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Abstract

The creation-selection-mutation model makes predictions regarding the fitness of asexual and
sexual populations in an environment that incorporates both positive and negative selection. The
model predicts the optimal spontaneous mutation rate for a sexual population as one in which
the fitness losses associated with positive and negative selection are equal. The model depends
upon three mutation related rates: the rate of adaptive mutational opportunities, the rate of
negative mutational site creation, and the spontaneous mutation rate. These three mutation
related rates are estimated based on a comparison of substitution rates at nonsynonymous and
synonymous sites in the genomes of related eukaryotic species. For eukaryotes, the rate of
adaptive mutation opportunities is found to typically be in the range 10~2 to 10~2 population
wide adaptive mutational opportunity sites per sexual generation. Negative sites are typically
created at the rate 10~! to 10' sites per haploid genome per sexual generation. And the
spontaneous mutation rate is typically in the range 102 to 10~ spontaneous mutations per
creation-mutation-selection model site per sexual generation. Effective population sizes are also
computed based on the assumption of optimal mutation rates. That effective population sizes
appear reasonable, adds some evidence to the claim that evolution tunes the mutation rate
towards a near optimal value.

Keywords: adaptive mutation rate, deleterious mutation rate, spontaneous mutation rate, optimal
mutation rate.
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Introduction

The creation-selection-mutation model is a mathematical model for the fitness of asexual and sex-
ual populations in the presence of positive and negative selection[1]. The model depends on three
mutation related rates: the rate of population wide adaptive mutational opportunity site creation,
the per organism rate of negative mutational opportunity site creation, and the spontaneous mu-
tation rate at these sites. Excluding neutral sites, these three rates are denoted I';, T7,, and pss,
respectively, and are expressed as rates per asexual or sexual generation. For finite genome sizes,
there are really only two independent mutation related rates; I'}, is determined by the length of the

genome under the control of negative selection and the spontaneous mutation rate.

By comparing substitution rates at nonsynonymous and synonymous sites in the genomes of rel-
atively recently diverged sexual species with a known divergence time and a known time between
sexual generations, the three mutation related rates will be estimated. The motivation being with
these rates in hand it should then be possible to compute the advantage of sex.

In the creation-selection-mutation model, the optimal spontaneous mutation rate for sexual popu-
lations is one for which the fitness losses from positive and negative selection are equal. Too low a
mutation rate, and adaptive sites will take too long to fix. Too high a mutation rate, and negative
selection will exert a heavy toll. Effective population sizes are computed based on the assumption
of optimal mutation rates. For animals, these effective population sizes are found to be eminently
reasonable, adding support to the hypothesis that evolution tunes the mutation rate for maximal
fitness.

Results

The aim of this study is to determine the approximate range of the key mutational parameters, not
their precise values. For particular species others may have come up with more precise estimates of
some of the parameter values, but this is not known to have been previously done with a consistent
framework that spans species and parameter values. To simplify things it is assumed spontaneous
mutations occur at random across the full length of the genome.

In the creation-selection-mutation model a site is a binary entity that is first created, and subse-
quently satisfied. This is different from coding sites on the genome, where a site is a base pair that
can take on any one of four possible values. Which type of site is being discussed should be obvious
from the context.

Method of parameter estimation

Consider two related species. Let A and S denote the number of nonsynonymous and synonymous
sites that are either in common between two orthologous genes, or alternatively the coding por-
tions of the genomes, of the two species. Let D,, and D be the number of nonsynonymous and
synonymous substitutions occurring between the two genes or genomes. Let K, = % (also known
as dy) and Kg = % (also known as dg).
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The spontaneous mutation rate

Let g be the generation time, and T" be the time since the two species diverged. Let py, be the
DNA mutation rate for the species per base pair per unit of time. Then the mutation rate per base
pair per sexual generation, s, is given by,

bs = Hbyg (1)

Hpy can be estimated from the genome wide synonymous mutation rate,

K,

Kby = ﬁ (2)

Since there is assumed to be only one correct mutation for a given adaptive mutational opportunity,
with the other two mutations leaving the site on average no better and no worse off, the rate of
satisfying mutations per sexual generation, pss, is,

Hss = 5 Hbs
1 Ksg
32T 3)

Positive selection

Let a be the fraction of nonsynonymous substitutions that are positively selected; as opposed to
being neutral nonsynonymous substitutions. In the long run in our model, the rate of site creation
is equal to the rate of substitution. Consequently, the per generation rate of site creation is,

«_ AKuyg
FP = 2Ta (4)

where A’ is the value of A adjusted to take into account nonsynonymous sites in the genome that
weren’t analyzed.

