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Subtheme 1: Concave fitness functions and biological resilience

Introduction and aims: The combination of population genetics theory and rapidly expanding
genome sequence data provides a tremendous opportunity to elucidate mechanisms of biological
evolution. Several lines of evidence support “nearly neutral” evolution as a prevalent mode of
genome evolution across a wide range of functional categories of mutations and taxa (reviewed in
Akashi et al. 2012). This model posits that many phenotypic and genotypic characteristics reflect
the interaction of three weak evolutionary forces: mutation, random genetic drift, and natural
selection acting at its limit of efficacy. Because such a balance between stochastic and
deterministic forces only occurs under a narrow range of parameter values, similar findings in many
different species and functional categories of DNA has become an important paradox in the life
sciences.

The prevalence of near neutrality may reflect an underlying principle in phenotype-fitness
relationships in natural populations (and perhaps in complex systems more generally). Many
biological systems show "diminishing returns" in organismal fitness as characteristics approach
their optimum values, i.e., concave fitness functions, CFF. The effects of interest may be too small
to detect through direct measures and our goal is to develop methods to test for concave fitness
functions in genome variation data from natural populations. Detecting such patterns would
explain the prevalence of genome evolution under "near neutrality" and would explain why small
populations in nature do not always continue to decline in fitness and go extinct. Under concave
fitness functions, episodes of elevated mutation or population bottlenecks lead to limited declines in
fitness, and populations are able to recover through compensatory adaptive evolution following

biological stress (Fig 1).
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Figure 1. Concave fitness functions and near neutrality. (A) The curve y = x/ (1 + x) shows a hypothetical
relationship between fitness and phenotypic values of a trait. The slope of the curve at a given point determines
the fitness effect of small phenotypic changes (slopes are shown for phenotypic values of 1 and 3). The slope
decreases as a function of the phenotypic value (i.e., the distribution of s changes with character values). If a
large fraction of mutations have small phenotypic effects and if the rate of mutation to deleterious alleles is
higher than the rate to advantageous mutations, populations will evolve to a point on the curve where slightly
deleterious mutations that move the population away from the optimum will be balanced by weak positive
selection. The left and right points marked in the figure correspond to equilibrium points in species with small
and large population sizes, respectively (this assumes constant mutation rates and population sizes). From
Akashi et al., 2012. (B) An example of patterns of sequence variation among eight chromosomes sampled from
a population. 20 nucleotides are sampled from each sequence and there are five variable, or segregating, sites
in the sample (boxed). At segregating sites, the ancestral nucleotide is shown in black and the derived (new
mutation) is shown in red. The frequencies of the new mutations in the sample are (from left to right) 3/8, 2/8,
1/8,1/8, and 2/8.

Progress: We are conducting theoretical studies that will motivate analyses of genome variation
data to test whether concave fitness functions explain weak selection and biological robustness. In
the first year of this project, we developed a “forward running” computer simulation of genome
evolution. Our approach focuses on biological realism (rather than computational efficiency) and
allows flexibility in defining mutation processes population size fluctuation, fitness effects of
mutations, and genetic recombination. We have tested the mutation and recombination process
through comparisons to analytical predictions for neutral evolution (Fig 2). We have also tested
the implementation of natural selection by comparing simulation results to independent fitness
models under free recombination (Fig 3). Our simulation gives accurate results in scenarios that
can be tested against independent predictions (analytical results) and we have begun to study
patterns under fitness interaction models (CFF) (Fig 4). Population-scale genome data for
appropriate species should become available in 2014 and we hope to develop robust predictions in
the second year of the project. In particular, statistical associations between newly arisen

mutations within populations (i.e., “linkage disequilibrium”) may be a promising approach to detect
CFF’s.
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Figure 2. Recombination and levels of neutral variation.
Simulation results are compared to predictions from
independent analyses. The y-axis shows the
variance in the number of segregating (variable)
sites in a sample of simulated DNA sequences.
Expected values are shown for analytical results for
cases of no recombination (high variance) and
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A major goal of this study will be to determine an appropriate biological system to test for
predicted signals of concave fitness functions and to apply our tests to existing data. Potential
candidates include “silent” DNA mutations and codon usage in yeast or Drosophila populations
and/or protein variation in human or mouse or other well-sampled species. This research is timely
because there is growing evidence that the evolutionary lineage leading to modern humans has
accumulated substantial numbers of slightly deleterious mutations in both the proteome and
regulatory regions of the genome; the consequences of such genome degradation may include effects

