physical description is that describing
the experimental meaning of the
quantities in the equation—or better,
the way the equations are to be used
in describing experimental observations.
This being the case, perhaps the best
way to proceed is to try to guess equa-
tions, and disregard physical mod-
els or descriptions. For example, Mc-
Cullough guessed the correct equa-
tions for light propagation in a crys-
tal long before his colleagues using
elastic models could make head or
tail of the phenomena, or again, Dirac
obtained his equation for the descrip-
tion of the electron by an almost pure-
ly mathematical proposition. A simple
physical view by which all the con-
tents of this equation can be seen
is still lacking.

Therefore, I think equation guessing
might be the best method for pro-
ceeding to obtain the laws for the
part of physics which is presently un-
known. Yet, when I was much young-
er, I tried this equation guessing and
I have seen- many students try this,
but it is very easy to go off in wildly
incorrect and impossible directions. I
think the problem is not to find the
best or most efficient method for pro-
ceeding to a discovery, but to find any
method at all. Physical reasoning does
help some people to generate sugges-
tions as to how the unknown may
be related to the known. Theories of

the known which are described by
different physical ideas may be
equivalent in all their predictions and
hence scientifically indistinguishable.
However, they are not psychological-
ly identical when one is trying to
move from that base into the
unknown. For different views suggest
different kinds of modifications which
might be made and hence are not
equivalent in the hypotheses one gen-
erates from them in one’s attempt to
understand what is not yet under-
stood. I, therefore, think that a good
theoretical physicist today might find
it useful to have a wide range of physi-
cal viewpoints and mathematical ex-
pressions of the same theory (for ex-
ample, of quantum electrodynamics)
available to him. This may be ask-
ing too much of one man. Then new
students should as a class have this.
If every individual student follows the
same current fashion in expressing and
thinking about electrodynamics or field
theory, then the variety of hypotheses
being generated to understand strong
interactions, say, is limited. Perhaps
rightly so, for possibly the chance
is high that the truth lies in the fash-
ionable direction. But, on the off-
chance that it is in another direction
—a direction obvious from an un-
fashionable view of field theory—
who will find it? Only someone who
has sacrificed himself by teaching him-

Chemotaxis in Bacteria

Motile Escherichia coli migrate in bands that are
influenced by oxygen and organic nutrients.

Chemotaxis is the movement of
organisms toward or away from a
chemical. This phenomenon has been
observed in a wide variety of micro-
organisms, plants, and animals (I, 2).
In bacteria chemotaxis has been known
ever since the end of the 19th century,
when Engelmann, Pfeffer, and other
biologists discovered chemotaxis toward
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oxygen, minerals, and organic nutrients
(for a review see Weibull, 3). These
workers demonstrated chemotaxis mi-
croscopically by observing whether bac-
teria in a suspension accumulated near
or away from a gas bubble or a chemi-
cal introduced at one point.

In 1893 Beijernck (4) demonstrated
chemotaxis toward oxygen macroscop-

self quantum electrodynamics from a
peculiar and unusual point of view,
one that he may have to invent for
himself. I say sacrificed himself be-
cause he most likely will get nothing
from it, because the truth may lie in
another direction, perhaps even the
fashionable one.

But, if my own experience is any
guide, the sacrifice is really not great
because if the peculiar viewpoint tak-
en is truly experimentally equivalent
to the usual in the realm of the
known there is always a range of ap-
plications and problems in this realm
for which the special viewpoint gives
one a special power and clarity of
thought, which is valuable in itself.
Furthermore, in the search for new
laws, you always have the psychologi-
cal excitement of feeling that possibly
nobody has yet thought of the crazy
possibility you are looking at right now.

