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Human evolutionary history has increased the role of rare variants in complex phenotypes 
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Abstract: Understanding the genetic architecture of complex traits is a central challenge in human genetics. There currently exists a 

large disparity between heritability estimates from family-based studies and large-scale genome-wide association studies (GWAS), 

which has been sensationalized as the ñmissing heritability problemò.  Among the possible explanations for this disparity are rare 

variants of large effect that are neither tagged by existing genotyping platforms, nor well imputed from existing reference panels. 

 However, recent population genetic models suggest that the conditions under which rare variants are expected to substantially 

contribute to heritability may be fairly limited.  We have extended existing models of complex traits to incorporate a wider range of 

plausible evolutionary features, and provide further insights into the role that rare variants play in shaping complex traits. We use 

these models to investigate the genetic architecture of gene expression levels across European and African individuals using RNA and 

whole genome sequencing data from the GEUVADIS and 1000 Genomes Projects.  In particular, we investigate whether rare variants 

are likely to be a source of missing heritability in expression across genes.  We pioneered a technique for partitioning heritability 

estimates across allele frequencies using Haseman-Elston (HE) regression. We find that rare variants (MAF < 1%) contribute 

significantly more heritability than common variants (MAF > 5%) across most genes. This observation suggests that rare variants play 

a substantial role in the heritability of gene expression patterns, which is inconsistent with neutral evolutionary forces operating on the 

cis regulatory architecture of most genes. We then interrogate multiple large-scale imputed case-control data sets from the to 

demonstrate that rare variants are also a pervasive factor driving the genetic architecture of several complex diseases. We develop an 

Approximate Bayesian Computation (ABC) algorithm to infer the evolutionary parameters that can explain these observations, and 

find a striking relationship between the evolutionary forces that have shaped human genomes and the phenotypic variation we 

observe. 
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Through the Looking Glass: Insights into the biodiversity of eukaryotes through phylogenomic analyses and single-cell 

omics' 

 

Laura Katz* 

 

 

Abstract: We live on a microbial planet as microbes dominate in terms of biodiversity, biomass and biological innovations. Yet many 

microbial lineages have been understudied, in part because most are currently uncultivable.  Our knowledge of microbial diversity is 

now being transformed by advances in technologies for characterizing genome-scale data.  My laboratory has generated genomic and 

transcriptomic data from diverse microbial eukaryotes, and then combined these data with sequences from public databases to build 

>13,000 gene trees from ~800 lineages (broadly sampled eukaryotes plus representative bacteria and archaea).  We have analyzed the 

resulting phylogenomic datasets to: 1) create a robust eukaryotic tree of life consisting of five major lineages plus numerous 

óorphansô; and 2) develop a hypothesis on the nature of germline and somatic genomes in eukaryotes.  Preliminary analyses of single-

cell transcriptome and genome data from uncultivable species highlight the power of óomicsô methods for both gene discovery, and for 

uncovering unusual genome features in lineages sampled across the eukaryotic tree of life.  All of this supports Robert W. Hegnerôs 

(1938) assertion that: ñAlice might have seen something even more wonderful if she had looked through a microscope instead of 

through a looking glass.ò 
  
Hegner R.W. 1938. Big Fleas have Little Fleas or Who's Who Among the Protozoa. Baltimore: Williams & Wilkins. 
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False Negatives Are a Significant Feature of Next Generation Sequencing Callsets 

Brenna Henn* 

 

 

Abstract: Short-read, next-generation sequencing (NGS) is now broadly used to identify rare and common mutations in human 

population samples and disease cohorts. However, NGS data is known to be error-prone and post-processing pipelines have primarily 

focused on the removal of spurious mutations or "false positives" for downstream genome datasets. Less attention has been paid to 

characterizing the fraction of missing mutations or "false negatives" (FN). Here we interrogate several publicly available human NGS 

autosomal variant datasets using corresponding Sanger sequencing as a truth-set. We examine both low-coverage and high-coverage 

genomes. We show that the FN rate varies between 3% ï 18% and that false-positive rates are considerably lower (<3%) for publicly 

available human genome callsets like 1000 Genomes. The FN rate is strongly dependent on calling pipeline parameters, not just read 

coverage. To address this, we design a phylogeny-aware tool [PhyloFaN] which can be used to quantify the FN rate for haploid 

genomic experiments, without additional generation of validation data. Using PhyloFaN on ultra-high coverage NGS data from both 

Illumina HiSeq and Complete Genomics platforms derived from the 1000 Genomes Project, we characterize the false negative rate in 

human mtDNA genomes. The false negative rate for the publicly available mtDNA callsets can be as high as 17 ï 20%, even for 

extremely high coverage haploid data. Our results demonstrate that missing mutations are a significant feature of genomic datasets and 

imply additional fine-tuning of bioinformatics pipelines is needed. Finally, we consider the downstream implications of a high false 

negative rate for population genetic analyses, such as inference of admixture from ancient DNA.  
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Evolutionary restoration of fertility in an interspecies hybrid yeast, by whole-genome duplication after a failed mating-type 

switch 
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Abstract: It has recently been proposed that the whole-genome duplication (WGD) event that occurred during evolution of an 

ancestor of the yeast Saccharomyces cerevisiae was the result of a hybridization between two parental yeast species that were 

significantly divergent in DNA sequence, followed by a doubling of the genome content to restore the hybridôs ability to make viable 

spores. However, the molecular details of how genome doubling could occur in a hybrid were unclear because most known 

interspecies hybrid yeasts have no sexual cycle. We have discovered that the yeast Zygosaccharomyces parabailii provides an almost 

exact precedent for the steps proposed to have occurred during the S. cerevisiae WGD. Two divergent haploid parental species, each 

with 8 chromosomes, mated to form a hybrid that was initially sterile but regained fertility when one copy of its mating-type locus 

became damaged by the mating-type switching apparatus. As a result of this damage, the Z. parabailii life cycle now consists of a 16-

chromosome haploid phase and a transient 32-chromosome diploid phase. Each pair of homeologous genes behaves as two 

independent Mendelian loci during meiosis. 
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Comparative genomics of bats: the secret of extended longevity? 

Emma Teeling* 

 

 

Abstract: Of all mammals, bat possess the most unique and peculiar adaptations that render them as excellent models to investigate 

the mechanisms of extended longevity and potentially halted senescence. Indeed, they are the longest-lived mammals relative to their 

body size, with the oldest bat caught being 41 years old, living approx. 9.8 times longer than expected. Bats defy the órate-of-livingô 

theories that propose a positive correlation between body size and longevity as they use twice the energy as other species of 

considerable size, but live far longer. The mechanisms that bats use to avoid the negative physiological effects of their heightened 

metabolism and deal with an increased production of deleterious Reactive Oxygen Species (ROS) is not known, however it is 

suggested that they either prevent or repair ROS damage. Bats also appear to have resistance to many viral diseases such as rabies, 

SARS and Ebola and have been shown to be reservoir species for a huge diversity of newly discovered viruses. This suggests that their 

innate immunity is different to other mammals, perhaps playing a role in their unexpected longevity. Here the potential genomic basis 

for their rare immunity and exceptional longevity is explored across multiple bat genomes and divergent óageingô related markers. A 

novel blood based population-level transcriptomics approach is developed to explore the molecular changes that occur in an ageing 

wild population of bats to uncover how bats óageô so slowly compared with other mammals. This can provide a deeper understanding 

of the causal mechanisms of ageing, potentially uncovering the key molecular pathways that can be modified to halt, alleviate and 

perhaps even reverse this process in man. 
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Bacterial genome evolution: reconciling experiments with phylogeny 
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Abstract: Bacterial genomes show enormous variability in genomic features such as codon bias, tRNA gene pools and genomic GC 

content. What forces affect their evolution? This has been difficult to answer. Previous work suggests that the answer is strikingly 

different across timescales. For instance, across bacterial species codon use is strongly correlated with tRNA pools, presumably due to 

selection for rapid and/or accurate translation. However, in the laboratory, mutants (e.g. with altered codon use) typically adapt via 

changes in the local sequence context (such as promoter mutations) rather than changes in tRNAs or other aspects of translation. How 

do we reconcile this gap between micro- and macro- evolutionary patterns, and understand the role of adaptive vs. stochastic 

processes? To address this, we combine phylogenetic analyses of major bacterial lineages with experimental evolution and whole 

genome sequencing of mutants with altered GC content, codon use, or tRNA pools. We then integrate our experimental and 

phylogenetic understanding of the rate, nature and consequences of change in trait values to clarify the evolutionary history of major 

features of bacterial genomes and predict their future trajectory. 
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From boom to bust  bacterial adaptation to prolonged survival following resource exhaustion 

Sarit Avrani, Evgeni Bolotin, Sophia Katz, Ruth Hershberg* 

 

 

Abstract: Many bacteria, including the model bacterium Escherichia coli can survive for years within spent media, following resource 

exhaustion. We carried out evolutionary experiments, followed by full genome sequencing of hundreds of evolved clones to study the 

dynamics by which E. coli adapts during the first four months of survival under resource exhaustion. Our results reveal that bacteria 

evolving under resource exhaustion are subject to intense selection, manifesting in rapid mutation accumulation, enrichment in 

functional mutation categories and extremely convergent adaptation. Our results further demonstrate that such adaptation is not 

limited by mutational input. Indeed, mutational input appears to be high enough to enable bacteria to rapidly adapt, in a highly 

convergent manner and with great temporal precision through fluctuations in allele frequencies. Finally, we demonstrate that due to 

antagonistic pleiotropy and mutation accumulation, survival under resource exhaustion can severely reduce a bacteriumôs ability to 

grow exponentially, once resources are again available. Combined, our results shed light on bacterial adaptation to long-periods of 

resource exhaustion and on the consequences such adaptation has on the genetic makeup of individual bacteria and on patterns of 

genetic variation within bacterial populations.   
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Unusual patterns of incomplete sweeps suggest frequency-dependent positive selection in African populations of 

Drosophila melanogaster 

Yuseob Kim 1,*, Ha My Vy 1 
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Abstract: While the great impact of positive selection on the genomic level and pattern of sequence polymorphism is well confirmed 

in many species, it still remains a challenge to elucidate how beneficial mutations arise and propagate in a population and how 

selective pressures on mutant alleles are structured over space and time. By identifying ñsweeping haplotypes (SHs)ò that are 

increasing (or have increased) rapidly in frequency, and surveying the geographic distribution of SH frequencies, we can infer how 

selective sweeps unfold in time and thus which modes of positive selection underlie those sweeps. Using the population genomic data 

of African Drosophila melanogaster provided by DPGP project, we identified SHs from 39 candidate loci under selection. At more 

than seven loci, SH frequencies are similar across multiple populations, which cannot be explained unless some mechanism of 

frequency-dependent positive selection, such as heterozygote advantage, is invoked considering the reasonable range of migration 

rates between African populations. We also identify several loci under soft selective sweeps. In one locus, which includes CG30007 

gene that exhibits a high level of nonsynonymous polymorphism, many independent SHs are found over multiple populations but 

always together with the ancestral haplotype block. This complex pattern is compatible with a large number of mutational targets in a 

gene and the frequency-dependence of new variants. We will discuss biological models that predict such frequency-dependent 

behavior of new beneficial mutations. 
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The complex symbiome of the carmine cochineal Dactylopius coccus 
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Abstract: Dactylopius coccus is a scale insect that feeds on cactus sap. This insect is the main source of carmine dye used in textile, 

pharmaceutical and food industries. Bacterial endosymbionts of D. coccus comprise two Wolbachia strains and a ɓ-proteobacteria 

named as Candidatus Dactylopiibacterium carminicum (D. carminicum from here on), present in all the five Dactylopius species 

sampled. In addition there are diverse fungi (Vera Ponce de Leon et al 2015) and spiroplasma. The aim of our work was to study D. 

carminicum microbiome. As we are unable to grow D. carminicum or spiroplasma in laboratory culture media, their genomes were 

assembled from three metagenomes obtained from D. coccus. A 3.6 Mb whole genome reconstruction of D. carminicum was possible 

from the metagenomic data. The spiroplasma genome is nearly 1 MB and a phylogenomic analysis showed that the cochineal 

symbiont may correspond to a new species of spiroplasma.  RT-PCR revealed the expression of D. carminicum nifH genes in 

hemolymph, ovaries and eggs of the cochineal. Moreover, acetylene reduction assays showed nitrogen fixing activity in the same 

tissues.  Fluorescent in situ hybridization using D. carminicum 16S rRNA probes localized this bacterium in embryo and ovaries. Our 

results indicated that D. carminicum harbors a complex symbiome with maternally inherited members that seemingly fulfill different 

functions in the host. 
Vera-Ponce de León A, Sanchez-Flores A, Rosenblueth M, Martínez-Romero E. Fungal community associated with Dactylopius 

(Hemiptera: Coccoidea: Dactylopiidae) and its role in uric acid metabolism. Front Microbiol. 2016 7:954. doi: 

10.3389/fmicb.2016.00954. 
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Sequence amplification via cell passaging creates spurious signals of positive adaptation in influenza virus H3N2 

hemagglutinin. 

C D. McWhite 1, A G. Meyer 2, C O. Wilke 2,* 
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Abstract: Clinical influenza A virus isolates are frequently not sequenced directly. Instead, a majority of these 

isolates (Ḑ70% in 2015) are first subjected to passaging for amplification, most commonly in non-human cell culture. 
Here, we find that this passaging leaves distinct signals of adaptation, which can confound evolutionary analyses of 
the viral sequences. We find distinct patterns of adaptation to MadinïDarby (MDCK) and monkey cell culture absent 
from unpassaged hemagglutinin sequences. These patterns also dominate pooled datasets not separated by 
passaging type, and they increase in proportion to the number of passages performed. By contrast, MDCKïSIAT1 
passaged sequences seem mostly (but not entirely) free of passaging adaptations. Contrary to previous studies, we 
find that using only internal branches of influenza virus phylogenetic trees is insufficient to correct for passaging 
artifacts. These artifacts can only be safely avoided by excluding passaged sequences entirely from subsequent 
analysis. We conclude that future influenza virus evolutionary analyses should appropriately control for potentially 
confounding effects of passaging adaptations. 
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Combinatorial mutagenesis of positively selected residues reveals negative epistasis and super-restrictor phenotypes in 

an antiviral protein 
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1Basic Sciences & Human Biology, Fred Hutchinson Cancer Research Center, Seattle, 2Biology, University of Texas El 

Paso, El Paso, 3Basic Sciences, 4Basic Sciences & HHMI, Fred Hutchinson Cancer Research Center, Seattle, United 

States 

 

Abstract: The innate arm of mammalian immunity encodes hundreds of antiviral proteins that act cell-autonomously to block viral 

replication, often by binding virally encoded proteins. To respond to rapid viral evolution, antiviral genes evolve at an accelerated rate. 

Signatures of diversifying selection can be used to successfully predict antiviral protein surfaces that are used to recognize viral 

pathogens. Functional studies have demonstrated that the binding specificity to viral targets is governed by only a few rapidly 

evolving residues at the interaction interfaces. For instance, we previously showed that single amino acid residue changes in positively 

selected residues of Loop L4 dictate the antiviral specificity of the broadly antiviral protein, MxA. Using a combinatorial mutagenesis 

screen, we built a library of human MxA variants that encodes every possible five amino acid combination at the rapidly evolving sites 

in L4, and assessed their antiviral functionality against the Thogoto virus (THOV), a tick-borne rodent orthomyxovirus. Our screen 

revealed that all active MxA variants (~5%) had a strict preference for phenylalanine (F), tryptophan (W) or tyrosine (Y) at position 

561. However, consistent with negative epistasis, a number of MxA variants recovered were inactive despite possessing a F, Y, W at 

residue 561. Finally, we found a rare set of variants with enhanced antiviral activity against THOV when compared to human MxA. 

Use of combinatorial mutagenesis in residues subject to diversifying selection during evolution could provide a means to potentially 

increase antiviral efficacy of proteins like MxA, for therapeutic use. 
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TimeTree: A resource for timelines, timetrees, and divergence times 
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Abstract: Evolutionary information on species divergence times is fundamental to studies of biodiversity, development, and disease. 

Molecular dating has enhanced our understanding of the temporal patterns of species divergences over the last five decades, and the 

number of studies is increasing quickly due to an exponential growth in the available collection of molecular sequences from diverse 

species and large number of genes. Our TimeTree resource is a public knowledge-base with the primary focus to make available all 

species divergence times derived using molecular sequence data to scientists, educators, and the general public in a consistent and 

accessible format. Here, we report a major expansion of the TimeTree resource, which more than triples the number of species 

(>97,000) and more than triples the number of studies assembled (>3,000). Furthermore, scientists can access not only the divergence 

time between two species or higher taxa, but also a timetree of a group of species and a timeline that traces a speciesô evolution 

through time. The new timetree and timeline visualizations are integrated with display of events in earth and environmental history 

over geological time, which will lead to broader and better understanding of the interplay of the change in the biosphere with the 

diversity of species on Earth. The next generation TimeTree resource is publicly available online at http://www.timetree.org. 
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Nucleotide vs clonal coalescence in bacteria 
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Abstract: Effective population size is one of the most important concepts in population genetics but also amongst the most enigmatic, 

particularly for microorganisms. For bacteria, effective population size can be measured for the organism, i.e. based on the rate of 

coalescence of clonal lineages, or for the genome, i.e. based on the average rate of coalescence of DNA sequences. Under neutral 

models the two approaches should give equivalent answers. I describe the assumptions required to measure and compare these rates. 

