:5) as the solvent, and the radioactiv-
ity in the glucose region was measured in a paper strip
counter (3).

1). The first consumes the serine, the second
aspartic acid, and the third threonine (2). These
results are interpreted to mean that E. coli shows
chemotaxis to glucose, serine, aspartic acid, and
threonine.
The mutant M353 was tested on a glucose-agar

plate and, unlike its parent, it failed to make a

ring. All 40 of the mutants failed to make any of
the rings on a tryptone-agar plate. Actually, the
mutant bacteria did not remain where they were

deposited, unlike nonmotile bacteria, but, after
overnight incubation, they had spread out to a

radius of several millimeters from the original spot
due to random swimming (Fig. 6). After pro-

longed incubation, the growth spread to cover a

larger area of the plate. The failure to form rings
was not due to a failure to create a gradient of
the amino acids. Figure 7 shows that M353 con-

sumed the serine effectively, though it refused to
respond chemotactically, and that its parent had
made three rings, the first of which was located at
the gradient of serine.

Motility. A microscopic examination showed
that the mutants were fully motile, and that they
possibly swam more smoothly than their parents,
i.e., they did not show frequent changes in direc-
tion. All 40 mutants were fully sensitive to chi, a

phage that generally attacks only motile bacteria
(14). The chi-sensitivity of M353 has been studied
in detail, and the adsorption velocity constant was

not greatly different from that of its parent, AW-
330 (S. Z. Schade, unpublished data).
The motility of M353 and its parent was studied

by determining the number of viable bacteria
throughout the capillary tube (Adler and Dahl,
J. Gen. Microbiol., in press). The parent strain,
AW330, migrated in a chemotactic band, as de-
scribed above (Fig. 8). Figure 9, which shows the
results of an experiment with M353, gives no in-
dication of any band. These data are replotted in
Fig. 10, with the abscissa equal to the square of
the distance moved, because the diffusion equa-

tion (which is also the equation for random move-

ment) predicts that a plot of the logarithm of the
fraction against the distance squared will give a

FIG. 6. (A) Nonchemotactic mutant M353 and (B)
a nonflagellated mutant, M138, on a semisolid tryptone

plate. The conditions were the same as those described
in Fig. 1.
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NONCHEMOTACTIC MUTANTS OF E. COLI

philis) which was preadsorbed with a nonflagellated
mutant to eliminate nonspecific antibodies. The un-
precipitated cells were removed with an aspirator after
17 to 20 hr at 4 C. The precipitated cells were washed
by being resuspended in 2.5 ml of tryptone broth and
standing overnight again at 4 C, after which any resid-
ual unprecipitated cells were removed as before. The
precipitate was resuspended in 2 ml of tryptone broth
and then blended for 2 min at 11,500 rev/min in a
Lourdes homogenizer, fitted with a model 15-ATT
rotary knife assembly, to break up the clumps of
agglutinated cells. The suspension was streaked on a
tryptone plate and 20 colonies were picked after
overnight incubation. These were scanned, not only
for swarming, but also for flagella by testing for ag-
glutination by antiserum. Only isolates which did not
swarm normally but reacted fully with antiserum were
characterized. In order to obtain mutants of inde-
pendent origin, only one representative of each mu-
tant type was kept from each clone.
The majority of the mutants were of spontaneous

origin, but a number were isolated after treatment
with the mutagen N-methyl-N'-nitro-N-nitrosoguani-
dine with the procedure of Adelberg, Mandel, and
Chen (1).

Characterization of mutants. Every mutant was
characterized for the following properties.

(i) Flagella. Flagella were stained by the method
of Leifson (12). Wild-type cells usually have three to
eight flagella with a wavelength on the order of 2 to
3 i and a total length of 5 to 10 I.

(ii) Agglutination by antiflagella serum. An 0.1-
ml sample of an overnight tryptone broth culture was
incubated for 17 to 20 hr at 4 C with 0.9 ml of suit-

FIG. 1. Swarming of the parental strain A W330 on

a semisolid tryptone plate. A loopful of an overnight
tryptone broth culture was spotted on the center of the

plate, which was then incubated for 16 hr at 35 C in a

water-saturated incubator. If the agar concentration is

reduced below the 0.35% routinely employed, the rings
are more pronounced (see Fig. 14 of reference 2).

ably diluted antiflagella serum. Wild type agglutinated
fully under these conditions.

(iii) Motility. Motility of a tryptone broth culture
in logarithmic phase was observed under the micro-
scope. More than 90% of the wild-type cells were
vigorously motile and showed frequent changes in
direction.

(iv) Sensitivity to chi phage. An overlay containing
0.1 ml of an overnight tryptone broth culture in 2 ml
of tryptone-0.4% agar was plated on a tryptone plate.
A drop of chi phage at 108/ml was spotted on the
plate, which was then incubated overnight. Wild type
showed nearly complete lysis with growth of some
resistant colonies.

(v) Chemotaxis in agar plates. A loopful of an over-
night tryptone broth culture was spotted on a semi-
solid tryptone plate and incubated for 16 to 18 hr.
Wild type swarmed in several rings and did not leave
a very dense origin (Fig. 1).

(vi) Chemotaxis in capillary tubes. A capillary tube
was filled with tryptone broth, one end was plugged
with 1.5% agar, and the other end was stabbed into a
colony on a tryptone plate. The inoculum end was
then plugged with agar and clay (3). Wild type formed
several bands, the first of which move at about 2 cm/
hr.

RESULTS

Forty independent motile, yet nonchemotactic,
mutants were isolated according to the procedure
described above. Reported below are the results
obtained from characterization of each mutant
and also from more extensive studies on one of
the mutants, M353.

Failure to observe chemotaxis. Engelmann's
classical way to demonstrate chemotaxis (18) was
to show that bacteria accumulate around air
bubbles trapped on a slide under a cover slip. This
was easily demonstrated in the case of the parent,
AW330, especially if an energy source was em-
ployed which could be used only aerobically.
Then, after a time, motility ceased except near a
source of oxygen. On the other hand, although
mutant M353 bacteria also stopped swimming
after exhausting available oxygen, they failed to
accumulate near the air bubbles (Fig. 2).
A second classical method is that of Pfeffer

(18). A microcapillary containing a solution of the
chemical to be tested is inserted into a suspension
of bacteria on a slide. A dense accumulation of
bacteria inside the capillary indicates positive
chemotaxis. Such a positive result was obtained
for glucose with the parent AW330, with an op-
timum at 103 M. The mutant M353, on the other
hand, failed to give a positive response at any
concentration of glucose from 10-1 to 10- M.
A third method was used by Beiierinck (5), who

demonstrated chemotaxis towards oxygen macro-
scopically by showing that motile bacteria placed
at the bottom of a test tube filled with water would
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plate, which was then incubated overnight. Wild type
showed nearly complete lysis with growth of some
resistant colonies.

(v) Chemotaxis in agar plates. A loopful of an over-
night tryptone broth culture was spotted on a semi-
solid tryptone plate and incubated for 16 to 18 hr.
Wild type swarmed in several rings and did not leave
a very dense origin (Fig. 1).

(vi) Chemotaxis in capillary tubes. A capillary tube
was filled with tryptone broth, one end was plugged
with 1.5% agar, and the other end was stabbed into a
colony on a tryptone plate. The inoculum end was
then plugged with agar and clay (3). Wild type formed
several bands, the first of which move at about 2 cm/
hr.

RESULTS

Forty independent motile, yet nonchemotactic,
mutants were isolated according to the procedure
described above. Reported below are the results
obtained from characterization of each mutant
and also from more extensive studies on one of
the mutants, M353.

Failure to observe chemotaxis. Engelmann's
classical way to demonstrate chemotaxis (18) was
to show that bacteria accumulate around air
bubbles trapped on a slide under a cover slip. This
was easily demonstrated in the case of the parent,
AW330, especially if an energy source was em-
ployed which could be used only aerobically.
Then, after a time, motility ceased except near a
source of oxygen. On the other hand, although
mutant M353 bacteria also stopped swimming
after exhausting available oxygen, they failed to
accumulate near the air bubbles (Fig. 2).
A second classical method is that of Pfeffer

(18). A microcapillary containing a solution of the
chemical to be tested is inserted into a suspension
of bacteria on a slide. A dense accumulation of
bacteria inside the capillary indicates positive
chemotaxis. Such a positive result was obtained
for glucose with the parent AW330, with an op-
timum at 103 M. The mutant M353, on the other
hand, failed to give a positive response at any
concentration of glucose from 10-1 to 10- M.
A third method was used by Beiierinck (5), who

demonstrated chemotaxis towards oxygen macro-
scopically by showing that motile bacteria placed
at the bottom of a test tube filled with water would
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FIG. 11. Electron micrographs of the mutant M353 (bottom) and its parent A W330 (top). The bacteria were
grown on the 20 amino acids medium described under Materials and Methods, washed on a membrane filter (Milli-
pore Filter Corp., Bedford, Mass.), 0.45 , pore size, with 0.1 M phosphate buffer (pH 7.0), resuspended in a few
drops o, phosphate buffer, and stained with uranyl acetate. X 18,000. The electron microscopy was done by S. Z.
Schade.
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FIG. 11. Electron micrographs of the mutant M353 (bottom) and its parent A W330 (top). The bacteria were
grown on the 20 amino acids medium described under Materials and Methods, washed on a membrane filter (Milli-
pore Filter Corp., Bedford, Mass.), 0.45 , pore size, with 0.1 M phosphate buffer (pH 7.0), resuspended in a few
drops o, phosphate buffer, and stained with uranyl acetate. X 18,000. The electron microscopy was done by S. Z.
Schade.
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M353 mutant is flagellated

64 J. B. ARMSTRONG A N D  J. ADLER 

site of inoculation was usually obtained, probably as a result of the formation of 

motile but nonchemotactic abortive transductants. 

The results, presented in Figure 2, clearly divide the mutants into three com- 

plementation groups, although the third is represented by only a single mutant. 

The three groups have been assigned the genotype symbols cheA, cheB, and cheC. 

Two double mutants from cheA593, one nonflagellated and the other paralyzed, 

were used in order to show that the nature of the second mutation does not affect 
the complementation pattern. 

The only unusual result was the complementation between the two group A 

mutants che-593 and che-643. The complementation was not reciprocal, but 

occurred only with che-643 as the donor. We have no explanation for  this result, 

but do not feel it warrants classifying ch-593 and che-643 in separate comple- 

mentation groups. 

Although plates were usually incubated at 35"C, it was found that the yields 

of trails could be increased by reducing the temperature to 30°C or lower. This 
phenomenon does not appear to be related to the initial choice between abortive 

and complete transduction, as holding the plates at room temperature for the 

first 2 or 3 hrs did not noticeably increase the yield of trails, and incubation at 

the lower temperature did not appear to reduce the frequency of complete trans- 

duction. Perhaps the lower temperature reduces the spontaneous early loss of the 

abortively transduced fragment, or reduces the chance of lysis of the abortively 

transduced cell by residual P i .  

This effect was exploited in the case of cheC497, @a-, which usually yielded 

less than a dozen trails at 35°C; at 30°C the yield was in the range of 20 to 50 

trails per plate. A more suitable mutant could not be obtained from cheC497. 

Complementation with mutants defective in motility: To show that the chemo- 

taxis complementation groups are distinct from those related to motility, defects 

in which are known to cause paralysis of the flagella (mot gene) or altered 

flagellin ( H  gene), complementation tests were carried out with mutants repre- 

senting these types. For this purpose paralyzed mutants and a curly mutant that 

were previously studied by ARMSTRONG and ADLER (1967) were used. Curly 

mutants have an altered flagellar filament resulting from a mutation in the H 

+ cheA534,mot- 

2 cheA593.fla- 

cheC497.fla 

COMPL €ME N T A T  I O N  

U NO COMPLEMENTATION 

FIGURE 2.-Complementation among nonchemotactic mutants. 

Three categories of Non-chemotactic mutants:

- non flagellated: fla - (structure of flagella)

- paralyzed: mot - (functioning of flagella)

- normal and motile: che -
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demonstrated to exhibit chemotaxis to-
ward various organic nutrients (3). The
results show that extensive metabolism
of the attractants is not required, or
sufficient, for chemotaxis. Instead, the
attractants themselves are detected.
The systems that bacteria ulse to de-

tect chemicals withouLt metabolizing
therm are here called "chemoreceptors."
Efforts to identify the chemoreceptors
are described.

A Quantitative Mlethod

for Studying Cheinotaxis

In the I 8o\s Pilleffer (4) demiioni-
strated chemnotaxis by exposing a suIS-
pensioni ol' mlotile bacteria to a solItion
of iln attractant in a capillary tuLbe and
then obseIving nlicroscopically that the
bacteria accuLm1ul_ated first at the moulth
of the capillary (Fig. 1 ) antd later inside.
A modification of this method, xxhich
permits quantitative study of chemo-
taxis, is here described briefly (5).

Wild-tvpe LEscherichiai coli K 1 2,
strain W31 110, Wx as uLsed, except wx here
other"xiso indicated. A capillary tube
containinlg a solution of attractant Wc.as
plLshecd into a Suspension of bacteria
on a slide (6). Alter incubation ait
30(C (7) I'or 60 minuLtes, the capillary
xx as taken out of' the bacterial SuLspen-
sion and washed to remove bacteria
adhering to the ouLtside. The number of
bacteriia inside the capillary was then
measLured by platinig the contents of the
capillary ancd coLunting colonices the next
dcay. The error is --+ 1 5 percent.
A typical result lor glucose (8') at

various concenrtrations is shown in Fig.
2. From such a (lose-response cuLrve-
or, better, from a double log plot one
canl estimate a threshold concentration
f'or accUmnlationl inside the capillary, in
this case abOUt 4 X Io-7Jj. (The
threshold is actually low er thlan this.
since the glucose is being tised uLp.) At
the highest concenitrations, so muLch at-
tractant diffLuses out that the bacteria
wx hich ha.ve accla1.1ted oLutside the
capillMary do not enter in the time al-
lowed. The peak conicentration varies
xwith timc of incuhationi, rate of uLse of
the attractant, and other factors (5).

ResuLlts similar to that shown in Fig.
2 were obtained ior other attractants-
for example, galactose, riibose, aspar-
tate, and serine (8).
Are the attractants themselves de-

tected, or is it something that results

The author is a professor in the depai-tmiienits
of biochemistry and genetics at the Universityof Wisconsin, Madisoni.
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Fig. 1. Photomicrograph showing ittraction of Escllerichia coli bacteria to aspartate.
The capillary tLtbe (di.ameter. 25 microns) cont.ained aspartate ait a concentration of
2 X 1() ,A1. [Photomicrograph by Scott W. Ramsey, dark-field photogr.aphy]

Iablte 1. The ability of salt'OLIs ImeCtabotiia,bhc chcmniicals to attract LEscher/ic/ta coli.

Chemotaxis:

Att ractant

Calactose
Gialactonate
Glutcose
GlLueonate
(ilItClt-on;ate
GIt ccrotI
(I KetoT tutarate
Sticciniate

Lunimarate
M zitate
P5rl t1-LVttC

rh reslold
molarity

4x tO
I ()

4x O7

> 10 '

> I1()
to 2

> If)
1()

> I 1

NalximlllLlm response

Ntolail-ity No. of bacteriaoIttractedl

I () 12510,)
(I 5.0001

t( 187,000
(No tesponse)
(No response)
(No response)
(No response)

() 8.000
(No i>esponse)

t 5,000
(No tresponse)

Douibting time
for growsth

(IIOLII'S)

2.6

2.0
1.2
1.1
1.1

t.8

2.5

2.0
2.0
1.7
3.0

hlic chemotaxis stuidies veic carried out for I hotir with ssild-type (W31 10) bacteria grown oni cachchmciiical (0.025M) as sole sotirce of caibon and enei-gy, in a miiedium dcscribed etsescwheie (45).-;- Maxinitim response" refers to the nmtiber of bacte-iia attiacted into a capillary tLibe in I houir atthlc peak coniceintration of atti-actant. The pcak coneentiation was determined from a dose-responsecurse for concenti-ations betsseen 10t xJ andt 10 IM (as in Fig. 2) for each chemical. A backgrouindaltue (the saltte obta,1ined sslheni there is no aItti actat in thc capillary tuibe) of about 300(1 bactcriahias becn subtiactcd (sce 46).

Table 2. T3he ability of t-aspartate and -sc inc and of sonme of their prodiucts to attract
F /ichrichiii cColi.

Attirac tanilt

Asp.urtate
Se tiiie
Succ inate
Fitmniarate
N1ialate
Oxal acetate
Pyrxlate

Thlrcslhod
nioltat ity

6 X 10-s6 x to
2 It -

1(1--
10I

> 1(0-'
tol

Chllmotaxisi
NIMaximum response

IVNI il7a ity No. (

at

3 X to :i 3

WI)
1(): 1

'0II
(No t-esponse)
(No i-esponse)

of bacteria

.ttractecd
3(0,000
194,000
43.000
3,000
3,000

Oxygen
tuptake't
lo81,hrper 10-t

clls)
12
25
6i

30
44

5
61

W Tlie bacteiia wcre growsne on glycerol as sole sou-ce of carbon and energy. Otherwise the conditions
wscc as dcescribed for Table 1. Ox3gen uiptake was measured in chemotaxis medium (see 6)at 300C.
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E. coli attracted by 2mM Aspartate in capillary
Bacteria enter the capillary during 1h

Key features of chemotaxis:

• Specificity

• Cell surface sensing (receptors)

• Sensitivity to ratio (gradient) 
but not difference in 
concentration of attractant

• How can cells respond to a chemoattractant gradient? 

Problems: Bacteria can go up an exponential gradient, over 20mm.
For a 2µm cell to detect such a gradient, they would need to detect 0.0001% difference on both ends

Sensitivity to stochastic fluctuations: estimate of 60 molecules of attractant at 1µM on a sampling 
volume of 1µm x 1µm x 0.1µm . The standard deviation is √60. Yet the response is very accurate and 
fast (few ms)…

R. Macnab. D.E. Koshland. PNAS. 69:2509-2512 (1972) 
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Two general classes of Mechanisms

• Spatial mechanism: comparison of chemoattractant 

concentration along cell length 

• Temporal mechanism: comparison of chemoattractant at 

different positions and memory. 
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The Gradient-Sensing Mechanism in Bacterial Chemotaxis
(temporal gradient apparatus/stopped-flow/S. typhimurium/motility tracks/memory)

ROBERT M. MACNAB AND D. E. KOSHLAND, JR.

Department of Biochemistry, University of California, Berkeley, Calif. 94720

Contributed by D. E. Koshland, Jr., June 30, 1972

ABSTRACT A "temporal gradient apparatus" has
been developed that allows the motility of bacteria to be
studied after they have been subjected to a sudden change
from one uniform concentration of attractant to another.
A sudden decrease elicits the tumbling response observed
with spatial gradients; it was found, however, that a sud-
den increase also elicits a response, namely supercoordi-
nated swimming. This demonstrates that chemotaxis is
achieved by modulation of the incidence of tumbling both
above and below its steady-state value. The initial re-
sponses gradually revert to the steady-state motility pat-
tern characteristic of a uniform distribution of attractant.
The apparent detection of a spatial gradient by the bac-
teria therefore involves an actual detection of a temporal
gradient experienced as a result of movement through
space. Potential models for the chemotactic response
based on some "memory" mechanism are discussed.

The phenomenon of chemotaxis occurs widely in biological
systems. Its presence in bacteria was detected by Pfeffer (1)
in 1881, and has been clarified further in recent years, in
particular by the recent studies of Adler and his coworkers
(2, 3). In many ways bacterial chemotaxis appears analogous
to sensory reception in higher species as in (a) the specificity
of the response to attractants (2, 4), (b) the indication that the
receptor molecules are located in the outer membrane (3, 5),
and (c) the sensitivity of the response to ratios of concentra-
tions rather than to differences (1, 6).4 However, bacterial
chemotaxis poses a special problem: how can such a small
organism detect the concentration differences necessary to
sense a gradient in space?
The "size problem" in relation to gradient sensing can be

readily calculated. In an exponential gradient with a decay
distance of 20 mm, the difference in concentration of attrac-
tant at the two extremes of a 2-utm long bacterium is only 1
part in 104. Since bacteria respond strongly in such a gradient,
an analytical device capable of discerning 1 part in 104 is
required if the sensing system simply utilizes spatial separa-
tion. A further problem arises in relation to the statistical
fluctuations of attractant in the vicinity of the receptors.
Assuming hypothetical sampling volumes of 1 am X 1 gm X
0.1 um, near the "head" and "tail" of a bacterium, only 60
molecules of attractant would be present at 1 MM, yet chemo-
taxis is known to occur at such concentrations. The stan-
dard deviation of 60 molecules is 1 /60, showing that statis-
tical fluctuations can be much greater than the needed ac-
curacy.

The difficulties of an instantaneous spatial comparison are
removed if one postulates a mechanism for comparison of
concentrations over a time interval (7). Since there are in-
dications that time-dependent processes may be present in
phototactic organisms (8), and are present in higher neural
processes (9), it seemed worthwhile to test the chemotactic
system for the ability to make temporal comparisons. The
difficulty was to devise an experimental method that isolated
the time dependence from ambiguities of spatial sensing.
We accomplished this by developing a "temporal gradient

apparatus," analogous to the stopped-flow apparatus of
chemical kinetics. In this apparatus (Fig. 1), the bacteria
initially present in a uniform attractant concentration (Ci) are
plunged by a rapid mixing device into a final uniform con-
centration (Cf). They are then observed by microscopic and
photomicrographic techniques. Since the bacteria are observed
only after mixing is complete, they will respond as if they are
in a uniform environment if they utilize instantaneous spatial
sensing, whereas they will respond as if they are in a gradient
if they utilize temporal gradient sensing, provided the mixing
time is short compared to their time-dependent response.

MATERIALS AND METHODS

Salmonella typhimurium, strain LT2-S2, was taken from a
stationary culture in nutrient broth and grown overnight at
300 with agitation in Vogel-Bonner citrate medium (10), with
1% w/v glycerol as an additional carbon source.
The bacteria were observed in dark-field and photographed

with a stroboscopic high-pressure xenon-arc lamp. By a suit-.
able choice of flashing rate (typically in the range 3-5 Hz),
successive images of a bacterium generate its motility track
across the photograph. A similar technique has recently been
described for paramecium motility measurements (11). Open-
shutter photography had been used in the very early studies
of Harris (12).
The temporal gradient apparatus is shown schematically

in Fig. 1. Both bottles A and B were charged with medium
(1% glycerol in citrate medium). The bacterial culture was
added to bottle B to give about 2 X 107 cells per ml, and the
bottle was stirred continuously to aerate the culture. At-
tractant was added to either bottle A or B, or- both, depending
on whether a positive, negative, or zero gradient was desired.
The two bottles were connected via a peristaltic pump to the
inlets of the rapid-mixing device. Use of capillary tubing was
minimized; a pump with widely-spaced rollers was used to re-
duce damage to the bacteria. The mixing tube, 25-mm long
(0.9 mm inside diameter), contained two strands of no. 32-
gauge wire twisted together as shown in Fig. 1 to provide
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t Further evidence for the fact that bacteria sense ratios of con-
centrations has been provided by Mesibov, R., Ordal, G. W. &
Adler, J. (personal communication).

Daniel Koshland (1920-2007)

Salmonella typhimurium 
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Bottle A: minimal medium
[attractant ] rapid mixing device

(coiled wire double helix)

Bottle B: minimal medium
bacteria
[attractant ]

FIG. 1. Schematic illustration of temporal gradient apparatus.
Attractant concentrations are: (i) Bottle B, Ci ( 0) (ii) bottle
A, Ci' (>, = or <Ci) (iii) observation cell (as a result of stream
mixing) Cf (>, =, or <Ci). Bacteria experience Ci Cf, and
thus can be subjected to positive, zero, or negative temporal
gradients as desired. Gradient is given by AC/At, where AC = Cf
- Ci and At is mixing time.

effective mixing. Residence time in the mixing tube was about
0.2 sec, and observation commenced about 0.5 see after flow
was stopped. The observation cell consisted of microscope
cover slips or slides separated by lucite or Teflon spacers. Flow
was stopped by switching off the pump and closing the stop-
cock. Repeated observations could be made with one filling
of bottles A and B.