So what happened to the old theory
that I fell in love with as a youth?
Well, I would say it's become an old
lady, who has very little that’s attrac-
tive left in her, and the young today
will not have their hearts pound when
they look at her anymore. But, we
can say the best we can for any old
woman, that she has been a very good
mother and has given birth to some
very good children. And, I thank the
Swedish Academy of Sciences for com-
plimenting one of them. Thank you.

ically by showing that a variety of
motile bacteria placed at the bottom of
a test tube filled with water would form
a sharp, easily visible band that rose
until it came to a stop near the me-
niscus. The band would then descend if
the air above the liquid was replaced
by oxygen, and it would ascend if an
atmosphere depleted in oxygen was
used. Beijerinck interpreted this to mean
that the bacteria seek a certain optimum
concentration of oxygen. More recently,
Sherris, Preston, and Shoesmith (5) and
Baracchini and Sherris (6), using capil-
lary tubes instead of test tubes, con-
firmed and extended these results.
Very little is understood about the
mechanism of chemotaxis in bacteria.
In order to learn about this, Escherichia
coli was chosen for study because the
vast knowledge of its biochemistry and
genetics. could be brought to bear on
the problem. Many strains of E. coli

The author is an associate professor in the
departments of Biochemistry and Genetics at the
University of Wisconsin, Madison.
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Fig. 1. Photograph showing bands of E. coli in a capillary tube. In all the experiments reported here, capillary tubes (I8) were

filled with a liquid medium (79), inoculated at one end with 2 X 10° to 2 X 10° bacteria (20), and then closed at the ends
with plugs of agar and clay, all according to a procedure described in full elsewhere (8). The tubes were incubated horizontally
at 37°C. The origin, which is turbid because of the bacteria that have not moved out, is visible at the left, then the second
band of bacteria, then the first band. Plugs at ends are not shown. The concentration of galactose was 2.5 X 10~* mole per liter.

are motile by virtue of several flagella
distributed around the cell. Beijerinck
(4) and Baracchini and Sherris (6) had
already tested a large number of species
and shown that E. coli are chemotactic
toward oxygen.

To study chemotaxis in a medium
containing only known chemicals, it was
necessary first to devise a simple chem-
ically defined medium that would still
allow motility, and to determine the
optimal conditions for motility by use
of an assay developed for this purpose
7).

This article aims, first, to demon-
strate that chemotaxis does occur in E.
coli; second, to determine what kinds of
substances elicit chemotaxis in E. coli;
and, third, to discuss the mechanism
of chemotaxis.

Demonstration of Bands

About a million motile cells of E.
coli are placed at one end of a capillary
tube filled with a solution containing
2.5 X 10—* molar galactose as the
energy source, and the ends of the tube
are closed with plugs of agar and clay.
Soon afterward, two sharp, easily visible
bands of bacteria have moved out from
the origin, and some bacteria still re-
main at the origin. These features are
shown in Fig. 1.

The bands can be observed under
the microscope. For undistorted view-
ing, flat capillary tubes are used ac-
cording to the suggestion of Sherris,
Preston, and Shoesmith (5). The two
sharp bands are easily visible as highly
crowded regions of bacteria whose mo-
tion is extremely rapid and jerky; in
the first band the bacteria appear to be
considerably more motile than in the
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second, and the bacteria left at the
origin are not motile.

The bands can also be demonstrated
by dividing the tube into compartments,
plating the contents of each compart-
ment, and counting colonies to deter-
mine the number of viable bacteria
present throughout the tube (Fig. 2).
Another method for demonstrating the
bands and observing their rate of move-
ment is to scan the tube with a record-

ing microdensitometer (9) at various
times (Fig. 3).

The easiest way to locate the bands
is simply to measure their position with
a ruler, and this is the method used in
the work described in the remainder of
‘this article. Figure 4 shows the location
of the bands at several different times.
The “first” band is not only faster, but
it also forms first; it is visible after ‘5
minutes. The “second” band becomes
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Fig. 2. Bands of bacteria shown by assay of viable bacteria. The tube contained 2.5 X
10~*M galactose and was incubated for 0 or 6 hours. At 6 hours the bands were visible
where shown by the arrows. The tubes were fractionated into ten compartments, each
8 mm long, by breaking at one end of the column of liquid and withdrawing samples
with a smaller capillary tube. A total of 9.8 X 10° viable bacteria were recovered at
0 hours and a total of 1.4 X 10° at 6 hours. The last eight compartments were free of
any viable bacteria in the tube harvested at zero time. The procedure is described in
full elsewhere (8).
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3.5 Hours

