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experimental design, and the meaning
of scientific proof. First, we present
an overview of their experiment.
Luria and Delbruck began their
paper by describing a readily observable phenomenon that was well known
at the time. When a turbid culture of
bacteria is exposed to a virus, the
culture clears quickly as bacteria that
are sensitive to the virus lyse. However
some bacteria survive and reproduce,
and the culture eventually becomes
turbid again.
Luria and Delbruck present two
alternative hypotheses that could
account for this observation:
1. The mutation hypothesis. A bacterial cell has a small but finite probability of mutating from sensitive to
resistant during its life, regardless of
whether viruses are present in the
environment.
2. The acquired immunity hypothesis. A bacterial cell has a small but
finite probability of surviving an attack
by a virus, and if it survives it passes
on its resistance to its daughter cells.
Distinguishing between these two
hypotheses presented a challenge. If
resistant bacteria could be found in
the absence of virus, the mutation
hypothesis would be supported. However, the only known assay for resistance was to expose the bacteria to
the virus and identify the surviving
cells. But if virus is present in the
bacterial culture, the existence of surviving cells by itself is not sufficient
to rule out either hypothesis.
Luria and Delbruck found a clever
way around this problem, and it provides the foundation for their work:
the two hypotheses predict different
times for the occurrence of the first
mutation. The mutation hypothesis
predicts that a mutation to resistance
can occur at any time during the
growth phase of a bacterial culture.
The acquired immunity hypothesis, on
the other hand, predicts that mutations
will occur only after the introduction
of virus.
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Suppose that a large number of parallel cultures with equal concentrations
of bacteria are placed on petri plates
inoculated with virus. The acquired
immunity hypothesis predicts that
each plate will have approximately the
same number of resistant colonies. This
is because with respect to resistance,
all the cultures were identical at the
time of plating. None contained any
resistant bacteria, and since the chance
of mutating to a resistant form is the
same for all bacteria, the number of
such mutants should be about the
same on each plate. Indeed, the only
variation expected comes from statistical variation in the number of mutations that occurred and variation that
results from the plating technique.
The mutation hypothesis predicts a
very different result. The parallel cultures are not the same at the time
of plating. In some of these cultures,
mutation to resistance may have occurred early in the culture's growth phase.
Such cultures will contain many resistant cells, since the original mutants
will have had time to produce many
resistant daughter cells. Other cultures
can produce many fewer resistant cells
if the mutation to resistance occurs at
a later time. The number of resistant
colonies will fluctuate greatly from one
plate to another, and the variance in
number of colonies will be correspondingly greater than that predicted by
the acquired immunity hypothesis.
These differences form the basis of
Luria and Delbruck's "fluctuation
test." They grew up a large number
of parallel cultures of E. coli and put
aliquots from each on petri plates
infected with virus. If the number of
resistant cells fluctuated greatly from
plate to plate (i.e. if the variance in
number was high), the mutation
hypothesis would be supported. If the
numbers were similar among the
plates, this would favor the acquired
immunity hypothesis.
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Many of the laboratory exercises
performed in an undergraduate biology course have the important goal
of teaching students to use modern
techniques or to illustrate new discoveries. It is also true, however, that
students can learn many valuable principles from studying and repeating
"classic" experiments.
En 1943 Luria and Delbruck performed an experiment that we think
is a good candidate for consideration
as a classic. Their experiment addressed
the question of whether mutations (in
this case E. coli resistance to bacteriophage) occur at random or are directed
by the environment. The answer to this
question has a strong influence on our
understanding of evolution and adaptation. If the environment can direct
the production of beneficial mutations,
this mechanism could account for much
of the adaptation we see. If the effects
of mutations are independent of the
environment, another mechanism (e.g.
natural selection) is required to explain
adaptive change. The majority of evolutionary biologists today accept the
random nature of mutation. However,
directed mutation continues to hold
an allure, since it seems at first glance
to be a much more efficacious process.
In the conclusion section, we discuss
this point and review briefly some of
the more recent attempts to find a
mechanism for directed mutations.
In this paper we describe how we
have used Luria and Delbruck's experiment in our evolution course to illustrate several important concepts, such
as the random nature of mutations,
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1. It provides an elegant demonstration of experimental design, and
gives a clear-cut illustration of
how good experiments provide a
clear distinction among competing hypotheses.
2. It helps students better understand a concept that many of
them find difficult: that mutations
occur randomly and that genetic
variation is selected by natural
selection, but not caused by it, no

matter how attractive that prospect seems.
3. It provides good insight into
some interesting aspects of the
nature of science because (Point
2 notwithstanding), the notions
of directed mutation and the
inheritance of acquired characteristics (in particular acquired
immunity) have both recurred as
recent topics of study, even
though Luria and Delbruck's
work "proved" that these notions
have no validity.
We have addressed the first point
already, and we will address the other
points in our discussion. Here we provide a brief overview of the experimental protocol. Complete details and
preparation instructions are available
upon request.