RESULTS

Control Experiments (Zero Gradient of Attractant). Three
types of control experiment have been done: (i) no attractant
in either stream, (ii) attractant (L-serine) at the same con-
centration in both streams, and (iii) nonattractant in the
bacterial stream (e.g., L-histidine at various initial concentra-
tions ranging from 10 nM to 1 mM). In all three cases, motility
after stoppage of flow was as follows: bacteria swam in
fairly straight lines; slight changes in their direction,
achieved by a twitching movement, occurred often; occasion-
ally a bacterium would tumble and then start swimming again
in a completely new direction. The overall impression was
one of coordinated motility that did not change over a long
period of observation, i.e., no relaxation process was observed.
This pattern is the same as that of bacteria, in a uniform
medium, that have not been subjected to the mixing process.
A stroboscopic multiple-exposure photograph of such a control
is shown in Fig. 2 (middle).
A minority (10-20%) of the population was either totally

nonmotile or had severely impaired motility. Such impaired
motility is observed in any bacterial population, although the
proportion may be somewhat higher in the present case as a
result of mechanical damage.

Positive Gradient of Attractant. In a typical experiment, L-
serine was present at 1 mM in the nonbacterial stream and was
absent from the bacterial stream. With a total flow rate of
about 2 ml min' contributed by the two streams in the ratio
3.2:1 the serine in the bacterial environment rose, in about
200 mnsec, from zero to 0.76 mM. The motility of the bacteria,
when flow was stopped, was much smoother and better-co-
ordinated than normal [Fig. 2 (upper)]. Gradually, the slight
aberrations in movement characteristic of normal motility
were restored, the interval for this relaxation process being as

long as 5 min for some concentration changes.

FIG. 2. Motility tracks of S. typhimurium, taken in the time
interval 2 - 7 see after subjection of bacteria to a sudden (200
msec) change in attractant (serine) concentration in the tem-

poral gradient apparatus. Upper: Ci = 0, Cf = 0.76 ml\1. Smooth,
linear trajectories. Middle: Ci = Cf = 0 (control). Some changes
in direction; bodies often show "wobble" as they travel. Bright
spots indicate tumbling or nonmotile bacteria. Lower: Ci = 1
mM, Cf = 0.24 mM. Poor coordination; frequent tumbles and
erratic changes in direction. (Photomicrographs were taken in
dark-field with a stroboscopic lamp operating at five pulses
sec'. Instantaneous velocity of bacteria in straight line tra-

jectories is of the order of 30 Ism sec'.)

Proc. Nat. Acad. Sci. USA 69 (1972)

• No gradient: Cells have similar dynamics at different 
concentrations of serine

Temporal projections of bacteria 
position to see the tracks
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Negative Gradient ofAttractant. With 1 mM serine in therbac-
terial stream, none in the nonbacterial stream, and the flow
conditions described above, the bacteria experienced a sudden
fall from 1 to 0.24 mM serine. After flow stopped, they dis-
played erratic behavior [Fig. 2 (lower)] involving frequent
tumbling and changes of direction. Coordination seemed
almost completely lacking in the initial interval but gradually
returned, so that after 12 see motility was indistinguishable
from the control experiments. The-recovery of normal motility
was fairly synchronous throughout the population.

Velocity at Different Uniform Concentrations of Attractant.
To examine the effect of absolute concentration, the velocities
of bacteria were measured with uniform spatial distributions
(zero gradient) *at different absolute concentrations. The
results, as shown in Table 1, reveal that the velocities of the
bacteria are essentially unchanged by absolute levels of at-
tractant in the range of the experiments reported here. More-
over, there was no relaxation process when the bacteria were
observed over long intervals.

Assessment of the Validity of These Observations. The tem-
poral gradient experiments described above have been re-
peated many times by different observers. For example, two
different observers examined 15 cases in which zero, positive,
or negative gradients were randomly selected in a blind experi-
ment; both correctly identified all cases. Direct visualization
offers the most complete description of the phenomenon, but
photomicrographs provide further objective evidence. In
addition to serine, aspartate and ribose have been tested and
found to elicit responses in the temporal gradient apparatus,
in agreement with their known functions as chemotactic
attractants (2).
The conclusion that a time-dependent process is important

in chemotaxis has been reached independently by Toothman
and Dahlquist, using a totally different approach (personal
communication).

DISCUSSION

The results of the investigations we describe lead to the con-
clusion that bacteria detect gradients by the use of a temporal
sensing mechanism, i.e., they have some sort of "memory"
device that compares present and past environmental con-

TABLE 1. Motility of S. typhimurium at constant
attractant levels

Serine Overall average
concentration Velocity of bacteria velocity

(mM) in sample (,am sec-') (,um secl)

0 27.4 SE 4.7
29.9 4- 6.0 28.8
29.0 IF 4.6

0.01 27.6 += 4.7
28.7 4t 3.5 27.2
25.2 -- 6.0

1.0 30.2 == 4.0
29.0 == 2.9 28.8
27.1 4E 6.0

Procedure: each sample represents 15 bacterial trajectories
taken from a single photograph. The trajectories each contained
10 successive images of a bacterium taken at 1/s-sec intervals.
Three samples were examined for each set of conditions.

attractant

enzyme enzyme 2

A& J k 1/
fast slow

V\ 1/
enzyme I* enzyme 2*

W - X Y

flagellar function

FIG. 3. Schematic illustration of one possible time-dependent
mechanism. Attractant alters conformation of enzymes 1 and 2
to catalytically more active forms, enzyme 1 rapidly and enzyme
2 slowly. The compound X, which controls flagellar function,
therefore tends to increase in positive gradients, decrease in
negative gradients, and remain unchanged in zero gradients.

centrations. This conclusion is based on four main observa-
tions: (i) The mechanical turbulence of the temporal gradient
apparatus is not responsible for the observed abnormal
motility, since a zero gradient experiment leads to normal
motility. (ii) The bacteria show normal motility in a uniform
distribution of attractant in the range measured, namely 0-1
mM serine. * (iii) When the bacteria are suddenly thrust from.
one uniform concentration to another and are then observed
in a uniform spatial gradient, they initially respond ab-
normally-i.e., a positive temporal gradient leads to super-
coordinated motion, a negative temporal gradient leads to
lack of coordination and frequent tumbling. (iv) The abnormal
motions themselves have a time dependence, i.e., they "relax"
to normal motility as would be expected if a time comparison
were involved. Thus, the apparent sensing of a chemical
gradient in space is actually achieved by a translation through
space coupled to a sensing of concentration as a function of
time.
The utilization of a time-dependent process allows the

bacterium to overcome the two difficulties mentioned in the
Introduction. In the first place, by integrating over time it
can overcome the problem of statistical fluctuations, even at
very low attractant concentrations. Secondly, by comparing
concentrations over substantial intervals of time (and, hence,
space), it obviates the problem of its own small size. For
example, if the bacterium possesses a memory with a decay
time of 1 min, and is travelling at 30 /.m sec1, the effective
distance over which the concentration comparison is being
made is about 2 mm, or roughly 1000 body-lengths. The
needed analytical accuracy discussed previously is then
reduced from 1 part in 104 to 1 part in 10.
How does the bacterium use this time-dependent process to

migrate towards higher attractant concentrations? Previous
workers have noted the tumbling of the bacteria and suggested
some type of biased random-walk mechanism (13, 14). The
present results support such a mechanism, and allow us to
form a reasonably good picture of the chemotactic process.

* The detailed motions of bacteria have been recorded quantita-
tively by a tracking device. Also, population diffusion at a sharp
boundary of attractant has been studied. Both sets of data pro-
vide further quantitative support for the conclusion that absolute
uniform concentrations of attractant affect motility slightly,
if at all (Dahlquist, Lovely, and Koshland, manuscript in prep-
aration).

Proc. Nat. Acad. Sci. USA 69 (1972)

• Mechanism: translation through space and temporal gradient detection

R. Macnab. D.E. Koshland. PNAS. 69:2509-2512 (1972) 
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FIG. 1. Schematic illustration of temporal gradient apparatus.
Attractant concentrations are: (i) Bottle B, Ci ( 0) (ii) bottle
A, Ci' (>, = or <Ci) (iii) observation cell (as a result of stream
mixing) Cf (>, =, or <Ci). Bacteria experience Ci Cf, and
thus can be subjected to positive, zero, or negative temporal
gradients as desired. Gradient is given by AC/At, where AC = Cf
- Ci and At is mixing time.

effective mixing. Residence time in the mixing tube was about
0.2 sec, and observation commenced about 0.5 see after flow
was stopped. The observation cell consisted of microscope
cover slips or slides separated by lucite or Teflon spacers. Flow
was stopped by switching off the pump and closing the stop-
cock. Repeated observations could be made with one filling
of bottles A and B.

RESULTS

Control Experiments (Zero Gradient of Attractant). Three
types of control experiment have been done: (i) no attractant
in either stream, (ii) attractant (L-serine) at the same con-
centration in both streams, and (iii) nonattractant in the
bacterial stream (e.g., L-histidine at various initial concentra-
tions ranging from 10 nM to 1 mM). In all three cases, motility
after stoppage of flow was as follows: bacteria swam in
fairly straight lines; slight changes in their direction,
achieved by a twitching movement, occurred often; occasion-
ally a bacterium would tumble and then start swimming again
in a completely new direction. The overall impression was
one of coordinated motility that did not change over a long
period of observation, i.e., no relaxation process was observed.
This pattern is the same as that of bacteria, in a uniform
medium, that have not been subjected to the mixing process.
A stroboscopic multiple-exposure photograph of such a control
is shown in Fig. 2 (middle).
A minority (10-20%) of the population was either totally

nonmotile or had severely impaired motility. Such impaired
motility is observed in any bacterial population, although the
proportion may be somewhat higher in the present case as a
result of mechanical damage.

Positive Gradient of Attractant. In a typical experiment, L-
serine was present at 1 mM in the nonbacterial stream and was
absent from the bacterial stream. With a total flow rate of
about 2 ml min' contributed by the two streams in the ratio
3.2:1 the serine in the bacterial environment rose, in about
200 mnsec, from zero to 0.76 mM. The motility of the bacteria,
when flow was stopped, was much smoother and better-co-
ordinated than normal [Fig. 2 (upper)]. Gradually, the slight
aberrations in movement characteristic of normal motility
were restored, the interval for this relaxation process being as

long as 5 min for some concentration changes.

FIG. 2. Motility tracks of S. typhimurium, taken in the time
interval 2 - 7 see after subjection of bacteria to a sudden (200
msec) change in attractant (serine) concentration in the tem-

poral gradient apparatus. Upper: Ci = 0, Cf = 0.76 ml\1. Smooth,
linear trajectories. Middle: Ci = Cf = 0 (control). Some changes
in direction; bodies often show "wobble" as they travel. Bright
spots indicate tumbling or nonmotile bacteria. Lower: Ci = 1
mM, Cf = 0.24 mM. Poor coordination; frequent tumbles and
erratic changes in direction. (Photomicrographs were taken in
dark-field with a stroboscopic lamp operating at five pulses
sec'. Instantaneous velocity of bacteria in straight line tra-

jectories is of the order of 30 Ism sec'.)
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• Positive Gradient:  0 to 0.76mM of serine in 200ms
    Cells adopted longer runs
    Their dynamics relaxed to the

 initial dynamics after 5 min. 

• Negative gradient: from 1 to 0.24mM. Cells reduced 
their runs and the dynamics relaxed to the initial one 
after 12s

Cells experience a sudden exposure to a new 
concentration of chemoattractant:
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A microscope is described which automatically remains focused on individual motile bacteria. The container in 

which the bacteria are suspended is moved in such a way that the position of a given organism remains fixed; x, y, 

and z drive signals provide a measure of its displacement relative to the suspension medium. Records are shown of 

the motion of Escherischia coli. 

INTRODUCTION 

BACTERIA respond to changes in their surroundings 

by modifying the way in which they swim.l The 

purple bacteria reverse their direction on encountering 

the dark.2 A variety of species accumulate in favorable 

chemical environments3 by avoiding the unfavorable 

ones.4
•
5 Response to light (phototaxis) is thought to be 

tightly coupled to photosynthesis,6 but response to 

chemicals (chemotaxis) appears to be triggered by specific 

sensors on the surface of the celF It is not known how 

these sensors are linked to the motile apparatus. The 

hydrodynamics of flagellar propulsion is clear,S but the 

chemical means are not.9 It seems realistic to suppose 

that the molecular basis for behavior can be understood 

in bacteria because bacteria are relatively simple cells 

amenable to genetic manipulation, and that the principles 

which emerge will be relevant to sensory processes in 

higher organisms as well. 

The present work is aimed at resolving a major problem 

encountered in studies of bacterial motion, that of observa-

tion. Most bacteria are quite small (Escherischia coli, for 

example, are about 10--4 cm in diameter by 2 X 10--4 cm 

long) and they can swim as fast as SO diameters/sec. The 

depth of field is shallow in a microscope at magnifications 

high enough for close observation, so they can swim out of 

focus in a fraction of a second. If bacteria are confined in 

a small container, their motion is perturbed (E. coli, for 

example, tends to adhere to the container walls or to 
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swim in circles). As a consequence, most studies have been 

made of individual cells of the larger species, e.g., Spirillum 

volutans,lO which happen to be in the field and in focus, 

or of bulk accumulations,ll·12 The microscope described 

here automatically keeps a bacterium the size of E. coli 

in focus in the center of the field and provides electrical 

signals which are a measure of its position relative to the 

suspension medium. The tracking range is about 1 mm 

in any direction; the readout is accurate to about 1 

bacterial diameter. 

DESCRIPTION OF THE APPARATUS 

The instrument is shown schematically in Fig. 1. A box 

containing the bacteria is mounted between a long working 

distance phase contrast condenser and a 20X dark field 

objective (Nikon) on an electromechanical transducer. 

The beam emerging from the top of the trinocular (the 

tube) is split so that three images of the bacterium 

being tracked fall on six fiber optics fibers (a plastic 

material available from Edmund Scientific Company). 

Each fiber leads to a separate photomultiplier. An observer 

looking along the beam sees the Zl and Z2 fibers super-

imposed on the center of the array Xl, X2, YI, and Y2 

(Fig. 2). The diameters of the fibers are all the same, 

roughly equal to the width of the image of the bacterium. 

The three eyepieces are positioned so that the image is in 

focus on Xl, X2, YI, and Y2 but slightly out of focus (fuzzed 

out) on both Zl and Z2; the planes in which the images are 

in focus are indicated in Fig. 1 by the dotted lines. When 

the bacterium swims in the +z direction (toward the 

objective), its image sharpens on Zl and fuzzes out more on 

Z2; therefore, more light is transmitted by Zl than by Z2. 

When the bacterium moves toward the condenser, the 

reverse is true. When it moves in the +x direction, more 

FIG. 2. Composite view of 
the ends of the fiber optics 
fibers. 

Bacteria swim about 20-50 body length per second so get out of focus within a fraction of 
a second. Tracking system to within 1 µm
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FIG. 6. A strip chart recording of the y displacement (the y readout 
voltage) of an E. coli, 3 Apri\1970. The tracking began at 0 min. The 
x, y, and IS voltages were stored on an oscilloscope during the interval 
A to B; an analysis of these data is shown in Fig. 7. At C the bacterium 
collided with one which was not swimming, and the microscope 
elected to follow that one instead. 

at high currents and change their resistances, so a current 

injection circuit of the sort shown in Fig. 5 is essential. 

In practice, the contribution of the term A (Bf-m) is 

quite small; the velocity is of order 10--2 cm/sec. 

When the transducer rotates about its axes, the coils 

either rotate about their axes or move sideways; therefore, 

no electromagnetic forces are generated. The rotational 

modes are damped by viscous drag: A ring (an annular 

disk) mounted below the platform (Fig. 4) is immersed 

in an annular pool of oil (Dow Corning 510 fluid, 1000 cS). 

The oil has comparatively little effect on the translational 

modes. 

PERFORMANCE 

The instrument was tested with an E. coli K12 strain.14 

The motion of one such organism is depicted in Fig. 6. 

Only a single channel strip chart recorder was available; 

it was used to monitor the y displacement. The data from 

all three axes could be recorded for short intervals on a 

storage oscilloscope; this was done during the period A to 

B (Fig. 6). Figure 7 shows the progress of the organism 

during this time. It swam toward the origin (chosen to 

coincide with the point of abrupt change in direction) 

at a fairly uniform speed of 4 p./sec and then turned around 

(or backed up) and increased its speed to 40 p./sec. From 

the appearance of this curve one is tempted to assume that 

the bacterium kicked off and coasted away from the 

origin; however, viscous forces are so great that an E. coli 

traveling 40 p.fsec could coast no more than about 10-4 p.!S 

At C (Fig. 6) the organism was seen (through the binoc-

ular, Fig. 1) to collide with one which was not swimming; 

the microscope locked onto this bacterium and the other 

swam out of focus. 

The scene through the binocular is extraordinary. The 

bacterium being tracked seems to be stuck to the, center 

of the field, turning this way and that trying to free itself, 

while the other bacteria drift in and out of focus, then to 

and fro, in apparent synchrony. If the bacterium being 

tracked is long, it seems to be stuck at one end and then 

at the other; the microscope will track on any part. It 

follows that the readout is accurate at best to within one 

bacterial length. If the bacterium is tumbling while it 

swims, however, this is apparent from the readout voltages, 

which show a series of steps at the tumbling frequency. 

The readout is about 2 m V / p., and the rms noise level is 

much less than 1 mV. 

Bacteria may wobble in step with the flagellar beat. 

The error signals should have components at this fre-

quency, somewhere around SO cps. These components 

were looked for in the outputs of the difference amplifiers 

(Figs. 1 and 3), but they were not seen. At low light levels 

the signal-to-noise ratio at this point is poor; at high 

light levels the transducer oscillates at low amplitude; 

the microscope still tracks, but signals due to the oscillation 

dominate the difference amplifier outputs. The search 

will be repeated if this instability can be eliminated. 

The amount of information collected in tracking just 

one bacterium is so great that strip chart recording is not 

very convenient; in the future, the data will be converted 

to digital form and written on computer compatible 

magnetic tape. 

DISCUSSION 

In the past, the use of the microscope in studies of 

bacterial motility has been comparatively ineffective,15 

Ogiuti,16 for example, clocked the passage of bacteria over 

a known distance, while Shoesmith17 counted the number 

which passed a small aperture in unit time.1S More can 

be learned from the analysis of movies, as long as the 

bacteria remain in focus, but the work is tedious. Tracking 

provides a record of the displacement of a bacterium over 

a much longer period of time. The method does not give 

information about the movement of flagellar bundles, 

per se, but this information could be obtained by simul-

taneous cinematography. 

Any object can be followed which appears bright 

against a dark background if its speed is less than about 

SO object diameters/sec and if its net displacement is less 

than about 1 mm. If the object is microscopic, so that 

its propulsion is governed by viscous rather than inertial 

forces, S the motion of the box will not significantly affect 

the way in which it moves through the medium.19 Net 

displacements larger than 1 mm could be accommodated 

if the transducer were redesigned, easily so if slower 
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swim in circles). As a consequence, most studies have been 

made of individual cells of the larger species, e.g., Spirillum 

volutans,lO which happen to be in the field and in focus, 

or of bulk accumulations,ll·12 The microscope described 

here automatically keeps a bacterium the size of E. coli 

in focus in the center of the field and provides electrical 

signals which are a measure of its position relative to the 

suspension medium. The tracking range is about 1 mm 

in any direction; the readout is accurate to about 1 

bacterial diameter. 

DESCRIPTION OF THE APPARATUS 

The instrument is shown schematically in Fig. 1. A box 

containing the bacteria is mounted between a long working 

distance phase contrast condenser and a 20X dark field 

objective (Nikon) on an electromechanical transducer. 

The beam emerging from the top of the trinocular (the 

tube) is split so that three images of the bacterium 

being tracked fall on six fiber optics fibers (a plastic 

material available from Edmund Scientific Company). 

Each fiber leads to a separate photomultiplier. An observer 

looking along the beam sees the Zl and Z2 fibers super-

imposed on the center of the array Xl, X2, YI, and Y2 

(Fig. 2). The diameters of the fibers are all the same, 

roughly equal to the width of the image of the bacterium. 

The three eyepieces are positioned so that the image is in 

focus on Xl, X2, YI, and Y2 but slightly out of focus (fuzzed 

out) on both Zl and Z2; the planes in which the images are 

in focus are indicated in Fig. 1 by the dotted lines. When 

the bacterium swims in the +z direction (toward the 

objective), its image sharpens on Zl and fuzzes out more on 

Z2; therefore, more light is transmitted by Zl than by Z2. 

When the bacterium moves toward the condenser, the 

reverse is true. When it moves in the +x direction, more 
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Chemotaxis in Escherichia coli analysed 
by Three-dimensional Tracking 

HOWARD C. BERG & DOUGLAS A. BROWN 
Department of Molecular, Cellular and Developmental Biology, University of Colorado, Boulder, Colorado 80302 

Chemotaxis toward amino-acids results 
from the suppression of directional 
changes which occur spontaneously in 
isotropic solutions. 

IF a capillary tube containing an attractant is inserted into a 
suspension of motile bacteria, the bacteria accumulate near 
the mouth where the concentration of attractant is relatively 
high. Pfeffer 1 introduced this technique as an assay forchemo-
taxis in 1884. In 1901, Rothert2 and Jennings and Crosby3 

noted that bacteria often swam past the capillary but returned 
after failing to enter regions of much lower concentration. 
It is now generally thought that chemotactic bacteria actively 
avoid regions of lower concentration by backing up or by 
choosing new directions at random4

•
5

• This is not obvious in 
Escherichia coli, since these bacteria repeatedly change their 
directions even in the absence of an applied stimulus. 

To study this motion in detail, we built a microscope which 
automatically follows individual cells6

• We have used this on 
mutants of E. coli K127

: a wild types, a nonchemotactic 
mutants, an uncoordinated mutant9

, a mutant defective in 
taxis toward serine10

•
11 and a mutant defective in taxis toward 

aspartate 11
• The results which we describe here demonstrate 

that the response to serine and aspartate at concentrations of 
order 10-5 M is not an avoidance response; when cells swim 
down gradients of these amino-acids their motion is indis-
tinguishable from that in isotropic solutions; when they swim 
up the gradients they change direction less frequently. 

In another communication12 we discuss a solution to the 
diffusion equation which allows us to compute the concentra-
tion of attractant outside the mouth of a capillary, and, thus, 

to follow cells in defined gradients. 

Motion in Isotropic Solutions 
The motion appears as an alternating sequence of intervals 

during which changes in direction are gradual or abrupt-we 
call these "runs" and "twiddles", respectively. Genetic and 
environmental differences in behaviour are associated chiefly 
with the lengths of runs. Fig. 1 illustrates this for the wild type 
and a nonchemotactic mutant. A number of results of a 

quantitative run-twiddle analysis are given in Table 1. 
Runs are long in cheC 497, short in unc 602, and of inter-

mediate length in AW 405 (Table 1 ). Mutants able to respond 
to a restricted set of attractants swim much like the wild type; 
the motion of the serine-blind mutant AW518 is essentially 
identical to that of A W405; the aspartate-blind mutant A W539 
has somewhat shorter twiddles and somewhat longer runs 

(0.11 ± 0.18 s and 1.3 ± 2.1 s, respectively). The speed is nearly 
uniform during runs, but the bacteria slow down or stop on 
twiddling (Fig. 2). The mean change in direction from the end 
of one run to the beginning of the next is less than 90° (Table 1). 