4.7 Hours

5.8 Hours

-

6.3 Hours

7.3 Hours

Fig. 3. Bands of bacteria shown by tracings
from a recording microdensitometer. The
tube, containing 2.5 X 10~M galactose,
was incubated at 37°C for 3.5 hours and
then kept at room temperature for mea-
surements (9). The times indicate hours
from the start of the experiment. From
right to left may be seen a vertical line
representing the edge of the plug at the
right end of the tube, then the first band,
then the second band, and at the left a line
representing the bacteria remaining at the
origin. The plug at the left end of the
tube is not represented.
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visible after 20 minutes. (These early
time points are not shown in the fig-
ures.) Figures 3 and 4 show that when
the first band reaches the top, part of
it remains there and part of it retreats.
This retreating fraction eventually fuses
with the second band, and the fused
bands then disappear.

Heterogeneity Excluded

It is possible to take out separately the
first band, the second band, and the
material left at the origin, and then im-
mediately to use each of these over
again in fresh tubes. (Actually, to get
enough bacteria the first bands were
pooled from 12 tubes, the second bands
from 35 tubes, and the material at the
origin from 12 tubes.) The result in
each of the three cases is the same as
the original result: each component
forms two bands, and some bacteria re-
main at the origin. Single colony iso-
lates also form two bands and leave
residual bacteria at the origin. It may
be concluded that how a bacterium
behaves depends on where it finds itself
when first placed into the tube, rather
than on physiological or genetic hetero-
geneity among the bacteria.

Use of Oxygen and Galactose

The experiments described so far and
those to be discussed next were carried
out with a solution containing 2.5 X
10—* moles of galactose per liter. The
galactose is present in excess over the
oxygen, since the concentration of oxy-
gen in water saturated with air at 37°C
is about 2.0 X 10—* mole per liter
and it takes six molecules of oxygen
to fully oxidize a molecule of galac-
tose.

The amount of oxygen remaining
throughout the tube after the bands
appeared was measured by insert-
ing a polarographic needle electrode
(10) into the capillary tube. Figure 5
shows that the first band consumes all
or nearly all the oxygen and that the
second band is in an anaerobic environ-
ment.

The amount of galactose remaining
throughout the tube was measured by
using Cl4-galactose, dividing the tube
into compartments, removing and chro-
matographing the contents of each com-
partment, and measuring the amount

of radioactivity in the region of the

chromatogram corresponding to galac-
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1 L 1 1 !
0 2 4 6 8 10
Hours

Fig. 4. Rate of movement of bands of
bacteria. The concentration of galactose
was 2.5 X 10~ mole per liter. At 6 hours
the first band has reached the end of the
column of liquid. The location of bands
in this and all later experiments was mea-
sured with a ruler.

tose. Figure 6 shows that the first band
uses a part of the galactose, and the
second band uses all (or at least 99 per-
cent) of the rest.

It is clear from these data that the
first band of bacteria travels along con-
suming all the oxygen to oxidize a part
of the galactose, while the second band
uses all the residual galactose anaerobi-
cally. When the first band reaches the
end of the column of liquid, it begins
to use up the galactose there (see Fig.
6, 8 hours), and a portion of the bac-
teria then retreats (as shown in Figs.
3 and 4) to consume the unused galac-
tose anaerobically. Bacteria that remain
where they were placed at the start of
the experiment are no longer motile,
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Fig. 5. Utilization of oxygen by bands of
bacteria in 2.5 X 10-*M galactose. Oxygen
was measured polarographically by insert-
ing an oxygen needle electrode (/0) into
the capillary tube in 4-mm steps when the
first and second bands were visible where
shown by the arrows.
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Fig. 6. Utilization of 2.5 X 10'M galactose. The tubes contained C*-galactose (2.5
X 107* mole/liter and 1 X 10° counts per minute per milliliter). At 4 or 8 hours,
when the first and second bands were visible where shown by the arrows, the tube
was fractionated into ten compartments, each 8 mm long, as in Fig. 2. The contents
of each compartment were chromatographed on paper, with n-butanol, acetic acid, and
water (12:3:5) as the solvent, and the radioactivity in the galactose region of the

chromatogram was measured in a paper-strip counter.

because they are left without any galac-
tose as energy source and their endo-
genous energy source is not available
anaerobically (7).