There are >50fold differences in the value of the two measurements in Vibrio parahaemolyticus, with smaller but still substantial 

differences in other species. The differences in estimates should be very informative about how natural selection acts to structure 

bacterial populations but several assumptions need to be more fully tested in order to narrow down the likely causes. I discuss initial 

attempts to test these assumptions. 
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Support for lungfish as the closest relative of tetrapods by using slowly evolving ray-finned fish as the outgroup 

Naoko Takezaki*, Hidenori Nishihara 1 

1Department of Life Science and Technology, Tokyo Institute of Technology, Yokohama, Japan 

 

Abstract: In a previous analysis of the phylogenetic relationships of coelacanths, lungfishes and tetrapods, using cartilaginous fish as 

the outgroup, the sister relationship of lungfishes and tetrapods was constructed with high statistical support. However, using as the 

outgroup ray-finned fish, which are more taxonomically closely related to the three lineages than cartilaginous fish, the sister 

relationship of coelacanths and tetrapods was most often constructed depending on the methods and the data sets, but the statistical 

support was generally low except in the cases in which the data set including a small number of species was analyzed. In this study, 

instead of the fast evolving ray-finned fish, teleost fish, in the previous data sets, by using two slowly evolving ray-finned fish, gar and 

bowfin, as the outgroup, we showed that the sister relationship of lungfishes and tetrapods was reconstructed with high statistical 

support. In our analysis the evolutionary rates of gar and bowfin were similar to each other and one third to one half of teleost fish. 

The difference of the amino acid frequencies of the two species with other lineages were larger than those of teleost fish. This study 

provides a strong support for lungfishes as the closest relative of tetrapods and indicates the importance of using an appropriate 

outgroup with small divergence in phylogenetic construction.  
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The complex evolution of Myxozoa (Cnidarian) mitochondrial genomes 
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Abstract: Myxozoans are microscopic cnidarian parasites whose infections cause substantial damage to fish aquaculture. They have a 

very simple organization and a complex life cycle that typically alternates between two hosts: a fish and an annelid. Myxozoa is 

comprised of thousands of species and currently, little is known about their genome evolution. To gain further insight into their 

evolution, we sequenced the mitochondrial (mt) genome of representative species representative of the myxozoan diversity and their 

sister clade Polypodium hydriforme. 
Our preliminary results suggest that the ancestral myxozoan mt genome consisted of a single circular molecule, which fragmented into 

2 to 8 circular chromosomes in extant lineages. Within a species, the different chromosomes share almost identical non-coding region 

of length up to ~15 kb. Consequently, Myxozoa includes the largest described animal mt genomes. The high homology between the 

shared non-coding regions is likely to be maintained by gene conversion, which is supported by their high GC content. Additionally, 

we could identify in some species the presence of chimeric mitochondrial chromosomes, suggesting that the homologous non-coding 

regions recombine. 
In all Myxozoa species studied the protein coding genes show an unusually high rate of sequence evolution and possess little 

similarity to their cnidarian homologs. Only five protein coding genes could be identified. Remarkably, our analyses suggest the 

absence of tRNA genes within the mt chromosomes of Myxozoa. This observation is supported by the absence in the nuclear genome 

of key proteins involved in the mitochondrial translational machinery such as the aminoacyl-tRNA synthetase genes or the mtRNaseP 

subunit MRRP3 gene. These observations confirm the remarkable plasticity of myxozoan mt genomes. 
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Compositional heterogeneity, Substitutional saturation and the problem of early animal evolution 
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Abstract: The relationships at the root of the animal tree of life have proven hard to resolve, with the current debate focusing on 

whether sponges (phylum Porifera) or comb jellies (phylum Ctenophora) represent the sister group of all other animals. Modelling of 

the amino acid substitution process is at the core of this debate because previous studies showed that Porifera tends to emerge as sister 

to all other animals (Porifera-sister), when site-specific amino acid differences are modelled, while Ctenophora emerges as the sister 

group of all the other animals (Ctenophora-sister) when site-specific amino acid differences are not modelled. 
Results will be presented showing that models routinely used in early animal phylogenetics fail to adequately describe site- and 

lineage-specific compositional heterogeneity across key datasets.  Data recoding can be used to concomitantly reduce compositional 

heterogeneity and saturation, and recoded datasets, when modelled using the most adequate substitution model, invariably provide 

outgroup independent support for Porifera as the sister group of all the other animals.  
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Inferring rates and length-distributions of indels using approximate Bayesian computation 
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Abstract: The most common evolutionary events at the molecular level are single-base substitutions, and insertions and deletions of 

short DNA segments (indels). A large body of research has been devoted to develop probabilistic substitution models and to infer their 

parameters using likelihood and Bayesian approaches. In contrast, relatively little has been done to model indel dynamics, probably 

due to the difficulty in writing explicit likelihood functions. Here, we contribute to the effort of modeling indel dynamics by 

presenting SpartaABC, an approximate Bayesian computation (ABC) approach to infer indel parameters from sequence data (either 

aligned or unaligned). SpartaABC circumvents the need to use an explicit likelihood function by extracting summary statistics from 

simulated sequences. First, summary statistics are extracted from the input sequence data. Second, SpartaABC samples indel 

parameters from a prior distribution and use them to simulate sequences. Third, it computes summary statistics from the simulated sets 

of sequences. By computing a distance between the summary statistics extracted from the input and each simulation, SpartaABC can 

provide an approximation to the posterior distribution of indel parameters as well as point estimates. We study the performance of our 

methodology and show that it provides accurate estimates of indel parameters in simulations. We next demonstrate the utility of 

SpartaABC by studying the impact of alignment errors on the inference of positive selection. A C++ program implementing 

SpartaABC is freely available in spartaabc.tau.ac.il. 
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Abstract: Probabilistic models of protein evolution are used to constructsubstitution matrices for protein sequence alignment, to 

inferphylogenetic trees, and to infer which sites in genomes have beentargeted by natural selection.  
While existing models have become adept at answering the questions o where in the sequence, or when in the evolutionary history, 

selection may have acted, they are surprisingly limited in answering th question of how this action was realized. At a particular site, 

sequence evolution conserves biochemical properties which must be preserved for functional reasons, and changes the properties 

when doing so confers a selective advantage. This isintuitively apparent, for example because only a few amino acids are ever 

observed at a given site in most protein-coding genes.  
Our property informed model of evolution (PRIME) encodes this intuition in a formalphylogenetic maximum likelihood hypothesis 

testing framework, and determine the importance of various physico-chemical properties such as polarity, hydropathy, and volume, 

recognizing that this importance varies from site to site.We demonstrate that previous attempts to incorporate physico-chemical 

properties into sequence evolution have not been very successful, largely because they did not allow property importance to vary from 

one site to another, whereas structural biology makes it abundantly clear that it does.  We also examine how the choice of biochemical 

properties to model affects inference, whether or not there may be a "universal" set of properties suitable for evolutionary inference. 
PRIME is a natural extension of existing methods for studying adaptive evolution, because it deconstructs the composite action of 

natural selection into property-based components, and it does so without the use of any stuctural information. PRIME is also a logical 

complement to experimentally informed models of evolution, e.g., deep mutational scanning, since it extracts information about long-

term evolutionary forces, as opposed to finely characterizing the accessible sequence space around the current state of a protein. 
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Abstract: The rate and molecular spectrum of mutations varies within and among genomes, species and higher taxa.  The 

understanding of the mechanistic causes of variation is far from complete; the understanding of evolutionary causes is even more 

rudimentary.  It has been posited that individuals in poor physiological condition will experience higher rates of mutation than will 

individuals in good condition.  Since deleterious mutations lead to poor condition, the possibility exists that individuals carrying a 

high load of deleterious mutations will experience an elevated mutation rate.  We tested that hypothesis with a set of "second-order 

mutation accumulation" (o2MA) lines of the nematode Caenorhabditis elegans.  MA lines that had accumulated mutations under 

minimal selection for ~250 generations ("first-order MA lines", o1MA) were sorted into high-fitness and low-fitness groups, 

replicated into new sets of o2MA lines, and allowed to accumulate mutations for another ~150 generations of minimal selection.  

Whole-genome sequencing of 48 o2MA lines and their o1MA ancestors did not detect a significant effect of initial fitness on the 

subsequent base-substitution rate.  However, there was significant variation in second-order mutation rate among o1MA lines.  The 

deletion rate of low-fitness o2MA lines was less than that of high-fitness o2 lines, but that result is plausibly due to synergistic 

epistasis rather than different mutational processes.  Multiple logistic regression of mutability on a set of predictor variables revealed 

that local three-base nucleotide context is the most important predictor of mutability, but that GC content of the 1 Kb surrounding a 

site and ï importantly ï local recombination rate are also significant predictors.  Mutability explains a large fraction of the variance in 

standing nucleotide diversity.  Second-order mutation rate was slightly but significantly greater than the first-order rate, consistent 

with the "drift-barrier" hypothesis of mutation rate evolution. 
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Adaptive remodeling of the transcriptional response to drought stress in Arabidopsis lyrata 
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Molecular Ecology, University of Cologne, Germany, Agustin Arce on behalf of Plant Molecular Ecology, University of 

Cologne, Germany, Gregor Schmitz on behalf of Plant Molecular Ecology, University of Cologne, Germany, Andreas 

Beyer 1 and Plant Molecular Ecology, University of Cologne, Germany 

1CECAD, University of Cologne, Cologne, Germany 

 

Abstract: To describe how stress responses evolve, we undertook a time serie analysis of plant transcriptome responses to progressive 

dehydration in the species Arabidopsis lyrata, which is robust to drought stress, and compared it to the response displayed by the more 

sensitive sister species A. halleri. Using the model plant species A. thaliana as an outgroup, we show that while A. halleri displays a 

response that converges towards an ancestral response, A. lyrata has evolved a novel transcription profile. Trans-acting mutations 

predominate at early steps of the response, with cis-acting mutations gaining in importance at later stages oft he response. To 

investigate the footprint of polygenic selection on the timing and dynamics of the expression response, we analyzed the distribution of 

cis-acting mutations derived in each lineage, an approach that we had previously used to demonstrate selection on heavy metal genes 

in A. halleri. We show that the response displayed by A. lyrata 6h after initiation of the stress carries the signature of polygenic 

selection on the GO category éregulation of response to stressñ. We contrast our results with a population genomics survey of 

selection coefficients throughout the genome. This work pioneers a novel and and innovative approach to identify the action of natural 

selection on the polygenic underpinnings of a complex adaptive trait. 
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Modelling PCR stochasticity and its effect on quantitative NGS experiments 
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Abstract: Many protocols in modern-day biology use next-generation sequencing (NGS) as a quantitative method, i.e. to measure the 

abundance of particular DNA molecules. Then, any molecule that remains unsequenced causes a measurement error, and if this affects 

molecules non-uniformly, results are systematically biased. A major source of such biases is the Polymerase Chain Reaction (PCR), 

used to amplify DNA prior to sequencing. If it can be adequately modelled, its biases can be predicted and corrected for. Different 

models of PCR haven been proposed, but none have yet found their way into standard analysis pipelines, owing to a lack of parameter 

estimates for specific conditions. We thus focus on describing a model whose parameters can be estimated from actual experimental 

data, while still capturing the main source of biases. We show that this is achieved by viewing PCR as a branching process which, 

during each cycle, duplicates each DNA molecule with a certain probability, called the reactions efficiency. We combine this model 

with a simple model of the sampling behaviour of NGS and apply it to published RNA-Seq data. We demonstrate that the reaction 

efficiency can be estimated from the data, and that the data matches the models predictions well. In particular, we find that the model 

explains the main observed stochastic effects. Finally, we explore how well we can correct for unobserved molecules, and how much 

this improves the accuracy of the measured gene transcript abundances.  
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A Public Goods Perspective On Evolution 

James Mcinerney* 

 

 

Abstract: The "standard model" for thinking about evolution is the phylogenetic tree.  There is no question of the usefulness and 

appropriateness of phylogenetic trees in many situations, however recombination has played a large part in structuring genes and 

genomes and this net-like history is more appropriately analysed using network models.  Several network approaches have bene used 

in order to understand recombination and in this talk I will outline their relationships to one another and what can be achieved by each 

approach.  I will then outline how sequence similarity networks and bipartite graphs can be used to explore the evolutionary history of 

highly recombinogenic molecules.  Overall, we find that DNA sequences can act as bona fide public goods, which means they are 

usually not excludable or rivalrous and there is little additional cost of production in order to make them publicly available.  This 

"goods-thinking" model is a useful additional metaphor for evolutionary biology. 
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Characteristics of evolutionarily conserved noncoding regions in vertebrate genomes 

Naruya Saitou* 

 

 

Abstract: A considerable region of eukaryote genomes is noncoding. Majority of them are junk DNA and do not have functions. If we 

find evolutionary conservation, however, these conserved regions are expected to have some function which is protected through 

purifying selection. From the initial stage of molecular evolutionary studies, noncoding regions were suspected to be involved in gene 

regulation. Now it is becoming clear that at least some noncoding regions play important roles in gene regulation. Therefore, 

conserved noncoding sequences (CNSs) are likely to be important from the functional point of view. CNS analyses have been proved 

to be powerful for detecting regulatory elements. We compared genome sequences of vertebrates, various mammalian orders, 

especially primates for searching CNSs and their characteristics (Takahashi & Saitou 2012; Matsunami & Saitou 2013; Babarinde & 

Saitou 2013, 2016;  Hettiarachchi et al. 2013, 2016; Saber et al. 2016). One common feature emerged from analyses of these CNSs is 

that they are often closely located to transcription factor genes and their GC contents are different from genomic averages.  

Interestingly, vertebrate CNSs have lower GC content than their genomic average, while typical eukaryote CNSs have higher GC 

content. Amniote-specific CNSs were found to keep physical distance with the nearby coding gene during their evolution to mouse 

and human. We recently analyzed hominoid- and hominid specific CNSs, and found that some of these CNSs emerged through 

positive selection. These features indicate the importance of CNSs on phenotypic evolution of vertebrates. 
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Combining disease data and molecular evolution to better understand both 
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Abstract: Inviable genotypes represent "holes" in the adaptive landscape.  Because the history of sequences that result in observed 

genotypes must constitute a path that avoids fitness holes, knowledge of the hole locations can improve evolutionary inferences.  

Molecular evolution on a holey adaptive landscape can be considered from the perspective of a particular codon location.  At one 

point in time, certain amino acids encoded at this location might yield fitnesses of zero.  Later, epistatic changes elsewhere in the 

genome might eliminate the holes.  Because an amino acid at some protein site might be inviable in some environments and viable in 

others, it is also possible that a fitness hole disappears or appears if the environment changes. 
We developed a model-based approach to analyze aligned interspecific protein-coding sequences.  It uses disease-mutation data to 

provide information regarding where fitnesses holes are.  It uses observed (wildtype) gene sequences to provide information about 

where fitness holes are not.  Our evolutionary model has two layers.  One describes the locations of holes in the adaptive landscape 

and how the locations change over time.  The other describes the state of the protein-coding sequence and how it traverses the 

adaptive landscape.  Inferences from the approach reflect the fact that ancestral lineages have avoided fitness holes.  In addition, the 

approach can be employed to estimate rates at which fitness holes appear and disappear. We have been applying our approach to the 

evolution of mammalian TP53 genes. We will discuss our approach, our inferences, and our plans. 
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Evolution of Regulation in Cell to Cell Communication  
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Abstract: Cell to cell communication is a fact of life for multicellular organisms. It is required during development to insure the 

coordinated differentiation of progenitor cells into species-specific patterns of organs and tissues. It is required for maintaining 

homeostasis in adults and when disrupted can lead to problems such as loss of mitotic control and cell death. In humans these 

problems manifest themselves as cancer and neurodegenerative disease. Thus, the importance of understanding how cell to cell 

communication is regulated. In a testament to the dexterity of natural selection, there are only a handful of cell to cell communication 

pathways. These govern countless developmental and homeostatic events in the lifetime of a single multicellular organism and the 

collective lifetimes of all multicellular organisms. One of these is the Transforming Growth Factor-beta pathway (TGF-beta). Highly 

conserved since the dawn of multicellularity, the pathway directs developmental events in all metazoan species and in humans its 

signal transducing Smad proteins act as tumor suppressors. Given the billion year conservation of the TGF-beta pathway, how is it that 

species-specificity is imposed? Utilizing molecular genetics in Drosophila together with bioinformatics, two examples of differential 

TGF-beta pathway regulation between flies and mammals have been discovered. These studies of epigenetic proteins and ubiquitin 

ligases identified two evolutionarily new genes that have been adopted by TGF-beta developmental networks that may also function as 

tumor suppressors. Overall, these examples reveal that the species-specific regulation of cell to cell communication is a fundamental 

feature of organismal diversity and human disease. 
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Theoretical foundation of the RelTime method for estimating divergence times 
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Abstract: The RelTime approach was originally presented as an algorithm for generating an ultrametric tree from a molecular 

phylogenetic tree with branch lengths, where evolutionary rate varies from branch to branch. The RelTime algorithm has been found 

to produce accurate estimates of divergence times in computer simulations and empirical data analyses, and its performance compares 

favorably with computation-intensive Bayesian approaches. Here, we present theoretical underpinnings of the RelTime approach and 

show that it employs the principle of minimum net rate change needed to explain the observed branch lengths in a phylogeny. This 

information paves the way for broader use of RelTime approach for estimating evolutionary rates and divergence times not only for 

molecular sequence alignments, but also for other types of molecular data as well as non-molecular data. 
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Molecular timetrees of Chelicerata recover monophyly of Arachnida and suggests an early colonization of land  
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Abstract:   

Animal life have marine origins, with only few phyla completing their entire life cycle outside water. The process through which 

organisms adapt to life on land is known as terrestrialization and it is one of the most extreme cases of adaptation to a new habitat that 

happened in animal history. The chelicerates (pycnogonids, horseshoe crabs, spiders, scorpions) are an ancient group of arthropods, 

with an astonishing fossil record dating back to Cambrian, and includes the second largest clade of fully terrestrial organisms, the 

arachnids. Morphological phylogenies support a single land colonization event by placing marine horseshoe crabs as sister group of 

arachnids, but phylogenomic studies nest this aquatic lineage within Arachnida (implying multiple terrestrialization events). To 

identify how many times and when arachnids adapted to life on land we need to assess chelicerate phylogeny, and its evolutionary 

timescale. 
  