If the bacteria chose a new direction at random, the probability 
ofan angle change between 0 and 0+d0 would be 1/2 sin0 d0, 
the mean value of 0 would be 90°, and the standard deviation 
would be 39.2°. The distribution observed, however, is skewed 
toward small angles (Fig. 3). If changes in direction were random, 
the skew would be toward large angles because the digital 

Table 1 Run-twiddle Analysis of Mutants Swimming in a Homo-
geneous, Isotropic Medium 

Strain AW405 Unc 602 CheC497 

Type Wild type Uncoordin- Nonchemo-
ated tactic 

Number of bacteria tracked 35"' 10 14 

Total tracking time (min) 20 3.0 2.7 

Mean speed (µm/s) t 14.2±3,4 14.4±3.9 20.0±4.9 

Mean twiddle length (s)t 0.14±0.19 0.14±0.24 0.10±0.13 

Mean run length (s) 0.86± 1.18 0.42±0.27 6.3±5.2 

Mean change in direction 
from run to run (0

) 68±36 74±33 33± 15 

Mean change in direction 
during runs (0

) 23±23 18±23 35±22 

Mean angular speed while 
twiddling (0 /word)§ 56±29 54±27 41±32 

Mean angular speed while 
19±9 9±6 running (0 /word)§ 14±9 

Data points (words) were generated at the rate of 12.6 per second. 
The beginning of a run was scored if the angular speed§ was less than 
35°/word for three successive words. The end of a run was scored 
if the angular speed was greater than 35°/word for two successive 
words or if it was greater than 35°/word for one word, provided, in 
the latter case, that the change in the average direction between 
successive pairs of words was also greater than 35°. The angular 
speed is sensitive to short term fluctuations in the data. These 
depend on the ways in whic~ the _bacteria wobble and on the _ti_me 
constants (0.08 s) of the circmts which precede the analogue-to-d1g1tal 
converter. The time constants, the recording rate and the value 35°/ 
word were chosen empirically by comparing results of digital analyses 
with plots of the kind shown in Fig. 1. 

* Experiments done with three different cultures. 

t The values are the means± one standard dev!ati~n. I_n the 
calculation of the mean speed the mean for each bacterium 1s weighted 
equally, and the standard deviation is the standard deviation in the 
mean. 

t In this and in subsequent entries in the table each twiddle or run 
is weighted equally; the standard deviations are of the same order of 
magnitude as those found with a single bacterium. 

§ The angular speed is the change in the direction of motion from 
one word ( data point) to the next. 
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Fig. 1 Digital plots of the displacement of a wild type bacterium, A W405, and a generally nonchemotactic mutant, cheC 497, at the rate of 
12.6 words (data points) per second. Tracking began at the points indicated by the large dots. The plots are planar projections of three-
dimensional paths. If the left and upper panels of each figure are folded out of the page along the dashed lines, the projections appear in 
proper orientation on three adjacent faces of a cube. The cultures were grown in a minimal salts medium on glycerol, threonine, leucine, 
and histidine, as described by Hazelbauer et al.10

• They were washed twice at 4° C with a solution containing 10-2 M sodium phosphate 
(pH 7.0), 10-4 M EDTA (ethylenediamine tetraacetate) and 10-3 M magnesium sulphate and diluted at room temperature to an optical 
density of0.01 (590 nm) in a solution containing 10-2 M sodium phosphate(pH 7.0), 10-4 M EDTA,and 0.18 % (w/v) hydroxypropyl methyl-
cellulose (Dow Methocel 90 HG). They were tracked as such at 32.0° (viscosity 2.7 cp) in a tantalum and glass chamber 2 mm in diameter 

and 2 mm high. 

analysis ignores the smallest changes (Table 1, legend). Changes 
in direction also occur during runs (Table 1). The drift is about 
what one would expect from rotational diffusion: the root-

mean-square angular deviation of a 2 µm diameter sphere 
occurring int sec in a medium of viscosity 2.7 cp at 32° C is 29 
ytdegrees. 
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Fig. 2 The speed of the wild type bacterium of Fig. I displayed 
by an analogue monitor. The recording has been divided into 
three parts, each 9.8 s long; the figure should be read from left 
to right and top down. Twiddles occurred during the intervals 
indicated by the bars. Note the consequent changes in speed. 
The longest run can be seen at the left end of the bottom trace. 
It appears in the upper panel of Fig. 1 angling downwards and 
slightly to the left, five runs from the end of the track. It is 45 

words or 3.57 s long. 

The shortest twiddles and the shortest runs are the most 

probable (Fig. 4). The distribution of twiddle lengths is 

exponential (Fig. 4a). The distribution of run lengths is 
exponential for unc 602 (not shown) but only approximately 
so for AW405 (Fig. 4b). If for AW405 one allows for variations 
in mean run length for different bacteria, the curvature in the 
semi-log plot of the aggregate run-length data vanishes (Fig. 4c). 

From calculations of autocorrelation functions of sequences of 
twiddles and of sequences of runs we conclude that twiddles 

and runs of different length occur at random. The statistics are 
Poisson; for a given organism in a given isotropic environment 
the probability per unit time of the termination of a twiddle or 

the termination of a run is a constant. 
The wild type is known to have chemoreceptors for serine, 

for aspartate and for a number of sugars 7 • If serine is added to 
suspensions of A W405 (no gradients), the run-length dis-
tributions remain exponential but shift dramatically toward 
longer runs (Fig. 5); the twiddles are suppressed. Calcula-
tions of the autocorrelation functions indicate that runs of 

15 

Change in direction from run to run (degree) 

Fig. 3 Distribution of changes in direction from the end of one 
run to the beginning of the next for the wild type bacteria of 
Table I. The distribution was constructed from 1,166 events by 
summing the numbers falling in successive 10° intervals. If the 
analysis is confined to the shortest twiddles, the distribution is 
skewed even farther toward small angles (mean and standard 

deviation 62 ± 26°). 

Howard Berg and Douglas Brown. 1972, Nature 239, 500-504 
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Fig. 1 Digital plots of the displacement of a wild type bacterium, A W405, and a generally nonchemotactic mutant, cheC 497, at the rate of 
12.6 words (data points) per second. Tracking began at the points indicated by the large dots. The plots are planar projections of three-
dimensional paths. If the left and upper panels of each figure are folded out of the page along the dashed lines, the projections appear in 
proper orientation on three adjacent faces of a cube. The cultures were grown in a minimal salts medium on glycerol, threonine, leucine, 
and histidine, as described by Hazelbauer et al.10

• They were washed twice at 4° C with a solution containing 10-2 M sodium phosphate 
(pH 7.0), 10-4 M EDTA (ethylenediamine tetraacetate) and 10-3 M magnesium sulphate and diluted at room temperature to an optical 
density of0.01 (590 nm) in a solution containing 10-2 M sodium phosphate(pH 7.0), 10-4 M EDTA,and 0.18 % (w/v) hydroxypropyl methyl-
cellulose (Dow Methocel 90 HG). They were tracked as such at 32.0° (viscosity 2.7 cp) in a tantalum and glass chamber 2 mm in diameter 

and 2 mm high. 

analysis ignores the smallest changes (Table 1, legend). Changes 
in direction also occur during runs (Table 1). The drift is about 
what one would expect from rotational diffusion: the root-
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occurring int sec in a medium of viscosity 2.7 cp at 32° C is 29 
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Fig. 2 The speed of the wild type bacterium of Fig. I displayed 
by an analogue monitor. The recording has been divided into 
three parts, each 9.8 s long; the figure should be read from left 
to right and top down. Twiddles occurred during the intervals 
indicated by the bars. Note the consequent changes in speed. 
The longest run can be seen at the left end of the bottom trace. 
It appears in the upper panel of Fig. 1 angling downwards and 
slightly to the left, five runs from the end of the track. It is 45 

words or 3.57 s long. 

The shortest twiddles and the shortest runs are the most 

probable (Fig. 4). The distribution of twiddle lengths is 

exponential (Fig. 4a). The distribution of run lengths is 
exponential for unc 602 (not shown) but only approximately 
so for AW405 (Fig. 4b). If for AW405 one allows for variations 
in mean run length for different bacteria, the curvature in the 
semi-log plot of the aggregate run-length data vanishes (Fig. 4c). 

From calculations of autocorrelation functions of sequences of 
twiddles and of sequences of runs we conclude that twiddles 

and runs of different length occur at random. The statistics are 
Poisson; for a given organism in a given isotropic environment 
the probability per unit time of the termination of a twiddle or 

the termination of a run is a constant. 
The wild type is known to have chemoreceptors for serine, 

for aspartate and for a number of sugars 7 • If serine is added to 
suspensions of A W405 (no gradients), the run-length dis-
tributions remain exponential but shift dramatically toward 
longer runs (Fig. 5); the twiddles are suppressed. Calcula-
tions of the autocorrelation functions indicate that runs of 

15 

Change in direction from run to run (degree) 

Fig. 3 Distribution of changes in direction from the end of one 
run to the beginning of the next for the wild type bacteria of 
Table I. The distribution was constructed from 1,166 events by 
summing the numbers falling in successive 10° intervals. If the 
analysis is confined to the shortest twiddles, the distribution is 
skewed even farther toward small angles (mean and standard 

deviation 62 ± 26°). 
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Fig. 1 Digital plots of the displacement of a wild type bacterium, A W405, and a generally nonchemotactic mutant, cheC 497, at the rate of 
12.6 words (data points) per second. Tracking began at the points indicated by the large dots. The plots are planar projections of three-
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• They were washed twice at 4° C with a solution containing 10-2 M sodium phosphate 
(pH 7.0), 10-4 M EDTA (ethylenediamine tetraacetate) and 10-3 M magnesium sulphate and diluted at room temperature to an optical 
density of0.01 (590 nm) in a solution containing 10-2 M sodium phosphate(pH 7.0), 10-4 M EDTA,and 0.18 % (w/v) hydroxypropyl methyl-
cellulose (Dow Methocel 90 HG). They were tracked as such at 32.0° (viscosity 2.7 cp) in a tantalum and glass chamber 2 mm in diameter 
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in direction also occur during runs (Table 1). The drift is about 
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occurring int sec in a medium of viscosity 2.7 cp at 32° C is 29 
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Fig. 2 The speed of the wild type bacterium of Fig. I displayed 
by an analogue monitor. The recording has been divided into 
three parts, each 9.8 s long; the figure should be read from left 
to right and top down. Twiddles occurred during the intervals 
indicated by the bars. Note the consequent changes in speed. 
The longest run can be seen at the left end of the bottom trace. 
It appears in the upper panel of Fig. 1 angling downwards and 
slightly to the left, five runs from the end of the track. It is 45 

words or 3.57 s long. 

The shortest twiddles and the shortest runs are the most 

probable (Fig. 4). The distribution of twiddle lengths is 

exponential (Fig. 4a). The distribution of run lengths is 
exponential for unc 602 (not shown) but only approximately 
so for AW405 (Fig. 4b). If for AW405 one allows for variations 
in mean run length for different bacteria, the curvature in the 
semi-log plot of the aggregate run-length data vanishes (Fig. 4c). 

From calculations of autocorrelation functions of sequences of 
twiddles and of sequences of runs we conclude that twiddles 

and runs of different length occur at random. The statistics are 
Poisson; for a given organism in a given isotropic environment 
the probability per unit time of the termination of a twiddle or 

the termination of a run is a constant. 
The wild type is known to have chemoreceptors for serine, 

for aspartate and for a number of sugars 7 • If serine is added to 
suspensions of A W405 (no gradients), the run-length dis-
tributions remain exponential but shift dramatically toward 
longer runs (Fig. 5); the twiddles are suppressed. Calcula-
tions of the autocorrelation functions indicate that runs of 
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Fig. 3 Distribution of changes in direction from the end of one 
run to the beginning of the next for the wild type bacteria of 
Table I. The distribution was constructed from 1,166 events by 
summing the numbers falling in successive 10° intervals. If the 
analysis is confined to the shortest twiddles, the distribution is 
skewed even farther toward small angles (mean and standard 

deviation 62 ± 26°). 
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from run to run

• Cells follow a succession of runs 

and « tumble »  

Runs are at average velocity 14µm/s 
and the mean run length is about 1s.
During tumbles, cells are immobilized. 
Tumbles length is about 0.1s

As cells resume movement, they adopt 
a new, nearly random trajectory 
(62±26°)
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Fig. 1 Digital plots of the displacement of a wild type bacterium, A W405, and a generally nonchemotactic mutant, cheC 497, at the rate of 
12.6 words (data points) per second. Tracking began at the points indicated by the large dots. The plots are planar projections of three-
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proper orientation on three adjacent faces of a cube. The cultures were grown in a minimal salts medium on glycerol, threonine, leucine, 
and histidine, as described by Hazelbauer et al.10

• They were washed twice at 4° C with a solution containing 10-2 M sodium phosphate 
(pH 7.0), 10-4 M EDTA (ethylenediamine tetraacetate) and 10-3 M magnesium sulphate and diluted at room temperature to an optical 
density of0.01 (590 nm) in a solution containing 10-2 M sodium phosphate(pH 7.0), 10-4 M EDTA,and 0.18 % (w/v) hydroxypropyl methyl-
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analysis ignores the smallest changes (Table 1, legend). Changes 
in direction also occur during runs (Table 1). The drift is about 
what one would expect from rotational diffusion: the root-
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occurring int sec in a medium of viscosity 2.7 cp at 32° C is 29 
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Fig. 2 The speed of the wild type bacterium of Fig. I displayed 
by an analogue monitor. The recording has been divided into 
three parts, each 9.8 s long; the figure should be read from left 
to right and top down. Twiddles occurred during the intervals 
indicated by the bars. Note the consequent changes in speed. 
The longest run can be seen at the left end of the bottom trace. 
It appears in the upper panel of Fig. 1 angling downwards and 
slightly to the left, five runs from the end of the track. It is 45 

words or 3.57 s long. 

The shortest twiddles and the shortest runs are the most 

probable (Fig. 4). The distribution of twiddle lengths is 

exponential (Fig. 4a). The distribution of run lengths is 
exponential for unc 602 (not shown) but only approximately 
so for AW405 (Fig. 4b). If for AW405 one allows for variations 
in mean run length for different bacteria, the curvature in the 
semi-log plot of the aggregate run-length data vanishes (Fig. 4c). 

From calculations of autocorrelation functions of sequences of 
twiddles and of sequences of runs we conclude that twiddles 

and runs of different length occur at random. The statistics are 
Poisson; for a given organism in a given isotropic environment 
the probability per unit time of the termination of a twiddle or 

the termination of a run is a constant. 
The wild type is known to have chemoreceptors for serine, 

for aspartate and for a number of sugars 7 • If serine is added to 
suspensions of A W405 (no gradients), the run-length dis-
tributions remain exponential but shift dramatically toward 
longer runs (Fig. 5); the twiddles are suppressed. Calcula-
tions of the autocorrelation functions indicate that runs of 
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Fig. 3 Distribution of changes in direction from the end of one 
run to the beginning of the next for the wild type bacteria of 
Table I. The distribution was constructed from 1,166 events by 
summing the numbers falling in successive 10° intervals. If the 
analysis is confined to the shortest twiddles, the distribution is 
skewed even farther toward small angles (mean and standard 

deviation 62 ± 26°). 
• Runs and tumbles occur at 

random (Poisson statistics) 

For a given organism in a given 
environment, the probability per unit 
of time to stop a run or a tumble is a 
constant

Without chemoattractant

Howard Berg and Douglas Brown. Nature 239, 500-504  (1972)
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With uniform chemoattractant
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different length still occur at random. The shift does not occur 

with aspartate (Fig. 5), even though the chemotactic responses to 

aspartate and serine are nearly the same10
-

11 • The shift due 

to serine involves the serine chemoreceptor; it does not occur 

in the serine-blind mutant AW518. The shift is not a metabolic 

effect, since it can be generated by a non-metabolite sensed 

by the serine chemoreceptor (experiment done with a-amino-

isobutyric acid 1 1 and the aspartate-blind mutant A W539, 

which also shows the shift with serine). It does not occur in 

the uncoordinated mutant unc 602. Adler7 notes that "serine 

slightly inhibits chemotaxis toward all other attractants, and 

this inhibition remains unexplained". If chemotaxis results 

from the suppression of twiddles (see below), serine should 

inhibit chemotaxis generally, provided that the mutants tested 

have a functional serine receptor. 

0 2 4 5 

Twiddle length or run length(s) 

Fig. 4 Top: the fractional number of twiddles (a) or runs (b) 

of different lengths for the wild type bacteria of Table I. There 

were 1,201 twiddles and runs. All the twiddles are plotted, but 

runs longer than 5 s are not (lengths 5.1, 5.4, 6.0, 6.4, 7.0, 7.1, 

7.1, 7.2, 7.9, 7.9, 7.9, 12.9and24.2s). Bottom: the same data plotted 

as the logarithm of the fractional number of twiddles (a) or 

runs (b) of length greater than a given length 1 3
• Curve c was 

obtained by scaling the run lengths of each bacterium so that its 

mean run length was equal to the ensemble mean. 

Serine has other effects on the motion of the wild type 

which are less dramatic but which have a similar concentration 

dependence. The mean speed increases by about 40%; the 

mean twiddle length, the mean change in direction from run 

to run, and the mean angular speed while running all decrease 

by about 40%. With aspartate there is a slight increase in 

speed, but the other changes are not significant. 

Motion in Gradients 

Gradients were generated by diffusion of attractants from 

capillary tubes of the kind used by Adler 7 , which we inserted 

through a flat side wall of the tracking chamber. In preliminary 

experiments we found the response (the number of bacteria 

entering a capillary in 1 h) to be negligible when bacteria 

were used at an optical density of 0.1 (590 nm; about 108 

bacteria/ml.); the clouds of bacteria which accumulated near 
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the mouths of the capillaries sank. At optical densities of 

order 0.01 the response to an attractant was proportional to 

the optical density, and the dependence on the concentration of 

the attractant was similar to that described by Adler7 • 11 

(experiments at 32° with serine, aspartate, a-amino-isobutyric 

acid and a-methyl-DL-aspartate, all in tracking medium). 

Table 2 Run-twiddle Analysis of the Wild Type Swimming in Gradients 

Attractant 

Number of bacteria 
tracked 

Total tracking time 
(min) 

Serine Aspartate 
Control Gradient Control Gradient 

II 34 23 24 

7.1 14.8 II.I 11.0 

Mean run length (s) 

Mean concentration of 
attractant (µM) 

0.83±0.88 1.67±2.56 0.83±0.90 0.90±1.56 

Mean distance from 
mouth of capillary 
(µM) 

Mean value of 
(oC/or)/C(mm- 1

) 

0 9.5±2.7 

577± 112 

2.5±0.4 

10 8.4±2.0 

644±88 

2.4±0.4 

The cells were prepared as described in the legend of Fig. l, except 

that the suspension used for the aspartate control also contained 

10-5 M aspartate. Capillaries were used in the gradient experiments 

but not in the controls. For each data point we computed the 

distance from t,he mouth of the capillary to the bacterium being 

tracked (r), the angle between the direction of motion of the 

bacterium and the gradient (the "inclination", 0° for motion radially 

down the gradient), the concentration of the attractant at the 

bacterium (C, as defined by equation (4), ref. 12, with rc=0.01 cm, 

C0 =2.0x 10-3 M, D,edne=I.Ox 10- 5 cm2 /s and D.,0.,,.,.=0.89x 

10-5 cm2/s), the steepness of the gradient at the bacterium (c/C/or), 

the time rate of change of the concentration at the bacterium (dC/dt), 

and the logarithmic derivatives (oC/or)/C and (dC/dt)/C. 

Mean speeds, twiddle lengths, changes in direction and angular 

speeds are not shown; the values are essentially identical to those 

for A W405 (Table 1). 

Results of the run-twiddle analysis for the gradient experi-

ments are given in Tables 2 and 3. Runs are longer in the 

gradients (Table 2) than we would expect from the concentra-

tion dependence (Fig. 5). This is true for runs which move the 

bacteria up the gradient but not for runs which move them 

down the gradient (Table 3). The differences in the up-gradient 

and down-gradient data are dramatic when the run-length 

distributions are examined (Fig. 6). For serine, the distri-
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Fig. S Changes in mean run length caused by ~erine (_e) or 

asparfate ( O ). The bacteria (A W405) were dtluted m the 

tracking medium (Fig. 1, legend) to an absorbance_ of 0.02 

(590 nm). Aliquots of this suspension were mixed with equal 

volumes of tracking medium containing L-serine or L-:aspartate 

(Calbiochem A grade). Controls were made by om1ttm_g the 

amino-acids. The ratios of the mean run lengths observed m the 

presence and in the absence of the amino-acid are plotted as a 
function of concentration. 

In presence of eg. serine, the distribution of 
runs is exponential, runs occur still at random
But runs are significantly longer and 

tumbles are suppressed. 

In other words, with high chemoattractant, 
cells tend to continue in the same direction 
and reduce the frequency of tumbling

Howard Berg and Douglas Brown. Nature 239, 500-504  (1972)

serine

aspartate
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Gradient of chemoattractant

• Runs up and down the gradient are very different: 

— up the gradient: runs are longer than is expected 
from the concentration dependence of the runs (ie. 
tumbles are postponed)
— down the gradient runs occur at probability 
expected for solution of same isotropic concentration

NATURE VOL. 239 OCTOBER 27 1972 

bution of runs down the gradient (Fig. 6b) is similar to the 

distribution in a 9 µM isotropic solution; for aspartate, it is 

indistinguishable from the control. From the data of Fig. 6 

and from calculations of autocorrelation functions of sequences 

of runs (not separated into subsets), we conclude that the 

statistics are still Poisson. When a bacterium moves up the 

gradient the probability per unit time of the termination of a 

run decreases; when it moves down the gradient the proba-

bility reverts to the value appropriate to an isotropic solution 

of similar concentration. At the concentrations we have 

studied, the stimulus is sensed and acted on only when the 

bacterium swims up the gradient . 
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Fig. 6 The data from the serine (top) and the aspartate 
(bottom) experiments (Tables 2 and 3) plotted as the logarithm 
of the fractional number of runs of length greater than a given 
length. a, Runs in the control experiment; b, runs down the 

gradient; c, runs up the gradient. 

Further proof of the assertion that motion away from the 

capillary is not sensed can be obtained from computation by 

linear regression 14 of the correlation between the length of a 

run and the mean value over the run of dC/dt, (dC/dt)/C, 

- oC/or, or -(oC/or)/C. These correlations are all positive 

(correlation coefficients of order 0.12±0.02). If the analysis is 

confined to runs which move the bacteria up the gradient, the 

correlation coefficients are larger (of order 0.19 ± 0.03); if it is 

confined to runs which move the bacteria down the gradient, 

the coefficients are statistically insignificant ( - 0.02 ± 0.02). 

This implies that when the bacterium swims down the gradient 

there is no functional relationship between the length of a run 

and the derivatives of the concentration with respect to space 

or time. This is true both for serine and aspartate. 

There is nothing in our data to suggest that the bacteria are 

able to steer in the direction of the gradient while running or 
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that the motion is topotactic4
• When they twiddle, the change 

in direction is still biased toward small angles, as in Fig. 3, 

but the angle chosen does not depend on the direction of the 

gradient; there is no correlation between the inclination at 

the end of a run (Table 2, legend) and the change in direction 

from run to run. Nor is there any correlation between the 

length of the run and the change in direction. 

Table 3 Analysis of Runs which Move the Bacteria Up the Gradient 

or Down the Gradient 

Attractant Serine 

Net displacement of runs Up 

Mean concentration 

Serine 

Down 

Aspartate Aspartate 

Up Down 

(µM) 

Mean run length (s) 

Mean run length 
expected from the 

10.0± 2.8 9.2± 2.6 8.8± 1.9 8.1 ± 1.9 

2.19± 3.43 1.40± l.88 1.07± 1.80 0.80± 1.38 

control run lengtq 
(Table 2) and the 
concentration 
dependence (Fig. 5) (s) 1.48 1.45 0.82 0.82 

The runs of the graditmt experiments (Table 2) divided into two 
subsets according to whether the net displacement of a run is toward 
or away from the mouth of the capillary (up-gradient or down-
gradient). The mean speed was only slightly larger for runs up the 
gradient than for runs down the gradient (2 % for serine, 7 % for 
aspartate). 

An accurate calculation of the mean rates at which the bacteria 

drift up the gradients could be made from the information in 

Tables 2 and 3 if we knew the functional dependence of the 

mean run lengths (for runs up the gradient) on inclination; 

the data at hand are inadequate. If we assume that the run-

length bias is proportional to cos 0 (90° < 0 < 180°), the drift 

rate in serine is about 2.0 µm/s, and the drift rate in aspartate 

is about 0.9 µm/s. The value for serine is in rough agreement 

with that obtained by Dahlquist, Lovely and Koshland15 for 

suspensions of Salmonella in exponential gradients of com-

parable steepness. 

Mechanisms 
When a bacterium runs, its flagellar filaments work together 

in a bundle of the kind photographed in £. coli by Ramsey 

and Adler (Ramsey, S. W., and Adler, J., private communi-

cation), or in Salmonella by Mitani and Iino16
• When it 

twiddles the bundle probably loosens or comes apart. When 

the bundle re-forms, the cell goes off in a new direction. The 

direction chosen depends on the change in orientation of the 

bundle relative to the body of the cell. Smaller changes in 

direction require smaller changes in orientation and occur in 

shorter periods of time (Fig. 3). The stability of the bundle is 

improved by interaction with chemoreceptors. The association 

of an attractant with a receptor increases the stability even 

more. If the attractant is serine, the stability of the bundle is 

affected by both the average level of association (Fig. 5) and 

the rate at which it increases (Fig. 6). If it is aspartate, only the 

rate of increase is important (Fig. 6). 