on health and longevity.
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Figure 3. Simulation tests for weak selection and biased codon usage. (A) The major codon preference model
posits slight, but consistent, fitness differences among synonymous codons, those that encode the same amino
acid. Here, AAG confers a fithess advantage, s, over its synonymous counterpart, AAA, and is referred to as a
“major” codon. Mutations occur at rate u from AAG to AAA and v in the opposite direction. If the same
parameters hold across codons and time, a given gene will reach a steady—state frequency of major codons, q,
that is a function of the ratio of the forward/backward mutation rates and the scaled selection coefficient. (B)
Natural selection and biased base composition. Major codon usage is predicted analytically under free
recombination for three different mutation ratios (solid lines). Scaled selection coeffients are set to give MCU
of 0.4 to 0.95. These Nes values are used in forward simulations under high recombination (Nc = 10).
Observed MCU in the simulated sequences conform well to expectations. The slightly reduced MCU values
under strong selection (MCU = 0.95) results from departures from infinite recombination; elevating the
recombination rate results in a stronger fit.
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Subtheme 2: Genome adaptation and degradation in Drosophila

Introduction and aims: Weak selection predicts evolutionary instability of genome adaptation if
mutation or population size fluctuate on the time-scale of molecular evolution. Testing this
prediction requires a biological system in which elevations and declines in fitness can be identified
and a set of species among which ancestral genome sequences can be inferred reliably. The major
codon preference model appears to hold across protein-coding genes and provides a system to study
fluctuations in levels of genome adaptation (Fig 5 and 6). The close relatives of the model
organism, Drosophila melanogaster have been a major study subject in evolutionary genetics. The
level of divergence among the genomes appears to allow reliable inference of ancestoral sequences,
Ie., assign genome changes to individual evolutionary lineages (Fig 7). Our study (Akashi et al,
2006) of a relatively small sample of genes suggested that multiple lineages within this group have
undergone genome-wide changes in codon usage and protein properties. Several of these lineages
appear to have undergone genome-degradation and at least one of the lineage may be an example of
genome-wide adaptive evolution. This project seeks to obtain new protein-coding gene sequences
at a genome scale in two Drosophila species and to develop and apply methods for ancestral genome
inference to demonstrate lineage-specific genome adaptation and decline. We plan to test the
cause(s) of genome-wide codon bias changes and to determine other classes of mutation that show
lineage-specific evolution as expected under weak selection. Candidates include rates and types of
amino acid changes as well as rates of non-coding region evolution including introns and regulatory
regions (the latter classes will be addressed in future genome sequencing to complement our

transcriptomic analyses).
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Figure 5. Population genetics of major codon preference in Drosophila. (A) Major codon preference predicts two
fitness classes of synonymous mutations (Figure 3A), weakly advantageous “preferred” or “up” changes from
minor to major codons and slightly deleterious “unpreferred” or “pu” changes in the reverse direction. Weak
selection can result in differences in patterns of DNA polymorphism within populations and divergence between
species. The histogram plots the expected proportion of pref and unpref mutations at different frequencies
within a sample of 5 sequences sampled from a population. Advantageous mutations are expected to be found
at higher frequencies and fixed differences in a sequence sample whereas deleterious mutations should more
often be rare polymorphisms. (B) Analyses of available data in D. simulans is strikingly similar to the
expected pattern. Data pooled acros >40 genes shows strong statistical support for elevated frequencies for
putatively advantageous “preferred” synonymous mutations. This result demonstrates that population genetic
analyses is sensitive to natural selection acting at its limit of efficacy.
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Figure 6. (A) Elevations and declines in codon bias resulting from selection and mutation changes. The y—axis
plots a skew statistic for bias in the numbers of preferred (up) and unpreferred (pu) fixations (departures from
steady—state). At equilibrium, up = pu, and the skew is zero. The x—axis shows expected skew among genes
that vary in initial selection intensity (ancestral codon bias). The graphs plot expected skews for departures
from equilibrium caused by changes in scaled selection (left) and changes in mutation bias (right). The top
graphs show expected skews for increases in codon bias and the botton graphs show predictions for declines in
MCU. (B) Preliminary analysis of data from D. sechellia is constent with a simple model of reduced selection
intensity (to 1/3™ of initial values) with no change in mutation (the top left scenario in A).