Here we present a timescale of chelicerate evolution based on an expanded multigene dataset that covers most chelicerate diversity 

(>240 genes and >100 taxa) and using the largest set of fossil calibrations to date. Our results recover monophyly of Chelicerata, 

Euchelicerata and Arachnida. Aracahnida is conformed by two megaclades, one composed by Pseudoscorpions and 

Arachnopulmonates (scorpiones + spiders and closely related allies). The second megaclade contains a poorly supported association 

between Opiliones and Ricinulei, allied with a clade formed by monophyletic Acari sister to Solifugae. Our results reconcile previous 

results based on morphology and molecular evidence, and suggest a Cambrian-Ordovician colonization of land by Arachnids, 

substantially predating trace or body fossil evidence. 
  

Expanded summary*:   

Molecular palaeobiology and comparative genomics of arthropod terrestrialization 

The ancestral habitat where animals emerged is marine and only four phyla including lineages that can complete every phase of their 

life cycle outside of waterïsaturated environments (from moisture films to the oceans). These phyla are the Vertebrata (with the 

reptiles, birds and mammals), the Mollusca (with the land snails and the slugs), Onychophora (velvet worms) and the Arthropoda (e.g. 

insects, spiders, scorpions, centipedes). The process through which animals adapted to life on land is referred to as terrestrialization 

and it is one of the most fascinating unresolved problems in evolutionary biology. The crossing of the waterïland barrier was the most 

extreme case of adaptation to a new environment in animal history. In fact, the difference between the sea and the subaereal 

environment is so extreme that astrobiology uses terrestrialization as an analog to study how life could adapt to a new planet.  
  
Arthropods appeared in the Cambrian ~520 million years ago and include three subphyla: Chelicerata (e.g. spiders), Myriapoda (e.g. 

centipedes) and Pancrustacea (e.g. insects and crustaceans). The oldest subaerial arthropod traces are from the late Cambrian (~500 

Ma old) and by the late Silurian (~428 Ma ago) all subphyla included terrestrial lineages. Arthropods represent the largest majority 

(~80%) of biodiversity on our planet, and the largest majority of arthropods are terrestrial. This illustrates how important the process 

of adaptation to life on land was in animal history and as a generator of biodiversity. In Arthropoda, there have been a minimum of 

three ancient (Palaeozoic) terrestrialization events: that of the Hexapoda, that of the Myriapoda and that of the Arachnida. The fact 

that they colonised the land multiple times independently allow rigorous comparison of the alternative solutions adopted by the 

different groups to the same adaptive challenge. 
  
The relationships among the arthropod subphyla has long been debated, and current consensus suggests that Myriapoda and 

Pancrustacea form a clade (Mandibulata), with Chelicerata representing their sister taxon. However, relationships within the subphyla 



 
 
 

 
 
 

are still debated, and we still do not know how arthropods adapted to life on land. In my current research I try to elucidate the 

evolutionary history of arthropods and their subphyla by implementing a molecular palaeobiological approach, where molecular data 

from living organisms is combined with fossil data to understand changes through time within the context of deep time. The goal of 

my project is to combine molecular and morphological data, infer a complete timetree for the arthropods (including both extant and 

fossil lineages) and use it to test hypotheses of their evolution. My investigations try to answer 'how' and 'when' these organisms have 

colonized the land by means of inferring the arthropod relationships and identifying genomic adaptations involved in this 

terrestrialization process. So far I have been studying in depth the origin of Hexapoda and Arachnida. 
  
Chelicerates (e.g. spiders, scorpions, mites) represent an ideal model system to investigate the tempo and mode of early animal 

terrestrialization, because they were the first animals to become abundant in the terrestrial fossil record. I am particularly interested in 

the comparative genomics of this group because they contain marine and land representatives, which allows investigating genes that 

has been evolutionary selected in terrestrial lineages. I am also interested in the origin of scorpions, as it is an ancient terrestrial 

lineage with an extensive Palaeozoic fossil record (~ 435 Mya) with an uncertain affinity to the rest of Arachnids, in which we still do 

not know how they colonised the land.  
  
My research deals with ancient colonizations of land environment in different lineages that are phylogenetically related, which provide 

a unique opportunity to study in parallel this extreme adaptation process. The results of this research are significant for establishing 

the evolutionary history of the most diverse living group as well as for understanding the biology and mechanisms of this adaptive 

process. The knowledge generated from study this of habitat colonization process could be helpful in understanding the biology of 

invasive species, or the mechanisms involved in adaptation to a new environment. Moreover, chelicerates include pests (e.g. the spider 

mites) and species of biomedical relevance (e.g. the ticks ï vectors of lyme disease). By identifying chelicerateïspecific genomic 

adaptation to life on land, this project could identify potential chelicerateïspecific drug targets which may help the development of 

lineageïspecific pesticides with low incidence on economically important arthropods, like the declining bees. 
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Abstract: The process of estimating the timing of the tree of life faces many challenges that range from phylogenetic uncertainties to 

methodological issues. The microbial part of the tree of life is particularly affected by these issues because of their complex 

evolutionary histories, that are difficult to accurately model (e.g., horizontal gene transfer), and their sparse fossil record that severely 

limits the number of points to use as anchors for molecular clock estimates (times and rates). However, unicellular eukaryotes and 

prokaryotes represent the majority of lineages in the Tree of Life and, therefore, a timetree of life cannot be achieved without solving 

the puzzle of their evolutionary history. Two of the biggest challenges to microbial molecular clocks are related to the boundaries and 

numbers of available calibrations. Few nodes in microbial phylogenies can be (more or less) confidently timed from non-molecular 

data (e.g., biomarkers) and, of these, most have large boundary ranges or a single boundary (either a minimum or a maximum-only). 

This scenario is known from simulation and empirical data to be susceptible to artifacts and, therefore, requires accurate evaluation to 

determine the validity of its outcomes. Here, we address this issue using the latest development in molecular clock methods to 

evaluate the strength and weaknesses of calibration points commonly used within the microbial Tree of Life. 
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Abstract:   

Understanding macroevolutionary processes and evolution in deep time requires data from the fossil record. In recent years, advances 

in phylogenetic inference methods have provided ways to integrate fossil and extant taxa. These approaches allow simultaneous 

estimation of the divergence times and phylogenetic relationships of extant and fossil species, thus making full use of morphological 

and temporal data, rather than just molecular sequence data from living species. In particular, diversification models 

that accommodate fossil sampling incorporate more data from the fossil record than traditional node-calibration approaches. As a 

result, these approaches provide robust estimates of node ages and better representations of statistical uncertainty. I will highlight our 

recent and ongoing work using hierarchical Bayesian models to estimate species phylogenies and divergence times. Both simulation 

and empirical studies demonstrate how making full use of available fossil data and properly modeling lineage sampling and 

diversification improve estimates of species divergence times.  
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A coarse-graining, ultrametric approach to resolve the phylogeny of prokaryotic strains with frequent recombination 
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Abstract:   

Homologous recombination happens when a foreign DNA stretch replaces a similar stretch on the 
genome of a prokaryotic cell. For a genome pair, recombination affects their phylogenetic reconstruction in 
multiple ways: (i) a genome can recombine with a DNA stretch that is similar to the other genome of the pair, 
thereby reducing their pairwise sequence divergence; (ii) a genome can also recombine with a stretch from an 
outgroup-genome and increase the pairwise divergence. Most phylogenetic algorithms cannot account for 
recombination; while some do, they cannot account for all effects of recombination. 
We would like to introduce a fast algorithm that reconstructs ultrametric-trees while explicitly accounting for 
recombination. Instead of considering individual positions of genome sequences, we use a coarse-graining 
approach, which divides a genome sequence into short segments to account for local density of nucleotide-
substitution. For each genome pair considered, our algorithm enumerates the pairwise SNPs on each segment 
to obtain the pairwise SNP distribution; we fit each empirical SNP distribution to a theoretical SNP-distribution. 
We test the accuracy of our algorithm against other state-of-the-art algorithms on simulated and real genomes. 
For genomes with a substantial level of recombination, such as E. coli, we show that the age prediction of 
internal nodes by our algorithm is more accurate than the others, while the tree topology is at least as 
accurate. Thus, our algorithm is more accurate and faster than alternative recombination-aware methods for 
ultrametric phylogenetic reconstructions. 
  

Expanded summary*: Horizontal gene transfer (HGT) is a mechanism that allows prokaryotes to exchange DNA 

segments. After a foreign DNA segment enters a prokaryotic cell, a possible consequence is homologous recombination, 
where this incoming segment finds a segment on the host genome with high sequence similarity and overwrites it. Thus, 
homologous recombination erases phylogenetic history, and phylogenetic reconstruction without taking recombination into 
account can lead to underestimation of the age of ancestral nodes. 
 
 
The effects of prokaryotic recombination on phylogenetic reconstruction are complicated, and there are multiple factors to 
consider. Recombination can disturb phylogenetic reconstruction: on the one hand, (i) recombination between the 
considered genomes can erase nucleotide polymorphisms, making the divergence time of genome pairs appear shorter 
than they actually are; on the other hand, (ii) recombination of one of the considered genomes with a DNA segment from 
an outgroup genomeða genome whose lineage has diverged before the most recent common ancestor of the considered 
genomes has splitðwill introduce new polymorphisms. The best ultrametric phylogenetic reconstruction algorithms 
currently available that takes recombination into account, such as ClonalFrame or Bacter package of BEAST2, consider 
genomic segments with high numbers of nucleotide substitutions to be the results of recombination, and thus accounts for 
type (ii) recombination; however, it cannot account for type (i) recombination. 
 
 
In this work, I developed a coarse-graining approach to phylogenetic reconstruction, which is fast and can directly account 
for homologous recombination. Unlike conventional algorithms that consider every single nucleotide (or amino acid) site in 
a sequence, this algorithm divides a genome sequence into equal-sized segments. For every genome pair, it considers 



 
 
 

 
 
 

the number distribution of sites with non-identical nucleotide on the corresponding segments. The algorithm fits the 
empirical pairwise distributions to theoretical distributions that combine vertical inheritance with recombination, and 
thereby infers the ultrametric phylogenetic tree of the genomes considered. 
 
 
I performed extensive analyses to test this coarse-graining algorithm, using simulated genomes as well as real E. coli 
genomes. For simulated genomes, I performed phylogenetic reconstructions with this coarse-graining algorithm, along 
with other state-of-the-art algorithms, including RAxML, BEAST and ClonalFrame. For genome populations with a 
substantial level of recombination, I demonstrated that (i) the node ages predicted by the new algorithm are significantly 
more accurate than those predicted by alternative methods, and (ii) the topologies of phylogenetic trees predicted by this 
algorithm are at least as accurate as another tested algorithm. 
 
 
I performed phylogenetic reconstruction on real E. coli genomes using this algorithm, and also using BEAST and 
ClonalFrame. I evaluated the accuracy of a phylogenetic tree by comparing the tree with the phylogenetic signal inferred 
from gains and losses of genes in the genomes, assuming that a ñspecies treeò topology resulting in a lower number of 
inferred gene gains and losses indicated a more accurate phylogenetic tree. I demonstrated that the trees reconstructed 
by the proposed algorithm are significantly more consistent with the phylogenetic signal inferred from gains and losses of 
genes than trees reconstructed by other algorithms. 
 
In sum, I believe that this coarse-graining algorithm can contribute to resolving the divergence time of prokaryotic strains 
by explicitly accounting for the effects of recombination, thereby advancing our understanding of prokaryotic evolution. 
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Abstract: HPA is a novel framework for estimating phylogenetic trees, which is efficient enough to handle genomic-scale datasets. 

 As a parameter-free method, HPA does not rely on estimated parameter values or the use of max/min criteria.  It also does not assume 

a particular model of the evolutionary process, and it yields a rooted tree directly without the need to apply an error-prone rooting 

procedure.  
  
HPA first conducts a count of taxonomic partitions observed in the data. Variable sites divide the taxa into two or more subsets, which 

we call ópartitionsô.  While many of these partitions ultimately correspond to clades, others do not. HPA next attempts to identify the 

true clades among these partitions by analyzing frequencies of taxon co-occurrences within the partitions, as follows.  
  
1)    For each taxon, HPA constructs a ranked list of co-occurrence counts with each other taxon among all observed partitions as a 

first step. 
        1. a.     óLong branchô taxa in the True tree, which introduce excessive homoplasy into the analysis, exhibit similar levels of co-

occurrence with each other taxon.  These taxa may be removed from the analysis when they occur to maximize accuracy of the 

inferred HPA tree. 
2)    In each focal taxonôs ranked list of co-occurrences, the drop in number is then calculated from the first taxon to the second, from 

the second to the third, and so forth, down to the bottom of the list.  This creates a list of ódropsô. 
3)    Co-occurrence count drops are then transformed into percentage drops.  At this point each taxon is associated with an ordered list 

of percentage co-occurrence drops matching the order of the co-occurrence counts.  Each percentage drop is associated with a set of 

taxa above that drop in the ranked list, which corresponds to a particular partition of taxa.  When such a partition matches a True clade 

it is reflected in a relatively large percentage drop, because synapomorphies subtending that clade increase the counts of that partition 

in the data.  Each partition marked by a drop in these lists usually has multiple independently computed percentage drops, one from 

the perspective of each source taxon, and these are averaged to give a single number for each putative clade. 
4)    The averaged percentage drops for all partitions indicated in these lists are then combined and ranked in a master list.  HPA 

accepts the partition on the top of the master list as a clade in the HPA tree, and works its way down the list.  Any partition that is 

hierarchically incompatible with those already accepted in the HPA tree is rejected, and the algorithm moves down the master list until 

the tree is complete or the list is exhausted. 
5)    HPA is amenable to an efficient bootstrapping algorithm. 
  
HPA also lends itself to inferences about reticulations in the primary HPA tree.  When the partitions accepted into the primary HPA 

tree are removed from the master list, alternative clades generated by reticulate gene flow rise toward the top of the list for the same 

reason that the primary tree clades rise to the top in the first pass.  The potential to explore the evidence of reticulation is an important 

and unusual feature of HPA.  We will show tests and applications of HPA in this presentation. 
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(INSECTA: ODONATA)  
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Poster: Odonata (dragonflies and damselflies) together with Ephemeroptera (mayflies) represent the most ancient insect lineages that 

developed wings and were capable of active flight. Family-level phylogenetic relationships of odonates remain poorly understood and 

require extensive revision in light of large ñomicò data. Here we analyzed RNA-seq datasets derived from 83 species in order to 

reconstruct a robust phylogenetic backbone for the order. The data were explored from different angles within each phase of 

phylogenetic inference. Each of these phases have been shown in multiple previous studies to affect final evolutionary hypotheses. 

First, three different homology assessment approaches were evaluated to measure direct influence of identified orthologous cluster 

types (DNA vs. Protein), amount of data and possibility of inclusion of paralogous genes on phylogenetic reconstruction. Second, 

various combinations of alignment trimming procedures, alignment types, partitioning schemes and tree building approaches 

(superalignment vs. coalescence based supertree) were compared to identify possible inconsistencies. Using a comprehensive set of 

fossil calibration points, we dated the final phylogenetic tree and estimated substitution rates for different odonate clades. Together 

with the calculated missing data and taxon ñrougenessò, the substitution rates were investigated to find impact on nodal support 

inflation. To date , this is the largest odonate dataset analyzed and provided stable recovery of the phylogenetic backbone, although it 

failed to robustly resolve certain fast-evolving lineages. 
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A two-state model of tree evolution and its applications 

to Alu retrotransposition 
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Abstract: Models of tree evolution are essential in reconstructing and interpreting phylogenetic trees. While many such models have 

been developed, most have been designed to study the evolution of species. However, phylogenies can also be used to study the 

evolution of genomic elements, such as repeats and duplicated genes. Roughly 10% of the human genome consists of Alu repeats. We 

introduce a new model of tree evolution called the dual-birth model that captures evolutionary processes specific to these short 

repeats. Our model extends the traditional birth-only model and allows each evolving entity to be either active, and thus able to 

propagate, or inactive. The model is characterized by two rates, and adjusting the ratio of the rates controls the tree balance. We 

present several theoretical results under this dual-birth model, introduce sampling and parameter estimation algorithms, and study the 

properties of the model in simulations. We then use the dual-birth model to estimate the number of active Alu elements and their rates 

of propagation and activation in the human genome based on a large phylogenetic tree that we build from close to one million Alu 

sequences. 
  