Experiments were also carried out
with 5.0 X 10—5M galactose, a concen-
tration which is lower than that of the
dissolved oxygen. Figure 7 shows that
under these conditions the first band
uses a part of the oxygen and the second
band uses all the rest, and Fig. 8 shows

that the first band consumes all the ga-
lactose while the second band is oper-
ating in the absence of galactose. These
data show that when oxygen exceeds
galactose the first band of bacteria
aerobically consumes all the galactose
as it travels along and leaves behind
unused oxygen; the second band con-
sumes all the residual oxygen to oxidize
an endogenous energy source known
(7) to be present.

Varying the Amounts of
Galactose and Oxygen

When the concentration of galactose
was varied systematically, results were
obtained that. are shown in Fig. 9. At
about 1 X 10—¢M galactose only one
band forms. One would predict that
the “equivalence point” at which neither
galactose nor oxygen is present in ex-
cess would occur at this concentration
and that therefore only one band would
form which would consume all the oxy-
gen and all the galactose as it travels
along. This prediction takes into ac-
count that only about half the galactose
would be oxidized and the rest would
serve as the source of carbon for the
synthesis of cellular material,

As the galactose concentration is in-
creased above 1 X 10—% mole per
liter, the second band travels less and
less far in 4 hours. This is interpreted to
mean that the band does not move
ahead until it has used all or nearly
all the galactose, and the more galac-
tose there is present the longer it will
take the band to use it. At the highest
concentrations of galactose the second
band does not form at all, because more
galactose is present than can be used
up in the time allowed; a microscopic
examination of the tube shows that the
bacteria everywhere are motile, so the
failure to form a second band cannot
be ascribed to lack of motility. The dis-
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Figs. 7 and 8. Fig. 7 (left). Utilization of oxygen by bands of bacteria in 5.0 X 10°M galactose. Measurements were made as in

Fig. 5.

Fig. 8 (right). Utilization of 5.0 X 10°M galactose. The tube contained C'-galactose (5.0 X 10° mole/liter and

2 X 10° counts per minute per milliliter). At 4.75 hours when the first and second bands were visible where shown by the arrows,
the tube was fractionated and chromatographed as described in Fig. 6.

12 AUGUST 1966

711



tance moved by the first band, on the
other hand, is independent of the galac-
tose concentration above 1 X 10—%
mole per liter, presumably because at
this concentration the rate of oxygen
uptake has reached a maximum; that is,
increasing the galactose concentration
further does not increase the rate of
oxygen consumption.

Below 1 X 10—4M galactose the first
band moves less far in 4 hours as the
galactose concentration is increased,
presumably because it takes the bacteria
longer to use up the galactose when
more of it is present. The second band,
on the other hand, moves farther in 4
hours as the galactose concentration is

increased. This is explained by sup-
posing that less oxygen is left behind
by the first band when there is more
galactose to be oxidized; the less oxygen
there is present, the less time it takes for
the second band to consume it and
move on. When no galactose is added,
one band still forms, as shown in Fig.
9. This band travels along consuming
the oxygen (according to measurements
with the oxygen electrode) to oxidize
an endogenous energy source known
(7) to be present.

The effect of varying the concentra-
tion of oxygen was studied at a con-
centration of galactose so high (5§ X
10—3 mole per liter) that no second

band appeared during the experiment.
Figure 10 shows that this “first” band
travels less and less far in 2 hours as
the oxygen concentration is increased.
This is interpreted to mean that the
band does not move on until it has con-
sumed all or nearly all the oxygen, and
the more oxygen there is present, the
longer it takes the band to use it up.
Actually this effect is more pronounced
than Fig. 10 indicates, since at high
concentrations of oxygen the band con-
tains more bacteria and therefore the
oxygen is used faster. No band is
formed in the absence of oxygen (see
Fig. 10).

Baracchini and Sherris (6) had al-
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Fig. 9 (left above). The effect of varying the galactose concen-
tration. A set of tubes, each containing a different concentration
of galactose, was inoculated and incubated.
location of the bands at 4 hours in each of the tubes.