Estimating alpha

It is possible to estimate «, if, in addition to estimates of the number of substitutions, data on
polymorphisms are available[2, 3]. Table 1 shows a sampling of estimates for o. As can be seen
there is considerable variability regarding the value of .. For animals, o has an approximate mean
value of 0.6 and a standard deviation of 0.2.
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Species Estimate of & Year Source
Homo sapiens and old world monkeys 0.35 2001 [4]
Homo sapiens and Pan troglodytes 0.10 - 0.13 2007 [5]
Homo sapiens and Pan troglodytes 0.10 - 0.20 2008 [6]
Homo sapiens and macaques 0 or 0.31 - 0.40 2009 [7]
Mus musculus and Mus famulus or Rattus 0.57 2010 8]
Drosophila simulans and Drosophila yakuba 0.45 2002 [2]
Drosophila melanogaster and Drosophila simulans 0.29 2007 [9]
Drosophila americana and Drosophila ezoana 0.57 2007 [10]
Drosophila miranda and Drosophila pseudoobscura 0.44 - 0.61 2008 11]
Drosophila melanogaster and Drosophila simulans 0.52 2009 [7]
44 animal species pairs 0.58 £+ 0.20 2016  [12][Supplement 1]
9 out of 10 plant species 0.0 2010 [13]

Table 1: Some estimates of a the fraction of positively selected nonsynonymous substitutions.
Negative selection

Random deleterious mutations to the genome can be corrected either by purifying selection or
back mutation. Back mutation is likely to be rare, so we focus on purifying selection. We model
deleterious mutations as occurring at a rate I'}, per organism lineage.

Let a; be the fraction of nonsynonymous mutations that are truly deleterious. Truly deleterious
mutations are both deleterious and non-neutral. Assuming mutations are distributed randomly
across sites, this is the same as the fraction of the nonsynonymous coding sites that are being
maintained by negative selection. That is, mutations of the nonsynonymous sites are neither
neutral nor beneficial. Let n, be the fraction of nonsynonymous sites in the fraction of the genome
under the control of negative selection. n, will be less than 1 if non-coding regions are under the
control of negative selection. The per generation rate at which deleterious mutations are occurring
is given by,

CL;;A/,LLbyg
Nq
rA'K
= % by equation 2 (5)

ry =

Estimating the nonsynonymous deleterious mutation fraction

To compute I';,, we need to come up with an estimate for a), the fraction of nonsynonymous
mutations that are truly deleterious.

Let a,, be the fraction of nonsynonymous mutations that are truly beneficial. Let N be the pop-
ulation size. Let Emut[s;] be the mean selection coefficient for new true positive mutations. For
a sexual population in the creation-mutation-selection model, the fixation probability of new mu-
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tations is approximately equal to the selection coefficient[1]. Consequently the rate of fixation of o
beneficial mutations per unit time for a particular site is Nayppy Eput [S;]. The beneficial fixation 10

rate for a particular site is also ‘XZI;”. Consequently, 101
N aK,
a,, =
P 2T iy N Bt [55]
aK,
————— by equation 2 6
K N Eput[s}] (6)

a and K“ are both less than 1. Some theoretical and experimental work suggests the distribution 102
of ﬁtness effects of new beneficial mutations is exponential with small fitness effect mutations 103
being more common than large effect mutations[14, 15], while other experimental work rejects 10
this hypothesis and suggests fitness effects might follow a normal distribution[16, 17]. For the 1o
exponential distribution a mean fitness effect of 0.087 has been reported[15]. This was for asexual 106
bacteria. For sexual eukaryotes with their larger genomes, the mean fitness effect might be quite 107
a bit smaller, but even then, given the impact of N in equation 6, a; is likely to be very close to 10
zero. For a normal distribution the mean fitness effect is likely to be larger, making a, even closer 10
to zero. 110