Expanded summary*:   

Model: We describe a novel model of tree evolution that extends the widely used Yule model to operate with two rates. Evolving 

elements, for example, Alu repeats, can be either active or inactive. Active elements propagate and create offsprings at a high rate (ɚa) 

while inactive elements remain inactive until they active, with a rate much lower than the activation rate (ɚb Ḻ ɚa). Once activated, 

these elements continue propagating with the ɚa rate. The ratio r = ɚa controls the balance of the tree and can generate trees as 

balances ɚb as Yule with r = 1, or completely unbalanced trees with r = 0. The model is appropriate for evolving systems such as Alu 

repeats where some elements propagate while most donôt. Such systems would be expected to result in very unbalanced trees, as our 

model allows. 
  
Probability distributions:  We describe algorithms to sample the distribution defined by the model conditioning on a desired number 

of leaves, n. We then mathematically derive the following probability distributions and expected tree shape properties conditioning on 

a fixed n: (i) probability distribution over ordered ranked, unordered ranked, and unordered unranked tree topologies, (ii) probability 

distribution over ordered and unordered trees with branch lengths, (iii) expected number of cherries as n Ÿ Ð, (iv) expected fraction 

of active and inactive elements as n Ÿ Ð, (v) expected branch length as n Ÿ Ð. We show how these properties, especially the 

expected branch length and cherry fraction, can be used to estimate parameters of the model given an estimated tree. Importantly, we 

describe ways to account for estimation error in the phylogenetic analysis. 
  
Simulations: We perform a series of simulations based on the dual-birth model to address two questions: (i) Is the standard maximum 

likelihood (ML) phylogenetic inference robust to unbalanced trees that can be generated under the dual-birth model? (ii) Can 

parameters of the dual-birth model be accurately estimated from sequence data using phylogenetic methods? 
Our simulation results show that when trees are generated using r Ḻ 1 (i.e., extremely unbalanced trees), using ML to reconstruct the 

tree can result in a remarkably high topological error. Increasing r (and thus, tree balance) dramatically improves tree accuracy, 

implying that ML methods perform poorly only when trees deviate from Yule. Only if we increase sequence length dramatically (e.g., 

to 4, 800bp), topological error decreases for unbalanced trees. Unlike topology, average branch lengths estimated by ML remains 

relatively accurate across different levels of tree imbalance as well as across different levels of alignment sequence length. 
Since ML methods infer grossly overly-balanced trees as true trees deviate from Yule, naive methods of parameter estimation that 

depend on measures of tree balance may fail. However, we devise a novel technique based on statistical measures of support to 

improve estimates of model parameters (r, ɚa, and ɚb). 



 
 
 

 
 
 

  
Alu analyses: We then use the dual-birth model to study human Alu sequences, a class of Short Interspersed Nuclear Elements 

(SINEs), each approximately 300 bp long, that exist in the genomes of supraprimates and are often the subjects of phylogenetic 

analyses in hopes of gaining insight into the history of supraprimate evolution. There are approximately one million Alu elements in 

the human genome, comprising roughly 10% of the human genome. 
Unlike these past studies, because of recent advances in ultra-large MSA, we perform a full phylogenetic analysis of a complete set of 

885,011 full-length Alu sequences. We study two questions: 1) How many Alu elements are active? At what rates do inactive Alu 

elements become active and active elements propagate? To answer these questions, we build an MSA of our set of Alu sequences and 

infer an ML tree from the MSA. Then, using the ML tree with our aforementioned methods of dual-birth parameter estimation, we 

estimate multiple biologically relevant parameters of Alu evolution. 
We estimate the percentage of Alu elements that have been historically active to be approximately 2%>6.8%, depending on the exact 

settings used. Our results photogenically confirm a long line of evidence that most Alu elements are not capable of retrotransposition. 

We further estimate that there are ɚa = 1.331 Ĭ 10ī8 activation events per year and ɚb = 2.475 Ĭ 10ī6 propagation events per year, 

meaning Alu elements become active with a rate of roughly once every 75 million years, and once active, they propagate with a rate of 

roughly once every 400 thousand years. 
  
Significance: Although the motivation behind the creation of the Dual-Birth model was to improve our studies of Alu transposable 

elements, the model can be used to study any nucleic element that replicates in a similar fashion. For example, it is known that the 

evolution of retrotransposons like Alu elements is similar to the evolution of many retroviruses (e.g. Lerat et al. 1999). With the 

formal definition of the Dual-Birth model as well as the various probability distributions and expectations of tree properties we have 

defined, the model could be applied to the study of retroviral evolution, and insights gained by constructing an accurate tree using 

Dual-Birth as a prior on tree distributions or by estimating Dual-Birth parameters (and thus propagation and activation rates) could 

prove useful in the development of targeted therapeutics. Further, even though the current model assumes constant activation and birth 

rates across the entire tree, which is an unrealistic assumption for the evolution of certain retroviruses (e.g. HIV, Lemey et al. 2006), 

our work on the Dual-Birth model could serve as the base for future extensions that allow for variable rates through time, which would 

be useful the study of HIV evolution. In short, there exist many biological entities that evolve in a two-state manner similar to Alu 

elements, and the Dual-Birth model can be broadly applied to aid in the study of those entities as well. 
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Abstract: A rooted tree of Bacteria is essential to infer the gene content and reconstruct the metabolism of the last bacterial common 

ancestor (LBCA). Knowledge of the LBCAôs metabolism has implications for reconstructing the metabolism of the last universal 

common ancestor (LUCA) and testing hypotheses about the early evolution of life on Earth. Many current ideas pertaining to the 

nature of the earliest life are informed by hypotheses of prokaryotic phylogeny. However, rooting the tree of bacteria has proven 

difficult, with conventional rooting using outgroups leading to many differing root positions. Recent discoveries of a huge diversity of 

new uncultured phyla, in particular the Candidate Phyla Radiation (CPR), have further complicated matters, and the relationships 

between the major bacterial phyla still have little resolution. Here, we attempt to construct a rooted tree of bacteria using probabilistic 

gene tree-species tree reconciliation methods. These are hierarchical models in which HGTs, gene duplications and losses are 

integrated into an overall model of genome evolution using amalgamated likelihood estimation (ALE), and in which patterns of gene 

family evolution contain information about the root of the tree.  We use this rooted tree in order to reconstruct the metabolism of the 

ancestral bacterium, and compare our results to those obtained from the use of these methods on Archaea, which allows us to infer 

information on the nature of LUCA. We also use ALE to investigate the rate of bacterial HGT over time, to evaluate how HGT has 

affected vertical phylogenetic signal and the evolution of early cells.  

 

Disclosure of Interest: None Declared 

 

Keywords: None 

 



 
 
 

 
 
 

 

SMBE 2017 

 

Calibrating the history of life 

POB-66 

Species tree, frequent HGT and gene conversions in Bdelloid Rotifers 

Marie Cariou 1,*, Hélène Henri 2, Nicolas Debortoli 1, Matthieu Terwagne 1, Boris Hespeels 1, Julie Virgo 1, Damien De 

Vienne 2, Karine Van Doninck 1 

1Unité de Recherche en Biologie Environnementale et Evolutive, Unamur, Namur, Belgium, 2Laboratoire de Biométrie et 

Biologie Evolutive, UMR 5558, Université Lyon 1, Villeurbanne, France 

 

Abstract: The vast majority of animals reproduce sexually, i.e. with recombination of genetic material between generations. This 

genetic mixing is thought to favor the persistence of sexual lineages despite a theoretical advantage of asexuals regarding colonization 

capacity and population growth. In this context Bdelloid Rotifers, a highly diversified group of animals evolving asexually for 

millions of years, appears as a puzzle but also as an outstanding model to better understand long-term evolution in the absence of 

sexual reproduction. 
The sequencing of the first Bdelloid Rotifer genome (Flot et al. 2013) revealed a peculiar organization, characterized by a degenerate 

tetraploidy, numerous rearrangements and the absence of homologous chromosomes. This structure, incompatible with meiosis, likely 

testifies the long asexual evolution of this genome. Besides, population genetic studies suggest that Bdelloids might exchange DNA 

within and between species, which likely plays a major role in their evolutionary history (Debortoli et al. 2016). 
To better understand the dynamics of gene conversion and horizontal genetic transfers on these asexually evolving genomes and their 

importance in the success of Bdelloids, we are generating genomic data (RAD sequencing) from a large number of species distributed 

across the four existing families. We will show how methods involving the reconciliation of gene and species trees can help resolving 

species phylogeny of Bdelloids despite asexuality, polyploidy, gene conversions, transfers and losses. The resolution of the species 

tree is indeed a requirement for further study of the dynamics of horizontal transfers, which might play a key role in their evolution. 

Expanded summary*: The vast majority of animals reproduce sexually, i.e. with recombination of genetic material between 

generations. This is despite a theoretical advantage of asexuals regarding colonization capacity and population growth and thus, it 

prompted the hypothesis that recombination of polymorphic loci allowed by sexual reproduction might favor the persistence of sexual 

lineages. In this context Bdelloid Rotifers, a highly diversified group of animals evolving asexually for millions of years, appears as a 

puzzle but also as an outstanding model to better understand long-term evolution in the absence of sexual reproduction. 
                  The sequencing of the first Bdelloid Rotifer genome (Flot et al. 2013) revealed a peculiar organization, characterized by a 

degenerate tetraploidy, numerous rearrangements and the absence of homologous chromosomes. This structure, incompatible with 

meiosis, likely testifies the long asexual evolution of this genome. Besides, population genetic studies suggest that Bdelloids might 

exchange DNA within and between species, which likely plays a major role in their evolutionary history (Debortoli et al. 2016). 
                  Our project aims at a better understanding of the importance of these genetic transfers in the success of Bdelloids. We are 

generating genomic data (RAD sequencing) from a large number of species sampled in the wild and distributed across the four 

existing families. This data will be useful to investigate the genomic history and dynamic of Bdelloids genomes. However, clonal 

lineages and partial polyploidy, associated with a significant rate of gene conversions and potential horizontal transfers might hinder 

the resolution of species phylogeny. We will show how methods involving the reconciliation of gene and species trees can help 

resolving the species phylogeny of Bdelloids despite asexuality, polyploidy, gene conversions, transfers and losses. 
                  The resolution of the species tree is indeed a requirement for further study of the dynamics of horizontal transfers, which 

might play a key role in Bdelloid evolution. It will allow quantifying recombination between lineages, at different time scale, and thus 

provide insights on the genomic and ecological determinant of these transfers. Do gene transfers mainly occurs within closely related 

genetic clusters or also on a larger scale as is suggested by the high percentage of horizontally acquired genes non-metazoan origin in 

Adineta vagaôs genomes? Another striking characteristic of Bdelloids is their ability to withstand desiccation at any life stages. Such 

desiccation events have been shown to result in numerous double strand breaks in genomes, which are subsequently repaired 

(Hespeels et al. 2014). This observation led to the hypothesis that these events might favor the integration of foreign DNA in Bdelloid 

genomes. Thus, a better understanding of the dynamic and evolutionary importance of horizontal transfers between Bdelloidôs 



 
 
 

 
 
 

genomes will be complementary to studies allowing a direct measure of the impact of desiccations on horizontal transfers between 

rotifers. 
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Abstract: The Ecdysozoa - the Scalidophora (Priapulida, Kinorhyncha, Loricifera), Nematoida (Nematoda, Nematomorpha) and 

Panarthropoda (Tardigrada, Onychophora and Arthropoda) ïis a useful model system of evolution, as it includes both highly diverse 

clades such as the Arthropoda and depleted phyla like the Priapulida - for which only eight genera are known. Currently available 

genomic information for the Ecdysozoa, however, almost exclusively focuses on the Arthropoda and Nematoda. 
The Arthropoda and Vertebrata are the only known phyla to have developed colour vision, which in the arthropods is achieved 

through the use of multiple different rhabdomeric opsin proteins tuned to different wavelengths of light. The number of visual opsins 

present in any given arthropod species can vary greatly, from none to more than thirty. Colour vision is thought to be the basal state 

for the Arthropoda, but almost nothing is known of the visual history or opsin distribution of the other ecdysozoan clades. 
We present the first evidence for the existence of visual opsins across all major ecdysozoan lineages ï the Scalidophora, Nematoida 

and Panarthropoda. Using cutting-edge phylogenetic approaches (including lineage specific replacement-rate heterogeneous models) 

we show that multiple independent visual opsin duplications have occurred across the Ecdysozoa, not only in the Arthropoda. With 

the use of molecular clock approaches we have shown that the emergence of Arthropod colour vision can be dated to between 634 and 

595 MA. 

Expanded summary*: The Ecdysozoa are an important group of animals, containing the majority of named species and both hyper-

diverse clades such as the Arthropoda, and heavily depleted clades like the Priapulida. The Ecdysozoa comprises the Priapulida, 

Loricifera, Kinorhyncha, Nematoda, Nematomorpha, Tardigrada, Onychophora, Chelicerata, Myriapoda, Crustacea and Insecta; 

outside of the arthropods, however, the vision of these creatures has been relatively unexplored, and no studies have assessed the 

visual capabilities of the Priapulida, Loricifera, Kinorhyncha and Nematomorpha. 
Vision is a photoreceptive technique that allows organisms to process light information beyond a simple photic response. From a 

molecular perspective, vision in the Ecdysozoa is regulated by rhabdomeric (R) opsins, a form of light sensitive protein that is 

expressed within the eyes of the organism. Expression of multiple opsins at the same time, tuned to different wavelengths, and the 

capability to differentiate between different responses from the different opsins is what enables colour vision, a state that is thought to 

have arisen only twice: once in the Arthropoda, and once in the Vertebrata ï though the Vertebrata utilise a system based on ciliary 

opsins. 
Ecdysozoan colour vision is incredibly important when considering evolutionary history and ecology. The ability to perceive oneôs 

environment is closely linked to the needs and requirements of that environment, and so understanding when and under what 

ecological and historical pressures opsin gene duplications occurred ï enabling organisms to respond to an additional, different set of 

wavelengths ï is important to understanding the development of life on earth. 
Before this study began, due to the poor sampling of the Tardigrada (1 species, Hypsibius dujardini), and Myriapoda, the history of 

colour vision in the Arthropoda was still unclear. A complete lack of sampling in any clades of the Ecdysozoa more basal than the 

Tardigrada also needed to be remedied to understand the history of vision. 
In addition, solving a current phylogenetic controversy helped motivate this research.  The invertebrate non-visual r-opsins, or 

Arthropsins, are a group of r-opsins that are often recovered basal to the vertebrate non-visual r-opsins (melanopsins). This position 

requires a considerable number of independent opsin gene losses in the Lophotrochozoa, Arthropoda and Vertebrata. To help resolve 

this problem, we have created independent rate matrices for the opsins that outperform the GTR and WAG models in both likelihood 

and Bayesian scenarios, and explored lineage-specific heterogeneous modelling (a relatively new phylogenetic method whereby 

substitution matrices are assigned to particular branches of a scaffold tree topology) as a way to resolve contentious phylogenetic 

problems. 



 
 
 

 
 
 

            This study presents new transcriptomic and genomic information from the Priapulida, Kinorhyncha, Nematomorpha and 

Tardigrada. The results have shown that genera-specific duplications in the Tardigrada appear to be relatively common, and confirm 

that colour vision is specific to the Arthropoda. It also shows that the loss of opsins is specific to the Nematoda, not the Nematoida, as 

previously thought. In timing the origin of colour vision, we can suggest a number of potentially realistic ecological causes for such an 

event, including an exploration and colonisation of new environments, that gives useful context to existing fossil evidence. Finally, 

new ecdysozoan r-opsin sequences have proposed a new, more parsimonious position for the arthropsin clades. 
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Abstract: Relaxed clocks can be used to estimate variation in substitution rates among extant and ancestral species, but existing 

computational models do not fit the best sources of data. Mitochondrial genome alignments are often used to estimate substitution rate 

variation, however mtDNA may be evolving too quickly (in animals) or too slowly (in plants) to contain enough information at the 

divergence time scales researchers are interested in. Nuclear genomes are a much larger and richer source of information, however 

unlinked nuclear segments do not share a common gene tree due to recombination, and because relaxed clocks have until now 

assumed a common gene tree this leads to systematic errors when inferring substitution rates and divergence times. We introduce 

species tree relaxed clock models, which model per-species substitution rates but also allow for many gene trees embedded within a 

species tree. This extends the multispecies coalescent model of species and gene evolution, and enables more accurate inferences in 

studies that incorporate substitution rates, such as divergence dating or studies of tempo and mode. Species tree relaxed clocks are 

implemented in the StarBEAST2 package for BEAST2. We will demonstrate the importance of species tree relaxed clock models for 

reliable substitution rate and time estimates by applying StarBEAST2 to exon-capture sequence alignments from Eugongylus group 

skinks. 

Expanded summary*: Substitution rates are of interest to researchers working on molecular drivers of speciation and 

adaptation. They are also highly correlated with divergence time parameters, so accurate dating depends on accurate 
estimates of substitution rates. For a given species, the average substitution rate is correlated with a multitude of traits 
ÉÎÃÌÕÄÉÎÇ ÍÅÔÁÂÏÌÉÃ ÒÁÔÅȟ ÂÏÄÙ ÓÉÚÅȟ ÁÎÄ ÆÅÃÕÎÄÉÔÙ ɉÓÅÅ "ÒÏÍÈÁÍȟ ςπρρ Ȱ4ÈÅ ÇÅÎÏÍÅ ÁÓ Á ÌÉÆÅ-history charaÃÔÅÒȱɊȢ 4ÈÉÓ ÉÍÐÌÉÅÓ 
that when studying clades with variation in those traits, substitution rates will vary between species. 