Fig. 10 (above right). The effect of varying the oxygen concen-
tration. A set of tubes, each containing a different concentration of
oxygen, was prepared in this way: just before the medium was put
into the capillary tube, its concentration of oxygen was adjusted to
the desired concentration by bubbling nitrogen or oxygen through
30 ml of medium in a beaker containing the probe of a Beckman
model 777 oxygen analyzer. Each tube was then inoculated and
incubated. The figure shows the location of the band of bacteria at
2 hours in each of the tubes. The concentration of oxygen in

medium saturated with air is taken as 2.1

(shown by the arrow). Galactose was present at such a high con-
centration (5 X 107 mole/liter) that no second band appeared

during the experiment.

Fig. 11 (right). One ring of Escherichia coli in a galactose agar
plate. About 10°® motile cells were deposited at the center of a plate
containing 1.8 X 10~*M galactose, 0.2 percent agar, and the medium
described in 19. The photograph was taken after 18 hours of

incubation at 37°C.
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The figure shows the

X 10 mole per liter
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ready noted that a band of Pseudo-
monas viscosa chemotactic toward oxy-
gen would ascend more slowly if the
peptone solution in which the bacteria
were suspended was first treated with
pure oxygen, and no band at all would
form if the dissolved air was first driven
off by boiling.

The bacteria migrate in the form of a
ring (Fig. 11) when they are deposited
on a 0.2-percent agar plate containing
galactose plus the same medium that
was used for filling the capillary tubes.
The concentration of agar is so low that
the bacteria can swim in this medium.
The ring of bacteria originates from the
deposit and then grows in diameter.
This ring is not restricted to the surface
of the agar, but rather it goes through-
out the depth of the agar. Measure-
ments of Cl4-galactose have shown that
the ring consumes all (> 99 percent)
of the galactose as it travels along. In-
creasing the concentration of galactose
brings about a decrease in the speed of
the ring; these data look just like those
presented in Fig. 9 for the band that
consumes all the galactose.

The ring of bacteria depletes the oxy-
gen by only about 20 percent, accord-
ing to measurements with the oxygen
electrode. Thus the supply of oxygen
on the agar plate, unlike in a capillary
tube, is never exhausted. This explains
why only one ring forms on an agar
plate, while in the same medium two
bands form in a capillary tube.

Experiments with Glucose
and Amino Acids

Entirely similar results are obtained
when glucose rather than galactose
serves as energy source. Varying the
glucose concentration (Fig. 12) affects
the two bands of bacteria similarly to
varying the galactose concentration
(Fig. 9). Measurements of oxygen and
Cl4-glucose have shown that at 3.0 X
10—*M glucose the first band consumes
all the oxygen and part of the glucose,
and the second band uses all the rest of
the glucose anaerobically. Just as with
galactose, increasing the concentration
of oxygen slows the movement of the
single band which forms at 5 X 10—3M
glucose, and exclusion of oxygen pre-
vents formation of the band.

In an agar plate containing glucose
as the energy source, one ring forms
which consumes all (>99 percent) of
the glucose as it travels along. When
both glucose and galactose are present,
two rings form in an agar plate (Fig.
13) and three bands appear in a capil-
lary tube. Measurements of C!*-glucose
and Cl4-galactose (in separate experi-
ments) have shown that the first ring
consumes all the glucose and that the
second ring consumes all the galactose.
The area between the two rings con-
tains 25 to 85 percent of the galactose,
but no detectable glucose. The bacteria
thus use glucose in preference to galac-
tose.

First band

Second band

Centimeters at 3 hours
N
T

No second band
I—‘———l

10-3M Glucose

When this strain of E. coli is grown
aerobically on a mixture of the 20 amino
acids commonly occurring in proteins,
serine is found to be the only one of the
amino acids that can be used both
anaerobically and aerobically as an en-
ergy source, at least for motility (7).
As expected, two bands of bacteria
form on serine, and a study of these
bands (8) gives results just like those
presented for galactose and glucose.

Proline, aspartic acid, alanine, threo-
nine, tryptophan, glutamine, glutamic
acid, glycine, and asparagine are oxi-
dizable (in that decreasing order) but
cannot be used anaerobically by these
bacteria when they have been grown
aerobically on a mixture of the 20 amino
acids. Each of these oxidizable amino
acids gives but a single band which con-
sumes the oxygen as it travels along (8).
This band moves three to eight times
faster than a band which forms even
without the addition of an energy source
and which utilizes oxygen to oxidize an
endogenous energy source. The re-
mainder of the amino acids are not
oxidized at an appreciable rate and
give a band which moves at the same
slow rate as the one formed when no
energy source is added (8).