The fraction of nonsynonymous substitutions that are neutral is 1 — «, and neutral substitutions 1

occur at the rate 2T, giving a per site nonsynonymous neutral substitution rate, k, 112
K,
k=(1—a)—7
(1-a)5r

Let the fraction of nonsynonymous mutations that are neutral be ag. According to the neutral 113
theory, the neutral mutation rate is equal to the neutral substitution rate[18], 114

Aoy = k

K,
= (1 — )" by equation 2
K

Since mutations are either true positives, true negatives, or neutral, 115

a, +a, +ao=1
K,

a*%l—(l—a)?
S

n

(7)

Over an entire genome %‘: will almost certainly be less than 1. It follows then that a) will be 116
greater than a. 117
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Species Lesser Genes A K, K [[g‘: Al
genes aligned
Homo sapiens and Pan troglodytes 19,932 17,678 2.2x107  0.0034 0.014 0.25 2.7x107
Mus musculus and Rattus norvegicus 22,517 18,162  2.2x107 0.031 0.19 0.16 2.7x107
Gallus gallus and Phasianus colchicus 16,248 14,312 1.9x107 0.017 0.11 0.16 2.1x107
Xenopus laevis and Xenopus tropicalis 21,885 17,864  2.3x107 0.049 0.29 0.17 2.8%x107
Oryzias latipes and Nothobranchius furzeri 22,145 17,031  2.2x107 0.11 0.98 0.11 2.9x107
Drosophila simulans and Drosophila yakuba 14,217 12,854 1.6x107 0.035 0.29 0.12 1.8x107
Plasmodium vivar and Plasmodium gonderi 5,389 3343  3.1x106 0.15 4.17 0.035 8.3x106
Arabidopsis thaliana and Camelina sativa 27,271 21,557  2.0x107 0.055 0.27 0.20 2.5%x107
Elaeis guineensis and Cocos nucifera 26,295 16,665 1.6x107 0.033 0.11 0.30 2.4x107
Populus trichocarpa and Hevea brasiliensis 31,543 15,327  1.5x107 0.13 0.74 0.17 3.3x107

Table 2: Genome wide estimates of coding sites and substitution rates. Lesser genes is the lesser number
of genes of the two species. A is the numbers of nonsynonymous sites. K, and K, are the number of
substitutions per nonsynonymous and synonymous site respectively. A’ is the number of nonsynonymous
sites adjusted for genes and segments of genes that weren’t analyzed.

Parameter estimation 118
Comparison of genomes 119

To estimate I'), I}, and pss, a number of relatively recently diverged species pairs were chosen. 12
Species were selected based on the availability of sequenced genomes, availability of estimates of 12
divergence times, and availability of organism generation times. The pairs need to have diverged 122
relatively recently so that the average generation time is meaningful. It is assumed that the number 123
of within species polymorphisms is small in comparison to the number of between species substitu- 124
tions, so that all differences between genomes can be considered to represent substitutions. Many 125
of the selected species are model organisms. Model organisms are often proposed on the basis of 12
their short generation times. This might introduce a slight bias leading to underestimates of typical 127
values for I'), I'}, and puss. 128

For each species pair orthologous genes were identified using protein-protein BLAST to determine 129
reciprocal best hits. Protein sequences of orthologous genes were then aligned using the Needleman- 130
Wunsch algorithm. Aligned protein sequences were mapped back to aligned nucleotide sequences. 131
Genes containing tandem repeat regions were excluded. Estimates of A, S, K,, and K for each 13
gene pair were made. Genome wide estimates of A and S were computed as the sums of individual 133
gene pairs, and genome wide estimates of K, and K computed as A and S weighted averages of 13
the values of the individual gene pairs. Estimates of I';, I'}, and pss are likely underestimates on 13
account of regions of the genome with the greatest variability not aligning and being excluded from 136
the analysis. This becomes increasingly significant for longer divergence times. See Materials and 137
methods for a more detailed description of the methodology. The results are shown in Table 2. 138