Variation in substitution rates can be accommodated in concatenation analyses. However substitutions produced by 
incomplete lineage sorting (SPILS) causes concatenation to overestimate the lengths of specific branches and underestimate 
the lengths of others, which produces apparent substitution rate variation where none exists (see Mendes and Hahn, 2016 
Ȱ'ÅÎÅ ÔÒÅÅ ÄÉÓÃÏÒÄÁÎÃÅ ÃÁÕÓÅÓ ÁÐÐÁÒÅÎÔ ÓÕÂÓÔÉÔÕÔÉÏÎ ÒÁÔÅ ÖÁÒÉÁÔÉÏÎȱɊȢ 7Å ÓÈÏ× ÔÈÁÔ ÔÈÉÓ ÔÒÁÎÓÌÁÔÅÓ ÉÎÔÏ ÓÙÓÔÅÍÁÔÉÃ ÂÉÁÓ ×ÈÅÎ 
estimating divergence times and substitution rates. 
Unlike concatenation, the multispecies coalescent (MSC) models multiple gene trees evolving within a species tree. Because 
variation is expected in the relative substitution rate of different genes and different species, MSC models should take both 
per-gene and per-species rate variation into account. We have developed species tree relaxed clock models that for the first 
time extend the MSC to apply and a separate substitution rate for each species, in addition to a separate substitution rate for 
each gene. 
We have implemented multiple species tree relaxed clock models in the StarBEAST2 package for MSC inference, in addition to 
vast improvements in computational performance. These include uncorrelated log-normal clocks, uncorrelated exponential 
clocks, and random local clocks. StarBEAST2 will thereby enable reliable estimates of divergence times and substitution rates 
despite gene tree discordance. 

Armed with accurate dating of divergence times, we can begin to understand the context in which speciation events occurred. 
This helps us to answer why we and other organisms are here on Earth today, a question of great general interest based on 
coverage of evolutionary findings in popular media. It also assists scientists and governments conserve biodiversity, for 
example by accurately identifying areas of strong or weak phyloendemism across a landscape. 
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Abstract: Phylogenetic inference has become theoretically unified with population genetics theory following the introduction of 

multispecies coalescence (MSC) analysis for estimating species trees. However, despite successful MSC applications, this method has 

been questioned in favor of the standard concatenation approach to phylogenetics because it assumes that gene trees inferred from 

individual loci represent independent trials of the MSC process. Since genes might be physically close to one another within syntenic 

associations spanning along chromosome regions of different size, fundamental MSC theoretical assumptions on the individuality of 

loci might be flawed when analyzing evolutionary lineages with accelerated rates of chromosome evolution and substantial karyotypic 

shuffling. In this respect, neotropical primates represent an ideal case for assessing the performance of MSC methods because 

chromosome diploid number varies significantly in this lineage. Here, we investigated the effect of sequence size on the performance 

of coalescent-based methods. This analysis was carried out by comparison with the hominid (great apes and human) lineage in which 

chromosome macrostructure has been stable during 15 million years of evolution. We found that both heuristic MSC methods and 

concatenation performed well, showing statistical consistency and robustness for inferring the correct species tree. Departure from the 

MSC model in neotropical primates was reduced with smaller sequence fragments where coincidental phylogenetically informative 

sites were found more frequently than in longer fragments. This picture may have resulted from extensive karyotypic rearrangement 

occurring during the radiation of neotropical primates contrary to the comparatively stable chromosome evolution in the hominids. 
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Abstract: The timescale of lifeôs early history on Earth remains one of the last areas where literal interpretations of the fossil record 

guide our understanding. However, the uncertainty surrounding the early fossil record of life suggests that a probabilistic timescale 

could serve as better guideline.  Such a timescale can be generated integrating fossils and genomic information using modern, relaxed, 

molecular clock methods. Molecular clocks rely on carefully constructed calibrations and, to date, no definitive set of calibrations for 

dating fundamental divergences within the tree of life has been assembled. Here, we establish a suite of calibrations, employing them 

with the molecular clock to show that divergence times are sensitive to calibration distribution choice, and the clock model used. 

Integrating across the uncertainties yields a timescale that defines credibility intervals for key events in the history of life.  Our 

probabilistic timescale, integrating fossil and genomic information, is more accurate though less precise, allowing for predictive power 

and simple refinements as new fossil and molecular data are revealed. Eukaryotes emerge late in the history of life (~1.54) Ga, in good 

agreement with the known fossil record.  Crucially, the Alphaproteobacteria (the clade to which the mitochondria belong) also emerge 

in the same age range (0.89-1.57), confirming a fundamental role for symbiosis in the establishment of the eukaryotic lineage. 

Expanded summary*: The premise of our work was to try and date the early divergences of life, and some of the key evolutionary 

splits, such as that of the eukaryotes from the Archaea. The fossil record at the time that these divergences were likely occurring is 

sparse, owing to a combination of rock loss and that any rock remaining has often been highly metamorphosed. On top of this there is 

considerable controversy about the biological authenticity of the oldest fossils, as each one has few characteristics to link it to any 

distinct group. Despite the lack of evidence each new fossil is used to reinterpret the history of life at this time, an approach that is no 

longer used in more recent timescales due to the application of molecular clocks, a statistical approach to integrate over the 

uncertainty found in the fossil record. Ironically these clocks have not yet been applied to the deepest nodes of life, where their use 

may be most relevant. 
Initially we collated two datasets, one of genetic material, and one of fossil information to produce the calibrations for the molecular 

clock process. Fossils are imperative here in that they help to produce dates in absolute time. Our genetic dataset consists of 29 

proteins that are common to all 3 domains of life. They are all involved in necessary functions, such as within the ribosome, and are 

highly conserved and therefore useful for dating a very diverse range of species. The calibrations are mostly within the Eukaryotes, as 

they have the most complete fossil record, and one that is more easily identified based on external characters. One of the most 

important calibrations is on the root node, constraining not only LUCA but the whole tree of life. For this we used the moon forming 

impact, an event so powerful that it would have reformed, and in so doing sterilised the Earth. Hence, the last universal common 

ancestor (LUCA) must have existed afterwards. 
Our results date LUCA to ~4.4 Ga and show the crown prokaryote lineages diverging over one billion years after this, at similar times, 

in the Archaean ~3 Ga. This date for LUCA is much older than the oldest potential fossil records at Isua, Greenland dated to around 

3.8 Ga. The concurrent emergence of the Bacteria and Archaea is interesting as today the diversity of the Bacteria far outweighs what 

we see in the Archaea and yet they have much the same evolutionary timescale. The crown eukaryotes diverge much later in the mid 

Proterozoic, around the time we might expect, based on the fossil record, and at a comparable date to other studies that place the 

eukaryotes emergence at around 1.2-1.8 Ga. Although the eukaryote tree has been dated multiple times before and some work has 

been carried out on dating bacterial lineages, the tree of life as a whole has not previously been tackled. One of the most important 

geological events, the great oxidation event, which has been linked to both the cyanobacteria and the eukaryotes, occurs before the 

evolution of both of these crown groups in our study. This is contrary to most reports in which the cyanobacteria are causally 

associated with the GOE. 
Our investigation confirms that the oldest fossil can never give us the true age of a clade, but when integrated with molecular data can 

be used to produce a robust timescale for the tree of life. It is a framework that can be built upon and updated as new fossils are 

discovered and new genetic sequence material becomes available. 
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Abstract: Ancestor-descendent relations play a cardinal role in evolutionary theory. Those relations are determined by 

rooting phylogenetic trees. However, existing rooting methods are hampered by evolutionary rate heterogeneity or the 
unavailability of auxiliary phylogenetic information. We present a novel rooting approach, the minimal ancestor deviation 
(MAD) method, which embraces heterotachy by utilizing all topological and metric information in unrooted trees. We 
demonstrate the method in comparison to existing rooting methods by the analysis of phylogenies from eukaryotes and 
prokaryotes. MAD correctly recovers the known root of eukaryotes and uncovers evidence for cyanobacteria origins in the 
ocean. MAD is more robust and consistent than existing methods, provides measures of the root inference quality, and is 
applicable to any tree with branch lengths.  

Expanded summary*: Phylogenetic tree reconstruction methods produce unrooted trees, which require an additional 

analysis ï rooting ï in order to determine the ancestor-descendant relations of the studied entities. Given its pivotal role 
for evolutionary studies, it is notable that no major advance in the methodology of rooting has been presented since the 
publication of the leading rooting approaches in the 1970ôs (i.e., outgroup and midpoint). This situation is in stark contrast 
to the wide range of methods available for the reconstruction of phylogenetic tree topologies. We introduce the Minimal 
Ancestor Deviation (MAD) rooting method, which operates on any phylogenetic tree with branch lengths. Our method 
explicitly quantifies the major confounding factor - rate variation among lineages - to achieve unprecedented accuracy and 
consistency. We anticipate that many long-standing evolutionary controversies will be settled (or at least sharpened) with 
high-quality rooting. An example is our rooting of the cyanobacteria, showing that the basic photosynthetic machinery 
originated in a marine environment - at a consistency level of 69%(!) of the gene families. Such a consensus is rarely 
encountered in analyses of deep prokaryotic phylogenies, which notoriously suffer from reticulated evolution and 
reconstruction errors. Rooting, and the resolution of ancestor-descendant relations, is by no means solely in the domain of 
evolutionary biology. Epidemiological reconstruction of infection trajectories, ancient DNA studies and linguistic cognate 
reconstruction are among the fields that utilize trees and will benefit from a versatile and reliable rooting method.  
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Abstract: Ongoing advances in sequencing technology have led to an explosive expansion in the molecular data available for building 

increasingly larger and more comprehensive timetrees. However, Bayesian relaxed-clock approaches frequently used to infer these 

timetrees impose a large computational burden and discourage critical assessment of the robustness of inferred times to model 

assumptions, influence of calibrations, and selection of optimal data subsets. We analyzed eight large, recently published, empirical 

datasets to compare time estimates produced by RelTime (a non-Bayesian method) with those reported by using Bayesian approaches. 

We find that RelTime estimates are very similar to Bayesian approaches, yet RelTime requires orders of magnitude less computational 

time. This means that the use of RelTime will enable greater rigor in molecular dating, because faster computational speeds encourage 

more extensive testing of the robustness of inferred timetrees to prior assumptions (models and calibrations) and data subsets. Thus, 

RelTime provides a reliable and computationally thrifty approach for dating the tree of life using large-scale molecular datasets. 

Expanded summary*: Progress in sequencing technology has led to a two-dimensional expansion of datasets being used for dating 

evolutionary divergences, because both the number of sites in the sequence alignment and the number of included taxa are increasing 

quickly. Large time-calibrated phylogenies are being generated using these data, helping to elucidate the evolutionary patterns and the 

underlying processes responsible for the extant biological diversity. Recently, Bayesian approaches have been the most commonly 

used to estimate biological timescales. However, with the rise of big data, the application of Bayesian methods for dating cladogenetic 

events is becoming computationally demanding. 
Their time requirements increase exponentially with increases in the number of species and the sequence length. For example, it takes 

almost half a day to compute divergence times in a dataset with 43 species (~55k sites); and multiple days to estimate a timetree for 

274 mitochondrial sequences (first and second codon positions) on a personal computer (Intel® Core i7® CPU @ 4.0GHz). Such slow 

speeds slow down the pace of discovery and even lead to suboptimal scientific practices, because they discourage tests of the 

robustness of inferred timetrees to the model and calibration assumptions. 
Recently, ultra-fast non-Bayesian dating methods have been developed, which allow rate variation from branch to branch and 

incorporate multiple calibration points. These methods have already been shown to produce excellent estimates for simulated data. For 

example, the performance of RelTime method was comparable to Bayesian approaches in computer simulations where large sequence 

datasets were generated under conditions with autocorrelation and independent rates among lineages. Also, RelTime method produced 

estimates that were frequently better than Bayesian and other approaches, especially when there was a 50% rate speedup in a specific 

clade. Importantly, non-Bayesian approaches complete calculations thousands of times faster than the fastest Bayesian method, with 

even greater speed differences for larger numbers of sequences. 
Therefore, we were prompt to investigate if RelTime produces divergence time estimates that are comparable to those obtained using 

Bayesian methods on empirical datasets, especially when they are very large. Because if this is true, then RelTime would provide a 

computationally tractable alternative to Bayesian methods. Thus, we directly compared Bayesian and RelTime methods by 

reanalyzing eight large-scale empirical datasets obtained from recently published studies. In these sequence alignments, the number of 

taxa ranged from 36 to 274 and the number of sites ranged from 7,370 to 20,593,949 (nucleotides or amino acids). These datasets 

represent some of the biggest timetree analyses performed to date. 
We found a huge concordance of time estimates between Bayesian and RelTime approaches, which was strong across datasets that 

vary extensively in numbers of taxa and length of the sequence alignment. Therefore, RelTime provides an accurate and 

computationally-efficient approach to estimate times when Bayesian methods are infeasible. Furthermore, achieving similar results 

from two distinct approaches increases our confidence in biological conclusions. As Bayesian methods require many more priors than 

RelTime, we recommend that RelTime should be applied along with Bayesian and other approaches. 
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Abstract: Past evolutionary events recorded in the DNA of living organism might be the key to study the Early History of Life, a long 

period of time for which the fossil record is scarce and unreliable. The exchange of genes among different species have left tell-tale 
footprints of phylogenetic incongruence in extant genomes that can be detected with modern phylogenetic techniques. These genomic 
fossils can tell us which ancient species lived at the same time and thus can be used for dating studies. I describe our recent results 
that show that transfers detected using gene tree-species tree reconciliations carry a strong time signal resembling those of 
paleontological fossils across the three domains of life. I also show that different methods for relaxing the molecular clock produce 
varying fit with the dating information conveyed by transfers, hence transfer events can potentially be used to choose among competing 
alternatives. Finally, I discuss our plans for developing genome-scale dating methods that exploit the genomic fossils recorded by 
phylogenetic incongruence in the context of the recently funded ERC project "GENECLOCKS". 
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Abstract: Ancestral sequence reconstruction (ASR) was shown be an important tool that helps understand the evolutionary origin of 

modern proteins. In addition, ancestral proteins often contain desired properties that modern proteins lack, e.g. broader substrate 

range, therefore they can be used as a good starting point for protein engineering. 
FastML is a web tool built to infer ancestral sequences, based on the maximum likelihood paradigm. Although a number of tools for 

ASR exist, FastML contains several features that differentiate it from the rest e.g. the way it treats gaps and its flexibility regarding the 

allowed evolutionary models. FastML was shown to be one of the most accurate tools available for ASR in a recent benchmark test. 
Currently, most models use a single substitution matrix to generate the ancestral sequences. This approach, while giving relatively 

satisfying results with high likelihood score, is far from perfect. When working with proteins, there is a large variability between 

different parts of the protein, especially in terms of solvent accessibility. Therefore, using a single average substitution matrix, e.g. 

LG, will give less than optimal results. In this work, we hypothesized that using a mixture of amino acid replacement matrices to infer 

ancestral sequences, would lead to a significant increase in ASR accuracy, and that accuracy would substantially increase when 

amino-acid replacement matrices would be developed while accounting for structural information when data are available. 
We aim to incorporate all these models into the FastML algorithm and test their impact in simulations and on the benchmark dataset. 
  

Expanded summary*: Ancestral sequence reconstruction while accounting for protein structural information 

Abstract  

Ancestral sequence reconstruction (ASR) was repeatedly shown be an important tool that helps understand the evolutionary origin of 

modern proteins. In addition, ancestral proteins often contain desired properties that modern proteins lack, such as broader substrate 

range and higher thermostability, therefore they can be used as a good starting point for protein engineering.1 
FastML is a web tool built to infer ancestral sequences. It is based on the maximum likelihood paradigm. Although a number of tools 

for ASR exist, FastML contains several features that differentiate it from the rest e.g. the way it treats gaps and its flexibility regarding 

the allowed evolutionary models.2 FastML was shown to be one of the most accurate tools available for ASR in a recent benchmark 

test.3 
Currently, most substitution models use a single substitution matrix to generate the ancestral sequences. This approach, while giving 

relatively satisfying results with high likelihood score, is far from perfect. When working with proteins, there is a large variability 

between different parts of the protein, especially in terms of solvent accessibility. Therefore, using a single average substitution 

matrix, such as WAG or LG, will give less than optimal results. In this work, we hypothesized that using a mixture of amino acid 

replacement matrices (instead of a single matrix) to infer ancestral sequences, would lead to a significant increase in ASR accuracy. 