We do not know what the molecular structure of the twiddle 

generator is or how it is able to perturb the flagellar bundle. 

We do know it operates on Poisson statistics (Fig. 4) and that 

its firing rate can be suppressed by chemoreception. It is likely 

that the generator is built from elements which are missing or 

defective in generally nonchemotactic mutants. When the 

generator and the chemoreceptors are uncoupled, the generator 

runs free, and the mutants are uncoordinated. 

We thank Julius Adler and Margaret Dahl for mutants and 

instruction in their handling. Pfeffer assays were done by 

Susan MacFadden. This research was supported by grants 
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bution of runs down the gradient (Fig. 6b) is similar to the 

distribution in a 9 µM isotropic solution; for aspartate, it is 

indistinguishable from the control. From the data of Fig. 6 

and from calculations of autocorrelation functions of sequences 

of runs (not separated into subsets), we conclude that the 

statistics are still Poisson. When a bacterium moves up the 

gradient the probability per unit time of the termination of a 

run decreases; when it moves down the gradient the proba-

bility reverts to the value appropriate to an isotropic solution 

of similar concentration. At the concentrations we have 

studied, the stimulus is sensed and acted on only when the 

bacterium swims up the gradient . 
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Fig. 6 The data from the serine (top) and the aspartate 
(bottom) experiments (Tables 2 and 3) plotted as the logarithm 
of the fractional number of runs of length greater than a given 
length. a, Runs in the control experiment; b, runs down the 

gradient; c, runs up the gradient. 

Further proof of the assertion that motion away from the 

capillary is not sensed can be obtained from computation by 

linear regression 14 of the correlation between the length of a 

run and the mean value over the run of dC/dt, (dC/dt)/C, 

- oC/or, or -(oC/or)/C. These correlations are all positive 

(correlation coefficients of order 0.12±0.02). If the analysis is 

confined to runs which move the bacteria up the gradient, the 

correlation coefficients are larger (of order 0.19 ± 0.03); if it is 

confined to runs which move the bacteria down the gradient, 

the coefficients are statistically insignificant ( - 0.02 ± 0.02). 

This implies that when the bacterium swims down the gradient 

there is no functional relationship between the length of a run 

and the derivatives of the concentration with respect to space 

or time. This is true both for serine and aspartate. 

There is nothing in our data to suggest that the bacteria are 

able to steer in the direction of the gradient while running or 
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that the motion is topotactic4
• When they twiddle, the change 

in direction is still biased toward small angles, as in Fig. 3, 

but the angle chosen does not depend on the direction of the 

gradient; there is no correlation between the inclination at 

the end of a run (Table 2, legend) and the change in direction 

from run to run. Nor is there any correlation between the 

length of the run and the change in direction. 

Table 3 Analysis of Runs which Move the Bacteria Up the Gradient 

or Down the Gradient 

Attractant Serine 

Net displacement of runs Up 

Mean concentration 

Serine 

Down 

Aspartate Aspartate 

Up Down 

(µM) 

Mean run length (s) 

Mean run length 
expected from the 

10.0± 2.8 9.2± 2.6 8.8± 1.9 8.1 ± 1.9 

2.19± 3.43 1.40± l.88 1.07± 1.80 0.80± 1.38 

control run lengtq 
(Table 2) and the 
concentration 
dependence (Fig. 5) (s) 1.48 1.45 0.82 0.82 

The runs of the graditmt experiments (Table 2) divided into two 
subsets according to whether the net displacement of a run is toward 
or away from the mouth of the capillary (up-gradient or down-
gradient). The mean speed was only slightly larger for runs up the 
gradient than for runs down the gradient (2 % for serine, 7 % for 
aspartate). 

An accurate calculation of the mean rates at which the bacteria 

drift up the gradients could be made from the information in 

Tables 2 and 3 if we knew the functional dependence of the 

mean run lengths (for runs up the gradient) on inclination; 

the data at hand are inadequate. If we assume that the run-

length bias is proportional to cos 0 (90° < 0 < 180°), the drift 

rate in serine is about 2.0 µm/s, and the drift rate in aspartate 

is about 0.9 µm/s. The value for serine is in rough agreement 

with that obtained by Dahlquist, Lovely and Koshland15 for 

suspensions of Salmonella in exponential gradients of com-

parable steepness. 

Mechanisms 
When a bacterium runs, its flagellar filaments work together 

in a bundle of the kind photographed in £. coli by Ramsey 

and Adler (Ramsey, S. W., and Adler, J., private communi-

cation), or in Salmonella by Mitani and Iino16
• When it 

twiddles the bundle probably loosens or comes apart. When 

the bundle re-forms, the cell goes off in a new direction. The 

direction chosen depends on the change in orientation of the 

bundle relative to the body of the cell. Smaller changes in 

direction require smaller changes in orientation and occur in 

shorter periods of time (Fig. 3). The stability of the bundle is 

improved by interaction with chemoreceptors. The association 

of an attractant with a receptor increases the stability even 

more. If the attractant is serine, the stability of the bundle is 

affected by both the average level of association (Fig. 5) and 

the rate at which it increases (Fig. 6). If it is aspartate, only the 

rate of increase is important (Fig. 6). 

We do not know what the molecular structure of the twiddle 

generator is or how it is able to perturb the flagellar bundle. 

We do know it operates on Poisson statistics (Fig. 4) and that 

its firing rate can be suppressed by chemoreception. It is likely 

that the generator is built from elements which are missing or 

defective in generally nonchemotactic mutants. When the 

generator and the chemoreceptors are uncoupled, the generator 

runs free, and the mutants are uncoordinated. 

We thank Julius Adler and Margaret Dahl for mutants and 

instruction in their handling. Pfeffer assays were done by 

Susan MacFadden. This research was supported by grants 
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Fig. 6 The data from the serine (top) and the aspartate 
(bottom) experiments (Tables 2 and 3) plotted as the logarithm 
of the fractional number of runs of length greater than a given 
length. a, Runs in the control experiment; b, runs down the 

gradient; c, runs up the gradient. 
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There is nothing in our data to suggest that the bacteria are 
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but the angle chosen does not depend on the direction of the 

gradient; there is no correlation between the inclination at 

the end of a run (Table 2, legend) and the change in direction 

from run to run. Nor is there any correlation between the 

length of the run and the change in direction. 
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The runs of the graditmt experiments (Table 2) divided into two 
subsets according to whether the net displacement of a run is toward 
or away from the mouth of the capillary (up-gradient or down-
gradient). The mean speed was only slightly larger for runs up the 
gradient than for runs down the gradient (2 % for serine, 7 % for 
aspartate). 

An accurate calculation of the mean rates at which the bacteria 

drift up the gradients could be made from the information in 

Tables 2 and 3 if we knew the functional dependence of the 

mean run lengths (for runs up the gradient) on inclination; 

the data at hand are inadequate. If we assume that the run-

length bias is proportional to cos 0 (90° < 0 < 180°), the drift 

rate in serine is about 2.0 µm/s, and the drift rate in aspartate 

is about 0.9 µm/s. The value for serine is in rough agreement 

with that obtained by Dahlquist, Lovely and Koshland15 for 

suspensions of Salmonella in exponential gradients of com-

parable steepness. 

Mechanisms 
When a bacterium runs, its flagellar filaments work together 

in a bundle of the kind photographed in £. coli by Ramsey 

and Adler (Ramsey, S. W., and Adler, J., private communi-

cation), or in Salmonella by Mitani and Iino16
• When it 

twiddles the bundle probably loosens or comes apart. When 

the bundle re-forms, the cell goes off in a new direction. The 

direction chosen depends on the change in orientation of the 

bundle relative to the body of the cell. Smaller changes in 

direction require smaller changes in orientation and occur in 

shorter periods of time (Fig. 3). The stability of the bundle is 

improved by interaction with chemoreceptors. The association 

of an attractant with a receptor increases the stability even 

more. If the attractant is serine, the stability of the bundle is 

affected by both the average level of association (Fig. 5) and 

the rate at which it increases (Fig. 6). If it is aspartate, only the 

rate of increase is important (Fig. 6). 

We do not know what the molecular structure of the twiddle 

generator is or how it is able to perturb the flagellar bundle. 

We do know it operates on Poisson statistics (Fig. 4) and that 

its firing rate can be suppressed by chemoreception. It is likely 

that the generator is built from elements which are missing or 

defective in generally nonchemotactic mutants. When the 

generator and the chemoreceptors are uncoupled, the generator 

runs free, and the mutants are uncoordinated. 
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Run length (s)

• The chemical signal is sensed and acted on 

only when the cell swims up the gradient 

• Moving up the gradient reduces the tumbling 

frequency 

• Cells spend more time going up the gradient 

than down, so they go up the gradient

attractant

increasing 
concentration

NO ATTRACTANT
OR REPELLENT

POSITIVE
CHEMOTAXIS

Howard Berg and Douglas Brown. Nature 239, 500-504  (1972)

�15



 travel time between barriers
 distance between barriers

: velocity
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How can Chemotaxis work?

�16

Schnitzer M, Block S, Berg HC, Purcell E. Symp. Soc. Gen. Microbiol. 46:15–34 (1990)

1D theoretical model of stochastic motion: 

Semipermeable barriers that reflect ½ of particles (eg. 
bacteria), and let ½ pass through

This models the idea that particles change randomly their 

trajectory every time     and distance 
Their motion is defined locally in space and time (no memory)

Flux:

• Case 0:     and     are constant. Fick’s law: with diffusion coefficient

At equilibrium C is uniform

• Case 1: velocity       is constant, but     and     vary in space

Let us consider cases where D changes in space (    and/or    vary in space):

we still have is not constant in space

Thus, whatever the distribution of barriers, provided that velocity is constant

the distribution of particles at equilibrium will always be uniform

Monte Carlo simulations

If bacteria have a uniform velocity, changing in space the probability of changing 
direction (tumbling) will not lead to spatial accumulation of cells. So if an attractant 
were to simply change the tumbling frequency there would be no chemotaxis. 
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How can Chemotaxis work?

�17

Schnitzer M, Block S, Berg HC, Purcell E. Symp. Soc. Gen. Microbiol. 46:15–34 (1990)

• Case 2: distance     is constant

Let us consider cases where D changes in space:

At equilibrium DC is uniform, and C is inversely proportional to D

Therefore, particles accumulate where their velocity is lowest

• Case 3: time     is constant

At equilibrium           is uniform, and C is inversely proportional to 

Therefore, particles accumulate where their velocity is lowest

• Case 4: all parameters vary in space

At equilibrium, the density of particles is still inversely proportional to velocity

When speed is not constant, cells accumulate in regions of low speed
When speed is constant, cells remain uniformly distributed whatever the 
frequency of tumbling as a function of stimulus (klinotaxis). 



Chemotaxis at Low Reynolds number

Thomas LECUIT   2021-2022

• A bacterium needs to explore different chemical environment to find the most nutrient rich one
(10  glucose molecules are needed for 1 cell cycle in 1h)

• What is the best strategy to read and explore the environment? 

• Stirring liquid versus Diffusion? 
— At low Reynolds number, stirring is very slow/inefficient compared to diffusion
    Cells cannot shake off the liquid around

9

E. Purcell. American Journal of Physics 45, 3 (1977)

This is the typical length of a run
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AW405 
Wild type 
29.5s 
26 runs 
Mean speed 21.2 µm/s 

50µm 

CheC491 
Nonchemotactic mutant 
7.2s 
I run 
Mean speed 31.3 µm/s 

50µm 

501 

. 
'· 

~-------------<----------------~----------------------------

Fig. 1 Digital plots of the displacement of a wild type bacterium, A W405, and a generally nonchemotactic mutant, cheC 497, at the rate of 
12.6 words (data points) per second. Tracking began at the points indicated by the large dots. The plots are planar projections of three-
dimensional paths. If the left and upper panels of each figure are folded out of the page along the dashed lines, the projections appear in 
proper orientation on three adjacent faces of a cube. The cultures were grown in a minimal salts medium on glycerol, threonine, leucine, 
and histidine, as described by Hazelbauer et al.10

• They were washed twice at 4° C with a solution containing 10-2 M sodium phosphate 
(pH 7.0), 10-4 M EDTA (ethylenediamine tetraacetate) and 10-3 M magnesium sulphate and diluted at room temperature to an optical 
density of0.01 (590 nm) in a solution containing 10-2 M sodium phosphate(pH 7.0), 10-4 M EDTA,and 0.18 % (w/v) hydroxypropyl methyl-
cellulose (Dow Methocel 90 HG). They were tracked as such at 32.0° (viscosity 2.7 cp) in a tantalum and glass chamber 2 mm in diameter 

and 2 mm high. 

analysis ignores the smallest changes (Table 1, legend). Changes 
in direction also occur during runs (Table 1). The drift is about 
what one would expect from rotational diffusion: the root-

mean-square angular deviation of a 2 µm diameter sphere 
occurring int sec in a medium of viscosity 2.7 cp at 32° C is 29 
ytdegrees. 
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Fig. 2 The speed of the wild type bacterium of Fig. I displayed 
by an analogue monitor. The recording has been divided into 
three parts, each 9.8 s long; the figure should be read from left 
to right and top down. Twiddles occurred during the intervals 
indicated by the bars. Note the consequent changes in speed. 
The longest run can be seen at the left end of the bottom trace. 
It appears in the upper panel of Fig. 1 angling downwards and 
slightly to the left, five runs from the end of the track. It is 45 

words or 3.57 s long. 

The shortest twiddles and the shortest runs are the most 

probable (Fig. 4). The distribution of twiddle lengths is 

exponential (Fig. 4a). The distribution of run lengths is 
exponential for unc 602 (not shown) but only approximately 
so for AW405 (Fig. 4b). If for AW405 one allows for variations 
in mean run length for different bacteria, the curvature in the 
semi-log plot of the aggregate run-length data vanishes (Fig. 4c). 

From calculations of autocorrelation functions of sequences of 
twiddles and of sequences of runs we conclude that twiddles 

and runs of different length occur at random. The statistics are 
Poisson; for a given organism in a given isotropic environment 
the probability per unit time of the termination of a twiddle or 

the termination of a run is a constant. 
The wild type is known to have chemoreceptors for serine, 

for aspartate and for a number of sugars 7 • If serine is added to 
suspensions of A W405 (no gradients), the run-length dis-
tributions remain exponential but shift dramatically toward 
longer runs (Fig. 5); the twiddles are suppressed. Calcula-
tions of the autocorrelation functions indicate that runs of 

15 

Change in direction from run to run (degree) 

Fig. 3 Distribution of changes in direction from the end of one 
run to the beginning of the next for the wild type bacteria of 
Table I. The distribution was constructed from 1,166 events by 
summing the numbers falling in successive 10° intervals. If the 
analysis is confined to the shortest twiddles, the distribution is 
skewed even farther toward small angles (mean and standard 

deviation 62 ± 26°). 

l = v t

l = (D t)
½

To find a new environment with 
a potentially different chemical 
composition, E. coli needs to 
swim far enough to outrun 
diffusion within time t.
How far is this?

v t > (D t)
½

t > D /v2

t > 1 s For 30µm/s

l > 30µmTherefore 

D = 10 µm /s)
3 2

D = ( l   / D)2

≈ 1 ms (D = 10 µm /s)

S = l / v
≈ 100 ms

23
Diffusion: 

Swim: 

The transport in and out of molecules to a 
bacterium is largely governed locally by diffusion. 

D S<<

>>Swimming does not increase food supply
    Strategy: wait for diffusion to bring nutrients

Peclet number:  Pe= — = l.v /D
D

S

Pe ≈ 10-2

�18
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Motility and chemosensory behaviour of Tbiovulm 
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Fig. 5. Width (a, measured as the standard deviation) and 
distance from meniscus (V) of bacterial bands in microslide 
preparations as a function of the steepness of the linear part of 
the 0,-gradient. 
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Fig. 6. Sixteen U-turns and the 0,-gradient (-) recorded in a 
microslide preparation. The dashed lines delineate the band 
(one standard deviation to either side of the mean); time 
intervals, 40 ms. The recordings are based on the preparation 
shown in Fig. 4. 

direction from which they came. This behaviour was 
identical whether the cells swam into the oxic or the 
anoxic side. The U-turns followed a curve on an almost 
flat plane. These planes could, of course, have different 
orientations relative to the plane of the microscopic field. 
Twenty U-turns were observed almost edge-on (two can 
be seen in Fig. 6). In these trajectories the paths of the cells 
as they enter and leave the zone were almost superimposed 
(on the two-dimensional projections) and parallel to one 
another. Thus, if the cells left the bacterial band at an 
acute angle they also entered at an acute angle rather than 
re-orienting the trajectory relative to the 0,-gradient. 
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Fig. 7. Retreat of the band (meankone standard deviation) 
after the 0,-tension of the headspace in a microslide 
preparation was changed from about 10% atm. sat. t o  100% 
atm. sat. 

Time spent outside the band during each excursion varied 
between 0.5 and 2 s. Cells which entered the band at an 
angle approaching 90" after an excursion to one side often 
continued through the band and made another U-turn on 
the other side; cells which entered at a more acute angle 
often managed to remain for a longer time within the 
band. Cells which had left the optimum zone succeeded in 
returning to it after making one U-turn in > 90% of the 
recorded tracks. The few cells which failed (mainly cells 
leaving at an acute angle) did not attempt to turn. 

Fig. 6 shows that the U-turn was associated with changes 
in the parameters describing the swimming path: a 
decreased translational speed, a decreased pitch and an 
increased radius, while the period remained unchanged. 
An analysis of 19 U-turns showed that translational 
(tangential) velocity decreased by a factor of 0.61 (SE 0.04) 
and that pitch decreased by a factor of 0.55 (SE 0.08) 
during the turn. 

Responses to transient changes in 0,-tension 

Cells in capillary microslides could be attracted to the 
meniscus by a low headspace 0,-tension. When the 
headspace gas was suddenly exchanged with atmospheric 
air the bacterial band retreated continuously until a new 
steady-state position was reached after 50-60 s (Fig. 7). 
This retreat took place at a maximum speed of about 
14 pm s-l (or about 2.5 YO of the maximum swimming 
speed). 

Attached cells rotated with an angular velocity of about 
30 s-l (5.6 rotations s-'). When cells which had attached 
close (< 100 pm) to the meniscus were suddenly exposed 
to higher 0,-tensions (by exchanging the headspace gas) 
nothing happened for a few seconds, corresponding to the 
time needed for diffusion of 0, from the meniscus. 
Thereafter, one or more brief changes in the rotational 
velocity took place; such changes in angular velocity were 
associated with a bending of the stalk. After one to several 
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N,, the bacteria migrated to the meniscus. If some detrital 
particles had been included in the preparation the bacteria 
attached themselves close to the meniscus. By suddenly chang- 
ing the 0,-tension of the headspace (e.g. to 100 % atmospheric 
air) the response of cells situated within 100 pm from the 
meniscus could be recorded during the following few seconds. 

- 

RESULTS 

General motility patterns 

The swimming path of 7'biovd.w cells is always a left- 
handed helix (Fig. 2); the cells have defined anterior and 
posterior poles (the sulphur granules were largely concen- 
trated in the posterior half of the cell) and they are unable 
to swim backwards or to tumble. (In some populations of 
Tbiovzllzl~n, not used in the present study, the sulphur 
granules are consistently concentrated in the anterior part 
of the cells ; unpublished observation.) While swimming, 
the cells simultaneously rotate counter-clockwise (when 
seen from the posterior pole) around their anterior- 
posterior axis. The swimming path can be characterized 
by the following parameters : pitch ( p ) ,  radius (r) ,  period 
( T ) ,  tangential velocity (v) and the angular velocity of the 

r 

...... 

Fig. 2. Right: Properties of (left-handed) helical swimming: 
pitch (p) ,  radius (r) and tangential and rotational velocity 
components. Left: Swimming track in the optimum zone of a 
Thiowulurn cell recorded under the compound microscope. Time 
intervals: 40 ms. In this particular track the tangential velocity 
was 330 pm s-', r was 5 pm, p was 65 pm, and the period T was 
0.24s. The swimming velocity in the z-direction was plT= 
271 pm s-'. 

rotation around the axis of the cells (a). The radius 
(ranging from 5 to 40 pm) was small relative to the pitch 
(ranging from 40 to 250 pm); T varied between 0-2 and 
1 s. The velocity in the x-direction (vt; see Fig. 2) equals 
p / T  and it is always somewhat lower than the tangential 
velocity. 

Tbiovzllm cells can modulate their swimming speed (vt) 
either by changing the tangential velocity or  by changing 
the pitch and radius of the helix, thus increasing the 
difference between v and vt (the ratio varying between 0-7 
and 0.95). Tangential swimming velocities ranged from 
< 150 to > 600 pm s-'. The highest velocities (v and v,) 
occurred at 0,-tensions which exceeded the optimum 
value ( %  4 % atm. sat.) ; the mean velocity was lower in 
water with an optimum 0,-tension and lowest under 
complete anoxia. In one case (a preparation with an 0,- 
gradient), cells swimming on the 0,-side of the optimum 
zone, those in the optimum zone and those on the anoxic 
side had mean velocities (v,) of 422 (SE 15), 244 (SE 20) and 
158 (SE 9) pm s-', respectively. Measurements of swim- 
ming velocities in completely anoxic water, however, 
were irreproducible. In preparations with 0,-free water 
the cells tended to swim more slowly with time and 
eventually died after several minutes, so the low velocities 
may be a pathological effect of too long an exposure to 

anoxia. Cells which swam in water with an optimum 0,- 
tension tended at intervals to bend the axis of the helical 
tracks whereas those outside the zone rarely did so. 

Attachment 

An optimum 0,-tension the cells tended to attach with 
their posterior pole to surfaces and then secreted a long 
stalk up to 100 pm (Fig. 3c). They seemed to have 
difficulty in attaching to glass, so that in gradients in the 
capillary microslides usually less than 10% of the cells 
were attached at any moment, but they readily attached to 
detrital particles. When the cells were attached, trans- 
lational motion was prevented by the stretched stalk, but 
rotational movement continued. The angular velocities 
(co) ranged from 20 to 63 s-' (3-2-10 rotations s-'); the 
highest values, however, were only found as a transient 
state in cells exposed to changing 0,-tension (see below). 

At very high cell concentrations the cells tended to 
aggregate if suspended in water with a high 0,-tension. 
This phenomenon is probably initiated by random 
fluctuations in cell density. Small volumes of water 
containing above-average concentrations of cells will 
have a relatively reduced 0,-concentration due to res- 
piration. More cells will then be trapped within this 
volume due to their chemosensory behaviour and so the 
aggregates will grow with time until all cells are found 
within one or a few large aggregates. In such suspended 
swarms the cells produced mucous threads which often 
became entangled so that lumps of interconnected cells 
appeared without being anchored to surfaces (Fig. 3b). 
This mechanism was sometimes partly responsible for the 
coherence of the characteristic veils suspended above 
sulphidic sediments (Fig. 3a), but only if cell densities 

were very high. 

3111 

Chemotaxis at Low Reynolds number

• Oxygen sensing bacteria swim very fast:  at speeds ranging from 100-1000µm/s.

• These bacteria concentrates in sediments at a very specific oxygen pressure

• Thiovulum majus and Ovobacter propellens swim at 600-700µm/s along 1D gradient of O2.

• They follow180° U-turns when the oxygen concentration falls or rises above a value. 

T. majus

50µm

O. propellens

Fenchel, T. Microbiology 140, 3109– 3116. (1994)

Fenchel T. and Thar R. FEMS Microbiology Ecology 48:231–238 (2004)

Peclet number:  Pe= — = l.v /D
D

S

length: 4 µm

speed: 700-1000 µm.s-1

DO2
 = 2. 10-5 µm2.s-1

Pe ≈ 1.4 - 2

• At such high speeds, diffusion is almost outcompeted by swimming.
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(B)

tumble

run

run

tumble

• Runs and tumbles are caused by a rotational switch of flagella 

• Runs: counterclockwise (CCW) rotation leads to filament bundling

• Tumbles: clockwise (CW) rotation causes dissociation of filaments 
and cessation of cell movement (C)

Tumble frequency

Average of 25 recordings in single cell

• The swim of an E. Coli can be characterized by the tumbling frequency.