The K, and K values for humans and chimps of 0.0034 and 0.014 compare reasonably well to 130
previously reported values of 0.0029 and 0.013 respectively[19][Supplement S23, site weighted K, 140
and K values divided by 2T]. 141

To account for unanalyzed genes the value of A was multiplied by the smaller of the coding sequence 142
sizes for the two species divided by the analyzed coding sequence size giving A’. Use of the smaller 143
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coding sequence size is important because while most analyzed species are diploid, Xenopus laevis 144
is tetraploid[20], and Camelina sativa is hexaploid[21]. 145

Estimating the nonsynonymous fraction in the fraction of the genome under the control 1
of negative selection 147

To compute I'}, we need to estimate n,, the fraction of nonsynonymous sites in the fraction of the 1s
genome under the control of negative selection. 149

Let L be the length of the genome in base pairs, and [,, be the fraction of L under the control of 150
negative selection. In theory n, can be computed from, 151

ar A = ngl, L

ar Al
"a =L ®)

For humans and chimps % = 0.25, and from Table 1, o = 0.15 leading by equation 7 to a;, = 0.79. 15
For humans [,, = 0.054[22], L = 3.1x10°, and A’ = 2.7x10". By equation 8 this results in a value 1s3
for n, of 0.13. For many other species [,, is unknown. Not knowing any better, we assume that the 1s
same value of n, applies for most other species. 155

Plasmodium spp. have very small compact genomes, L = 3.0x107.
a = 0.58, gives a,* = 0.99. A’ = 8.3x10, implies nyl, = 0.27, which if n, = 0.13 implying l,, > 1, 157
which is impossible. We naively assume n, = l,, = 0.52 for Plasmodium spp. 158

K, .
&= = 0.035, so assuming 1s6

Calculation of the mutation related rates 159

Using equation 7 it is possible to compute estimates for a,,. Estimates of a are based on Table 1, 10
except that for plants we assume an « of 0.1 rather than the somewhat implausible value of 0.0. 1a
An « of 0.1 appears within the 95% confidence interval of 8 of the 10 plants reported by Gossmann 162
et al.[13]. Using equations 4, 5, and 3, it is then possible to compute estimates for Ly, Iy and s 163
The results are presented in Table 3. 164

For the considered species pairs excluding plants, I'} is in the range 0.0012 to 0.026, or roughly 1073 165
to 1072. T} is in the range 0.16 to 4.2, or roughly 107! to 10'. And s ranges from 4.3x1071% to 166
1.3x1078, or roughly 107 to 1078. 167

The estimate I'; = 0.0012 for Drosophila simulans and Drosophila yakuba can be compared to a 168
published estimate of a rate of adaptive substitution of 0.0022 for the same species based on an 169
analysis of 35 genes[2]. 170
Table 4 shows 5, the rate of adaptive site creation per unit time, pps, the rate of spontaneous 171
mutation per base pair sexual generation, and f,, the rate of spontaneous mutation per base pair 172
per unit time. 173
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*

rs r;

Species T g o  ng a » . Lhss
Homo sapiens and Pan troglodytes 6.7x106 25 0.15 0.13 0.79 0.026 4.2 8.5x107Y
Mus musculus and Rattus norvegicus 20.9x 106 0.5 0.57 0.13 093 0.0057 045 7.7x10710
Gallus gallus and Phasianus colchicus 34.1x108 1 0.58 0.13 093 0.0030 024 5.3x10710
Xenopus laevis and Xenopus tropicalis 64.0x106 3 0.58 0.13 093 0.019 1.4 2.3x107Y

Oryzias latipes and Nothobranchius furzert 93.0x10° 1.5 058 0.13 095 0.015 1.7 2.6x10~°
Drosophila simulans and Drosophila yakuba  11.4x10 0.1  0.45 0.13 0.93 0.0012 0.16 4.3x10~10
Plasmodium vivax and Plasmodium gonderi 9.5x10% 0.18 058 0.52 0.99 0.0068 0.62 1.3x10~8
Arabidopsis thaliana and Camelina sativa 9.4x10° 02 010 0.13 082 0.0015 046 9.7x10710
Elaeis guineensis and Cocos nucifera 43.0x106 50 0.10 0.13 0.73 0.046 8.7 2.2x108
Populus trichocarpa and Hevea brasiliensis 80.0x 108 25 0.10 0.13 0.85 0.066 25 3.9x10°8