We further hypothesized that accuracy would substantially increase when amino-acid replacement matrices would be developed while 

accounting for structural information assuming such data are available.4 
Finally, when 3D structure is unavailable, we aim to test if the prediction of structural features (such as buried and exposed positions) 

and use of structural aware models would increase accuracy, compared to using non-structural aware models. We aim to incorporate 

all these models into the FastML algorithm and test their impact in simulations and on the recently developed empirical benchmark 

dataset.3 
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Abstract: Most genetic studies of nonhuman primates have utilized mitochondrial DNA and/or a small number of nuclear DNA 

markers, which can limit our understanding of primate population genetics and phylogenetic relationships. However, the increasing 

availability and decreasing cost of ñnext generationò sequencing technologies now allows the discovery, sequencing, and genotyping 

of thousands of genetic markers distributed throughout the genome rapidly, at relatively low cost, and without relying on the 

availability of a reference genome. We employed a ñdouble digest Restriction-Site Associated DNAò (ddRAD-seq) next-generation 

sequencing method to identify single nucleotide polymorphisms (SNPs) in 12 genera of neotropical primates belonging to the three 

platyrrhine families, Pitheciidae, Atelidae, and Cebidae. We digested genomic DNA samples with four restriction enzyme pair 

combinations to find the optimal set to use across a taxonomically diverse sample of platyrrhines. The combination of SphI+MluCI 

performed efficiently for all species and generated millions of short paired-end sequence reads on the Illumina HiSeq 4000 platform, 

from which we identified thousands of SNPs for each of the target taxa. Phylogenetic analyses using high-confidence SNPs resulted in 

a well-supported phylogeny concordant with other molecular phylogenetic studies of platyrrhines based on targeted sequencing of 

small numbers of loci. The SNP data also allowed us to make high resolution inferences about the relationships among different 

populations of select species included in our sample. These results demonstrate the utility and promise of using ddRAD-seq to 

efficiently and inexpensively discover genome-wide markers in a host of New World primates for which existing genomic resources 

are lacking. 
Supported by the NSF (BSC-1540270), UT Austin, PSGB, IPS, PCI, CI and The Rufford Foundation 
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Abstract: Versioning systems often go unconsidered in biology as the labeling of version variants is typically deemed a trivial task.  

However, human error analyses tell us to expect an error in every several hundred manual tasks performed, even in the best cases. 

Biologists handling large amounts of data know how pivotal it can be to distinguish different variants of a dataset as they are being 

refined over the course of a research project. Storing all data in Versioned Biological Information Repositories (VBIRs) enables 

precise citations that link to the exact states of respective causal datasets that were used to draw a given consequential conclusion. 

Such clarity is a necessary condition for reproducibility. For example, the ñofficialò publication of the human genome project 

presented a mostly complete version that has since been refined and updated numerous times. Such updates may be desirable as (i) 

technology improves and enables more accurate re-analysis, (ii) errors in a VBIR are discovered and patched, or (iii) other more 

causal VBIRs are improved. For example, human genome annotation depends on correct gene ontologies. Likewise in evolutionary 

genetic analyses, changing versions can have a substantial effect on results and biological implications. Versioning problems motivate 

numerous efforts (e.g. https://galaxyproject.org ) to improve efficiency and reproducibility by avoiding the unnecessary complications 

that arise from miscommunicated version information. A versioning system that is stable across projects could reduce such 

miscommunication.  -  Evolutionary Systems Biology (EvoSysBio) requires the integration of large amounts of data for describing the 

fitness causality networks that underpin fitness landscapes. Such attempts at mapping genotypes to phenotypes in non-trivial systems 

requires deeply nested causality networks, which are best organized into a network of VBIRs. This high connectivity implies that data 

errors in one VBIR can have a ripple effect on many others.  Correcting such errors is most efficiently done at the source, if an 

automated mechanism exists for passing on the corrections.  Such a mechanism requires a shared way of labeling the reliability and 

importance of a given version variant to effectively distinguish trivial typo corrections from scientifically relevant changes. It is 

difficult to achieve such efficient version resolution if every VBIR happens to use a nomenclature for distinguishing version variants 

that was chosen by historical accident.  -  Here we present a stabilizing versioned number system designed to facilitate efficient 

communication of versioning information across systems and research groups. We have been developing a marked positional number 

system that can automatically generate version variant numbers. To be as stable as required for resolving the versioning problems 

above, this system needs to address all conceivable use-cases it might encounter in the real world. We have collected use cases 

through our experience with biological model curation and development of scientific computing software; however, this is by no 

means an exhaustive list. We invite feedback on use cases unknown to us and welcome thorough reviews of our current design for a 

stabilizing versioning system (see http://evolvix.org/versioning ). More about VBIRs can be found at https://doi.org/10.1101/099192, 

and reviews of a mechanistic view of EvoSysBio are at  http://evolutionarysystemsbiology.org 
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Abstract: This talk will cover recent developments in the high performance computing ecosystem ï in architectures, systems, 

software techniques, APIs, and tools ï and the push within the ecosystem to provide better support for a wide range of computational 

science activities beyond simulation, including data analysis, reproducibility, collaboration, etc. Examples will draw on a range of new 

systems at the Texas Advanced Computing Center, such as Stampede-2 (which will enter production just prior to the meeting), and 

from the Galaxy, iPlant, Cyverse, and DesignSafe software ecosystems.  

 

Disclosure of Interest: None Declared 

 

Keywords: None 

 



 
 
 

 
 
 

 

SMBE 2017 

 

Computation and reproducibility in molecular evolution 

OTH-CR6 

Infectious Disease Dynamics Inferred from Genetic Data via Sequential Monte Carlo 

Alex Smith 1,*, Edward Ionides 2, Aaron King 3 

1Bioinformatics, 2Statistics, 3Ecology and Evolutionary Biology, University of Michigan, Ann Arbor, United States 

 

Abstract: Genetic sequences from pathogens can provide information about infectious disease dynamics that may supplement or 

replace information from other epidemiological observations. Currently available methods first estimate phylogenetic trees from 

sequence data, then estimate a transmission model conditional on these phylogenies. Outside limited classes of models, existing 

methods are unable to enforce logical consistency between the model of transmission and that underlying the phylogenetic 

reconstruction. Such conflicts in assumptions can lead to bias in the resulting inferences. We have developed a general, statistically 

efficient, plug-and-play method to jointly estimate both disease transmission and phylogeny using genetic data and, if desired, other 

epidemiological observations. This method explicitly connects the model of transmission and the model of phylogeny so as to avoid 

the aforementioned inconsistency. We demonstrate the feasibility of our approach through simulation and apply it to estimate stage-

specific infectiousness in a subepidemic of HIV in Detroit, Michigan. While we focus on how these methods may be applied to 

population-level models of infectious disease, their scope is more general. These methods may be applied in other biological systems 

where one seeks to infer population dynamics from genetic sequences, and they may also find application for evolutionary models 

with phenotypic rather than genotypic data.                
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Abstract: Exon capture sequencing is one of the most promising approaches in evolutionary and population genomics because it only 

obtains data from protein coding DNA regions (~2%), avoiding all other unnecessary sites. As a result, hundreds of individuals can be 

multiplexed and analyzed all together during a single high-throughput sequencing run, yet still providing a substantial amount of data 

required for deep phylogenomic reconstructions, large scale population studies, identification of candidate genes under selection, etc. 

Furthermore, in combination with de novo transcriptome sequencing (RNA-seq), the difficult task of capturing whole exomes for non-

model organisms can also be accomplished. Written in Python programming language, EXONtools software represents a complete 

pipeline for exon capture sequencing data analysis. It implements several novel bioinformatics algorithms along with the use of 

existing popular programs into one analytical framework. The pipeline consists of three major steps: 1) transcriptome assembly and 

annotation; 2) exon bait development; and 3) exon assembly with ortholog search and alignment. The algorithm for exon capture bait 

development provides the user with a high flexibility in the adjustment of different bait parameters, including size, sequence 

similarity, nucleotide heterogeneity, and number of tiles. The final dataset produced by the program includes sequences of annotated 

and aligned exon orthologs without non-coding flanking regions. Currently, EXONtools has been approbated on Unix and Linux 

operating systems, using a dataset of 135 individuals of a non-model bony fish species and >15,000 exons captured per each 

individual. EXONtools is available in beta version by request. 

Expanded summary*: The large number of species of indigenous freshwater fish fauna in tropical and subtropical oceanic 

archipelagos is represented by amphidromous gobies. Recent rapid agricultural expansion and urbanization processes as well as 

uncontrolled introductions of exotic invasive species on some tropical islands cause irreversible degradation of insular freshwater 

habitats and subsequent extinction of some native fish populations. Although many anthropogenic stressors that affect freshwater 

streams were well described in recent years, little is known about biology and population sustainability for the majority of threatened 

taxa. My dissertation project is aimed to investigate the population structure and larval recruitment patterns of native freshwater 

gobies from genus Stenogobius (Teleostei: Gobiidae) on Hawaiian, Marquesas and Society Islands based on comparison of their 

exomes, using the large number of individuals (>100). The experimental design of my research includes the following steps: whole 

transcriptome sequencing, de novo transcriptome assembly, transcriptome annotation, exon search, bait development, and exon 

capture sequencing. All these steps required implementation of many existing analytical approaches and sometimes new 

bioinformatics algorithms that are necessary for solving some specific tasks (e.g., isoform tests, exon search or bait design). 

"EXONtools" pipeline was developed in order to combine all these different programs and my personal codes into a single 

bioinformatics framework, written in Python programming language, that will allow all other researchers to perform similar studies 

based on exon capture sequencing in a much easier way. Exon capture sequencing is one of the most promising approaches in 

evolutionary and population genomics because it only obtains data from protein coding DNA regions (~2%), avoiding all other 

unnecessary sites. As a result, hundreds of individuals can be multiplexed and analyzed all together during a single high-throughput 

sequencing run, yet still providing a substantial amount of data required for deep phylogenomic reconstructions, large scale population 

studies, identification of candidate genes under selection, etc. Furthermore, in combination with de novo transcriptome sequencing 

(RNA-seq), the difficult task of capturing whole exomes for non-model organisms can also be accomplished. Currently, EXONtools 

has been approbated on Unix and Linux operating systems, using a dataset of 135 individuals of a non-model bony fish species and 

>15,000 exons captured per each individual.  
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Abstract: Genome projects have convincingly demonstrated that bundling similar tasks for batch processing can greatly increase the 

efficiency of biological research. Instead of a gene at a time, sequencing entire genomes provides a resource allowing biologists to 

efficiently query a genome. Current biology is hard to image without genomics. Why is it important to bundle similar tasks? (1) It 

drives tool development for faster task execution and reuse of setup overhead. (2) The resulting standardization enables better quality 

control. (3) It improves information flow as updates are best maintained by one team per genome, allowing other researchers to 

efficiently test hypotheses using the latest release. Bundling updates into versioned releases of a genome helps maintainers to integrate 

quality improvements and users to reference a precise state for reproducible results. Here we extend this idea to other areas of 

biological information by introducing Versioned Biological Information Resources (VBIRs). Each VBIR has its chosen topical focus 

that could be narrow or broad. VBIRs vary in size and could be implemented in different ways, but must provide a defined method for 

referencing and accessing past versions. Offering stable links to past variants of more causal VBIRs enables researchers to build more 

consequential VBIRs that could grow into complex networks of biological expertise. These could be used for simulating more 

complex biological systems, parameter inference, and hypothesis testing. We developed FlyClockbase, a VBIR focused on integrating 

observed time series of circadian clock core components from the fly Drosophila melanogaster. We used this VBIR to test the 

hypothesis that the variance of the peak times of the proteins PERIOD and TIMELESS differ significantly. Since variances are 

particularly sensitive to errors in the data, we conducted a human error analysis measuring relevant error rates in this VBIR. Our 

findings confirm results from the human error analysis literature and suggest that VBIRs benefit from investing in data quality and 

error control. Faulty input data can rarely be fixed automatically, but a compiler for VBIRs could detect errors, highlight ambiguities, 

and track their resolution by biological model curators. Before writing such a compiler we need a well-defined storage format. We 

started developing a radically open storage format that sits on top of standard file systems and is based on tab delimited tables of text 

organized in files within nested folders. This builds on the simplicity of widely used comma separated value files, and adds features 

that enable more expressivity in standardized ways. Our use of simple text tables enables experimental biologists to add new data 

using spreadsheet programs and computational biologists to programmatically access the data with minimal effort. It also facilitates 

much needed discussions between experimental biologists and computational biologists about data types for storing uncertain, 

imprecise, and contradictory biological information. We will need networks of hundreds or thousands of VBIRs like FlyClockbase in 

active use by their research communities, all stable enough for automating computational analyses and updates, in order to predict 

phenotypes from genotypes, personalize medicine, or simulate mechanistic fitness landscapes in evolutionary systems biology. More 

about FlyClockbase and VBIRs at https://doi.org/10.1101/099192 
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Abstract:   

The advent of next generation sequencing technologies has made 
  whole-genome and whole-population sampling possible, even for 
  eukaryotes with large genomes. With this development, experimental 
  evolution studies can be designed to observe molecular evolution 
  ``in-action'' via Evolve-and-Resequence (E&R) experiments. Among 
  other applications, E&R studies can be used to locate the genes and 
  variants responsible for genetic adaptation. Existing literature on 
  time-series data analysis often assumes large population size, 
  accurate allele frequency estimates, and wide time spans. These 
  assumptions do not hold in many E&R studies. 
     
  In this article, we propose a method--Composition of Likelihoods for 
  Evolve-And-Resequence experiments (CLEAR)--to identify selection 
  in short-term (as well as long-term), E&R experiments in sexual 
  populations with small size. CLEAR takes whole-genome sequence of 
  pool of individuals (pool-seq) as input, and properly addresses 
  heterogeneous ascertainment bias resulting from uneven coverage. 
  CLEAR also provides unbiased estimates of model parameters, 
  including population size, selection strength and overdominance, 
  while being computationally efficient.  Extensive simulations show 
  that CLEAR achieves higher power in detecting and localizing 
  selection over a wide range of parameters, and is robust to 
  variation of coverage.  We applied CLEAR statistic to multiple 
  E&R experiments, including, adaptation of Drosophila to a novel laboratory environment and a study of outcrossing 
  Yeast populations, and identified multiple regions under selection 
  with genomewide significance. 
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Abstract: Most evolutionary analyses or structure modeling are based upon pre-estimated multiple sequence alignment 

(MSA) models. From a computational point of view, it is too complex to estimate a correct alignment. Hence, increasing 
or identifying signal inside sequence alignment has intensified over the last few years. During the presentation, I would like to 
share two approaches, homology extension and sampling, on this topic. 
 
The first part, transmembrane proteins (TMPs) constitute about 20~30% of all protein coding genes. The relative lack of 
experimental structure has so far made it hard to develop specific alignment methods and the current state of the art 
(PRALINEÊ) only manages to recapitulate 50% of the positions in the reference alignments available from the BAliBASE2-
ref7. We show how homology extension can be adapted and combined with a consistency based approach in order to 
significantly improve the multiple sequence alignment of alpha-helical TMPs. TM-Coffee is a special mode of PSI-Coffee able to 
efficiently align TMPs, while using a reduced reference database for homology extension. Our benchmarking on BAliBASE2-ref7 
alpha-helical TMPs shows a significant improvement over the most accurate methods such as MSAProbs, Kalign, PROMALS, 
MAFFT, ProbCons and PRALINEÊ. We also estimated the influence of the database used for homology extension and show 
that highly non-redundant UniRef databases can be used to obtain similar results at a significantly reduced computational cost 
over full protein databases. 
 
 
The second part, homology and evolutionary modeling are the most common applications of MSAs. Both are known to be 
sensitive to the underlying MSA accuracy. In this work, we show how this problem can be partly overcome using the transitive 
consistency score (TCS), an extended version of the T-Coffee scoring scheme. Using this local evaluation function, we show 
that one can identify the most reliable portions of an MSA, as judged from BAliBASE and PREFAB structure-based reference 
alignments. We also show how this measure can be used to improve phylogenetic tree reconstruction using both an established 
simulated data set and a novel empirical yeast data set. For this purpose, we describe a novel lossless alternative to site filtering 
that involves overweighting the trustworthy columns. Our approach relies on the T-Coffee framework; it uses libraries of pairwise 
alignments to evaluate any third party MSA. Pairwise projections can be produced using fast or slow methods, thus allowing a 
trade-off between speed and accuracy. We compared TCS with Heads-or-Tails, GUIDANCE, Gblocks, and trimAl and found it to 
lead to significantly better estimates of structural accuracy and more accurate phylogenetic trees. 
 
 
References: 
¶ PSI/TM-Coffee: a web server for fast and accurate multiple sequence alignments of regular and transmembrane proteins using homology 
extension on reduced databases. Nucleic acids research 44, W339ð343(2016). 

¶ TCS: a web server for multiple sequence alignment evaluation and phylogenetic reconstruction. Nucleic acids research 43, W3ð6 (2015). 

¶ TCS: a new multiple sequence alignment reliability measure to estimate alignment accuracy and improve phylogenetic tree 
reconstruction.Molecular biology and evolution 31, 1625ð37 (2014). 

¶ Accurate multiple sequence alignment of transmembrane proteins with PSI-Coffee. Bmc Bioinformatics 13, S1 (2012). 
Website: 
¶ PSI/TM-Coffee    http://tcoffee.crg.cat/tmcoffee 

¶ TCS                   http://tcoffee.crg.cat/tcs 
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Abstract: Determine the amount and the distribution of positive Darwin selection among genome has long been one of the central 

goals in the evolutionary studies. Benefit from the recent development in sequencing technology, in this study, 5 Drosophila species 

and over 300 individuals of Drosophila melanogaster are used for McDonald-Kreitman test (MK test) as well as the method of 

Phylogenetic Analysis by Maximum Likelihood (PAML). Interestingly, on a gene by gene basis, these two methods have very poor 

overlaps (267 positive selected genes by MK test and 100 by PAML, with only 11 shared). However, when comparing by using other 

parameters such as the number of positive selected sites detected, it is clear that both of the methods provide rather similar trends. 