• The presence of a chemoattractant reduces the tumbling frequency

• This can be measured by the rotational bias of the motor based on single cell recordings
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Results 

Computation of the Impulse Response 

Cells were tethered to a glass window and viewed 

through the water-immersion lens of a phase-contrast 

microscope. The microscope was equipped with lin- 

early graded optical filters that extract the x and y 

coordinates of the centroid of the image of a spinning 
cell; sensors viewing these filters generate signals 

that contain information about the ceil’s angular ve- 

locity and direction of rotation. A micropipette was 

positioned within about 4 pm of the cell, and the cell 

was stimulated by short iontophoretic pulses, re- 

peated at intervals of about 1 min. Time records of 

the x and y signals were made on a strip-chart re- 
corder, together with event markers indicating the 

direction of rotation of the cell and the timing of the 

stimulus current. The size of the stimulus to which the 

cell was exposed could be varied by adjusting either 
the magnitude of the current passed through the pi- 

pette or its duration. These parameters were adjusted 
by hand during the experiment to ensure that re- 

sponses occurred, but under conditions in which the 

stimuli were impulsive (see below). Records of 20 set 

duration bracketing each iontophoretic pulse were 

digitized and stored in a computer for subsequent 

analysis. 
The rotational behavior of a tethered bacterium is a 

binary, stochastic process: it is the probability of 

spinning CW or CCW that is modulated by the sensory 
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Figure 1. Scheme for Averaging Data Records 

Individual binary records of rotational behavior (four are shown) were 

placed in register at the time of stimulation. A value of +I was 

assigned to each record when the direction of rotation was CCW and 

0 when it was CW. The average value of these numbers was computed 

each time a transition (an event) occurred in any one of the individual 

records. The result (bottom) is a function that can assume any one of 

n + 1 values between 0 and 1 inclusive, where n is the number of 

records. The value of this function provides an estimate of the 

probability of CCW rotation, and the density of points along the time 

axis gives an estimate of the average reversal rate. The algorithm 

actually used to perform this computation is described in the experi- 

mental Procedures. 

apparatus. Therefore, we took as our measure of the 

response the probability that a cell spins CCW. We 

obtained an estimate of this probability by taking the 

average of a series of records, each containing data 

obtained with a single stimulus. The procedure is 
outlined in Figure 1. A typical result obtained with 25 

records from a single cell is shown in Figure 2. The 

fluctuation about the baseline before and after the 

stimulus results from the averaging of binary signals. 
Its amplitude obeys the bionomial distribution; the 

mean amplitude decreases as the inverse square root 
of the number of records. To verify this fact and to 

test our data-reduction procedures, we used a Monte 
Carlo method to construct records of an “artificial 

cell” whose CW and CCW rotation intervals were 

given by exponential distributions. These records 

were processed in the same way as the real data. The 

probabilities computed from artificial and real data 

had similar statistical properties, which agreed with 

theory. 

Impulse Responses of Wild-Type Cells 
The impulse response to attractant stimuli is shown in 

Figure 3A. The same response was observed with 

aspartate and oc-methylaspartate; only the threshold 

concentrations differed. Prior to stimulation, the direc- 
tional bias of the cells averaged 64% CCW. After the 

pulse at time zero (5 set on the scale shown in the 

figure), the probability of spinning CCW rose sharply 
to a maximum value at 0.4 set, then fell in a smooth 

manner, crossing the baseline at 1 set and reaching 

a minimum value at 1.5 set, and finally returning to its 
initial value at approximately 4 sec. The excursion 

below baseline (the response undershoot) is impor- 
tant, because it implies that the chemosensory system 

has adaptive properties in the 1 set time domain (see 

below). The areas of the two lobes of the response 

were equal. 

The impulse response to repellent stimuli is shown 

0 I 
I 

0 5 IO 15 20 

Time (set) 

Figure 2. Impulse Response of a Single Cell 

A single cell was stimulated 25 times by a pulse given at 5 set 

(vertical line). The graph shows the probability of CCW rotation as a 

function of time, estimated as described in the legend to Figure I_ 

The pipette contained 100 mM a-methyl-o,L-aspartate, a negatively 

charged attractant. Pulses were generated by switching the current 

from 0 to - 100 nA for a period of 100 msec. The discrete layer lines 

that appear in the data are determined by the 26 quantized values 

obtained when 25 binary records are averaged. Data were not 

smoothed. 

Probability is average of individual 
tracks where +1 for CCW and 0 
for CW rotation
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Results 

Computation of the Impulse Response 

Cells were tethered to a glass window and viewed 

through the water-immersion lens of a phase-contrast 

microscope. The microscope was equipped with lin- 

early graded optical filters that extract the x and y 

coordinates of the centroid of the image of a spinning 
cell; sensors viewing these filters generate signals 

that contain information about the ceil’s angular ve- 

locity and direction of rotation. A micropipette was 

positioned within about 4 pm of the cell, and the cell 

was stimulated by short iontophoretic pulses, re- 

peated at intervals of about 1 min. Time records of 

the x and y signals were made on a strip-chart re- 
corder, together with event markers indicating the 

direction of rotation of the cell and the timing of the 

stimulus current. The size of the stimulus to which the 

cell was exposed could be varied by adjusting either 
the magnitude of the current passed through the pi- 

pette or its duration. These parameters were adjusted 
by hand during the experiment to ensure that re- 

sponses occurred, but under conditions in which the 

stimuli were impulsive (see below). Records of 20 set 

duration bracketing each iontophoretic pulse were 

digitized and stored in a computer for subsequent 

analysis. 
The rotational behavior of a tethered bacterium is a 

binary, stochastic process: it is the probability of 

spinning CW or CCW that is modulated by the sensory 
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Figure 1. Scheme for Averaging Data Records 

Individual binary records of rotational behavior (four are shown) were 

placed in register at the time of stimulation. A value of +I was 

assigned to each record when the direction of rotation was CCW and 

0 when it was CW. The average value of these numbers was computed 

each time a transition (an event) occurred in any one of the individual 

records. The result (bottom) is a function that can assume any one of 

n + 1 values between 0 and 1 inclusive, where n is the number of 

records. The value of this function provides an estimate of the 

probability of CCW rotation, and the density of points along the time 

axis gives an estimate of the average reversal rate. The algorithm 

actually used to perform this computation is described in the experi- 

mental Procedures. 

apparatus. Therefore, we took as our measure of the 

response the probability that a cell spins CCW. We 

obtained an estimate of this probability by taking the 

average of a series of records, each containing data 

obtained with a single stimulus. The procedure is 
outlined in Figure 1. A typical result obtained with 25 

records from a single cell is shown in Figure 2. The 

fluctuation about the baseline before and after the 

stimulus results from the averaging of binary signals. 
Its amplitude obeys the bionomial distribution; the 

mean amplitude decreases as the inverse square root 
of the number of records. To verify this fact and to 

test our data-reduction procedures, we used a Monte 
Carlo method to construct records of an “artificial 

cell” whose CW and CCW rotation intervals were 

given by exponential distributions. These records 

were processed in the same way as the real data. The 

probabilities computed from artificial and real data 

had similar statistical properties, which agreed with 

theory. 

Impulse Responses of Wild-Type Cells 
The impulse response to attractant stimuli is shown in 

Figure 3A. The same response was observed with 

aspartate and oc-methylaspartate; only the threshold 

concentrations differed. Prior to stimulation, the direc- 
tional bias of the cells averaged 64% CCW. After the 

pulse at time zero (5 set on the scale shown in the 

figure), the probability of spinning CCW rose sharply 
to a maximum value at 0.4 set, then fell in a smooth 

manner, crossing the baseline at 1 set and reaching 

a minimum value at 1.5 set, and finally returning to its 
initial value at approximately 4 sec. The excursion 

below baseline (the response undershoot) is impor- 
tant, because it implies that the chemosensory system 

has adaptive properties in the 1 set time domain (see 

below). The areas of the two lobes of the response 

were equal. 

The impulse response to repellent stimuli is shown 
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Figure 2. Impulse Response of a Single Cell 

A single cell was stimulated 25 times by a pulse given at 5 set 

(vertical line). The graph shows the probability of CCW rotation as a 

function of time, estimated as described in the legend to Figure I_ 

The pipette contained 100 mM a-methyl-o,L-aspartate, a negatively 

charged attractant. Pulses were generated by switching the current 

from 0 to - 100 nA for a period of 100 msec. The discrete layer lines 

that appear in the data are determined by the 26 quantized values 

obtained when 25 binary records are averaged. Data were not 

smoothed. 

100ms impulse of attractant

SM. Block, J. Segall and H. Berg. 

Cell,. 31, 215-226 (1982) 
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• Chemoattractant inhibits intrinsic frequency rotational switch of motor

A small step of chemoattractant increases CCW rotational bias, and reduces tumbling frequency  
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Figure 4. Small-Step Response of Wild-Type Cells 

The probability of spinning CCW is shown as a function of time, with 

stimuli given at 5 set (step mark). The data were smoothed, as 

described in the Experim&tal Procedures. The response to a small 

step increase in concentration of attractant (dotted line) is compared 

with the response predicted from integration of the impulse response 

(solid line). The pipette contained 0.1 mM L-aspartate. Steps were 

generated by switching the current from 0 to a value of -3 nA and 

maintaining that value for at least 10 sec. The experimental probability 

function was constructed from 34 records containing 417 events 

obtained with a single cell: 209 points are displayed. The impulse 

response was integrated from the beginning of the step onward in 

accordance with the convolution theorem (see text). The choices of 

baseline and amplitude for the predicted curve are arbitrary: they 

were scaled to match the baseline and amplitude of the experimental 

data. The impulse response used was similar to that shown in Figure 

3A. It was derived from 237 records containing 4585 events obtained 

with 1 1 different cells. 

motor, and that the mechanism responsible for the 

impulse response overrides the mechanism that gen- 

erates spontaneous reversals. 

Reversal Rate during Impulse Responses 

As noted in the legend to Figure 1, the density of 

points along the time axis of the probability function 

provides an estimate of the average reversal rate. 

Such an estimate is shown in Figure 6, together with 
the repellent response from which it was derived. 

Once again, fluctuations around the baseline reflect 

the underlying statistical process; here, the amplitude 
of the fluctuations obeys a distribution related to the 

Poisson distribution, with a characteristically large 
variance. During the initial phase of the response, the 

reversal rate rose sharply, to a value of greater than 
3 reversals/see/cell, a consequence of the fact that 

cells that happened to be spinning CCW at the time of 

the pulse changed their direction of rotation within a 

narrow time interval. Shortly after the response mini- 
mum, the reversal rate fell to its lowest value, of 

approximately 0.3 reversals/set/cell: the reversal 
rate is actively supressed during the response. A 

subsidiary peak in the reversal rate occurred during 
the overshoot, whereafter the rate returned to its initial 

value. Reversal rates for attractant responses were 
nearly identical, but showed a somewhat less pro- 
nounced initial peak (1 .!?I reversals/set/cell; data not 

shown). We will return to these data later when we 
discuss the two-state system (see Discussion). 

0 

0 5 IO 15 20 

Time kec) 

Figure 5. Stimulation during Either a CCW or a CW Interval 

(A) The individual records used to compute Figure 3A were separated 

into two groups: those for cells that were rotating CCW (solid line) 8 

set after the pulse (at 13 set; vertical line), and those that were 

rotating CW (dotted line). These groups were averaged separately to 

yield the graphs shown. The probability of being in the CCW or the 

CW mode is unity at 13 set and decays exponentially in either 

direction to the baseline, as determined by the autocorrelation func- 

tion (see text). 

(B) The same records were separated into two different groups: those 

for cells that were rotating CCW (solid line) at the time of the stimulus 

pulse (5 set; vertical line), and those that were rotating CW (dotted 

line). Both probabilities decay backwards in time, as in (A), but now 

the curves are nearly identical for times greater than 5.2 set-that 

is, after an interval equal to the response latency. 

Impulse Responses of Mutant Cells 

The impulse response was determined for several 
generally nonchemotactic mutants, provided by J. S. 

Parkinson. Where possible, mutants with nonpolar 

deletions were used to ensure the null phenotype. The 
attractant response of cells carrying cheR-cheB dou- 

ble deletions is shown in Figure 7A. These mutants 

lack genes for both the methyltransferase and the 
methylesterase; they are defective in adaptation. Nev- 

ertheless, they have about the same directional bias 
as the wild-type and respond to large-step stimuli. 

Their impulse response was similar to that of the wild- 

type (Figure 3A); however, the initial peak was longer, 

and the undershoot was substantially smaller, in the 
mutant cells. The degree of undershoot varied from 

cell to cell; when examined individually, the cells 
whose average response is shown in Figure 7A 
showed different degrees of undershoot, ranging from 

none at all to a size comparable with that of the wild- 

type. 
Mutants in cheZ have a large CW bias, high re- 

sponse thresholds and abnormally long response la- 
tencies (Parkinson, 1978; Parkinson and Parker, 

1979; Segall et al., 1982). Very short impulses of L- 

aspartate failed to produce a response; however, 

Regulation of tumbling frequency (B)

tumble

run

run

tumble

�21



Thomas LECUIT   2021-2022

Molecular circuit driving chemotaxis
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R. Phillips, The Molecular Switch: signaling and allostery. Princeton Univ. Press. 2020
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• This requires the « messenger» CheY 

— ligand binding: CheY is unphosphorylated and does not signal: Receptor is OFF, rotation is CCW
— no ligand: CheY is phosphorylated, signals: Receptor is ON, rotation is CW

CheY-P binds the motor and reverses rotation

Regulation of tumbling frequency

R. Phillips, J. Kondev, J. Thériot and H. Garcia. Physical Biology of the Cell. Garland  2012
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Mechanism of motor rotational switch

Y. Chang et al and J. Liu. Nature Structural & Molecular Biology.  27:1041–1047 (2020)

CheY-P has high 
affinity for FliM 
subunit of rotor

Conformational 
change in FliG2 
induced by CheY-P 
binding to FliM 
changes the 
interaction between 
C-Ring and MotQA 
stator units

Regulation of tumbling frequency
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Molecular circuit driving chemotaxis
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• Correlation between Motor rotational bias and CheY-P concentration

P. Cluzel, M. Surette, and S. Leibler, Science, 287:1652, (2000) 

FCS: CheY-GFP concentration
Rotation was monitored with 
latex beads at tip of flagella
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• Ultrasensitive response of motor to CheY-P: 
    

    Steep Input-Output relation
    Hill function: coefficient n≈10
    Kd ~ 3µM

R. Phillips, J. Kondev, J. Thériot and H. Garcia. Physical Biology of the Cell. Garland  2012�26
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• CheZ is a phosphatase that binds to and 
hydrolyses CheY-P

• At steady state, the rates of phosphorylation 
and hydrolysis are equal, so the activity of the 
receptor complex is proportional to the 
concentration of the CheY- ︎P/︎CheZ complex

Measuring CheY-P concentration

Fluorescence Correlation Spectroscopy to measure CheY-GFP concentration as a proxy for CheY-P
P. Cluzel, M. Surette, and S. Leibler, Science, 287:1652, (2000) 

Sourjik, V. & Berg, H. C. Proc. Natl Acad. Sci. USA 99, 123–127 (2002).

Motor ultrasensitivity
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o wt• Receptor binding to chemoattractant 
represses CheY-P activation so FRET level is 
reduced within ~1 s 

• This is followed by slow (minutes time scale) 
recovery of FRET, ie. CheY-P levels increase to 
base line and resets CW bias: adaptation
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• Problem:  
1. The output of the chemotaxis network, the motor, is ultra sensitive: 

operational value of CheY-P is ~3µM
2. Yet, the concentration of CheY-P is variable between cells.  

• Question:

How do cells adjust the motor to the variable concentration of CheY 
such that the chemotactic response is always sensitive?

J. Yuan et al and H. Berg. Nature 484:233-236 (2012)

• Response:
No feedback of motor output on kinase activity. 
The motor adapts its operating point to the output of chemotactic receptor complex, 

the kinase activity.

• Experimental test:

Use cheBcheR mutant cells that are poorly adapting and thus do not maintain a constant steady-state 
concentration of CheY-P 
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• Question:
How do cells adjust the motor to the variable concentration of CheY 
such that the chemotactic response is always sensitive?

• Response:
No feedback of motor output on kinase activity. Instead, the motor itself 
adapts to kinase activity by adjusting the number of FliM subunit in the 
rotor:  A lower concentration of CheY-P causes an increase in FliM 

units so cells increase the number of CheY-P binding sites, ie. their 

sensitivity to CheY-P.

Comparison of CW bias as a 
function of CheY-P before 
stimulation with attractant (red)
After cells were stimulated and 
had partially adapted (green)
Cells become more sensitive fo 
CheY-P (2.7µM instead of 3.1µM).  
Can be modeled by increase of 
FliM subunits from 34 to 36.
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Structural & Molecular Biology.  

27:1041–1047 (2020)

J. Yuan et al and H. Berg. Nature 484:233-236 (2012)

Motor ultrasensitivity and Motor adaptation
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Chemoreceptor physiology
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• Sensitivity - Gain : output/input ratio

• High amplitude range

• Adaptation: reset after input

Key properties of chemotactic network
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Molecular circuit driving chemotaxis
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R. Phillips, The Molecular Switch: signaling and allostery. Princeton Univ. Press. 2020

• Sensitivity
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Two-state allosteric model of chemotaxis

Thomas LECUIT   2021-2022

• Implications: 

In absence of ligand, this is a two-state system set by the energy difference between 
the on and off states and εI -εA>0 which favors the on state.

For attractants, as L increases the receptor off state is favored, thus KI <KA. 

εI and εA can be regulated by covalent modifications of the receptor (methylation). The 

more a receptor is methylated, the more it is in the on state
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i.e., cannot

phosphorylate
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BOUND,
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i.e., cannot

phosphorylate
CheY

UNBOUND,
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i.e., can

phosphorylate
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P P

inactive states active states

STATE WEIGHT STATE WEIGHT

inactive states active states

e–βεI

e–βεIe–β(ε
b
–µ)I

e–βεA

e–βεAe–β(ε
b
 –µ)A

∆ ︎ε =εI -εA: the energy difference between the “inactive” and 

“active” states of the receptor in the absence of ligand.

KI
 , KA

. :affinities of the receptor for the ligand in the 

inactive and active states.

Pactive probability that the receptor is ON

pactive =
1

1+ e−β(εI−εA)
1+

(

c/KI

)

1+
(

c/KA

)

.

KA = c0e
β(εAb −εsol) KI = c0e

β(εIb−εsol)

R. Phillips, The Molecular Switch: signaling and allostery. Princeton Univ. Press. 2020
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Pactive probability that the receptor is active

R. Phillips, The Molecular Switch: signaling and allostery. Princeton Univ. Press. 2020
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Two-state allosteric model of chemotaxis

�33



Thomas LECUIT   2021-2022

Sensitivity - Gain
Amplification by cooperative signaling

Sensitivity: fractional change in 
kinase activity/ fractional change 
in chemoattractant concentration

Binding of one receptor to its ligand affects the conformation of other 
adjacent receptors by allostery

Cooperative interactions among receptors sharpens the response and 
increases its sensitivity

• Two-state model with cooperativity
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R. Phillips, The Molecular Switch: signaling and allostery. Princeton Univ. Press. 2020

Two-state allosteric model of chemotaxis
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800 nm800 nm

100 nm

(A)

(C) outer membrane inner membrane (D)

(B)

E. coli H. hepaticus

S. enterica B. subtilis

flagellum chemoreceptor
array

E coliE coli

S. enterica

J. R. Maddock and L. Shapiro, Science 259:1717, (1993)

Zhang, P. et al. Proc. Natl. Acad. Sci.. 104, 3777–3781 (2007) 

D. Greenfield et al., PLoS Biol. 7:e1000137, (2009) 

Briegel et al., Proc. Natl. Acad. Sci. 109:3766, (2012) 

Amplification by cooperative signaling

R. Phillips, J. Kondev, J. Thériot and H. Garcia. Physical Biology of the Cell. Garland  2012

Chemotaxis: sensitivity - gain
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J. Segall, SM Block and & HC. Berg, Proc. Natl 

Acad. Sci. USA 83, 8987-8991 (1986).

Amplification by cooperative signaling

Chemotaxis: sensitivity - gain

• The gain is extremely large:  

A step change in concentration of aspartate that 
increases the occupancy of the receptors by 1 

molecule (1 part in 600, or 0.0016, assuming 600 
copies of the receptor Tar per cell) transiently 
increases the rotational bias by ≈0.1. 

A ramp that increases the receptor occupancy by as 
little as 1 molecule/second leads to a steady state 
increase in bias pf a similar magnitude (0.1). 

This corresponds to a change in run length by a 

factor of ≈3. 

• Changes in Receptor occupancy up chemical gradients: 

« The changes in receptor occupancy encountered by bacteria swimming 
in spatial gradients (e.g., near the mouth of a capillary tube in the capillary 
assay) are very small. For example, in the tracking experiments, cells about 
0.6 mm from the tip of a capillary tube containing 1 mM aspartate moved 
in a gradient of steepness 0.02 ︎µM/µ︎︎m at a mean concentration of about 8 

µ︎M.  A 10µ︎m run straight up such a gradient would change the 

concentration from 8 to 8.2 µ︎M, i.e., by 2.5%.  Assuming KD values for 

aspartate of 7.1 ︎µM and 62 mM, this step gives a fractional change in 

receptor occupancy of about 0.003. »

Sourjik, V. & Berg, H. C. Proc. Natl Acad. Sci. USA 99, 123–127 (2002).

Wt

removed

added

CheBCheR

0mM 0.1 0.5 1

sensitivity=
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d ln pactive

d ln c
.

Sensitivity: ratio of input change (ligand) to 
output change (CheYP measured by FRET)

�36
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• Sensitivity - Gain : output/input ratio

• High amplitude range

• Adaptation: reset after input

Key properties of chemotactic network
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• Adaptation

Chemoreceptor physiology

R. Phillips, The Molecular Switch: signaling and allostery. Princeton Univ. Press. 2020
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Adaptation
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The evidence/principle
CONCENTRATION HISTORY
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• (A)-(B) Cells respond to an increased concentration of 
attractant (c2) by lowering activity

   (reduced FRET reflects reduced CheY-P concentration)

• (B)-(C) Then cells restore/reset their activity: they adapt to the 
new stable concentration c2

(A) (B)    (C) 

tumble

run

R. Phillips, The Molecular Switch. Princeton Univ. Press. 2020

Sourjik, V. & Berg, H. C. Proc. Natl Acad. Sci. USA 99, 123–127 (2002).
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• Adaptation requires reversible methylation of the 
chemoreceptors by methylation enzyme CheR and the 
demethylase CheB

• CheR adds methyl when the receptor is inactive

• CheB is activated (-P) by the active receptor (bound 
ligand), and removes methyl.

Alon, U, Surette, MG, Barkai, N, & Leibler, S  Nature 397, 168. (1999)
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• Adaptation time decreases as CheR concentration increases
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The mechanism

• Core of adaptation: Resetting

• Methylation is updated by receptor activity (and 

ligand binding): The demethylase CheB is regulated 
by phosphorylation by CheA, and thus by ligand 
binding to the receptor. 

• Without ligand, the receptor is on, CheA is active 
and so CheB is more active as a demethylase, and 
will convert the receptor into the off state. The 
response is damped.

Adaptation

Active

Inactive

P P

M

M

P

CheR

CheB-P

• Conversely, with attractant, the receptor is off, 
CheB is less active, methylation accumulates, and 
the receptor becomes on. 