Table 3: Estimates of o and mutation related rates. T is the time since the species diverged in years. g
is the estimated generation time in years. « is the proportion of substitutions that are adaptive. n, is the
fraction of nonsynonymous sites in the fraction of the genome under negative selection. a;, is the proportion
of nonsynonymous coding sites that are maintained by negative selection. I'} is the rate of true positive site
creation per generation. I') is the rate of true negative site creation per haploid genome per generation. piss
is the rate of mutation per creation-mutation-selection model site per generation.

. Ty
Species ?p s by N,
Homo sapiens and Pan troglodytes 0.0010 2.5x107% 1.0x107? 7.4x10°
Mus musculus and Rattus norvegicus 0.0115 2.3x107% 4.6x107% 1.7x107
Gallus gallus and Phasianus colchicus 0.0030 1.6x107% 1.6x107% 2.4x107
Xenopus laevis and Xenopus tropicalis 0.0063 6.9x107° 2.3x107° 5.9x10°

Oryzias latipes and Nothobranchius furzeri  0.0101  7.9x107% 5.2x107% 3.4x10°
Drosophila simulans and Drosophila yakuba  0.0122  1.3x107% 1.3x1078  1.7x107
Plasmodium vivaz and Plasmodium gonderi 0.0375 4.0x107% 2.2x1077 8.2x10°
Arabidopsis thaliana and Camelina sativa 0.0074 2.9x107° 1.5x107% 3.3x106
Elaeis guineensis and Cocos nucifera 0.0009 6.5x1078 1.3x107° 2.5x10°
Populus trichocarpa and Hevea brasiliensis ~ 0.0026  1.2x10~7  4.6x107° 6.8x10*

*

Table 4: Estimates of additional parameters. %” is the rate of true positive site creation per year. s is
the rate of mutation per base pair per sexual generation. ji, is the rate of mutation per base pair per year.
N, is the effective population size assuming the optimal mutation rate.
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Species hbs Source

Homo sapiens 2.0x10~%  [27][Table 4, Cuy)
Homo sapiens 2.5x107%  [28§]

Mus musculus 3.8x107  [29]

Mus musculus 5.7x107?  [30][mean value]
Mus musculus 1.1x10~%  [27][Table 4, Cuy)
Drosophila melanogaster  2.8x107%  [31]

Drosophila melanogaster  3.5x107%  [32]

Drosophila melanogaster  8.5x107%  [27][Table 4, C ]

Table 5: Estimates of the spontaneous mutation rate, pps, by various authors. s is the rate of mutation
per base pair per sexual generation.

The rate of adaptive site creation roughly ranges from one every thirty years to one every thousand 174
years. 175

Plasmodium has a very high spontaneous mutation rate per sexual generation. The average muta- 17
tion rate is reported elsewhere to be 1.7x10~? per generation[23]. However, the Plasmodium life 177
cycle involves at least 200 generations per year[24] but only one sexual generation every 65 days[25]. 17s
This would imply a spontaneous mutation rate per sexual generation of at least 6.1x107° and a 17
spontaneous mutation rate per year of 3.4x1077. This compares to the estimates made here of 10
4.0x1078 and 2.2x1077 respectively. This high rate of spontaneous mutation may go some way to 1s1
explaining why Plasmodium is able to rapidly evolve drug resistance[26]. 182

s roughly ranges from 1079 to 10~7. Some of the reported mutation rates can be compared to 1ss
estimates reported by others as shown in Table 5. While similar in magnitude, a discrepancy of 1ss
more than a factor of two exists between the estimate made here and the lowest value reported by 1ss

others for Drosophila spp. 186
Excluding Plasmodium, i, roughly ranges from 1072 to 1078, 187
Effective population sizes assuming optimal mutation rates 188

Even though deleterious mutations appear to occur per genome at roughly one hundred times the 1so
rate of adaptive mutational opportunities, deleterious mutations have a more fleeting existence 190
because alleles to satisfy them already exist in the population, and so they each individually exert 10
a smaller fitness cost. 102

Assuming evolution drives spontaneous mutation rates towards the value that produces the max- 103
imum population fitness, the fitness losses coming from positive selection will exactly equal those 104
coming from negative selection[1]. Then the optimal mutation rate is given by[1], 195

317
Hps =
NT*
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This equation can be trivially rearranged to give N, the effective population size implied by s,
I';, and I'}, assuming the optimal per site mutation rate.