When a mixture of the 20 amino
acids is used in the capillary tube, two
bands of bacteria form. The first band
consumes all the oxygen to oxidize a
part of one or several of the amino
acids, and the second band consumes

Figs. 12 and 13. Fig. 12 (left). The effect of varying the glucose concentration. A set of tubes, each containing a different
concentration of glucose, was inoculated and incubated. The figure shows the location of bands at 3 hours in each of the tubes.
Fig. 13 (right). Two rings of Escherichia coli in an agar plate containing glucose and galactose. Procedure was described in Fig.
11, except that both glucose (1.8 X 10*M) and galactose (5.4 X 10*M) were present. When glucose and galactose were each
present at 1.8 X 10 mole per liter, two rings still formed, but they were then separated by only 1 or 2 mm; in that case, it
was again the outer ring that consumed all the glucose.
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10° motile cells were deposited at the center of a plate containing Difco tryptone (10 g/liter), sodium chloride (5 g/liter) and

agar (2 g/liter). [Photograph by John L. Tschernitz]

Fig. 15 (right). A suspension of motile Escherichia coli deposited at

two places on the surface of a tryptone-agar plate swarms out in rings that stop when they meet. [Photograph by John L. Tschernitz]

all the residual serine anaerobically
(see 8).

Motile cells of E. coli deposited on
a trytone, 0.2-percent agar plate swarm
out in three (or sometimes more)
rings (Fig. 14). Time-lapse movies,
taken by J. L. Tschernitz, show that
each ring originates from the deposit
and remains intact as it moves over the
plate. The amino acids of casein are
the major constituents of tryptone.
Amino acids labeled with carbon-14
were added one at a time to a tryptone
agar plate, and remaining labeled amino
acid was then determined after chro-
matography of samples taken from be-
hind each ring.

The first ring consumes all (>99
percent) of the serine. It also uses 90
to 95 percent of the oxygen. The sec-
ond ring, which is restricted to the top
of the agar where oxygen is available,
consumes 90 percent of the aspartic
acid, an amino acid that can be used
only aerobically. (Perhaps the remain-
ing 10 percent is unavailable at the
bottom of the agar plate, where condi-
tions are anaerobic.) The third ring
uses all (>99 percent) of the threo-
nine. This ring occurs at the bottom
of the agar; presumably a pathway that
allows anaerobic use of threonine has
been induced under these anaerobic
conditions. The other five oxidizable
amino acids were not used, or were
used at most to the extent of 15 per-

714

cent of the supply, by any of the three
rings. (Asparagine and glutamine are
heat-labile and therefore would not be
present in this autoclaved medium.)

Just as these bacteria prefer glucose
over galactose, so is there an order of
preference among the amino acids. The
mechanism by which this preference is
expressed has not been studied here.
The presence of one energy source
somehow prevents the use of another,
as has been found in the well-known
diauxie phenomena.

When bacteria are deposited at two
places on a tryptone-agar plate (Fig.
15), the corresponding rings from each
deposit stop when they meet, presum-
ably because the particular amino acid
involved has been exhausted in the
area already traversed by each ring.

Mechanism of Chemotaxis

In the studies reported here, the
bacteria create a gradient of oxygen
or of an energy source, and then they
move preferentially in the direction of
the higher concentration of the chem-
ical.

How does a chemical influence the
swimming of the bacteria to make them
move toward the chemical, or away
from it? By the end of the 19th century
Engelmann, Pfeffer, Rothert, Jennings,
and others had discovered the “avoiding