R. Phillips, The Molecular Switch. Princeton Univ. Press. 2020

εI

εA
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The mechanism

Adaptation

1.0

0.8

0.6

0.4

0.2

0.0

10–5

10–6

10–7

10–710–9 10–5 10–3

c
o
n
c
e
n
tr

a
ti

o
n
 (

M
)

0 10 20 30 40 50

position (µm) chemoattractant concentration (M)

c0 = 7.4×10–8 M

c0 = 9.4×10–7 M

c0 = 2.7×10–6 M

c0 = 6.5×10–6 M

Δε = 0 kBT
Δε = 10 kBT
Δε = 20 kBT
Δε = 30 kBT

a
c
ti

v
it

y

c(x)= c0 + kx,
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• In the same concentration gradient 
cells have different input-output 
function when the background 
concentration is different.
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• This can be explained in terms of a 
different energy difference       =.   -  
between the active and inactive states 
of the receptor in absence of ligand.
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R. Phillips, The Molecular Switch. Princeton Univ. Press. 2020
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Mechanism of Adaptation
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]: active
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• Two state model of precise adaptation: 

Methylation of receptor reflects ratio of CheB and CheR

Negative feedback: Demethylation mediated by CheB only 
happens in the active state of the receptor.  As a result, if the 
ligand concentration changes, the number of active receptors 
XA will change, and so will the ratio of CheB and CheR. 
Therefore, the number of methylated active receptor will 
change in opposite direction. 

For instance, if chemoattractant increases, inactive receptors 
go up, but meanwhile, CheR will win over CheB which is less 
active, so overtime more active receptor XA.

R. Phillips, J. Kondev, J. Thériot and H. Garcia. Physical Biology of the Cell. Garland  2012
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The mechanism

Adaptation
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The mechanism

Adaptation
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• Indeed, a higher ambiant concentration of the ligand increases the EC50 in stepwise 
increase in ligand concentration

Sourjik, V. & Berg, H. C. Proc. Natl Acad. Sci. USA 99, 123–127 (2002).

Keymer, J et al. & Wingreen, N. Proc. Natl Acad. Sci. USA 103, 1786-1791 (2006)

R. Phillips, The Molecular Switch. Princeton Univ. Press. 2020
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Adaptation allows cells to sense over a wide range of concentration
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1102 WEIS AND KOSHLAND

K:

FIG. 2. The response times of wild-type E. coli and tars-con-
taining cells to aspartate stimuli were measured by the tethering
assay. The response time to a positive stimulus is the period of time
between the first detection of the stimulus (100% CCW rotation) and
the onset of the adapted state (the first CCW -> CW transition).
Response times were measured for a series of aspartate stimuli (0 to
0.5 p.M, 0.5 to 5 p.M, 5 to 100 ,uM, and 0 to 100 ,uM). Error bars are

one standard deviation.

the wild-type S. typhimurium receptor (wt-Tar,), or the
mutant receptor (m-Tars), in response to a variety of aspar-
tate stimuli (0 to 0.5 ,uM, 0.5 to 5 ,uM, 5 to 100 ,uM, and 0 to
100 ,uM). They are essentially indistinguishable. Even
though the strains have the wild-type level, above the
wild-type level, and below the wild-type level, respectively,
of CW rotation before stimulation, they return to those
levels in essentially the same period of time after stimula-
tion. This is consistent with the observation that the overall
rates of methylation of wt-Tar. and m-Tars are the same (23).
Furthermore, it is consistent with the notion that the amount
of the Tar protein participating in the response is similar in
all three strains, since it has been shown previously that the
response time to an aspartate stimulus depends on the
concentration of the receptor in the cell (13).

Methylation levels. Total levels of receptor methylation
were determined in order to obtain an independent estimate
of Tar in the membrane. In the absence of aspartate,
methylation levels were close to their expected values. Since
wt-Tare was present in an E. coli strain (RP437) that had a

serine receptor and the Tar. receptors were added back to a

strain in which the serine receptor was deleted (RP4372), the
total level of methylation in the absence of aspartate was

lower in the tars cells than in wild-type E. coli. The effect of
the serine receptor was taken into account by comparing the
difference between unstimulated and aspartate-stimulated
levels of methylation. It was assumed that the aspartate
stimulus did not affect the level of methylation on the serine
receptor. The difference in the level of methylation for
aspartate-stimulated cells minus unstimulated cells was sim-
ilar, and the variation in the differences was smaller than the
experimental errors in the absolute values. Thus, the differ-
ences in the methylation were not so precisely determined as

to require a correction for the effects of receptor interaction,
where it has been determined that small increases in meth-
ylation on the serine receptor occurred as a result of a

positive aspartate stimulus mediated through Tar (14). The
total level of methylation was consistent with the response

.1.

Nt

FIG. 3. The swarm rates (mm/h) of wild-type E. coli (RP437), an
E. coli tar tsr mutant lacking aspartate and serine receptor function
(RP4372), and two modified strains of RP4372 that contained tars
were compared. The tars-containing RP4372 cells carried an
M13mp8 phage that had a wild-type tars (wt-tar.) or an altered tars
(m-tar., Thr-313 and Ala-312 interchanged) insert. Swarm rates were
measured in a warm room (30° C) in the presence of either 100 p.M
aspartate, 100 ,uM serine, or in the absence of any added attractant.
Rates were measured in triplicate. Error bars are one standard
deviation.

times, indicating that Tar was present in similar amounts in
each of the cells.
Swarm rates. Measurements of the swarm rates are dis-

played in Fig. 3. The swarm rates of all three strains are
enhanced in an aspartate gradient relative to no attractant.
The E. coli wild-type strain has the serine receptor, so it
responds to serine, whereas the Salmonella receptor was
introduced into the tar tsr strain, so it does not respond. The
similarity of the wt-Tare and wt-Tars responses on swarm
plates containing 100 ,uM aspartate indicate that the absence
of the serine and dipeptide receptors has little effect on the
aspartate response at this concentration of aspartate. In the
swarm plates, cells with m-Tars receptors respond to the
aspartate gradient less well than cells with either the wt-Tars
or wt-Tare receptors.
When the aspartate gradient was varied (Fig. 4), there was

a slight difference in rates, but, in general, the m-tars cell was
somewhat less efficient. At low and moderate aspartate
concentrations (up to 100 puM aspartate), the wild type
swarmed better than either tars construct, but at higher
concentrations of aspartate (500 and 1,000 ,uM), the swarm
rates of the tars-containing cells equaled or bettered the
wild-type rate. Since the swarm plate assay requires the
growth of a bacterial colony to create an aspartate gradient,
other gradients will form along with the intended gradient,
e.g., pH, oxygen, etc. Signals transmitted through the aspar-
tate receptor undoubtedly played an important role at low
aspartate concentrations. To see this, compare the swarm
rates of bacteria in the absence of an added attractant (Fig.
3). tar-tsr- bacteria (also tap-) had the smallest swarm rate;
the introduction of either wt-tars or m-tars increased the
swarm rate significantly, and in wild-type cells, which con-
tained both tar and tsr (and tap), the swarm rate was larger
yet. Although the swarm assay proved that the tars-con-
taining cells possessed significant chemotactic ability, the
gradient conditions of the swarm assay were not defined,
especially at low aspartate concentrations where other gra-
dients competed and influenced cell behavior.

J. BACTERIOL.
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Adaptation is required for chemotaxis 

• Cells that can adapt but have a different tumbling frequency 
from wild type are chemotactic (they can go up a gradient of 
attractant)

CW bias in wildtype E. coli 37%, 
E. Coli expressing wt or mutant Salmonella Tar receptor wt Tars 56%, 

and mutant mTars 18%

Yet, all cells show similar chemotactic response: response or adaptation 
time

Weis, R. M. & Koshland, D. E.  J. Bacteriol. 172, 1099±1105 (1990).

86 Biochemistry: Weis and Koshland

Table 1. Dependence on the rate of downward swimming (V) on
cell behavior

L-Aspartate, Relevant Swimming
Strain AM mutation behavior V, um/s

RP2898 0 AcheA-cheW Smooth 1.49
RP1273 500 tap cheR cheB Smooth 1.15
RP1273 100 tap cheR cheB Smooth 0.67
RP437 0 Wild type Random 0.12
RP1273 0 tap cheR cheB Tumbling 0.09
RP4493 0 flaA Tumbling 0.07
MS4136 0 flaI Nonmotile 0.10

Random swimming behavior is smooth swimming in alternation
with tumbling.

Sometimes nonuniform initial distributions of cells and
attractant are used. If cells are placed in the bottom halfofthe
cuvette and aspartate is placed in the top half, the wild-type
cells accumulate in the aspartate-rich portion of the cuvette.
This is observed with both small (<1 ,M) and large (>100
,uM) increases in the concentration of aspartic acid. The
Tr-Es- mutant is observed to enter the aspartate-rich region
of the cuvette only when a large saturating concentration of
aspartate is present in the top half of the cuvette (Fig. 4) and
can be detected reliably only when a relatively high concen-
tration of cells is used (2 x 107 cells per ml).

Finally, wild-type cells and Tr-Es- mutants were com-
pared in an exponential gradient that decreased from a
plateau concentration of 10 ,uM to <1 ,AM aspartate. Wild-
type cells accumulate at the top of the gradient (Fig. 5), as
expected, but there is no detectable redistribution of the
Tr-Es- mutant.

DISCUSSION
The findings that methylation is correlated with chemotactic
ability but that chemotaxis can occur in the absence of
methylation leads to the following hypotheses: (i) The
Tr-Es- mutants are "leaky," and a small amount of trans-
ferase or esterase activity explains the poor but real chemo-
taxis. (ii) Chemotaxis to aspartate is actually eliminated but
there is some other sensing process, such as oxygen taxis,
which is affected in an aspartate-dependent manner. (iii)
Sensing depends on a methylation-independent excitation
system, in which methylation is used only to maintain the
optimum tumble frequency for chemotaxis over a wider
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chemoeffector range and is not involved in temporal com-

parisons. (iv) Methylation is essential for normal chemotaxis
but there is a backup system, which can function in the
absence of methylation and which is not as efficient as the
methylation-dependent system.

Hypothesis (i). The "leakiness" of the mutants could have
arisen in a number of ways: (a) the initial double-mutant
strain contains a small amount of transferase and/or esterase
activity; (b) the specific chemotaxis methylation enzymes are

absent but there is a nonspecific methylation system that can
partially mimic the specific chemotaxis system; or (c) there
is a nonspecific esterase that can hydrolyze the amide bonds
of the receptor to give an equivalent partial demethylation
response. All of these alternatives have been eliminated by
the results of the sensitive assays used to detect residual
methyltransferase and esterase activity. Moreover, the find-
ing that one of the mutants (RP4969) contains a small amount
of esterase activity and behaves the same as the tight Tr-Es-
mutant (RP1273) indicates that leakiness cannot explain the
chemotactic ability of the mutants. Thus, the behavioral
properties of the mutant take place in the absence of
reversible covalent modification.

Hypothesis (u). This second possibility could play a role in
some of the previous results. Swarm rates depend on the rate
of metabolism and growth of the colony as well as chemo-
tactic ability. Moreover, a number ofgradients are generated,
such as repellent gradients, in addition to the particular
chemical being tested. For example, oxygen gradients are

present at the edge of a swarm, and oxygen is known to be
processed by a signaling system that is normally methylation
independent (24). Inspection of Fig. 2 shows that the swarm
rate of wild type in the absence of any intentionally added
attractant is significant and, in fact, exceeds the swarm rate
of the Tr-Es- mutants in the presence of aspartate. Some of
the enhanced rate of swarming in the presence of aspartate in
swarm plates might be aspartate-facilitated chemotaxis to
other chemoeffectors but the data of Figs. 4 and 5 show that
this factor can be eliminated, in which case aspartate taxis
occurs only in special circumstances. This eliminates hy-
pothesis ii.

Hypothesis (iii). By using an initial cell distribution that is
uniform, the consumption of nutrients and the production of
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significantly faster. Without aspartate or serine, swarming of
the Tr-Es- mutants is 20-30% of wild type. With 100 ILM
aspartate in the medium, the swarm rate ofwild-type bacteria
increases by 200o, while the swarm rate of the Tr-Es-
mutants increases by 20-50%. Thus, there is an effect of
aspartic acid on the Tr-Es- mutant, but the effect is
relatively small.
The ability of bacteria to adapt to changes in the aspartate

concentration has been measured by tethering (10, 13), and
the responses of two representative bacteria are recorded in
Fig. 2. Wild-type bacteria are observed to respond transiently
regardless ofthe sign and magnitude ofthe stimulus (Fig. 2A).
During adaptation, the percentage counterclockwise (CCW)
rotation (which is related inversely to the tumble frequency)
of the bacterium returns to the prestimulus level, which has
an average value of 75% CCW. In the case of the Tr-Es-
mutant, the percentage CCW rotation in the absence of
aspartate is usually lower than wild type (Fig. 2B) and is a
function of the aspartate concentration. The Tr-Es- mutant
(RP1273) responds to increases in aspartate concentration
over the range from 1 to 20 ,uM but differs significantly from
wild type by only adapting partially. Partial adaptation is
defined as responses that reach a maximum and then de-
crease but never return completely to the prestimulus level.
At higher concentrations (>25 ,uM), the bacteria respond but
cannot adapt and remain 100%o CCW until the stimulus is
removed. These results confirm previous findings that the
double mutant can respond to aspartate, but its ability to
adapt is impaired (10, 13).
When bacteria are observed in spatial gradients by the

method of Dahlquist et al. (14), the differences between wild
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type and the Tr-Es- mutant become more apparent. When
the double-mutant strains are subjected to stepwise changes
in the concentration of aspartate, such as 0-1 ,uM, 0-5 ,uM,
2-5 ,uM, and 0-10 AM, no detectable response is observed,
but under the same conditions wild-type bacteria respond
well. Wild-type cells are observed to move from the aspar-
tate-poor region ofthe cuvette to the aspartate-rich region, as
shown in Fig. 3B, for a 0-50 ,M L-aspartate gradient, and the
rates of cell accumulation and cell depletion are equal (800
cells per s; Fig. 3C).

In the same gradient, a clear time-dependent depletion of
the Tr-Es- mutant is observed (200 cells per s; Fig. 3C), but
no significant accumulation of cells occurs in the aspartate-
containing portion of the cuvette (see Fig. 3A). This unex-
pected redistribution of the mutant cells is accountable to the
different rates of downward movement of'smooth-swimming
and tumbling cells, not by chemotaxis. This was verified
explicitly by filling the bottom half of the cuvette with cells
and measuring their rate of movement down the cuvette (due
to gravity) either in the presence or in the absence of a
uniform saturating concentration of aspartate (cf. Table 1).
The rate of swimming downward of RP1273 increases dra-
matically in the presence of saturating aspartate concentra-
tions and accounts for the observed depletion of the Tr-Es-
mutants in the region of the cuvette where the aspartate
concentration changes (Fig. 3 A and C). The relatively rapid
rate of downward swimming of smooth-swimming cells has
been attributed to an average downward orientation caused
by the unequal buoyancy ofthe cell body and the flagella (23).
The frequent reorientation of tumbling cells retards their
movement down the cuvette, since a nonmotile flal strain
sediments at a rate faster than tumbling cells (see Table 1).
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FIG. 2. Adaptation of wild type (RP437) and a Tr-Es- mutant
(RP1273) to aspartate stimuli is measured by the tethering assay,
which makes the rotational bias of a single flagellar motor visible.
The % CCW rotation of a bacterium is related inversely to its tumble
frequency. The average % CCW rotation (over a 15-s interval) of
bacteria anchored to a glass coverslip by a single flagellum with
a-flagellin antibody is plotted as a function of time (min) and
aspartate concentration for a representative wild-type bacterium (A)
and the Tr-Es- mutant (B). Measurements were made at 22° C. The
aspartate concentration (puM) flowing past the bacterium is indicated
in the figure. Changes in concentration are noted by arrows (in-
creases, T; decreases, ) at the times indicated by the dashed
vertical lines.
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FIG. 3. Responses of the Tr-Es- mutant (RP1273) and wild-type
(RP437) bacteria to steep saturating gradients of aspartate. (A and B)
The responses of wild type at 10 min (B) and the mutant at 21 min (A)
to a steep increase in the concentration of aspartate (0-50 AM) are
recorded by the change in an initially uniform distribution of cells (2
x 106 cells per ml) as a function of time and position in the cuvette.
The right and left sides ofA and B correspond to top and bottom of
the cuvette, respectively (of the central 6 cm of 10 cm in the cuvette).
Migrations are measured at 22° C + 1° C. The initial distribution of
aspartate is indicated below each trace of cell concentration. (C) Cell
redistribution is plotted as the peak area (number of cells) versus time
(min) for wild type (o, accumulation; o, depletion) and the Tr-Es-
mutant (o).
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FIG. 4. Swarm rates as a function of aspartate concentration for

wild-type E. coli (0), cells with wt-tar5 (O), and cells with m-tar,
(O). Cells were grown in a 30° C incubator, except for brief mea-

surements at room temperature. Error bars are the standard error of
the mean of three measurements.

Defined gradient chemotaxis. A more controlled test of the
chemotactic ability of the tars cells toward aspartate was

used. The ability of cells to move up exponential gradients of
aspartic acid was monitored by light scattering. In Fig. 5, the
distribution of bacteria is plotted as functions of the position
in the cuvette. The approximate concentration profile is
indicated at the bottom of Fig. 5 (50 ,uM plateau; the 1/e
distance = 2 cm). The number of cells at the top of the
gradient was estimated by the area under the peak. The peak
areas are plotted as a function of time in Fig. 6. The rates of
movement up the gradient were approximately constant for
the first 50 min of the assay and were obtained from a linear
regression analysis of the data (Fig. 6). The average of four
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FIG. 5. The top two traces in each of the three panels show the
redistribution of bacteria in an exponential gradient of aspartic acid.
The traces were obtained at 7 min (left), 22 min (middle), and 42 min
(right). The tar. cells, containing wt-tarS (middle traces) and m-tar,
(top traces), accumulated at the top of the exponential gradient,
which is represented in the bottom traces of each panel. The
abscissa in each panel is the distance from the bottom to the top of
the region scanned in the cuvette, 6 cm. The aspartic acid decreased
exponentially toward the bottom of the cuvette (the left end of each
panel) with a 1/e distance of 2 cm, from a 50 ,uM plateau at the top
of the cuvette (the right end of each panel).
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FIG. 6. Measurements of the rate of redistribution of cells in a

defined exponential aspartate gradient by light scattering. Exponen-
tial gradients were of the form described in Fig. 5. Redistribution of
wild-type E. coli (l) and E. coli cells with wt-tar, (0) and m-tarS (0)
were measured. Typical data of each strain are plotted.

experiments yielded the rates 1,200 ± 400; 1,300 ± 400; and
2,300 ± 100 cells per s for cells expressing wt-Tare, wt-Tarr,
and m-Tars, respectively (rate ± standard deviation). These
numbers represent the increase per second in the number of
cells at the top of the gradient. Not surprisingly, the wt-tars
and wt-tare cells moved up this gradient at an equivalent
rate, but it was surprising to find that the m-tar, cells moved
up the gradient at almost two times the rate of wild type.
This was apparently not a strong function of the steepness of
the gradient. The respective rates of movement of the m-tars
cells and the wt-tars cells across a 0 to 50 ,uM stepwise
increase in the aspartate concentration were 4,800 cells per s

and 2,600 cells per s (5 x 106 cells per ml), very similar to the
rates of movement in the exponential gradient in relative
terms. Movement of wild-type cells in the same gradient had
been previously measured to be about 800 cells per s at a

concentration of 2 x 106 cells per ml (25). This would be
equivalent to 2,000 cells per ml at a bacteria concentration of
5 x 106 cells per ml, assuming that the rate of accumulation
is independent of cell concentration.

DISCUSSION

The effect on the chemotactic ability of E. coli of varying
the fraction of time a cell spends tumbling was studied in
three different receptors in an otherwise similar signaling
system. The wild-type E. coli signaling system was present
in all cases. Three different strains had three different
steady-state adapted levels of tumbling. The E. coli wild-
type cell with wt-Tare gave the wild-type level. The wild-
type S. typhimurium aspartate receptor (wt-Tarj) gave a

higher tumbling level in the E. coli cell. A mutant S.
typhimurium receptor (m-Tars) in which a small sequence

change was made, from Ala-312-Thr-313 to Thr-312-Ala-
313, gave a level of tumbling and a tumble frequency (as
defined in Results) much lower than the wild type.
When these strains were tested for chemotaxis by re-

sponse times by using tethering assays, swarm rates in agar

gel plates, and migration up a defined gradient, they behaved
similarly, showing excellent chemotaxis in all three cases.

However, there were some differences. The m-tar, strain
migrated more rapidly in the defined gradient and less well
than the other two in the agar swarm plate assay. The low
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wild-type E. coli (0), cells with wt-tar5 (O), and cells with m-tar,
(O). Cells were grown in a 30° C incubator, except for brief mea-

surements at room temperature. Error bars are the standard error of
the mean of three measurements.

Defined gradient chemotaxis. A more controlled test of the
chemotactic ability of the tars cells toward aspartate was

used. The ability of cells to move up exponential gradients of
aspartic acid was monitored by light scattering. In Fig. 5, the
distribution of bacteria is plotted as functions of the position
in the cuvette. The approximate concentration profile is
indicated at the bottom of Fig. 5 (50 ,uM plateau; the 1/e
distance = 2 cm). The number of cells at the top of the
gradient was estimated by the area under the peak. The peak
areas are plotted as a function of time in Fig. 6. The rates of
movement up the gradient were approximately constant for
the first 50 min of the assay and were obtained from a linear
regression analysis of the data (Fig. 6). The average of four
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FIG. 5. The top two traces in each of the three panels show the
redistribution of bacteria in an exponential gradient of aspartic acid.
The traces were obtained at 7 min (left), 22 min (middle), and 42 min
(right). The tar. cells, containing wt-tarS (middle traces) and m-tar,
(top traces), accumulated at the top of the exponential gradient,
which is represented in the bottom traces of each panel. The
abscissa in each panel is the distance from the bottom to the top of
the region scanned in the cuvette, 6 cm. The aspartic acid decreased
exponentially toward the bottom of the cuvette (the left end of each
panel) with a 1/e distance of 2 cm, from a 50 ,uM plateau at the top
of the cuvette (the right end of each panel).
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FIG. 6. Measurements of the rate of redistribution of cells in a

defined exponential aspartate gradient by light scattering. Exponen-
tial gradients were of the form described in Fig. 5. Redistribution of
wild-type E. coli (l) and E. coli cells with wt-tar, (0) and m-tarS (0)
were measured. Typical data of each strain are plotted.

experiments yielded the rates 1,200 ± 400; 1,300 ± 400; and
2,300 ± 100 cells per s for cells expressing wt-Tare, wt-Tarr,
and m-Tars, respectively (rate ± standard deviation). These
numbers represent the increase per second in the number of
cells at the top of the gradient. Not surprisingly, the wt-tars
and wt-tare cells moved up this gradient at an equivalent
rate, but it was surprising to find that the m-tar, cells moved
up the gradient at almost two times the rate of wild type.
This was apparently not a strong function of the steepness of
the gradient. The respective rates of movement of the m-tars
cells and the wt-tars cells across a 0 to 50 ,uM stepwise
increase in the aspartate concentration were 4,800 cells per s

and 2,600 cells per s (5 x 106 cells per ml), very similar to the
rates of movement in the exponential gradient in relative
terms. Movement of wild-type cells in the same gradient had
been previously measured to be about 800 cells per s at a

concentration of 2 x 106 cells per ml (25). This would be
equivalent to 2,000 cells per ml at a bacteria concentration of
5 x 106 cells per ml, assuming that the rate of accumulation
is independent of cell concentration.

DISCUSSION

The effect on the chemotactic ability of E. coli of varying
the fraction of time a cell spends tumbling was studied in
three different receptors in an otherwise similar signaling
system. The wild-type E. coli signaling system was present
in all cases. Three different strains had three different
steady-state adapted levels of tumbling. The E. coli wild-
type cell with wt-Tare gave the wild-type level. The wild-
type S. typhimurium aspartate receptor (wt-Tarj) gave a

higher tumbling level in the E. coli cell. A mutant S.
typhimurium receptor (m-Tars) in which a small sequence

change was made, from Ala-312-Thr-313 to Thr-312-Ala-
313, gave a level of tumbling and a tumble frequency (as
defined in Results) much lower than the wild type.
When these strains were tested for chemotaxis by re-

sponse times by using tethering assays, swarm rates in agar

gel plates, and migration up a defined gradient, they behaved
similarly, showing excellent chemotaxis in all three cases.

However, there were some differences. The m-tar, strain
migrated more rapidly in the defined gradient and less well
than the other two in the agar swarm plate assay. The low
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FIG. 4. Swarm rates as a function of aspartate concentration for

wild-type E. coli (0), cells with wt-tar5 (O), and cells with m-tar,
(O). Cells were grown in a 30° C incubator, except for brief mea-

surements at room temperature. Error bars are the standard error of
the mean of three measurements.