31
F:L/Lbs

e
Using equations 2, 1, 4, and 5.

6 K, T
N, ~ 0517!(1 2a
an K39

The resulting estimates of N, computed using 10 are shown in Table 4.

If the hypothesis that spontaneous mutation rates are evolutionarily tuned towards producing a
fitness level that maximizes the ability to adapt by positive selection while minimizing the cost of
negative selection was false we could get any sorts of random values out of equation 10. We don’t.
Most of the values appear eminently reasonable. Thus the hypothesis appears to be a reasonably
good hypothesis.

The effective population for Plasmodium spp. is 8.2x10°, which may on first glance appear smaller
than expected, and much smaller than the actual population, but it must be remembered that
Plasmodium undergoes a severe population bottleneck every time it is transmitted from host to
host. Another way of looking at things is a small effective population size and a small size of the
portion of the genome under the control of negative selection explains why Plasmodium has such
a high rate of spontaneous mutation. These two terms appear as the denominator in the formula
for the optimal mutation rate[1],

3r
Ni,L

Hbs =

The effective population size for Elaeis guineensis (African oil palm) and Cocos nucifera (coconut
palm), and Populus trichocarpa (black cottonwood tree) and Hevea brasiliensis (rubber tree) are
small. This may be because the fixed physical location of plants might limit the extent of random
mating. Or perhaps something unexplained is going on with plants; they also reportedly have low
values for a.

Discussion

Genomic analysis suggests that for sexual species I'} is typically in the range 1073 to 10~2 population
wide adaptive mutational opportunity sites per sexual generation. I') is typically in the range
107! to 10! negative sites per haploid genome per sexual generation. And fi is typically in the
range 1079 to 10~® spontaneous mutations per creation-mutation-selection model site per sexual
generation. This is the area of the parameter space of interest when seeking to assess the advantage
of sex.

10
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For animals effective population sizes computed under the assumption of optimal mutation rates 204
appear eminently reasonable, suggesting that evolution tunes the spontaneous mutation rate to 22
produce optimal fitness. Whether this also applies to plants isn’t clear. 226

Materials and methods 207

See Supplement 1 for the bioinformatics analysis code and results of the gene by gene analysis of 22
each species pair[33]. 220

The coding sequence (CDS) of genes from sequenced species genomes were obtained from NCBI. 230
Genomes were filtered to remove any non-nuclear genes, documented pseudogenes, or duplicate 231
protein isoforms. At this stage multiple distinct protein isoforms of each gene were potentially 232
present. This is important. When seeking to assess the divergence of closely related genomes, 233
filtering out shorter isoforms of each gene might have resulted in the longest isoform of orthologous 234
genes in each species having few exons directly in common but still being related. This would have 235
led to undercounting of orthologous sites and misestimating substitution rates. 236

Reciprocal best hits were computed using protein-protein BLAST[34] using the task blastp-fast, 237
the BLOSUMO90 matrix, soft masking of low complexity regions, a minimum expect value of 1076, 23
and reporting the single best high-scoring segment pair. For each gene of the first species having 239
multiple isoforms with reciprocal best hits, the reciprocal best hit of the isoform with the highest 240
number of matching residues was then selected to represent an orthologous gene pair. 241

Protein sequences were aligned to each other using the Needleman-Wunsch([35] algorithm imple- 2z
mented by Biopython PairwiseAligner[36]. Scores of match 5, mismatch -8, gap open -50, end gap 243
open -25, gap extend -2, and end gap extend -1, were found to do a good job of conservatively pre- 24
dicting the alignments for most orthologous gene pairs examined. Nucleotide sequences were then 25
aligned based on the protein sequences. Stop residues *’, unknown nucleotides 'X’, and leading 2s
gaps -’ were not aligned, but the remainder of the protein sequence was aligned. 247

