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Supplementary Methods

Calculation of the p-value for co-occurrence of rare codon clusters

The hypothesis tested in this section is whether rare codon clusters, as a whole,
are conserved across homologs. This test was not designed to identify which rare
codon clusters are conserved, which was done using the binomial test described in the
main text. Instead, this test counted the total number of co-occurring rare codon
clusters observed in the homolog families, and compared this number with the total
number of co-occurring clusters under the null hypothesis to get a p-value. The total
number of co-occurring clusters was generated using a sliding window strategy.

We first pre-processed the data set to remove gaps in the alignment, as these
will complicate the sliding window approach. We deleted all alignment positions that
have gaps in one or more of the homologs. Then we discarded all homolog families
with alignments <10 amino acids long. Alignments this short have little power in testing
the co-occurrence hypothesis. Because of this, although the threshold of 10 amino
acids is arbitrary we expect the results to be insensitive to this threshold. After this pre-
processing, 15764 out of 16520 homolog families were retained for further analysis.
The above pre-processing does not introduce bias to our analysis, and since more than
95% of the homolog families remain in our data set, the loss of power should not be
significant.

To test whether rare codons as a whole co-occur across this dataset, we
performed the following statistical test. For homolog family &, suppose its alignment

length is L; and the number of homologs in this family is S ¢. Let Xeij = 1jf position i in



homolog J of homolog family & is a rare codon cluster center, and 0 otherwise. Then the

number of overlapping cluster centers in homolog J1 and homolog J2 is
L,
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So the average number of overlapping centers in all homologs is
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To determine a p-value, we estimate the distribution of Cs under the null
distribution by permuting the locations of rare codons. Since the rare codons are
clustered, we designed a permutation to preserve the spatial relations between codons

by sliding the homolog sequences relative to each other and calculating the average

number of overlapping centers. That is, we define
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¢ij is the new homolog J that has been slid k amino acids to the right. Then, we

calculate
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Mg and ¢ are the estimated mean and variance of the null distribution of Cs. A z

statistic can be defined by
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Z¢ may roughly follow standard normal distribution, but the approximation may be
very inaccurate. Although using s to test the significance of each homolog family
represents an approximation, together they can accurately test the significance of the

co-occurrence of all groups. Let
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where G is the total number of families. Central limit theorem guarantees that z

follows a standard normal distribution.

Finally, we get z = 66.5, corresponding to p-value < 1 x 107%,