Based on these findings, we suggest that during the evolutionary history, positive Darwin selection could be both weak and wide-

spread across the genomes. Thus, MK test and PAML, with their distinct assumptions behind, pick out very different sets of genes by 

using very different angles. 
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Abstract: Background 

Recent outbreaks of HIV among black men who have sex with men (MSM) in Jackson, Mississippi and among people 
who inject drugs in Scott County, Indiana demonstrate the potential for dramatic, rapid spread of HIV in some settings, 
which can be informed by phylogenetic analysis of viral sequence data. Analysis of HIV sequences is usually 
retrospective, involves the use of multiple, often web-based tools. We developed a Python software package, nextHIV, an 
open-source system for real-time analysis of HIV sequence data, which is self-contained, fast, and portable.  
Methods 
For data privacy, analyses such as viral subtyping, drug resistance interpretation are implemented locally, rather than 
using web-based tools. To allow analysis of sequence data in near real-time, we used algorithms that are fast, can be 
parallelized, and can be run in an óon-lineô setting. These include codon-informed sequence alignment; nucleotide 
distance calculation; machine-learning approaches for viral subtyping; and sequential approaches to phylogeny 
reconstruction. Reports are used to visualize the data, which are generated as static HTML files, to allow interaction with 
the data that is separated from the database, improving data security. To permit remote deployment on different operating 
systems, and to ensure that the software runs identically on all platforms, the package and all dependencies can be 
installed as a Docker container. 
Results 
To simulate surveillance in real time, we applied our platform to retrospective data from the Vanderbilt Comprehensive 
Care Clinic, comprising 4,728 sequences from 2916 individuals sampled between 1998 and 2015 from middle Tennessee, 
US. Our analysis identified active transmission of HIV, particularly among young men who have sex with men, as well as 
clusters of non-B subtypes consistent with local transmission. 
Conclusions 
We have developed a self-contained system for automated molecular epidemiological analysis, which has the potential to 
inform public health strategies for reducing transmission. While targeted at HIV, it is also portable to the surveillance of 
other viral infections. 
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Abstract: Growth models are widely used to uncover the evolution process of tumor, which is difficult to be traced practically. 

Studies related to tumor growth models started very early and various models have been proposed including exponential growth, 

surface growth and so on. These models and tumor genome sequencing results indicate that genetic diversity in tumor is extremely 

high. In order to figure out the dynamic process of tumor population, 3D growth models are required to construct. At the same time, 

the three-dimensional sampling for a tumor case is carried out in high density. Subsequently, we sequence the sample in whole 

genome level to obtain genetic variation in high resolution. With these mutations, we can infer evolution history and evolutionary 

forces of tumor cell population. Combining the inference result with the constructed growth model, tumor three-dimensional growth 

and migration can be estimated. We simulated tumor growth with somatic cells growing in Wright-Fisher model and mutations 

occurring in infinite-site model. The result shows that spatial distribution of tumor subclones presents a radial pattern and the diversity 

of subclones is decided by ancestor cell. 
 Note: ABSTRACT EXTENSION 
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rates in Terrabacteria 

Ashley Superson 1,*, Douglas Phelan 1, Michael Culver 1, Anna M. Spagnuolo 1, Fabia U. Battistuzzi 1 

1Oakland University, Rochester, United States 

 

Abstract: Tree of Life (TOL) reconstruction efforts are continually improved by sequencing advancement but also hindered by 

various biological and analytical factors that result in conflicting phylogenetic signals. In any phylogeny, two aspects are dominant: 

topology (ancestor-descendant relationship) and patterns of speciation rates (clustering of nodes  through time). While for the latter 

there is only sparse information, for the former current TOL reconstruction studies have exposed conflicting phylogenies for the 

Terrabacteria superphylum, particularly in the placement of the Deinococcus-Thermus (DT) phylum. We hypothesize that at least part 

of this uncertainty could be caused by the DT species representation that is much lower compared to that of other phyla. To test this 

hypothesis, we constructed the PAPS pipeline that allows to easily build permutations on an aligned dataset to determine how altered 

sampling scenarios affect phyletic signal accuracy and speciation rates. We used a discrete Robinson-Foulds metric to quantify the 

level of discord among permutated maximum-likelihood trees while for rates we utilized ordinary differential equations to model 

speciation events in timetrees. A resolved TOL and the placement of specific speciation events within the tree are of crucial 

importance to reach a greater understanding of the origin of life, the evolutionary trajectory of major species, and the resulting 

adaptations life has made in approximately four billions of years of evolution. Our data shows that different taxon samplings affect 

phylogenetic reconstruction suggesting that to obtain a stable and accurate TOL sequencing efforts should be more evenly distributed 

across taxonomic categories. 
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Abstract: There are several challenges to accurately inferring levels of transcription using RNA-sequencing (RNAseq) data, including 

detecting and correcting for reference genome alignment bias. However, one potential confounder of RNAseq analysis can result 

when applying a standardized pipeline to samples of different sexes in species with chromosomal sex determination. Because of the 

homology between the human X and Y chromosome, we expect that mis-mapping will routinely occur between these two 

chromosomes, artificially affecting estimates of sex-linked gene transcription.  For this reason we tested alternative alignment 

scenarios on RNAseq samples from the brains of 5 genetic female and 5 genetic males to assess how inferences of differential gene 

expression patterns change depending on the reference genome. We first applied a standard alignment protocol where we aligned all 

individuals to the entire human reference genome, and computed differential expression between the set of male and female samples. 

Then, we realigned the female samples (46,XX) to the human reference genome with the Y chromosome removed, and the male 

samples (46, XY) to the human reference genome (including the Y chromosome), but with the pseudoautosomal regions of the Y 

chromosome masked out. The new strategy called 33 additional genes as being differentially expressed between the two sexes when 

the genetic female samples were mapped to the reference without the Y chromosome and the genetic males were mapped to the 

reference without the Y PARs. This research is providing essential insight into correcting genome alignment bias that can be used in 

future studies.  

Expanded summary*: Standard mapping protocols misestimate sex-linked gene expression 

Sarah M. Brotman, Kimberly C. Onley , and Melissa A. Wilson Sayres  
Background: Genetic males and females share highly similar genomes, only differing in the sex chromosomes, yet males and females 

are morphologically and physiologically distinct. Sexual dimorphism in aspects of human biology, such as development, physiology, 

metabolism, susceptibility to disease, and wound healing, develop through sex-specific gene regulation. Interestingly, the amount of 

the genome that is differentially expressed can be substantial, even in non-reproductive tissues. Characterizing biases in gene 

expression is central to understanding sex-specific physiology and sexual dimorphism. However, identifying sex-biased expression is 

complicated by lack of a standard mapping protocol for sex-linked genes and the challenges of gametologous sex-linked sequences. 

The X and Y chromosomes were once homologous autosomes that could undergo recombination, however due to recombination 

suppression on the Y chromosome, they are no longer able to recombine along the entire length with the exception of the 

pseudoautosomal regions (PARs). Because of the homology between the human X and Y chromosome, we expect that mis-mapping 

will  routinely occur between these two chromosomes, artificially affecting estimates of sex-linked gene transcription.  For this reason 

we tested alternative alignment scenarios on RNAseq samples from brain, blood, heart, liver, and kidney tissues in five genetic males 

(46. XY) and five genetic female (46, XX). We show how inferences of differential gene expression patterns change depending on the 

reference genome. 
Reference mapping bias: The GENCODE reference genome was obtained in addition to our creation of two equivalent reference 

genomes: one without the Y chromosome, and one with the PARs masked in the Y chromosome. We hypothesized that there would be 

reference mapping bias when we aligned genetic females (46,XX) to the reference with the Y chromosome versus when we mapped 

the samples to the reference without the Y chromosome. STAR read aligner was used to map transcript reads to each of the reference 

genomes, which was followed by running CuffDiff to determine the differential expression between samples mapped to the original 

reference genome versus the modified reference genomes. The preliminary results from the brain samples indicate that there are 33 

more genes being called as differentially expressed when the genetic female samples were mapped to the reference without the Y 

chromosome and the genetic males were mapped to the reference without the Y PARs. Of the 33 additionally called genes that were 

differentially expressed, some were mapped to regions in the X chromosome, Y chromosome, as well as in some autosomes, 

indicating that more than just the pseudoautosomal region was mis-mapping when aligning both genetic males and genetic females to 

the standard reference genome that includes the X and Y chromosome. The implication of reference mapping bias puts into question 



 
 
 

 
 
 

the common practice of using of one standard reference genome for both sexes in a study. Our goal is to make our reference genomes 

and pipeline publically available on GitHub so that researchers can use it in their studies to limit reference mapping bias,   
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Abstract: FOXP2 was identified due to its critical role in human speech. Arguments for a recent selective sweep 

in Homo sapiens were thrown into doubt by the conflicting timeline that emerged from aDNA evidence. Here, 
we comprehensively reanalyze FOXP2 in hundreds of next-generation genomes and exomes from globally 
distributed human populations. Intriguingly, demographically-controlled Tajimaôs D calculations do not support 
a recent selective sweep in FOXP2. Instead, these and other metrics, including haplotype networks and ARGs, 
suggest balancing selection in African populations. Specifically, we identify three major, common haplotypes 
segregating in modern humans that span a narrow region in FOXP2 intron 9 that is significantly (P<0.001) 
evolutionarily conserved across vertebrates. This region harbors high-GERP SNPs that are derived in humans 
compared with all other primates, including archaic hominins, and is a statistically significant genomic outlier in 
these datasets. Strong evolutionary constraint among taxa but variability within Homo sapiens is compatible 
with this locus having a major functional role unique to humans. We examine if these haplotypes affect the 
function of the FOXP2 transcription factor through the production of alternative coding isoforms or differential 
expression of FOXP2/target genes. Using RT-PCR, we observe expression of a potentially novel exon in the 
region of interest in some RNA transcripts from human immortalized brain cells (U87 cells) despite being in an 
annotated intron. We additionally test for the presence and alteration of the relative expression of FOXP2 
isoforms and targets with relation to the region of interest after modifying significant SNPs using CRISPR 
techniques. 
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Abstract: CoGe is a publicly available online platform that provides a suite of tools for the analysis, visualization, and storage of 

genomic data. CoGe currently has over 31,000 genomes from 17,000 organisms and contains tools to let research quickly integrate 

and analyze new genomic data. Eukaryote parasites have reduced genomes, lost many metabolic functions, and developed specialized 

genomic components. Here, we demonstrate CoGeôs capabilities for comparative genomic analysis of several Plasmodium species. 

We focused on Plasmodium due to their medical relevance, widespread distribution, and unique evolutionary history. Fully sequenced 

and annotated Plasmodium genomes, as well as near-complete genome assemblies, are included to show the versatility of CoGeôs 

capabilities. The example analyses we present include: 
  

¶ A characterization of general trends of GC content variation and amino acid usage across the genus. 

¶ An exploration of the origin and location of structural genomic evolutionary events (inversion, deletions, and fission/fusion events) 

that changed genome architecture. 

¶ The identification of variations in the strength and direction of natural selection across the length of genomes. 

¶ An examination of the evolutionary dynamics of specific genetic elements via the analysis of syntenic regions. 

¶ Unraveling the evolutionary history of highly variable multigene families at the intraspecific level. 
  
The web-based CoGe platform is a highly efficient system in the study of Plasmodium genomes and other eukaryotic parasites. CoGe 

is freely available online at https://genomevolution.org/coge/. An in-depth tutorial of the analyses presented here is available at 

https://genomevolution.org/wiki/index.php/Using_CoGe_for_the_analysis_of_Plasmodium_spp 
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Abstract: There is still disagreement about mode, strength and rate of selective sweeps in human. Identifying loci which underwent 

recent selective sweeps is difficult because the traces are typically obscured by other evolutionary and demographic forces, such as 

genetic drift in small populations or population substructure. To detect candidate loci of selective sweeps we take here an approach 

which considers genealogical relationships among individuals and the topological properties of the inferred coalescent tree. 
Since selective sweeps can produce highly unbalanced coalescent tree topologies in regions close to a selective sweep site, we have 

devised a statistic, called T3, to detect bias in tree balance. Under neutral evolution and panmixis, T3 is approximately standard-

normally distributed, while selective sweep genealogies lead to negatively biased T3 values. Since this property is inherited also to 

subsamples, iterated sub-sampling and re-testing provides a means to increase power of the T3 test which is different from lowering 

the significance level. 
We present the results of genome wide screens of the T3 test with subsampling applied to the 26 populations of the final release of the 

human 1000 genomes project. 
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Abstract: Numerous large-scale genome sequencing initiatives are underway. The creation of a large number of vertebrate genome 

assemblies will lead to a valuable resource for the life sciences. Further genomic analysis, such as consistently annotating the genes 

within these assemblies, will be crucial to enable meaningful studies of the species they represent.  
In response, we have rebuilt the Ensembl gene annotation system, using our eHive pipeline management framework. Our approach is 

based on a combination of RNA-seq alignments, annotation projection via whole genome alignments and protein-to-genome 

alignments using selected UniProt proteins. These new pipelines reduce the gene calling process from months to days, while 

continuing to provide the high-quality gene annotations associated with Ensembl. 
We are currently using our new system to annotate rodents and primates, with more clades planned in the near future. Annotating in a 

clade-based manner will ensure maximal consistency and efficiency in terms of gene annotations and comparative genomics analysis. 
The annotated assemblies of several rodent and primate species will be available in Ensembl later this year, in addition to updated 

gene sets for several of our key species. Where available, annotated genomes will include RNA-seq data, which can be viewed on the 

Ensembl genome browser. All data will be available via our FTP site, REST API or Perl API. 
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Reproducible Reconstruction, Analysis and Visualization of Phylogenomic Data using ETE. 
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Abstract:   

The Environment for Tree Exploration (ETE) is a computational framework that simplifies the reconstruction, 
analysis, and visualization of phylogenetic trees and multiple sequence alignments. ETE v3 [1] features 
numerous improvements in the underlying library of methods, and provides a novel set of standalone tools to 
perform common tasks in comparative genomics and phylogenetics. Those features include (i) reproducible 
reconstruction of gene-based and supermatrix-based phylogenies using a single command, (ii) testing and 
visualizing evolutionary models, (iii) calculating distances between trees of different size or including 
duplications, and (iv) providing seamless integration with the NCBI taxonomy database.  
  

Most notably, the ete-build tool provides a unified interface to wrap the execution of reproducible phylogenetic 
workflows, comprising the reconstruction of gene-trees and supermatrix-based species trees. To do so, ETE 
relies on a versioned collection of external tools that are transparently installed and executed upon request. A 
single command is used to configure and launch complex phylogenetic pipelines, covering sequence 
alignment, trimming, substitution-model testing, tree inference, and image rendering. In addition, the 
supermatrix-based reconstruction mode permits to build and concatenate multiple sequence alignments with 
ease, simplifying the inference of species trees based on multiple genes. Advanced options allow to 
automatically switch from amino-acid to nucleotide alignments based on sequence identity, resuming the 
execution of workflows, or even testing multiple strategies in parallel. As an example, a single command line 
can be used to test several alignment methodologies or phylogenetic inference programs simultaneously, 
making the tool particularly suitable to run phylogenomic pipelines.  
  

Recent applications of ETE include the computation of over one million phylogenetic trees for the EggNOG 
v4.5 database [2] and the automated prediction of orthology at the genomic scale for functional annotation 
purposes [3]. ETE is freely available at http://etetoolkit.org 
  
[1] Huerta-Cepas, Jaime, Franois Serra, and Peer Bork. 2016. ñETE 3: Reconstruction, Analysis, and Visualization of 
Phylogenomic Data.ò Molecular Biology and Evolution 33 (6): 1635ï38. 
  
[2] Huerta-Cepas, Jaime, Damian Szklarczyk, Kristoffer Forslund, Helen Cook, Davide Heller, Mathias C. Walter, Thomas 
Rattei, et al. 2016. ñeggNOG 4.5: A Hierarchical Orthology Framework with Improved Functional Annotations for 
Eukaryotic, Prokaryotic and Viral Sequences.ò Nucleic Acids Research 44 (D1): D286ï93. 
  
[3] Huerta-Cepas, Jaime, Kristoffer Forslund, Damian Szklarczyk, Lars Juhl Jensen, Christian von Mering, and Peer Bork. 
2016. ñFast Genome-Wide Functional Annotation through Orthology Assignment by eggNOG-Mapper.ò bioRxiv. 
doi:10.1101/076331. 
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Abstract: In phylogenetics, time reversible (TR) DNA mutation models have been popular for decades. A more recent development is 

the hierarchy of Lie-Markov (LM) models, whose defining property is that their Markov matrices are closed under multiplication. This 

closure property means that two consecutive LM processes can be represented as another LM process (in the same model) ï but most 

TR models don't have this property; so for example a GTR process followed another GTR process need not be a GTR process 

overall.We have chosen a set of LM models from the many permitted by this Lie-Markov property, constructed using sensible 

symmetries arising from biology. In particular, we allow transitions to behave differently from transversions, but insist all transitions 

be on an equal mathematical footing with each other, and similarly all transversions. We have investigated how the closure property, 

or lack thereof, affects our ability to accurately recover phylogeny, when the substitution process is permitted to change through time. 