Mutation rates may vary over the genome. For each orthologous gene pair PAML’s CODEMLI[37] 24
was used to count the number of synonymous and nonsynonymous sites and estimate the number 249
of substitutions that have occurred. Rarely CODEML failed to deliver a result within its search 250
bounds, producing an estimate of 50.0 for the separation time. Such results were excluded from 25
the analysis. 252

Genes containing tandem repeats may bias the analysis due to tandem repeat copy number poly- 253
morphism and random gene conversion within such genes. So Tandem Repeat Finder[38] was used 254
on the nucleotide sequence to exclude such genes from the analysis. Default recommended param- 255
eter values were used, match 2, mismatch 7, delta (indels) 7, PM 80, PI 10, minscore 50, except 2s6
maxperiod was increased from 500 to 2,000 to ensure identifying the human FLG gene which has 2s7
repeats of period 972. 258

Estimates of K, and K, are highly variable for small numbers of residues. Only genes having an 25
aligned protein length of 20 residues or more with a Tandem Repeat Finder score of 100 or less 260
were selected for inclusion in the resulting analysis. A score of more than 100 corresponds to more 2
than 16 residues making up any discovered total tandem repeat region length. 262
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Species

Accession

Homo sapiens

Pan troglodytes

Mus musculus
Rattus norvegicus
Gallus gallus
Phasianus colchicus
Xenopus tropicalis
Xenopus laevis
Oryzias latipes
Nothobranchius furzeri
Drosophila simulans
Drosophila yakuba
Plasmodium vivax
Plasmodium gonderi
Arabidopsis thaliana
Camelina sativa
Elaeis guineensis
Cocos nucifera

GCF_000001405.39
GCF_002880755.1
GCF_000001635.27
GCF_015227675.2
GCF_000002315.5
GCF_004143745.1
GCF_000004195.4
GCF_017654675.1
GCF_002234675.1
GCF_001465895.1
GCF_016746395.2
GCF_016746365.2
GCF_000002415.2
GCF_002157705.1
GCF_000001735.4
GCF_000633955.1
GCF_000442705.1
GCA_008124465.1

GCF_000002775.4
GCF_001654055.1

Populus trichocarpa
Hevea brasiliensis

Table 6: Accession numbers of genomes used in this study.

Genome wide estimates of A and S were produced by summing the individual gene values. K, and
K for the genome were computed as the A and S weighted averages of the individual gene values.

Divergence times were estimated using TimeTree[39).

Noting that laboratory lifespans are typically longer than wild lifespans, generation times were
estimated as follows. Homo sapiens and Pan troglodytes, 25 years[40]. Mus musculus and Rat-
tus norvegicus, 6 months based on reproductive life spans of 7 to 8 months and 12 to 15 months
respectively. Gallus gallus and Phasianus colchicus, 1 year for Gallus[41l]. Xenopus laevis and
Xenopus tropicalis, 3 years based on sexual maturity of 12 to 18 months and 4 to 6 months and
laboratory lifespans of 10 to 15 years and 10 years respectively[42, 43, 44]. Oryzias latipes and
Nothobranchius furzeri, 1.5 years, based on 50% laboratory mortality after 3 years and exactly 1
year respectively[45, 46]. Drosophila simulans and Drosophila yakuba, 0.1 years[2]. Plasmodium
vivar and Plasmodium gonderi 65 days, based on Plasmodium falciparum and Plasmodium re-
ichenowi[25]. Arabidopsis thaliana and Camelina sativa 0.2 year, based on a life cycle of as little
as 6 weeks and a crop season of 85-100 days respectively. Elaeis guineensis and Cocos nucifera 50
years, based on economic lifespan of 30 years and lifespan of 100 years or more and a lifespan of
80 to 100 years respectively. Populus trichocarpa and Hevea brasiliensis 25 years, based on being
suitable for timber production after 25 years and an economic life of 25 years respectively[47]. It
should be noted that P. trichocarpa and H. brasiliensis are both Malpighailes, but so are annuals
of the genus Viola. If the ancestors of these trees were short lived, the generation time would be
much smaller.

Accession numbers of genomes used in this study are shown in Table 6.
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