Defined gradient chemotaxis. A more controlled test of the
chemotactic ability of the tars cells toward aspartate was

used. The ability of cells to move up exponential gradients of
aspartic acid was monitored by light scattering. In Fig. 5, the
distribution of bacteria is plotted as functions of the position
in the cuvette. The approximate concentration profile is
indicated at the bottom of Fig. 5 (50 ,uM plateau; the 1/e
distance = 2 cm). The number of cells at the top of the
gradient was estimated by the area under the peak. The peak
areas are plotted as a function of time in Fig. 6. The rates of
movement up the gradient were approximately constant for
the first 50 min of the assay and were obtained from a linear
regression analysis of the data (Fig. 6). The average of four
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FIG. 5. The top two traces in each of the three panels show the
redistribution of bacteria in an exponential gradient of aspartic acid.
The traces were obtained at 7 min (left), 22 min (middle), and 42 min
(right). The tar. cells, containing wt-tarS (middle traces) and m-tar,
(top traces), accumulated at the top of the exponential gradient,
which is represented in the bottom traces of each panel. The
abscissa in each panel is the distance from the bottom to the top of
the region scanned in the cuvette, 6 cm. The aspartic acid decreased
exponentially toward the bottom of the cuvette (the left end of each
panel) with a 1/e distance of 2 cm, from a 50 ,uM plateau at the top
of the cuvette (the right end of each panel).
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defined exponential aspartate gradient by light scattering. Exponen-
tial gradients were of the form described in Fig. 5. Redistribution of
wild-type E. coli (l) and E. coli cells with wt-tar, (0) and m-tarS (0)
were measured. Typical data of each strain are plotted.

experiments yielded the rates 1,200 ± 400; 1,300 ± 400; and
2,300 ± 100 cells per s for cells expressing wt-Tare, wt-Tarr,
and m-Tars, respectively (rate ± standard deviation). These
numbers represent the increase per second in the number of
cells at the top of the gradient. Not surprisingly, the wt-tars
and wt-tare cells moved up this gradient at an equivalent
rate, but it was surprising to find that the m-tar, cells moved
up the gradient at almost two times the rate of wild type.
This was apparently not a strong function of the steepness of
the gradient. The respective rates of movement of the m-tars
cells and the wt-tars cells across a 0 to 50 ,uM stepwise
increase in the aspartate concentration were 4,800 cells per s

and 2,600 cells per s (5 x 106 cells per ml), very similar to the
rates of movement in the exponential gradient in relative
terms. Movement of wild-type cells in the same gradient had
been previously measured to be about 800 cells per s at a

concentration of 2 x 106 cells per ml (25). This would be
equivalent to 2,000 cells per ml at a bacteria concentration of
5 x 106 cells per ml, assuming that the rate of accumulation
is independent of cell concentration.

DISCUSSION

The effect on the chemotactic ability of E. coli of varying
the fraction of time a cell spends tumbling was studied in
three different receptors in an otherwise similar signaling
system. The wild-type E. coli signaling system was present
in all cases. Three different strains had three different
steady-state adapted levels of tumbling. The E. coli wild-
type cell with wt-Tare gave the wild-type level. The wild-
type S. typhimurium aspartate receptor (wt-Tarj) gave a

higher tumbling level in the E. coli cell. A mutant S.
typhimurium receptor (m-Tars) in which a small sequence

change was made, from Ala-312-Thr-313 to Thr-312-Ala-
313, gave a level of tumbling and a tumble frequency (as
defined in Results) much lower than the wild type.
When these strains were tested for chemotaxis by re-

sponse times by using tethering assays, swarm rates in agar

gel plates, and migration up a defined gradient, they behaved
similarly, showing excellent chemotaxis in all three cases.

However, there were some differences. The m-tar, strain
migrated more rapidly in the defined gradient and less well

than the other two in the agar swarm plate assay. The low
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wild-type E. coli (0), cells with wt-tar5 (O), and cells with m-tar,
(O). Cells were grown in a 30° C incubator, except for brief mea-

surements at room temperature. Error bars are the standard error of
the mean of three measurements.

Defined gradient chemotaxis. A more controlled test of the
chemotactic ability of the tars cells toward aspartate was

used. The ability of cells to move up exponential gradients of
aspartic acid was monitored by light scattering. In Fig. 5, the
distribution of bacteria is plotted as functions of the position
in the cuvette. The approximate concentration profile is
indicated at the bottom of Fig. 5 (50 ,uM plateau; the 1/e
distance = 2 cm). The number of cells at the top of the
gradient was estimated by the area under the peak. The peak
areas are plotted as a function of time in Fig. 6. The rates of
movement up the gradient were approximately constant for
the first 50 min of the assay and were obtained from a linear
regression analysis of the data (Fig. 6). The average of four
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FIG. 5. The top two traces in each of the three panels show the
redistribution of bacteria in an exponential gradient of aspartic acid.
The traces were obtained at 7 min (left), 22 min (middle), and 42 min
(right). The tar. cells, containing wt-tarS (middle traces) and m-tar,
(top traces), accumulated at the top of the exponential gradient,
which is represented in the bottom traces of each panel. The
abscissa in each panel is the distance from the bottom to the top of
the region scanned in the cuvette, 6 cm. The aspartic acid decreased
exponentially toward the bottom of the cuvette (the left end of each
panel) with a 1/e distance of 2 cm, from a 50 ,uM plateau at the top
of the cuvette (the right end of each panel).
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defined exponential aspartate gradient by light scattering. Exponen-
tial gradients were of the form described in Fig. 5. Redistribution of
wild-type E. coli (l) and E. coli cells with wt-tar, (0) and m-tarS (0)
were measured. Typical data of each strain are plotted.

experiments yielded the rates 1,200 ± 400; 1,300 ± 400; and
2,300 ± 100 cells per s for cells expressing wt-Tare, wt-Tarr,
and m-Tars, respectively (rate ± standard deviation). These
numbers represent the increase per second in the number of
cells at the top of the gradient. Not surprisingly, the wt-tars
and wt-tare cells moved up this gradient at an equivalent
rate, but it was surprising to find that the m-tar, cells moved
up the gradient at almost two times the rate of wild type.
This was apparently not a strong function of the steepness of
the gradient. The respective rates of movement of the m-tars
cells and the wt-tars cells across a 0 to 50 ,uM stepwise
increase in the aspartate concentration were 4,800 cells per s

and 2,600 cells per s (5 x 106 cells per ml), very similar to the
rates of movement in the exponential gradient in relative
terms. Movement of wild-type cells in the same gradient had
been previously measured to be about 800 cells per s at a

concentration of 2 x 106 cells per ml (25). This would be
equivalent to 2,000 cells per ml at a bacteria concentration of
5 x 106 cells per ml, assuming that the rate of accumulation
is independent of cell concentration.

DISCUSSION

The effect on the chemotactic ability of E. coli of varying
the fraction of time a cell spends tumbling was studied in
three different receptors in an otherwise similar signaling
system. The wild-type E. coli signaling system was present
in all cases. Three different strains had three different
steady-state adapted levels of tumbling. The E. coli wild-
type cell with wt-Tare gave the wild-type level. The wild-
type S. typhimurium aspartate receptor (wt-Tarj) gave a

higher tumbling level in the E. coli cell. A mutant S.
typhimurium receptor (m-Tars) in which a small sequence

change was made, from Ala-312-Thr-313 to Thr-312-Ala-
313, gave a level of tumbling and a tumble frequency (as
defined in Results) much lower than the wild type.
When these strains were tested for chemotaxis by re-

sponse times by using tethering assays, swarm rates in agar

gel plates, and migration up a defined gradient, they behaved
similarly, showing excellent chemotaxis in all three cases.

However, there were some differences. The m-tar, strain
migrated more rapidly in the defined gradient and less well
than the other two in the agar swarm plate assay. The low
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Chemotaxis entails detection of a temporal gradient

Thomas LECUIT   2021-2022

(A) (B) (C)

Salmonella typhimurium R. Macnab. D.E. Koshland. PNAS. 69:2509-2512 (1972) 

• Bacteria detect a temporal change in concentration of chemoattractant

• As they navigate in space, they detect in time different concentrations

• This requires comparison of 2 measurements and memory

NATURE VOL. 239 OCTOBER 27 1972 

AW405 
Wild type 
29.5s 
26 runs 
Mean speed 21.2 µm/s 

50µm 

CheC491 
Nonchemotactic mutant 
7.2s 
I run 
Mean speed 31.3 µm/s 

50µm 

501 

. 
'· 

~-------------<----------------~----------------------------

Fig. 1 Digital plots of the displacement of a wild type bacterium, A W405, and a generally nonchemotactic mutant, cheC 497, at the rate of 
12.6 words (data points) per second. Tracking began at the points indicated by the large dots. The plots are planar projections of three-
dimensional paths. If the left and upper panels of each figure are folded out of the page along the dashed lines, the projections appear in 
proper orientation on three adjacent faces of a cube. The cultures were grown in a minimal salts medium on glycerol, threonine, leucine, 
and histidine, as described by Hazelbauer et al.10

• They were washed twice at 4° C with a solution containing 10-2 M sodium phosphate 
(pH 7.0), 10-4 M EDTA (ethylenediamine tetraacetate) and 10-3 M magnesium sulphate and diluted at room temperature to an optical 
density of0.01 (590 nm) in a solution containing 10-2 M sodium phosphate(pH 7.0), 10-4 M EDTA,and 0.18 % (w/v) hydroxypropyl methyl-
cellulose (Dow Methocel 90 HG). They were tracked as such at 32.0° (viscosity 2.7 cp) in a tantalum and glass chamber 2 mm in diameter 

and 2 mm high. 

analysis ignores the smallest changes (Table 1, legend). Changes 
in direction also occur during runs (Table 1). The drift is about 
what one would expect from rotational diffusion: the root-

mean-square angular deviation of a 2 µm diameter sphere 
occurring int sec in a medium of viscosity 2.7 cp at 32° C is 29 
ytdegrees. 

1 
13,,-;;~,~-

01----------------~-~---~~ 

3 

00~------------r----------~ 

Fig. 2 The speed of the wild type bacterium of Fig. I displayed 
by an analogue monitor. The recording has been divided into 
three parts, each 9.8 s long; the figure should be read from left 
to right and top down. Twiddles occurred during the intervals 
indicated by the bars. Note the consequent changes in speed. 
The longest run can be seen at the left end of the bottom trace. 
It appears in the upper panel of Fig. 1 angling downwards and 
slightly to the left, five runs from the end of the track. It is 45 

words or 3.57 s long. 

The shortest twiddles and the shortest runs are the most 

probable (Fig. 4). The distribution of twiddle lengths is 

exponential (Fig. 4a). The distribution of run lengths is 
exponential for unc 602 (not shown) but only approximately 
so for AW405 (Fig. 4b). If for AW405 one allows for variations 
in mean run length for different bacteria, the curvature in the 
semi-log plot of the aggregate run-length data vanishes (Fig. 4c). 

From calculations of autocorrelation functions of sequences of 
twiddles and of sequences of runs we conclude that twiddles 

and runs of different length occur at random. The statistics are 
Poisson; for a given organism in a given isotropic environment 
the probability per unit time of the termination of a twiddle or 

the termination of a run is a constant. 
The wild type is known to have chemoreceptors for serine, 

for aspartate and for a number of sugars 7 • If serine is added to 
suspensions of A W405 (no gradients), the run-length dis-
tributions remain exponential but shift dramatically toward 
longer runs (Fig. 5); the twiddles are suppressed. Calcula-
tions of the autocorrelation functions indicate that runs of 

15 

Change in direction from run to run (degree) 

Fig. 3 Distribution of changes in direction from the end of one 
run to the beginning of the next for the wild type bacteria of 
Table I. The distribution was constructed from 1,166 events by 
summing the numbers falling in successive 10° intervals. If the 
analysis is confined to the shortest twiddles, the distribution is 
skewed even farther toward small angles (mean and standard 

deviation 62 ± 26°). 
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How is adaptation required for chemotaxis? 

• Methylation and demethylation take a few seconds and thus reflect 
receptor activity a few seconds ago (« memory »). 

• Receptor occupancy by ligand influences the current activity state 
(which takes a fraction of a second). By comparing the activity state 
of the cell (CheA) and methylation, the cell can compute how signal 
evolved in a few seconds, whether it increased, or decreased. 

• Cells have a built-in short term memory to compare present and recent past 
and thereby read the concentration gradient
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First few ms: the attractant binds to receptors, 
triggers a signal that raises the flagellar bias and 
stimulates receptor methylation. The 
concentration of attractant rapidly decreases 
(ms); the attractant leaves the receptors and 
diffuses away, but the signal persists. 

The imbalance between receptor occupancy (off 
state) and methylation (which pushes towards 
on state) eventually causes the signal to fall 
below its prestimulus value. This lowers the bias 

below its prestimulus level and stimulates 
demethylation. Finally, as methylation returns to 
its original level, the signal follows, and the bias 
returns to its prestimulus level. 

Chemotactic network response:

Thomas LECUIT   2021-2022

Proc. Natl. Acad. Sci. USA 83 (1986)

internally consistent. Data are presented on the behavior of
wild-type cells and of mutants defective in methylation and
demethylation (deleted for cheR and cheB) or in the functions
specified by che Y or cheZ.

RESULTS

Calibration of the Impulse Response. Given the impulse
response of Fig. 1 (induced by pulses of small but unknown
amplitude), one can predict the time course of the response

to an arbitrary stimulus; however, the amplitude of this
response is unknown up to a constant scaling factor. To
predict both the amplitude and the time course of a response,

this scaling factor must be determined. First, we measured
the rate at which attractant was released from a particular set
of pipettes by exposing cells 5 ,um away to a large step in
current (-100 nA) and recording their recovery times: this
works because the steady-state concentration of attractant a

fixed distance away from the tip of a pipette is proportional
to the rate of release (p. 23 of ref. 17), and the recovery time
is proportional to the net change in receptor occupancy (cf.
table 1 of ref. 16). Next, we measured the amplitude of the
response of the same cells to a smaller step in current (-3 to
-10 nA). Assuming that the rate of release varies linearly
with current, the change in concentration generated by the
smaller step was determined. The type of response generated
by the smaller steps is shown in Fig. 2. Note that this
response is not saturated. For the subset of cells used in the
calibration (those exposed to a-methyl-DL-aspartate; see

figure legend) a change in bias of 0.23 occurred for an

estimated change in fraction of receptor bound of 0.0042.
Finally, we calibrated the impulse response by subtracting
the baseline and scaling its integral to the change in bias ofthe
calibrated step response. We found that a response of the
amplitude shown in Fig. 1 would be generated by a pulse that
increased the receptor occupancy by 0.19 for a period of 20
msec (the approximate width ofthe shortest pulse used in our
experiments).
Comparisons with Ramp and Sine-Wave Data. The solid line

in Fig. 3A is the dependence of bias on ramp rate for
experiments involving linear changes in receptor occupancy

1.0 _

c' 0.5 ,

0 5 10 15 20

Time (sec)

FIG. 1. Impulse response to attractant in wild-type cells. The
dotted curve is the probability, determined from repetitive stimula-
tion, that tethered cells of strain AW405 spin CCW when exposed to
pulses of L-aspartate or a-methyl-DL-aspartate beginning at 5.06 sec

(vertical bar). The smooth curve is a fit to a sum of exponentials (see
text). For methods, see refs. 14 and 16. Pipettes containing aspartate
(1 mM) were pulsed for 0.02 sec at -25 to -100 nA, and pipettes
containing methylaspartate (1-3 mM, with 1.6 mM in the bath) were
pulsed for 0.12 sec at -100 nA, both at 320C. Some pipettes
containing 1-7 mM methylaspartate were pulsed for 0.03-0.12 sec at
-50 to -100 nA at 220C. The curve was constructed from 378 records
comprising 7566 reversals of 17 cells. Points were determined every
0.05 sec.
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FIG. 2. Step response to attractant in wild-type cells. The thick
curve is the probability that cells of strain AW405 spin CCW when
exposed to steps of L-aspartate or a-methyl-DL-aspartate beginning
at 1.00 sec (vertical bar). Pipettes containing aspartate (0.1-1.0 mM)
or methylaspartate (1-10 mM, with 1.6 mM in the bath) were
switched on for 12 sec at -3 to -10 nA at 320C. The curve was
constructed from 227 records comprising 5040 reversals of 10 cells
and was plotted as described in Fig. 1. The thin line is the response
predicted from the impulse response (the dotted curve) of Fig. 1 (cf.
figure 4 of ref. 14). Note the expanded time scale.

predicted by the impulse response; the dashed line has the
same slope but is offset 0.0015 to compensate for the
response threshold. The slope of the predicted dependence is
114 sec, while a linear least-squares fit to the data gave a mean
slope and standard deviation of 78 ± 18 sec. Note that a shift
in bias of 0.1 occurs for a ramp that increases the receptor
occupancy by -0.1% per sec. The solid line in Fig. 3B is the
spectral response to sinusoidal changes in receptor occupan-
cy at different frequencies derived from the fit to the impulse
response (the smooth curve) of Fig. 1; the points comprise a
similar prediction based on the data (the dotted curve) of Fig.
1. The stars are the peak-to-peak changes in bias observed for
sinusoidal oscillations in receptor occupancy generated by
programmed mixing (figure 7 of ref. 15). Use of the latter
measure assumes a large response threshold for negative
rates of change of receptor occupancy (figure 6B of ref. 15).
The close agreement between the Fourier transform repre-
sented by the solid line in Fig. 3B and the data at very low
frequency is not fortuitous: the fit to the sum of exponentials
(the smooth curve of Fig. 1) was constrained so that its
Fourier transform passed through the point (-3, 0.75). Figs.
1 and 3B together show that the impulse and sine-wave data
are consistent. With allowance for thresholds, the agreement
between the three different sets of measurements is satisfac-
tory.

Impulse and Step Responses of Mutant Cells. As reported
earlier (figure 7A of ref. 14), cells with deletions in genes for
the methyltransferase (cheR) and the methylesterase (cheB)
show impulse responses with the second lobe much reduced
(Fig. 4A). This implies that such cells cannot adapt over a
short time span to a sudden increase in the concentration of
attractant. The measured step response bears out this pre-
diction (Fig. 4B). We also studied the behavior of cheRcheB
cells over a longer time span in a flow cell (19). Some cells
failed to respond to step stimuli (shifts from 0 to 25 AM
L-aspartate or from 0 to 1 mM a-methyl-DL-aspartate); others
spun exclusively CCW and failed to recover; still others gave
a sizable response and then partially recovered (Fig. 5). Some
of the latter cells exhibited dramatic swings in bias over
periods of the order of 1 min, but no periodicity was evident
in the average (Fig. 5). Note that cheRcheB cells are less
sensitive to L-aspartate or to c-methyl-DL-aspartate than
wild-type cells by factors of 10-100.

8988 Biophysics: Segall et al.

Impulse of attractant (few ms)

Adaptation

Excitation

SM. Block, J. Segall and H. Berg. Cell,. 31, 215-226 (1982) 

J. Segall, SM. Block and HC. Berg. PNAS. 83:8987-8991 (1986)

How is adaptation required for chemotaxis? 

• Cell response is integrated over few seconds: response to very short pulse (ms), lasts about 
4 seconds, the signal persists after the ligand is no longer present at the cell surface (it 
diffuses away within a fraction of a second).

• The response is biphasic (2 lobes):  Cells increase their CCW bias, ie. they run for about 1s, 
then, reduce it and undershoot below the steady state value, and catch up. In other words, 
cells run smoothly for 1s (≈30µm distance), then tumble for 3s and catch up. 

    This indicates that cells perceive changes in concentration during this time interval 

(signature of impulse: on/off switch)
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internally consistent. Data are presented on the behavior of
wild-type cells and of mutants defective in methylation and
demethylation (deleted for cheR and cheB) or in the functions
specified by che Y or cheZ.

RESULTS

Calibration of the Impulse Response. Given the impulse
response of Fig. 1 (induced by pulses of small but unknown
amplitude), one can predict the time course of the response

to an arbitrary stimulus; however, the amplitude of this
response is unknown up to a constant scaling factor. To
predict both the amplitude and the time course of a response,

this scaling factor must be determined. First, we measured
the rate at which attractant was released from a particular set
of pipettes by exposing cells 5 ,um away to a large step in
current (-100 nA) and recording their recovery times: this
works because the steady-state concentration of attractant a

fixed distance away from the tip of a pipette is proportional
to the rate of release (p. 23 of ref. 17), and the recovery time
is proportional to the net change in receptor occupancy (cf.
table 1 of ref. 16). Next, we measured the amplitude of the
response of the same cells to a smaller step in current (-3 to
-10 nA). Assuming that the rate of release varies linearly
with current, the change in concentration generated by the
smaller step was determined. The type of response generated
by the smaller steps is shown in Fig. 2. Note that this
response is not saturated. For the subset of cells used in the
calibration (those exposed to a-methyl-DL-aspartate; see

figure legend) a change in bias of 0.23 occurred for an

estimated change in fraction of receptor bound of 0.0042.
Finally, we calibrated the impulse response by subtracting
the baseline and scaling its integral to the change in bias ofthe
calibrated step response. We found that a response of the
amplitude shown in Fig. 1 would be generated by a pulse that
increased the receptor occupancy by 0.19 for a period of 20
msec (the approximate width ofthe shortest pulse used in our
experiments).
Comparisons with Ramp and Sine-Wave Data. The solid line

in Fig. 3A is the dependence of bias on ramp rate for
experiments involving linear changes in receptor occupancy
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FIG. 1. Impulse response to attractant in wild-type cells. The
dotted curve is the probability, determined from repetitive stimula-
tion, that tethered cells of strain AW405 spin CCW when exposed to
pulses of L-aspartate or a-methyl-DL-aspartate beginning at 5.06 sec

(vertical bar). The smooth curve is a fit to a sum of exponentials (see
text). For methods, see refs. 14 and 16. Pipettes containing aspartate
(1 mM) were pulsed for 0.02 sec at -25 to -100 nA, and pipettes
containing methylaspartate (1-3 mM, with 1.6 mM in the bath) were
pulsed for 0.12 sec at -100 nA, both at 320C. Some pipettes
containing 1-7 mM methylaspartate were pulsed for 0.03-0.12 sec at
-50 to -100 nA at 220C. The curve was constructed from 378 records
comprising 7566 reversals of 17 cells. Points were determined every
0.05 sec.
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FIG. 2. Step response to attractant in wild-type cells. The thick
curve is the probability that cells of strain AW405 spin CCW when
exposed to steps of L-aspartate or a-methyl-DL-aspartate beginning
at 1.00 sec (vertical bar). Pipettes containing aspartate (0.1-1.0 mM)
or methylaspartate (1-10 mM, with 1.6 mM in the bath) were
switched on for 12 sec at -3 to -10 nA at 320C. The curve was
constructed from 227 records comprising 5040 reversals of 10 cells
and was plotted as described in Fig. 1. The thin line is the response
predicted from the impulse response (the dotted curve) of Fig. 1 (cf.
figure 4 of ref. 14). Note the expanded time scale.

predicted by the impulse response; the dashed line has the
same slope but is offset 0.0015 to compensate for the
response threshold. The slope of the predicted dependence is
114 sec, while a linear least-squares fit to the data gave a mean
slope and standard deviation of 78 ± 18 sec. Note that a shift
in bias of 0.1 occurs for a ramp that increases the receptor
occupancy by -0.1% per sec. The solid line in Fig. 3B is the
spectral response to sinusoidal changes in receptor occupan-
cy at different frequencies derived from the fit to the impulse
response (the smooth curve) of Fig. 1; the points comprise a
similar prediction based on the data (the dotted curve) of Fig.
1. The stars are the peak-to-peak changes in bias observed for
sinusoidal oscillations in receptor occupancy generated by
programmed mixing (figure 7 of ref. 15). Use of the latter
measure assumes a large response threshold for negative
rates of change of receptor occupancy (figure 6B of ref. 15).
The close agreement between the Fourier transform repre-
sented by the solid line in Fig. 3B and the data at very low
frequency is not fortuitous: the fit to the sum of exponentials
(the smooth curve of Fig. 1) was constrained so that its
Fourier transform passed through the point (-3, 0.75). Figs.
1 and 3B together show that the impulse and sine-wave data
are consistent. With allowance for thresholds, the agreement
between the three different sets of measurements is satisfac-
tory.