reaction” (or “shock reaction”) in bac-
teria (I-3). The avoiding reaction may
be described as follows. Imagine a gra-
dient between a low and a higher con-
centration of oxygen. A bacterium that
happens to swim from the higher into
the lower concentration suddenly stops
or becomes apparently uncoordinated
for an instant or jumps back, and then
it goes off in a new, randomly chosen
direction; in some species that can swim
equally well forward or backward, the
organism stops and then swims away in
the reverse direction. If the new direc-
tion takes the bacterium further into
the region of low oxygen concentration,
the avoiding reaction is repeated, but
if a higher concentration is encountered
the bacterium continues to swim in the
new direction. The net result is that
the bacteria accumulate in the region
of higher concentration. (Actually, very
high concentrations are also avoided.)
This taxis by avoidance of an unfavor-
able concentration is known as “phobo-
taxis” (2, 3, 12). More complex cells
and organisms, for example certain
sperm, algae, and animals, show another
kind of taxis known as “topotaxis” (2,
12). In that case the organisms orient
themselves in the direction of the source
of stimulation and then move directly
toward or away from the stimulus.
The very jerky motion of the bacteria
in the bands studied here suggests that
E. coli carries out the avoiding reaction
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during chemotaxis. Other workers in
recent years have also observed bac-
terial movements that resemble the
avoiding reaction. Baracchini and Sher-
ris (6) pointed out that their observa-
tions of Pseudomonas viscosa in a band
chemotactic toward oxygen were in ac-
cord with earlier descriptions of avoid-
ing reactions which cause the bacteria
“to reverse the direction of their move-
ment or to develop a complex and
apparently uncoordinated series of
movements.” Lederberg (/7) has re-
ported “very rapid but jerky move-
ments” in Salmonella paratyphi during
chemotaxis away from phenol, and
Clayton (12) has studied “reversals of
swimming direction” in his extensive
work on phototaxis and chemotaxis in
Rhodospirillum rubrum.

Many questions remain unanswered.
How is the stimulating chemical sensed?
Links (13) has suggested that the de-
creasing concentration of the chemical
is detected by means of a sudden de-
crease of the energy-supplying sub-
stance (probably adenosine triphosphate)
in the motor apparatus. Another pos-
sibility is that there is a specific chemo-
receptor for each kind of stimulating
chemical. How are the sensed data
translated into action? Is there a co-
ordinating system that directs the flagel-
la? Can bacteria “learn” to swim toward
or away from a chemical?

One approach toward answering
some of these questions is by the isola-~
tion and study of mutants that are de-
fective in motility and chemotaxis. In
the closely related genus Salmonella,
mutants of the following types have
already been described (7/4): nonflag-
ellated bacteria; paralyzed bacteria,
that is, bacteria with morphologically
normal but nonfunctioning flagella;
and bacteria with morphologically ab-
normal flagella, such as curly mutants.
By picking from the center of a tryp-
tone-agar plate such as the one shown
in Fig. 14, we have now isolated all
these types also in E. coli, and in addi-
tion we have found a novel type of
mutant which is fully motile but fails to
show any chemotaxis (75). These bac-
teria do not form bands or rings in any
of the situations described in this
article; they are generally nonchemo-
tactic. Attempts are in process to iso-
late mutants which are specifically non-
chemotactic, that is, bacteria which fail
to show chemotaxis toward only one
chemical or a small group of closely
related chemicals.

Modern studies of biology have re-
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vealed a universality among living
things. For example, all organisms have
much in common when it comes to their
metabolism and genetics, Is it not pos-
sible that all organisms also share com-
mon mechanisms for responding to
stimuli by movement? Just as the higher
organisms’ machinery for metabolism
and genetics appears to have evolved
from processes already present in the
lowest forms, so it is possible that the
nervous system and behavior of higher
organisms evolved from chemical re-
actions that can be found even in the
most primitive living things. From this
point of view one may hope that a
knowledge of the mechanisms of motil-
ity and chemotaxis in bacteria might
contribute to our understanding of neu-
robiology and psychology.

This is not a new idea. Binet ex-
pressed it in 1889 in his Psychic Life
of Micro-organisms (16), Verworn in
1889 in Psycho-physiologische Protis-
ten-studien (17), and Jennings in 1906
in Behavior of the Lower Organisms
(7). In recent times Clayton has com-
pared phototaxis in R. rubrum with ex-
citability of muscle and nerve (12),
and Delbriick, Dennison, Reichardt,
Shropshire, and others have emphasized
the importance of studies on the photo-
responses of the fungus Phycomyces
for an understanding of sensory physi-
ology (12a).