The Experiment
The experiment we perform is reasonably close to Luria and Delbruck's
original experiment. Instructors for the
genetics course at Vassar College
developed the actual protocol for this
lab during the early 1980s. We have
augmented the basic protocol to
include the computation of mutation
frequency, an interesting (if optional)
step.
Figure 1 outlines the student protocol. Students take about 3 to 4 hours
to perform this experiment, distributed
over three days as shown in Figure 1.
Pre- or co-requisite knowledge for the
students includes a facility with sterile
technique, serial dilutions and bacterial culture, and the ability to understand and compute variances. Table 1
presents two data sets that show student results. Figure 2 outlines how the
results are analyzed.
The materials needed for this experiment include a stock culture of E. coli
B, a high-titer suspension of T4 phage,
dilution buffer, nutrient broth, and
nutrient agar. In addition the experiment requires a fairly large number
of sterile test tubes, sterile pipettes,
and petri plates. We have found that
the preparation and expense is manageable for small class sizes: we typically have 20 students in a class, who
work in groups of two or three. We
have one or two undergraduates who
work under our direction to prepare
the materials and set up the lab.
We spend considerable time discussing with students the design of this
experiment. Although our students are
adept at following the instructions and
obtaining results, a casual reading of

the laboratory exercise leaves them
unclear on two main points: 1) the
nature of the controls used and 2) the
interpretation of the results.
It is important that students realize
that the 10 replicate plates (those from
a single culture) serve as a control for
their plating technique. In principle,
each of the 10 replicate plates should
have the same number of resistant
colonies, since each was inoculated
from a single culture. The variance
in resistant colonies on the replicates
estimates the variance due to sampling
error that results from taking an aliquot and spreading it on the plate.
It is also important for students to
understand the predictions made by
the acquired immunity hypothesis and
the mutation hypothesis. First, neither
hypothesis makes predictions about the
mean number of colonies on the replicate plates vs. the parallel plates. Students sometimes expect, mistakenly,
that what they are looking for is a
difference in mean, and in particular
that a larger mean for the parallel cultures supports the mutation hypothesis.
The key result, as Luria and Delbruck point out and as we discussed
in the Introduction, is whether the
variance in colony number is the same
for the replicate and parallel plates. If
it is, the correct interpretation is that
all 11 cultures contained the same number of mutant cells at the time of plating, and that the only factor contributing to the variance is sampling error
during plating. The most likely explanation for this is that the number of
mutant cells at the time of plating is
zero. None of the tubes had any resistant mutants, and mutants resistant to
the phage appeared only after exposure to the phage. This result supports
the acquired immunity hypothesis.
On the other hand, the mutation
hypothesis predicts that the variance
in the parallel plates will be higher
than that of the replicates. Both sets
get the same contribution in variance
from plating technique. However, the
10 cultures used for the parallel plates
will exhibit additional variance due to
variance in the times when mutations
occurred. In cultures where the mutation occurred early, large numbers of
resistant daughter cells lead to many
resistant colonies, while cultures with
later mutations will contain correspondingly fewer resistant cells. Thus
a larger variance for the parallel plates
supports the mutation hypothesis. This
also explains why a difference in mean
number of colonies between replicate
and parallel plates is not informative.
The culture chosen for the replicate
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Luria and Delbruck recognized one
last problem with their experimental
design. A large fluctuation in resistant
colonies could also result from sampling error when the bacterial cultures
were plated. To control for this possibility, they also made a set of replicate
plates, with aliquots of equal volume
taken all from the same culture. A
low variance in number of resistant
colonies on these plates rules out the
possibility that fluctuations found
among the parallel plates is due to
experimental error.
Not surprisingly given our current
understanding of mutation, Luria and
Delbruck found that plates from the
same culture showed a low variance
in number of resistant colonies, but
plates from different cultures showed a
much larger variance. They concluded
that mutations (in this case, at least),
are not directed by environmental
stimuli, but instead occur randomly.
The key to their success was an elegant
experimental design, motivated by
clever reasoning and a good analysis
of the problem, and backed up by
well-designed controls. As such, their
experiment is an excellent model, and
we feel that students benefit greatly
by studying it.
We don't wish to oversimplify Luria
and Delbruck's work, for they did
more than we have described above.
For example, using probability theory
they were able to derive the frequency
distributions for the number of resistant colonies expected according to
both hypotheses. They were also able
to compute the variance of both distributions, and were able to show that the
expected variance of the distribution of
resistant colonies was indeed much
greater for the mutation hypothesis.
Students would undoubtedly profit
from studying the theoretical underpinnings of Luria and Delbruck's
work. We have focused mainly on its
empirical aspects in our undergraduate courses.
We feel that this experiment provides three important benefits in an
undergraduate course:

Day 1. Set up cultures.
1. Dilutea log phase cultureof E. coli, to a final concentrationof
the original.
2. Set up 11 test tubes with3.0 ml of E. coli culturemedium.
3. Inoculateeach tube with 0.3 ml of the finaldilutionfromStep 1.
4. Incubatethe 11 test tubes overnightat 360.

of

10-5

Day 3. Recordthe numberof colonies that appear on each petriplate.
Figure 1. Outline of experimental protocol.

Table 1. Representative student results.
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0
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plates may have had an early (or late)
mutation, and as a result the mean
number of colonies could be larger or
smaller than that of the parallel plates.

Discussion
This experiment is relatively inexpensive to perform and relatively easy
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to set up (at least for smaller classes).
It doesn't require specialized equipment. It draws upon techniques and
skills that most undergraduate biology
majors will (or should) have. Barring
major mistakes during the procedures,
this experiment always produces interpretable and "correct" results. Thus
the experiment meets some of the min-
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Day 2. Set up petriplates.
1. Get 20 petriplates withnutrientagar. Label 10 plates "replicate"and the
other 10 "parallel."
2. Inoculateeach plate with 0.2 ml of a T4 phage suspension, and spread
evenly over entire plate. Allowto dry.
3. Select at randomone of the 11 E. coli cultures from Day 1. Fromthis
culture,put a 0.1 ml aliquoton each of the 10 plates labeled replicate.
Spread evenly, allow to dry, and invert.
4. Foreach of the remaining10 cultures,take a 0.1 ml aliquot,and spread
itevenlyoverone of the petriplates labeledparallel.Allowto dry,and invert.
5. Performa serial dilutionon the cultureselected in Step 3 to achieve final
concentrationsof 10-6 and 10-7.
6. Obtainfouradditionalpetriplates. Labeltwo of them "10-6" and the other
two "10-7." Do not put phage on these plates.
7. Plate a 0.1 ml aliquotfromthe 10-6 tube (Step 6) onto each of the petri
plates labeled 10-6. Plate a 0.1 ml aliquotfromthe 10-7 tube onto each
of the petriplates labeled 10-7. Allowto dry,and invert.
8. Incubateall 24 petriplates overnightat 360.

imal requirements that make it acceptable to students and instructors.
In our experience the experiment
provides a good deal of additional
pedagogical benefit. It challenges students to think about experimental
design; the conclusions drawn link to
a number of disciplines like evolution,
cell biology and genetics; and there
are interesting tie-ins to recent research
and the philosophy of science.
Once they understand the experimental design, many students come to
appreciate the elegance with which it
distinguishes between the two hypotheses. Assuming only that all 11 E. coli B
cultures contained approximately equal
concentrations of cells and that the
probability of mutation is equal for all
cells, the larger variance of resistant
colonies on the parallel plates completely rules out the acquired immunity hypothesis. Conversely, had the
results been otherwise and the variance of resistant colonies was found
to be the same for both sets of plates,
the mutation hypothesis would have
been completely ruled out. This experiment reinforces the point that hypothesis testing is one of the major functions
of an experiment, and also provides
a good example of how experimental
design promotes success in this endeavor. Less tangible, though still
important, is our belief that presenting
students with examples of good experimental design will help them when
they begin to design their own independent experiments.
We perform this experiment in our
Evolutionary Biology course. Although
it would be appropriate in other courses
as well, in an evolution course this
experiment helps illustrate a particularly thorny point. As we study examples of adaptations and describe the
mechanisms by which they arise, it is
inevitable that some students find it
difficult to accept that adaptations
evolved by means of selection acting
on what initially was random genetic
variation. The possibility of some
mechanism that can direct mutations
along environmentally favorable avenues seems to have such explanatory
power and seems so effective at producing adaptation that it is difficult
to abandon. The results of Luria and
Delbruck's experiment don't rule out
this possibility for all cases, of course.
They do, however, demonstrate conclusively (although see below) that in
this case environmental factors like
phage cannot have caused the mutation to resistance, since the mutation
occurred before exposure to the phage.
The last question we discuss with
our students is: What exactly is meant

Figure 2. Analysis of results.