Impulse and Step Responses of Mutant Cells. As reported
earlier (figure 7A of ref. 14), cells with deletions in genes for
the methyltransferase (cheR) and the methylesterase (cheB)
show impulse responses with the second lobe much reduced
(Fig. 4A). This implies that such cells cannot adapt over a
short time span to a sudden increase in the concentration of
attractant. The measured step response bears out this pre-
diction (Fig. 4B). We also studied the behavior of cheRcheB
cells over a longer time span in a flow cell (19). Some cells
failed to respond to step stimuli (shifts from 0 to 25 AM
L-aspartate or from 0 to 1 mM a-methyl-DL-aspartate); others
spun exclusively CCW and failed to recover; still others gave
a sizable response and then partially recovered (Fig. 5). Some
of the latter cells exhibited dramatic swings in bias over
periods of the order of 1 min, but no periodicity was evident
in the average (Fig. 5). Note that cheRcheB cells are less
sensitive to L-aspartate or to c-methyl-DL-aspartate than
wild-type cells by factors of 10-100.
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FIG. 6. Impulse (A) and step (B) responses to attractant in
mutants (20, 21). (A) Cumulative responses of cells of strains RP
(cheZ292 amber), RP5007 (cheZ293), and RP2734 (cheZ280 cheC
to pulses of L-aspartate beginning at 5.06 sec (vertical bar). Pip
containing aspartate (0.3 or 1.0 mM) were pulsed for 0.67-1.24 s

-100 nA at 320C. The curve was constructed from 175 rec

comprising 13,653 reversals of six cells. The mean bias in a 0.4
window was calculated and plotted every 0.3 sec. Note: the
mutation was introduced to raise the prestimulus bias; the iml
responses of cheZ and cheZcheC mutants appeared to have sii

time courses. (B) Cumulative responses of cells of strain RP5O
steps of L-aspartate beginning at 9.06 sec (vertical bar, top curve
lasting -50 sec or ending at 9.06 sec (vertical bar, bottom curve)
bottom curve was shifted downward 0.17. Pipettes containing
partate (0.1 or 0.2 mM) were switched on at -8 to -20 nA at,
The curves were constructed from 53 records comprising
reversals of three cells and were plotted as described in A. Not
different time scales.

change smoothly in an antagonistic manner. Their initial
extreme values for the present set of experiments are g
in Table 1. The essential point here is that the stimuli tha
used still allowed CCW-to-CW transitions to occur at rat
0.1 sec' or higher. For example, the mean CCW inte
observed for the first 20 sec following addition of attrac
to the flow cell (Fig. 5) was 4.2 sec; the mean CW interval
1.4 sec.

DISCUSSION

The impulse response of Fig. 1 implies that a wild-type
continuously compares the stimulus experienced during
past second with that experienced during the previous 3
and responds to the difference (14). This allows the ce
recover from a small step stimulus within 4 sec (Fig
Strains lacking the methylation and demethylation enzy

respond just as rapidly, but they recover much more sli
(Figs. 4 and 5); the kinetics of the events that link

receptors to the flagella appear to be normal, but adaptation
is defective (cf. ref. 22).

Stock et al. (23), on the basis of studies of migration of
methylation-defective cells on swarm plates or in capillary
assays, concluded that rapid (second-to-second) adjustments
to small changes in concentration occur in the absence of
methylation and demethylation. No such adjustments were
evident in our data for strains deleted for cheRcheB (Figs. 4
and 5). Gradual (minute-to-minute) adjustments still occur, at
least for some cells, but they are not complete (Fig. 5). Partial
adaptation on the latter time scale also was reported by Stock
et al. (24) and by Weis and Koshland (25).
The iontophoretic step stimuli used in the experiments of

Fig. 4B lasted at most 12 sec, about the time required to
40 exchange the medium in the flow cell (Fig. 5). However,

iontophoretic step stimuli of 60 sec duration were used in
studies of the responses of markers on filamentous cheRcheB
cells (26), with no sign of adaptation. But it might be that
filamentous cells are different, because they have a much
larger cytoplasmic space. The matter deserves further study.
In any case, it would be of interest to know the rate of
migration expected for cells that adapt in the manner shown

nI in Fig. 5. Could it be that this adaptation can account for the
small chemotactic rings observed for cells deleted for
cheRcheB (14, 23)?
We envisage that the following biochemical events occur

during the wild-type impulse response (Fig. 1). The concen-

tration of attractant at the cell surface increases a few
milliseconds after the pipette is turned on. The attractant

__i binds to the receptors, triggering a signal that raises the
60 flagellar bias and stimulates receptor methylation. When the

pipette is turned off, the concentration of attractant rapidly
decreases; the attractant leaves the receptors and diffuses

cheZ away, but the signal persists. The imbalance between recep-

'5006 tor occupancy and methylation eventually causes the signal
-183) to fall below its prestimulus value. This lowers the bias below
iettes

;ec at
its prestimulus level and stimulates demethylation. Finally,

,eocrds as methylation returns to its original level, the signal follows
6osec suit, and the bias returns to its prestimulus level. In
6heC cheRcheB mutants (Fig. 4), the signal is generated as before,
pulse but methylation does not occur. Thus, once the signal passes
milar its peak value, both the signal and the bias drop monotoni-
07 to cally to their prestimulus levels. A small but long-lived
and undershoot would be sufficient to accommodate the data of
The Fig. 5, which shows partial recovery in bias over a period of

g as 2mina
220C.
6000 From studies of signal propagation in filamentous cells
We the (some containing cheZ mutations; ref. 26), we argued that the

Table 1. Transition rates between CW and CCW states for
the impulse and step responses shown in the figures

land
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Rate CW -- CCW Rate CCW -+ CW
(ks, sec1) (kr, sec1)

Strain Fig. Initial Extreme* Initial Extreme*

Wild type 1 1.4 =9 0.8 0.1
2 1.7 2.6 0.9 0.3

cheRcheB 4A 0.8 =5 1.7 0.1
4B 0.9 2.6 4.1 1.6
5 0.3 0.7 2.2 0.2

cheZ 6A 1.6 2.7 2.8 1.6
6B, up 1.5 3.4 2.2 1.3
6B, down 2.4 1.1 1.5 2.4

Data were computed and plotted as for figure 9 of ref. 14;
approximate values were read from the plots by eye. Recall that at
equilibrium the mean CW interval is 1/k,, the mean CCW interval is
1/kr, and the mean bias is kl/(k, + kr).
*For impulse responses (Figs. 1, 4A, and 6A), the extreme values are
for the peak of the first lobe. For the flow-cell experiment (Fig. 5),
the extreme values are for the first 20 sec after the flow.
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FIG. 3. Comparison of impulse and ramp data in the time (A) and
frequency (B) domain for wild-type cells stimulated with a-methyl-
DL-aspartate. (A) Change in bias as a function of ramp rate,
expressed as the time rate of change of fraction of receptor bound.
Data points are from the ramp experiments (figure 6A of ref. 15 and
unpublished data). The solid line is the prediction based on the
calibrated impulse response. The dashed line is this curve shifted to
the right to compensate for the threshold. (B) The logarithm (base 10)
of the change in bias as a function of the logarithm of the stimulus
frequency. Data points on the left were obtained from the sine-wave
experiments of ref. 15 (from changes in bias observed during the
rising phase of receptor occupancy). Data points on the right are the
absolute magnitude of the complex Fourier transform of the impulse
response (the dotted curve) of Fig. 1 (cf. ref. 14). The line is a similar
transform of the smooth curve of Fig. 1.

The impulse response for cheZ and cheZcheC double
mutants, when examined over a longer time span than before
(cf. figure 7B of ref. 14), proved to be biphasic; however, the
second lobe had a smaller area than the first (Fig. 6A). As
predicted from such an impulse response, the step response
rose to a maximum in -10 sec and then gradually dropped
toward its initial value, failing to reach that value over the
longest periods tested (Fig. 6B, top curve). The response to
the removal of the step showed similar kinetics.
cheY mutants (20) proved difficult to excite: cells of strains

RP2768 (che Y201) and RP2770 (che Y220) failed to respond to
the repellent Ni2+, but those of strain RP4838 (che Y216) gave
a response similar to the cheRcheB strain but inverted (cf.
figure 3B of ref. 14). Since these cells rotated exclusively
CCW in the absence of a stimulus, we could not determine
whether the response was biphasic. Strains containing mu-
tations in cheA or cheW also rotated exclusively CCW; they
did not respond to Ni2+.

Transition Rates. A complete description of cell behavior
requires specification of the rates at which transitions occur
between CW and CCW states (14). In general, these rates
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FIG. 4. Impulse (A) and step (B) responses to attractant in strains
deleted for cheRcheB (18). (A) Cumulative responses of cells of
strains RP2867 (tap-) and RP4969 (tap') to pulses of L-aspartate
beginning at 5.06 sec (vertical bar). Pipettes containing aspartate
(3-20 mM) were pulsed for 0.01-0.39 sec at -50 to -100 nA at 220C
or 320C. The curve was constructed from 207 records comprising
5006 reversals of 13 cells and was plotted as described in Fig. 1. (B)
Cumulative responses of cells of strain RP2867 to steps ofL-aspartate
beginning at 5.06 sec (left vertical bar) and ending 5-12 sec later (right
vertical bar). The responses to the ends of the steps are shown
beginning at 10.6 sec (at the break in the curve). Pipettes containing
aspartate (3-20 mM) were switched on at -3 to -20 nA at 320C. The
curves were constructed from 178 records comprising 5184 reversals
of six cells and were plotted as described in Fig. 1.
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FIG. 5. Step response to attractant (1 mM a-methyl-DL-aspar-
tate) in a strain deleted for cheRcheB (RP2867). The stimulus was
delivered by bulk flow for a period of 10 sec beginning at 4 min, as
indicated by the break in the curve. The curve was constructed from
10 records comprising 1742 reversals of eight cells, by computing the
mean bias over a 20-sec interval every 2 sec. Similar results were
obtained with 25 AM L-aspartate (data not shown). The cells were
grown in tryptone broth and then washed and tethered as described
(15). The experiments were done at room temperature.

Biophysics: SegaH et al.

wild type E. coli

cheBcheR mutants cheZ mutant

• Normal excitation and 
response latency

• No adaptation

• Defective response latency 
(slower decline in activity)

• But partial adaptation

undershoot

• Cells compare the response in first 1s 
(positive lobe), and next 3s (negative lobe).

• The comparison is a consequence of the 
adaptation mechanism

• Without adaptation, cells have no memory 
of recent past, and cannot read temporal 
gradient, hence cannot do chemotaxis.

SM. Block, J. Segall and H. Berg. Cell,. 31, 215-226 (1982) 

J. Segall, SM. Block and HC. Berg. PNAS. 83:8987-8991 (1986)

How is adaptation required for chemotaxis? 
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internally consistent. Data are presented on the behavior of
wild-type cells and of mutants defective in methylation and
demethylation (deleted for cheR and cheB) or in the functions
specified by che Y or cheZ.

RESULTS

Calibration of the Impulse Response. Given the impulse
response of Fig. 1 (induced by pulses of small but unknown
amplitude), one can predict the time course of the response

to an arbitrary stimulus; however, the amplitude of this
response is unknown up to a constant scaling factor. To
predict both the amplitude and the time course of a response,

this scaling factor must be determined. First, we measured
the rate at which attractant was released from a particular set
of pipettes by exposing cells 5 ,um away to a large step in
current (-100 nA) and recording their recovery times: this
works because the steady-state concentration of attractant a

fixed distance away from the tip of a pipette is proportional
to the rate of release (p. 23 of ref. 17), and the recovery time
is proportional to the net change in receptor occupancy (cf.
table 1 of ref. 16). Next, we measured the amplitude of the
response of the same cells to a smaller step in current (-3 to
-10 nA). Assuming that the rate of release varies linearly
with current, the change in concentration generated by the
smaller step was determined. The type of response generated
by the smaller steps is shown in Fig. 2. Note that this
response is not saturated. For the subset of cells used in the
calibration (those exposed to a-methyl-DL-aspartate; see

figure legend) a change in bias of 0.23 occurred for an

estimated change in fraction of receptor bound of 0.0042.
Finally, we calibrated the impulse response by subtracting
the baseline and scaling its integral to the change in bias ofthe
calibrated step response. We found that a response of the
amplitude shown in Fig. 1 would be generated by a pulse that
increased the receptor occupancy by 0.19 for a period of 20
msec (the approximate width ofthe shortest pulse used in our
experiments).
Comparisons with Ramp and Sine-Wave Data. The solid line

in Fig. 3A is the dependence of bias on ramp rate for
experiments involving linear changes in receptor occupancy
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FIG. 1. Impulse response to attractant in wild-type cells. The
dotted curve is the probability, determined from repetitive stimula-
tion, that tethered cells of strain AW405 spin CCW when exposed to
pulses of L-aspartate or a-methyl-DL-aspartate beginning at 5.06 sec

(vertical bar). The smooth curve is a fit to a sum of exponentials (see
text). For methods, see refs. 14 and 16. Pipettes containing aspartate
(1 mM) were pulsed for 0.02 sec at -25 to -100 nA, and pipettes
containing methylaspartate (1-3 mM, with 1.6 mM in the bath) were
pulsed for 0.12 sec at -100 nA, both at 320C. Some pipettes
containing 1-7 mM methylaspartate were pulsed for 0.03-0.12 sec at
-50 to -100 nA at 220C. The curve was constructed from 378 records
comprising 7566 reversals of 17 cells. Points were determined every
0.05 sec.
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FIG. 2. Step response to attractant in wild-type cells. The thick
curve is the probability that cells of strain AW405 spin CCW when
exposed to steps of L-aspartate or a-methyl-DL-aspartate beginning
at 1.00 sec (vertical bar). Pipettes containing aspartate (0.1-1.0 mM)
or methylaspartate (1-10 mM, with 1.6 mM in the bath) were
switched on for 12 sec at -3 to -10 nA at 320C. The curve was
constructed from 227 records comprising 5040 reversals of 10 cells
and was plotted as described in Fig. 1. The thin line is the response
predicted from the impulse response (the dotted curve) of Fig. 1 (cf.
figure 4 of ref. 14). Note the expanded time scale.

predicted by the impulse response; the dashed line has the
same slope but is offset 0.0015 to compensate for the
response threshold. The slope of the predicted dependence is
114 sec, while a linear least-squares fit to the data gave a mean
slope and standard deviation of 78 ± 18 sec. Note that a shift
in bias of 0.1 occurs for a ramp that increases the receptor
occupancy by -0.1% per sec. The solid line in Fig. 3B is the
spectral response to sinusoidal changes in receptor occupan-
cy at different frequencies derived from the fit to the impulse
response (the smooth curve) of Fig. 1; the points comprise a
similar prediction based on the data (the dotted curve) of Fig.
1. The stars are the peak-to-peak changes in bias observed for
sinusoidal oscillations in receptor occupancy generated by
programmed mixing (figure 7 of ref. 15). Use of the latter
measure assumes a large response threshold for negative
rates of change of receptor occupancy (figure 6B of ref. 15).
The close agreement between the Fourier transform repre-
sented by the solid line in Fig. 3B and the data at very low
frequency is not fortuitous: the fit to the sum of exponentials
(the smooth curve of Fig. 1) was constrained so that its
Fourier transform passed through the point (-3, 0.75). Figs.
1 and 3B together show that the impulse and sine-wave data
are consistent. With allowance for thresholds, the agreement
between the three different sets of measurements is satisfac-
tory.

Impulse and Step Responses of Mutant Cells. As reported
earlier (figure 7A of ref. 14), cells with deletions in genes for
the methyltransferase (cheR) and the methylesterase (cheB)
show impulse responses with the second lobe much reduced
(Fig. 4A). This implies that such cells cannot adapt over a
short time span to a sudden increase in the concentration of
attractant. The measured step response bears out this pre-
diction (Fig. 4B). We also studied the behavior of cheRcheB
cells over a longer time span in a flow cell (19). Some cells
failed to respond to step stimuli (shifts from 0 to 25 AM
L-aspartate or from 0 to 1 mM a-methyl-DL-aspartate); others
spun exclusively CCW and failed to recover; still others gave
a sizable response and then partially recovered (Fig. 5). Some
of the latter cells exhibited dramatic swings in bias over
periods of the order of 1 min, but no periodicity was evident
in the average (Fig. 5). Note that cheRcheB cells are less
sensitive to L-aspartate or to c-methyl-DL-aspartate than
wild-type cells by factors of 10-100.

8988 Biophysics: Segall et al.

wild type E. coli

undershoot

• Any signal fluctuation at higher frequency than this will not be 
sensed (low pass filter)

• Fluctuation on longer time scale will not be perceived either 
(high pass filter) 

• The chemotactic network operates as a band pass filter.  

• Cells have an optimum pass frequency of 0.25Hz, which is 4s. 
 With a succession of runs of about 1s, cells experience change 
in concentration in the range of 0.25Hz.
So cells are optimized to read concentration differences in 

a gradient
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Fig. 1 Digital plots of the displacement of a wild type bacterium, A W405, and a generally nonchemotactic mutant, cheC 497, at the rate of 
12.6 words (data points) per second. Tracking began at the points indicated by the large dots. The plots are planar projections of three-
dimensional paths. If the left and upper panels of each figure are folded out of the page along the dashed lines, the projections appear in 
proper orientation on three adjacent faces of a cube. The cultures were grown in a minimal salts medium on glycerol, threonine, leucine, 
and histidine, as described by Hazelbauer et al.10

• They were washed twice at 4° C with a solution containing 10-2 M sodium phosphate 
(pH 7.0), 10-4 M EDTA (ethylenediamine tetraacetate) and 10-3 M magnesium sulphate and diluted at room temperature to an optical 
density of0.01 (590 nm) in a solution containing 10-2 M sodium phosphate(pH 7.0), 10-4 M EDTA,and 0.18 % (w/v) hydroxypropyl methyl-
cellulose (Dow Methocel 90 HG). They were tracked as such at 32.0° (viscosity 2.7 cp) in a tantalum and glass chamber 2 mm in diameter 

and 2 mm high. 

analysis ignores the smallest changes (Table 1, legend). Changes 
in direction also occur during runs (Table 1). The drift is about 
what one would expect from rotational diffusion: the root-

mean-square angular deviation of a 2 µm diameter sphere 
occurring int sec in a medium of viscosity 2.7 cp at 32° C is 29 
ytdegrees. 
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Fig. 2 The speed of the wild type bacterium of Fig. I displayed 
by an analogue monitor. The recording has been divided into 
three parts, each 9.8 s long; the figure should be read from left 
to right and top down. Twiddles occurred during the intervals 
indicated by the bars. Note the consequent changes in speed. 
The longest run can be seen at the left end of the bottom trace. 
It appears in the upper panel of Fig. 1 angling downwards and 
slightly to the left, five runs from the end of the track. It is 45 

words or 3.57 s long. 

The shortest twiddles and the shortest runs are the most 

probable (Fig. 4). The distribution of twiddle lengths is 

exponential (Fig. 4a). The distribution of run lengths is 
exponential for unc 602 (not shown) but only approximately 
so for AW405 (Fig. 4b). If for AW405 one allows for variations 
in mean run length for different bacteria, the curvature in the 
semi-log plot of the aggregate run-length data vanishes (Fig. 4c). 

From calculations of autocorrelation functions of sequences of 
twiddles and of sequences of runs we conclude that twiddles 

and runs of different length occur at random. The statistics are 
Poisson; for a given organism in a given isotropic environment 
the probability per unit time of the termination of a twiddle or 

the termination of a run is a constant. 
The wild type is known to have chemoreceptors for serine, 

for aspartate and for a number of sugars 7 • If serine is added to 
suspensions of A W405 (no gradients), the run-length dis-
tributions remain exponential but shift dramatically toward 
longer runs (Fig. 5); the twiddles are suppressed. Calcula-
tions of the autocorrelation functions indicate that runs of 

15 

Change in direction from run to run (degree) 

Fig. 3 Distribution of changes in direction from the end of one 
run to the beginning of the next for the wild type bacteria of 
Table I. The distribution was constructed from 1,166 events by 
summing the numbers falling in successive 10° intervals. If the 
analysis is confined to the shortest twiddles, the distribution is 
skewed even farther toward small angles (mean and standard 

deviation 62 ± 26°). 

• Runs must be long enough to outrun diffusion (>1s) and 
ignore stochastic fluctuations

• Runs must be below 10s, the time interval over which 
rotational diffusion (≈30° in 1s) of E. coli is such that cells 
would lose information about where favorable 
concentrations are.

• A cell that integrates over such a long time (eg. CheZ 
mutant), namely a cell with excessive memory, will have 
information about the past that is no longer relevant to 
the current trajectory: the cell cannot be chemotactic. 

SM. Block, J. Segall and H. Berg. Cell,. 31, 215-226 (1982) 

J. Segall, SM. Block and HC. Berg. PNAS. 83:8987-8991 (1986)

How is adaptation required for chemotaxis? 
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• Sensitivity - Gain : output/input ratio

• High amplitude range

• Adaptation: reset after input

Key properties of chemotactic network
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Fig. 1 Digital plots of the displacement of a wild type bacterium, A W405, and a generally nonchemotactic mutant, cheC 497, at the rate of 
12.6 words (data points) per second. Tracking began at the points indicated by the large dots. The plots are planar projections of three-
dimensional paths. If the left and upper panels of each figure are folded out of the page along the dashed lines, the projections appear in 
proper orientation on three adjacent faces of a cube. The cultures were grown in a minimal salts medium on glycerol, threonine, leucine, 
and histidine, as described by Hazelbauer et al.10

• They were washed twice at 4° C with a solution containing 10-2 M sodium phosphate 
(pH 7.0), 10-4 M EDTA (ethylenediamine tetraacetate) and 10-3 M magnesium sulphate and diluted at room temperature to an optical 
density of0.01 (590 nm) in a solution containing 10-2 M sodium phosphate(pH 7.0), 10-4 M EDTA,and 0.18 % (w/v) hydroxypropyl methyl-
cellulose (Dow Methocel 90 HG). They were tracked as such at 32.0° (viscosity 2.7 cp) in a tantalum and glass chamber 2 mm in diameter 
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analysis ignores the smallest changes (Table 1, legend). Changes 
in direction also occur during runs (Table 1). The drift is about 
what one would expect from rotational diffusion: the root-

mean-square angular deviation of a 2 µm diameter sphere 
occurring int sec in a medium of viscosity 2.7 cp at 32° C is 29 
ytdegrees. 
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Fig. 2 The speed of the wild type bacterium of Fig. I displayed 
by an analogue monitor. The recording has been divided into 
three parts, each 9.8 s long; the figure should be read from left 
to right and top down. Twiddles occurred during the intervals 
indicated by the bars. Note the consequent changes in speed. 
The longest run can be seen at the left end of the bottom trace. 
It appears in the upper panel of Fig. 1 angling downwards and 
slightly to the left, five runs from the end of the track. It is 45 

words or 3.57 s long. 

The shortest twiddles and the shortest runs are the most 

probable (Fig. 4). The distribution of twiddle lengths is 

exponential (Fig. 4a). The distribution of run lengths is 
exponential for unc 602 (not shown) but only approximately 
so for AW405 (Fig. 4b). If for AW405 one allows for variations 
in mean run length for different bacteria, the curvature in the 
semi-log plot of the aggregate run-length data vanishes (Fig. 4c). 

From calculations of autocorrelation functions of sequences of 
twiddles and of sequences of runs we conclude that twiddles 

and runs of different length occur at random. The statistics are 
Poisson; for a given organism in a given isotropic environment 
the probability per unit time of the termination of a twiddle or 

the termination of a run is a constant. 
The wild type is known to have chemoreceptors for serine, 

for aspartate and for a number of sugars 7 • If serine is added to 
suspensions of A W405 (no gradients), the run-length dis-
tributions remain exponential but shift dramatically toward 
longer runs (Fig. 5); the twiddles are suppressed. Calcula-
tions of the autocorrelation functions indicate that runs of 
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Fig. 3 Distribution of changes in direction from the end of one 
run to the beginning of the next for the wild type bacteria of 
Table I. The distribution was constructed from 1,166 events by 
summing the numbers falling in successive 10° intervals. If the 
analysis is confined to the shortest twiddles, the distribution is 
skewed even farther toward small angles (mean and standard 

deviation 62 ± 26°). 

• Biased random walk in a spatial gradient

• Temporal gradient sensing 

• Memory
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