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Math Minute 8.1 How Do You Know if You Have Sampled Enough Cells?

A hidden assumption in the bar code study is that the proportion of each strain in a sam-
ple is the same as the proportion of the strain in the entire population at the time the sam-
ple is taken. If this assumption does not hold, the growth profiles of the 558 strains
cannot be accurately assessed. The validity of the assumption depends on how large the
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Figure 8.8 Analysis of bar code DNA microarrays.
a) Correlation of growth rate data obtained with both bar code (DOWNTAG and UPTAG)
sequences for strains grown in rich medium. Data are shown for 331 strains that pro-
duced UPTAG and DOWNTAG hybridization signals that were both at least threefold
over background at time zero. b) Normalized hybridization intensity data for the 10 
slowest-growing (light purple) and 10 fastest-growing (dark purple) strains in rich
medium. The data are presented as fraction of labeling intensity at time zero (log scale
on Y-axis) over time in the form of population doubling (X-axis).
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Figure 8.9 Bar code analysis of biological processes.
Distribution of functional classes of essential (inner circle) and nonessential (outer circle)
genes using criteria from the Munich Information Center for Protein Sequences (MIPS).
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sample is, compared to the size of the population. For example, suppose a population of
1010 cells contains an equal number of cells from each of 558 strains. If 109 cells (10%) are
sampled from the population, it is more likely that the sample contains an approximately
equal number of cells from each strain than if only 108 cells (1%) are sampled. If one
strain were to constitute only 1% of the population, a very small sample might miss the
strain completely, or get too few cells from the strain to be detected on a DNA microarray.

You can calculate the probability of a particular sampling outcome (i.e., getting a partic-
ular number of cells from each strain in a sample) using the multivariate hypergeometric
frequency function, a formula involving the sample size and number of cells from each
strain in the population. Specifically, suppose a population contains N cells from M differ-
ent strains, with n1 cells from strain 1, n2 cells from strain 2, . . . and nM cells from strain M.
You can compute the probability that a random sample contains k1 cells from strain 1, k2

cells from strain 2, . . . and kM cells from strain M, with the hypergeometric formula:

where K is the sample size (i.e., K � k1 � k2 � . . . � kM). For example, if a population
contains 100 cells from each of 3 different strains (a total of 300 cells), the probability
that a sample of 60 cells contains exactly 20 cells from each strain is

In the hypergeometric formula, each pair of numbers in parentheses is a binomial
coefficient

(read “n choose k”), which represents how many distinct sets of k cells of a particular
strain can be chosen from the n cells of that strain in the population. For example, with
n1 � 100 and k1 � 20,

Many calculators, as well as various mathematical and statistical software programs,
have a binomial coefficient function that can save you a lot of computation.

In a sample of 60 cells from a population of 300 cells, the ideal sample would contain
20 cells from each strain, in perfect agreement with the population proportions of 1/3
for each strain. Evaluating the binomial coefficients in the preceding formula results in
a probability of 0.017 of getting an ideal sample, that is, one that contains exactly
20 cells from each of the three strains. However, for practical purposes, we are satisfied
with getting close to 20 cells from each strain. Suppose we are willing to accept a devia-
tion of up to three cells from the ideal number (20 � 3) for each strain, corresponding
to a deviation of 3/60 � 1/20 � 0.05 from the ideal proportion (1/3 � .05). There are
37 different sampling outcomes that satisfy this criterion. (Can you identify all 37?)

You can find the probability of getting one of these 37 outcomes by computing the
probability of each outcome (using the hypergeometric formula) and adding the 37 prob-
abilities. The result of these calculations—that is, the probability that the sample pro-
portions are all within 0.05 of the population proportions—is approximately 0.47.
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Table MM8.1 Probability that sample proportions are within a specified deviation 
from 1/3, for sample sizes of 60,120, and 180 cells.

Probability

Deviation Sample 60 cells Sample 120 cells Sample 180 cells

0.025 0.113 0.345 0.502
0.05 0.470 0.766 0.954
0.075 0.649 0.954 0.998
0.1 0.887 0.995 0.999991
0.125 0.945 0.9997 ≈1

DISCOVE RY QU ESTIONS
22. Predict what might happen if only the slowest-

growing strains were incubated together (see
Figure 8.8b). Would their graphs be the same as
when they were grown with all 558 strains?

23. Hypothesize why some of the lines in Figure 8.8b
leveled off lower than others and why they never
reach zero on the Y-axis.

24. In Figure 8.9, you can see that DNA synthesis
has some nonessential genes. How can DNA syn-
thesis be considered “nonessential” in a growing
population? Explain this apparent contradiction.

25. What are the pros and cons of the bar code
method compared to the mTn method? Is one
better than the other?

8.1 Summary
Conceptually, the gene deletion approach is not genomic,
but the capacity to analyze entire genomes does provide us
with more comprehensive perspectives. The two yeast
whole-proteome analysis methods could be applied to any
organism, but, because of its small genome and its utility as

In other words, we have a 53% chance of getting a sample that differs from the ideal by
more than 3 cells in one or more strains.

To improve our chances of getting a good sample, we must sample more cells. Alter-
natively, we could relax our maximum deviation criterion, accepting a deviation of up
to 5 cells (20 � 5), for example. The probability that all strains are represented within a
given deviation from 1/3 is shown in Table MM8.1 for three different sample sizes. The
deviation is given as a proportion of the sample size; the deviation in number of cells is
different for each sample size.

This table of probabilities shows that we should sample at least 180 cells from our popu-
lation of 300 cells to be 95.4% certain that the sample proportions will be 1/3 � 0.05 for
all three strains. However, if we were willing to accept errors as large as 0.125 (i.e., sample
proportions ranging from 0.208 to 0.458), a sample of 60 cells would probably do.

Now suppose we have a population containing 200 cells from strain 1; 97 cells from
strain 2; and 3 cells from strain 3. In other words, the population is the same size as in
our previous example (300 cells), but strain 3 constitutes only 1% of the population.
What is the probability that a sample of 60 cells from this population contains at least
one cell from strain 3? There are 61 sampling outcomes that have no cells from strain 3.
By using the hypergeometric formula, you can sum the probabilities of these 61 out-
comes to find that the probability of completely missing strain 3 is 0.511. Therefore, the
probability that strain 3 is present in the sample of 60 cells is 1 � 0.511 � 0.489. Once
again, sampling more cells improves our chances of getting a good sample—in this case,
one in which a cell from strain 3 is present. Specifically, the probability that strain 3 is
present is 0.785 when 120 cells are sampled, and 0.937 when 180 cells are sampled.

For very large samples, it is difficult to compute probabilities with the hypergeomet-
ric frequency function, and they are often approximated using the normal distribution
(Math Minute 11.1). Whether exact or approximate, these probabilities show investiga-
tors that growth trends such as those in Figure 8.8 are not merely artifacts of the
sampling process.
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