Progress: Our project pursues both development of analytical methods for testing genome
evolution as well as “big data” acquisition and processing. The study of lineage-specific evolution
is strongly dependent on our ability to reliably reconstruct ancestral genomes and we are
collaborating with Ziheng Yang (University College, London) on the development and testing of
methods for ancestral genome reconstructions. We have previously discovered that simple
methods such as parsimony and ML reconstructions under steady-state models can give strongly
biased reconstructions (PloS One 2007; Fig 6). We have developed a simulation of genome
evolution under interacting weak forces and are testing the performance of maximum likelihood

implementations of non-stationary models for ancestral reconstructions. Our simulations mimic
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the species composition and relationships as well as branch lengths within the D. melanogaster
subgroup. We study the performance of reconstruction methods on simulated data for stationary
evolution with varying degrees of base composition bias as well as scenarios of lineage-specific

fluctuations in base composition.
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Figure 7. Lineages in the Drosophila melanogaster subgroup. Species abbreviations are:

m: D. melanogaster, s: D. simulans, t: D. teissieri, y: D. yakuba, e: D. erecta, o: D. orena.

(A) Five species with current genome sequence data are shown. The species phylogeny (tree) allows inference
of lineage specific evolution among five lineages (solid lines). The scale shows approximate synonymous
divergence. We will examine an unrooted tree (no outgroup to these species) so ancestral sequences are not
inferred for the root node. (B) Addition of gene sequence data for D. teissieri and D. orena will allow us to
study 10 lineages: seven leading to extant species and three ancestral lineages. In addition, partitioning the
long y and e lineages in A (to yand #y and e and eo, respectively in B) will allow more accurate ancestral state

inference.
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Figure 8. Testing the reliability of ancestral state inference

Sequence evolution was simulated for scenarios that emulate species relationships in the D. melanogaster
subgroup. “1x” uses the average synonymous distances observed in available data. 0.5x and 2x refer to all
branches with half and double these distances, respectively. Results are shown only for stationary evolution
(constant base composition). Simulations were performed for six selection intensity values to cover a range of
codon bias. Base composition skew is plotted as a function of initial codon bias. Because all data are sampled
from steady—state scenarios, the actual skew is approximately zero across initial codon bias values. However,
both parsimony analysis and Maximum Likelihood (under the HKY85 model) show a bias toward underestimating
skew as a function of seleciton intensity. Biased ancestral state reconstruction can give patterns
indistinguishable from reduced selection intensity (Fig 6A).

Our analysis of ten lineages in the . melanogaster subgroup requires new gene sequence data for
two species to combine with existing data for five other genomes. We are acquiring transcriptome
sequence (RNAseq) for two relatives of Drosophila melanogaster, D. teissieri and D. orena (Fig 9).
The laboratory methods generate enormous amount of data, but the sequencing error rate is
considerable and the sequence fragments are small (roughly 100bp). We are developing an

analysis pipeline that aims to maintain high data quality.
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Figure 9. Next—generation transcriptome analysis
Laboratory and computational steps to obtain transcriptome data for D. teissieri and D. orena. Step a was
performed in our laboratory and b—d were out—sourced. Steps e—h are being performed using a combination of
available and in—house computer programs in our laboratory. Finally, step i employs software under
development in our laboratory. We believe that other investigators will be eager to perform similar analyses in
other taxa and plan to make all our methods/software publically available.

One of the main goals of this project will be to characterize genome changes that occur during the
degradation / adaptation processes. We hope to identify common features of independent genome
degradation in small population sizes and test at least one case of acquiring (or perhaps
re-acquiring) adaptive features. Such findings would establish the need for biological resilience in
the face of deleterious mutation accumulation under mutation pressure and genetic drift (i.e., even
in the absence of stress from changing environmental pressures). This work also seeks to provide

examples of how resilience is achieved at the gene sequence and expression levels.
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