Summary and Conclusion

Motile Escherichia coli placed at one
end of a capillary tube containing an
energy source and oxygen migrate out
into the tube in one or two bands,
which are clearly visible to the naked
eye and can also be demonstrated by
photography, microscopy, and densi-
tometry and by assaying for bacteria
throughout the tube. The formation of
two bands is not due to heterogeneity
among the bacteria, since the bacteria in
each band, when reused, will form two
more bands,

If an anaerobically utilizable energy
source such as galactose is present in
excess over the oxygen, the first band
consumes all the oxygen and a part of
the sugar and the second band uses the
residual sugar anaerobically. On the
other hand, if oxygen is present in ex-
cess over the sugar, the first band oxi-
dizes all the sugar and leaves behind
unused oxygen, and the second band
uses up the residual oxygen to oxidize
an endogenous energy source.

The essence of the matter is that the
bacteria create a gradient of oxygen or
of an energy source, and then they
move preferentially in the direction of
the higher concentration of the chem-
ical. As a consequence, bands of bac-
teria (or rings of bacteria in the case
of agar plates) form and move out.
These results show that E. coli is
chemotactic toward oxygen and energy
sources such as galactose, glucose, as-
partic acid, threonine, or serine. The
full repertoire of chemotactic responses
by E. coli is no doubt greater than this,
and a more complete list remains to be
compiled.

The studies reported here demon-
strate that chemotaxis allows bacteria
to find that environment which provides
them with the greatest supply of energy.
It is clearly an advantage for bacteria
to be able to carry out chemotaxis, since
by this' means they can avoid unfavor-
able conditions and seek optimum sur-
roundings.

Finally, it is necessary to acknowl-
edge the pioneering work of Engle-
mann, Pfeffer, and the other late-19th-
century  biologists who discovered
chemotaxis in bacteria, and to point
out that the studies reported here fully
confirm the earlier reports of Beijerinck
(4) and Sherris and his collaborators
(5, 6) on a band of bacteria chemo-
tactic toward oxygen. By using a chem-
ically defined medium instead of a com-
plex broth, it has been possible to study
this band more closely and to demon-
strate in addition the occurrence of a
second band of bacteria chemotactic
toward an energy source. Beijerinck (4)
did, in fact, sometimes observe a second
band, but he did not offer an explana-
tion for it.
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Ethics for an International
Health Profession

World health problems give rise to questions that
are not answered by the physician’s traditional code.

Increasing numbers of physicians are
being attracted to service in interna-
tional health. Many international as-
signments are carried out by short-term
experts on leave from regular positions
in their own countries, but a career
corps is needed to maintain the ad-
ministrative framework of international
agencies, to ensure continuity of ac-
tivities, and to provide imaginative ex-
ploration of the many new dimensions
of this expanding field.

Any professional group tends to de-
velop an ethic or binding matrix of
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values, which is often more important
than knowledge or skills in setting that
group apart from other groups (7).
The general medical profession has
with considerable pride made its ethic
explicit. No other group has such a
long and consistent tradition of trying
to maintain an idealistic view of its
function and role; its ethical principles
were long ago embodied in the Oath
of Hippocrates, the Oath of Mai-
monides, and in India, the oath pre-
scribed by Susruta from traditional
rituals which originated well before the
Ist century A.D. The total milieu of
medical education specifically provides
for the inculcation of these distinctive
values.
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To a remarkable degree the profes-
sional subculture of medicine cuts
across national and other cultural
boundaries. But new problems in inter-
national health pose questions—most
conspicuously, but by no means solely,
the question of the effect of disease
prevention on population growth—
which are not encompassed by an ethic
based on the relation of individual
physician to individual patient. Thus
the ethic of the specialty remains im-
plicit and undefined. The basic values
are vaguely perceived and, at best,
are acquired by imitation in loosely or-
ganized preceptorship assignments with
“old hands” who have made many of
the obvious mistakes but have not nec-
essarily learned the needed answers.
Urgently needed is a clearer definition
of the ethical values which will shape
professional decisions in the troubled
days ahead.

Ethic of the Physician

Respect for the sanctity of human
life is the underlying value of the med-
ical ethic. The seriousness of the “life
and death” responsibility has led society
to attach a special aura to the physi-
cian. The patient turns over to him his
pains and his fears. Even when, in fact,
he can do little to help organic disease,
the physician brings assurance by “lay-
ing on hands” (2).
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