by a "conclusive demonstration" in
science? In spite of results like those
of Luria and Delbruck, some scientists
find it difficult to accept that an apparently "random" or mechanistic
process can bring about the adaptations we see all around us. Dating
back at least to the early 1980s, a
number of researchers have reported
evidence of environmentally directed
(and therefore adaptive) mutations.
Each report has been followed almost
instantaneously by a flurry of rebuttal
or alternative interpretations that preserve the traditional view that mutations are random. The discussion has
been lively, at times vitriolic, and it
is a good example of what scientific
discourse can be.
Gorczynski and Steele (1981) published results suggesting that in mice
an acquired resistance to certain antigens could be passed on to offspring.
This hypothesis is similar in some
respects to one of the hypotheses Luria
and Delbruck proposed to account for
the mutation to phage resistance. Two
months later, Brent et al. (1981) challenged these results when they were
unable to repeat them, which led in
turn to a counter-challenge by Steele
(1981) suggesting that Brent's results
did indeed support his own.

Caims et al. (1988) addressed the
issue directly by repeating Luria and
Delbruck's fluctuation test in a different context. They argued that in the
original experiment the lethality of the
phage precluded the possibility that
given more time, environmentally
directed mutants might have been produced. In Cairn's version of the test,
E. coli that were unable to metabolize
lactose were plated on media with
lactose as the only energy source. Some
colonies appeared on the media immediately, presumably spontaneous
mutants of the type Luria and Delbruck observed that were able to
metabolize lactose. Several days later,
additional mutant colonies formed.
Cairns et al. concluded that these colonies were the result of environmentally
directed mutations to cells that were
lactose deficient when plated, but the
presence of lactose in the medium
induced the appropriate mutation that
allowed these colonies to grow. Foster
and Cairns (1992) went on to propose
mechanisms by which such mutations
could be produced.
As with the results of Gorczynski
and Steele (1981), a number of
researchers questioned these results or
offered alternative explanations (see,
for example, Lenski & Mittler 1993),

and a moderately sized controversy
ensued. Goodman (1992) provides a
good review of the recent history of
directed mutation research.
When we discuss this research with
our students, we don't present it as
evidence that Luria and Delbruck were
"wrong." Our point is that in actual
practice science doesn't always proceed in an orderly fashion, where an
experiment, even a well designed one,
once and for all puts to rest hypotheses
about the most fundamental concepts
of a discipline. Luria and Delbruck's
work (and of course a host of others)
shows conclusively that environmental
influences played no role in establishing a mutation for resistance to phage.
Generalizing this, we come to the wellestablished conclusion that mutations
occur randomly and are not directed
by environmental influences into specifically favorable forms. Even so, the
search for a more directed, and perhaps more efficient, mechanism for
generating favorable genetic variation continues.
In conclusion, we have found Luria
and Delbruck's experiment and the
many issues that surround it to be a
rich topic for discussion. In addition to
questions about the experiment itself,
students can analyze questions about
the nature of controls, experimental
design, and reasons why some themes
in science keep recurring. While current techniques and modem perspectives are important, students can
derive a great deal of benefit from
studying the classics as well.
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1. Computethe mean and variancein numberof colonies forthe parallelplates.
a. To compute the mean: add the numberof colonies on each plate, and
divideby the numberof plates.
b. To compute the variance:for each plate, subtractthe mean from the
numberof colonies on that plate, and square the result.Add up all the
squares, and divideby the numberof plates -1.
2. Computethe mean and variance in numberof colonies for the replicate
plates.
3. Computethe mutationfrequency,as follows:
a. Use the four plates fromDay 2, Step 6 to estimate the concentrationof
bacteriainthe originalculturefromwhichthe replicateplates were made.
i. Average the numberof colonies on the 10-6 plates.
ii. Ifthere are no colonies on the 10-7 plates, ignorethem. Ifthere are
colonies on the 10-7 plates, computethe average numberof colonies.
Multiplythe average by 10 to make the results from these plates
equivalentto the resultson the 10-6 plates. Then average these two
averages to get the overallestimateof numberof colonies at a dilution
factorof 10-6.
iii. To findthe concentrationinthe originalculture,you dividethe average
numberof colonies by the dilutionfactor.The dilutionfactor is 10-6,
but an additional"dilution"occurred since only 0.1 ml of the final
dilutiontube was plated, makingthe total dilutionfactor 10-7. Divide
the resultof Step 3.a.i (or3.a.ii)by 10-7 to get the estimateof bacterial
concentrationin the originalreplicateculture.
b. Use the average numberof colonies on the replicateplates to estimate
the frequencyof mutationsin the replicateculture.Each plate was produced froma 0.1 ml aliquotof the replicateculture,resultingin a 10-1
"dilution."
The estimatedfrequencyof mutationsis thereforethe average
numberof colonies observed on the replicateplates dividedby 10-1.
c. Dividethe resultof 3.b by the resultof 3.a.iiito get the mutationfrequency.
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