We generated sequence data on trees under a range of substitution models both with and without multiplicative closure, where we 

allowed different instances of the same model to occur on consecutive branches. We used both LM and TR models to estimate the 

underlying tree for all simulations.We found that, when we have heterogeneous DNA mutation processes, but treat them as 

homogeneous when inferring the tree, then Lie-Markov models are generally superior to time reversible models in reconstructing the 

phylogeny. 
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Evolveathon I: A competition to detect selective sweeps from genome scale polymorphism data where targets can be 

independently validated. 
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Abstract: Summary: Genome scale data polymorphism can be used to detect selective sweeps that have occurred in the recent past. 

But without any ópositive control setô there will always be doubt about the efficacy of methods. I describe a proposal to generate such 

a positive control data set, by evolving yeast populations in laboratory culture until sweeps occur (detected by pooled sequencing, not 

released to contestants) and sequencing haplotypes (which are released to contestants). Rationale: Simplistic sweeps can be modelled 

computationally, but many aspects of genomes, populations and the genetic architecture of traits are not sufficiently well known to 

simulate. For example, given the polygenic and epistatic genetic architecture of quantitative traits, polygenic soft selective sweeps 

may be the norm. Sweeps from standing variation, influenced by elements of population structure are also likely. The result is that the 

detection of recent adaptive evolution from real data, while supported models, is frequently carried out without a convincing sense of 

the sensitivity or accuracy of the method. ñEvolveathon Iò competition proposal: To assist the development of methods to detect 

selective sweeps, I propose to run a competition where contestants detect selective sweeps. I suggest Evolveathon should proceed as 

follows.  
 
We will:  
1. Culture populations of haploid fission yeast strains in the laboratory. Such populations always show large changes in allele 

frequencies due to selection (preliminary data confirms this). Cultures will undergone cycles of mitotic growth interspersed with 

meiotic recombination. 2. Sequence population pools at various time points to confirm genome-wide changes in allele frequency 

(which will detect sweeps at later time points with high sensitively and accuracy). 3. Sequence individual strains (haplotypes) from 

pools at various time points where changes in allele frequency are detectable to different degrees. Strains will be made available at the 

end of the competition. 4. Release SNP and sequence data (from strains, not from pools), staging releases so the task becomes 

progressively simpler as allele frequency changes become greater. 
5. Assess the accuracy of any submissions and report back at future SMBE meetings, via publications etc. 
6. Follow up features of the sweeps such as time scale, trait details and selection coefficient (if funds allow). 
 
Interested parties are encouraged to: Get in touch. Download data and submit the predictions for sweep locations, along with any 

parameters they choose to estimate. 

 
Details: Populations will be mixtures of at least 57 Schizosaccharomyces pombe (fission yeast) strains. We will culture these until 

allele frequency changes are clear. Strains have all been sequenced with analysis of population structure with extensive analysis of 

quantative traits (1). Strains show strong intrinsic reproductive isolation, so will retain some ôpopulation structureô in vitro. Structural 

variants are characterised and known to influence traits and reproductive isolation2. Sequences will be at least 50x (probably greater) 

for pools. We will sequence at least 40 strains for each time point, to at least 5x (probably greater).  

 
I welcome expressions of interest in the competition, suggestions for modifications of the methods and any other comments. 

Contact: daniel.jeffares@york.ac.uk 
 
References: 
1.    Jeffares et al. Nature Genetics 47, 235ï241 (2015). 
2.    Jeffares et al. Nat Commun 8, 14061 (2017). 
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Abstract: Sexual selection represents one of the strongest directional evolutionary forces, with a diverse set of traits being affected. In 

Drosophila the high rate of sequence evolution, which was observed for accessory gland proteins (ACPs) and seminal fluid proteins 

(SFPs), has been attributed to sexual selection. With such a large number of potential target genes for sexual selection, it is not clear 

how repeatable the response to sexual selection is. We addressed this question by performing a highly replicated experimental 

evolution study in D. simulans. Starting from the same founder, 10 populations independently evolved for 100 generations. For each 

population, RNA-Seq was performed in three replicates to identify genes with differential expression between the 10 independently 

evolved populations. We classified 924 expressed reproductive genes as potential targets of sexual selection and found 40% (368 

genes) to be differentially expressed between the evolved populations, which is significantly higher than expected by chance 

(p=1.5x10-5). Consistent with the previously reported evidence for sexual selection, many genes directly involved in sperm 

competition (66%), including ACPs (50%) and SFPs (66%) were among the differentially expressed genes. We conclude that the large 

number of genes that can be targeted by sexual selection resembles a quantitative trait and does not exhibit patterns of parallel 

evolution at the gene expression level. We will discuss to what extent sexual selection is mediated by gene expression differences 

rather than amino acid replacements. 
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Abstract: ¢ƘŜ ŎƭƻǎŜǎǘ ǘƘƛƴƎ ǿŜ ŎǳǊǊŜƴǘƭȅ ƘŀǾŜ ǘƻ Ψƭŀǿǎ ƻŦ ŎƻƴǾŜǊƎŜƴŎŜΩ ƛǎ ŀ ƎŜƴŜǊŀƭƭȅ ŀŎŎŜǇǘŜŘ ŀǎǎǳƳǇǘƛƻƴ ǘƘŀǘ 

homoplasy is less prevalent in molecular than morphological data, and that homoplasy is more common among 
organisms that are closely related.  This study aims to test and formalise these concepts by comparing molecular data 
from organisms across the tree of life.  Data types tested include nucleotide and amino acid sequences as well as protein 
families and presence-absence data for protein domains.  Previous work using the same method of analysis on 
morphological data has demonstrated that morphological convergence is more likely to occur among more closely 
related organisms.  Preliminary results from this study suggest that not only is homoplasy prevalent in molecular data, 
similar patterns of convergence can be seen in molecular as in morphological data.  In particular, homoplasy of protein 
domains within Metazoa is more likely to be observed among more closely related taxa. 
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Abstract: Sexually dimorphic traits are ultimately the product of sexually dimorphic gene expression. Although the molecular 

changes responsible for transitions between monomorphic and dimorphic gene expression have been identified for a few genes in a 

handful of species, it remains unclear whether sexually dimorphic gene expression generally evolves via parallel mutations. To 

determine what types of genetic changes are involved in the origin of sexually dimorphic alleles (e.g. gaining or losing of activating or 

silencing cis-regulatory elements), we analyzed the genetic basis of a convergent female-limited color polymorphism in six species 

from the Drosophila montium subgroup (a clade within the melanogaster species group). In each species, females have dimorphic 

light or dark abdominal pigmentation whereas males have only monomorphic pigmentation (light or dark, but always a single color). 

We repeatedly mapped dimorphic female pigmentation to a locus containing the gene pdm3, but to different intronic and intergenic 

regions, suggesting independent changes to pdm3. We are now resequencing this locus in wild and admixed populations to identify the 

precise nucleotides associated with female pigmentation, and are testing how these nucleotides alter pdm3 expression using transgenic 

reporter assays and immunohistochemistry. In addition to comparing female-limited alleles among species with female-limited color 

polymorphisms, we also compare them to orthologous alleles from sexually monomorphic species in the montium subgroup and to D. 

melanogaster, a close relative that lacks female-limited color polymorphism. Our extensive comparative genetic and developmental 

analysis of a convergent set of sex-limited alleles will reveal whether parallel genetic changes are necessary for sexually dimorphic 

expression.  
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Abstract: Highly replicated experiments with microbes indicated that replaying the tape of life results in more parallel evolution than 

previously anticipated. This high reproducibility is attributed to genetic constraints, resulting in different mutations in the same genes 

or pathways. Little is known about the reproducibility of adaptation from standing variation in sexual eukaryotes, where starting 

frequency, effective population size, and reservoir of mutations come into play. Furthermore, the adaptive traits are likely to be more 

complex than for microorganisms. We used the most highly replicated E&R study in Drosophila to study parallel evolution. The 

analysis of 10 replicate Drosophila simulans populations adapting to a hot environment uncovered a large number of candidate SNPs. 

To account for linkage, these SNPs were clustered into haplotype groups, each defining a selected genomic region. Interestingly, few 

clusters were selected in all replicates and most of them increased in frequency only in 1-5 replicates. Consistent with genetic drift 

being a major factor determining the heterogeneity among replicates, we found a strong positive correlation between the starting 

frequency of the selected clusters and the number of replicates showing a selection signature. Nevertheless, the clusters were 

significantly enriched for genes involved in oxidative phosphorylation pathway and TCA cycle, as well as genes with monosaccharide 

transmembrane transporter, triglyceride lipase, and endopeptidase activities. Moreover, all evolved replicates had a higher fecundity 

and metabolic rate than their ancestral populations. We conclude that natural D. simulans populations harbor sufficient standing 

variation to fuel parallel evolution of fitness and metabolism despite low parallelism on the gene level.  
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Abstract: Convergent evolution, the independent acquisition of similar traits across multiple evolutionary lineages, provides a means 

of investigating the genes and phenotypes underlying adaptation. In one striking example, three mammalian lineages (cetaceans, 

pinnipeds, and sirens) independently adapted to marine lifestyles, with accompanying changes in phenotypes related to diet, 

morphology, and respiration. To characterize molecular changes associated with, and potentially underlying, these phenotypic 

changes, we identified genes with unique patterns of evolution specifically on marine branches of the mammalian phylogeny. One 

such gene had been pseudogenized only in marine lineages: PON1, a HDL-associated protein that combats lipid oxidation in the 

bloodstream. We determined that the loss of PON1 was ancient, predating splits among cetaceans and sirens. To assess whether shifts 

in diet, cholesterol levels, or oxidative environment may have contributed to PON1ôs loss, we investigated evolutionary patterns at 

gene sets involved in these processes. In addition to its metabolic role, PON1 is also the primary line of defense against the neurotoxic 

effects of organophosphate pesticides. Its recent loss therefore suggests that manatees may experience negative consequences in the 

presence of agricultural runoff and increasing pesticide use. We confirmed PON1ôs pseudogene status in a sample of seven Florida 

manatees and the dugong and further ruled out compensatory mechanisms in the bloodstream by analyzing the catalytic capacity of 

manatee plasma against three organophosphate compounds. We thus demonstrate that an ancient convergent loss of PON1 in marine 

mammals, likely due to changes in lipid metabolism, has resulted in increased risk for organophosphate-induced neurotoxicity in 

manatees. 

Expanded summary*: Summary 

This project uses evolutionary analyses to investigate the causes of a striking pattern of loss across marine mammals of a gene relevant 

for metabolism and protection from pesticides: Paraoxonase 1 (PON1). We use molecular and biochemical assays to predict the 

consequences of PON1 loss in the manatee, a species at risk of exposure to organophosphate pesticides due to its habitat of shallow 

coastal waters in proximity to agricultural runoff and targeted insecticide use. 
  
We initially identified PON1 as a gene of interest through a study of convergent evolution in marine mammals [1], which 

demonstrated that hundreds of genes experienced shifts in evolutionary rates on mammalian lineages associated with marine 

environments. To determine whether some of these rate shifts may have been associated with loss of gene function, we searched for 

frameshifts and premature stop codons in all coding sequences included in the analysis. We then used the software BayesTraits [2,3] 

to test for an association of the presence or absence of gene function with speciesô marine status, correcting for phylogeny. We 

identified over 100 significantly associated genes, and an enrichment of genes with functions related to lipid metabolism. This 

category includes PON1, the only gene lost in all three marine lineages and no others. 

  
Based on previous functional work on PON1 (e.g., [4]), as well as its strong evolutionary rate covariation [5] with genes involved in 

beta-oxidation of fatty acids, we formed three hypotheses about which of its functions may have led to its loss in marine species: 

selective effects related to changes in fatty acid composition of a marine diet, changes in HDL and/or LDL cholesterol levels in the 

bloodstream, and changes in oxidative environment due to submersion. We investigated these by choosing gene sets that might be 

similarly affected by each of these selective shifts and determining whether their evolutionary rates shifted in association with the loss 

of PON1. 



 
 
 

 
 
 

  
In addition to investigating potential factors surrounding PON1ôs initial loss, we also performed follow-up analyses to predict the 

consequences of this loss in manatees, the species at highest risk of organophosphate exposure. We performed Sanger sequencing to 

confirm the predicted frameshift and premature stop codons in PON1 in a sample of seven Florida manatees, and we additionally 

sequenced two dugongs, enabling us to infer when PON1 was lost in sirens.  To determine whether this gene loss led to 

uncompensated loss of organophosphate catalytic ability in the bloodstream, we tested biochemical activity of manatee plasma against 

chlorpyrifos, paraoxon, and diazoxon. We found that this activity was substantially lower than that of almost all mammalian plasma 

tested to date, leaving manatees potentially highly susceptible to organophosphate poisoning. 
  
Significance statement 
This work has broad-reaching implications for both the study of convergent evolution and the conservation of manatees. The 

enrichment of lipid metabolism genes in the set with significant associations between gene loss and the marine environment implies 

that investigating how marine species acquire, process, and store lipids will be critical in understanding their adaptation to a novel 

environment. PON1 provides a key example of molecular changes whose fitness consequences depend upon their environment: 

ancestral marine mammals experienced a drastic reduction in constraint at PON1, enabling its loss, yet today this loss may put 

manatees at risk due to anthropogenic changes to their environment. These predicted consequences for manatees should inform future 

conservation efforts and recommendations regarding acceptable levels of organophosphate use near manatee habitats. 
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Abstract: Large body size has evolved at least 11 times in mammals, exemplified by elephants and whales. These species should face 

a higher lifetime risk of cancer due to the greater probability of oncogenic mutations occurring during somatic evolution in an 

organism containing 100 to 1000X more cells than a human. However, zoo necropsy data reveals elephants have only a 1-3% 

probability of death from cancer compared to 11-25% for humans. We find elephant genomes harbor up to 40 alleles of the tumor 

suppressor gene TP53, and at least some TP53 retrogene copies are transcribed and translated. Functional assays demonstrate TP53 

redundancy in elephants is related to an increased apoptotic response to DNA damage in elephant cells when compared to human 

cells. To investigate cancer suppression in gigantic baleen whales, we have sequenced and assembled the genome of the humpback 

whale (Megaptera novaeangliae). We find that cancer suppression in cetaceans is associated with positive selection on protein-coding 

genes involved in cell signaling, cell proliferation, apoptosis, as well as cancer. Our findings suggest independent evolution towards 

gigantism during the mammalian radiation was accompanied by divergent cancer suppression mechanisms, expanding our knowledge 

of ñnatureôs toolkitò in fighting tumorigenesis. 
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Abstract: Colonization of marine environments has independently occurred in three orders of mammals. Comparative genomic 

studies have shown evidence of both parallel positive selection regimes and nonsynonymous changes in genes of marine mammals 

and some of these changes were implicated in phenotypic convergence. Gene duplication and gene loss events arguably played a role 

as well in adaptation to a marine lifestyle for these mammalian taxa, as indicated for example by the loss of multiple keratin genes in 

cetaceans. Here, we examined parallel expansions and contractions of in gene families in seventeen mammalian genomes, including 

sequences from four marine mammals: two cetaceans (killer whale and bottlenose dolphin), one carnivore (walrus) and one sirenian 

(West Indian manatee). Using a maximum-likelihood approach to estimate ancestral states of gene family size implemented in the 

CAFE program, we found that marine mammal lineages experienced nearly twice as much gene turnover (gene duplications and 

losses) compared to their sister terrestrial species. Parallel duplications and losses in marine mammal gene families occurred 2.3 and 

1.7 times more often than in terrestrial sister species, respectively, after correcting for the total number of expansions and contractions 

in each lineage. Each pair of marine mammal also showed accelerated gene turnover in comparison to correspondent pairs of 

terrestrial sister species. A total of 26 gene families exhibited parallel duplications and 63 gene families showed parallel losses in all 

marine mammals, compared to 7 families with duplications and 47 families with losses in terrestrial sister taxa. Eleven gene families 

that expanded in marine mammals are involved in regulation of gene expression. Together with expected widespread losses among 

olfactory receptor and keratin families, gene losses also occurred in processes including iron homeostasis and lipid catabolism. When 

considering pairs of marine mammal species, we found 617 gene families with convergent gene duplications or losses. These findings 

underscore the significant role of gene family size evolution in the emergence of convergent phenotypes. 
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Abstract: Cells within many of our tissues are independently converging towards mechanisms that 

confer higher c ellular fitness ða process that manifests as cancer. Similarly, tumor cells treated 
with chemotherapy evolve and converge to resistant genotypes. Here, we present a framework 

that makes use of this convergence to estimate the mutation rate and selection int ensity of 
mutations in somatic tissue using genomic data. We apply our framework to predict the 

likelihood of ðand selection intensity for ðdifferent mechanisms of resistance to a therapy in 
development that targets the KRAS G12C mutation. We performed seque ncing of 27 KRAS G12 

positive lung tumors and found that convergence at this site was homogeneous, in that there 
was no evidence of other oncogenic mutations within KRAS or within downstream genes that 
could confer resistance at the time of treatment. Furt hermore, we estimated the de novo  

mutation rate in KRAS position 12 and in downstream genes . We found that the mutations likely 
to confer resistance within KRAS and downstream of KRAS have similar net mutation rates. 

Using the mutation rate and the frequen cy of convergence toward each potential mutation, our 
approach estimates that BRAF V600E mutations would provide the highest fitness advantage for 
de novo  resistant subclones. Overall, our findings suggest that resistance to targeted therapy of 

KRAS G12C p ositive tumors is unlikely to be present at the time of treatment and, among the de 
novo  mutations likely to confer resistance , mutations in BRAF, a gene with targeted inhibitors 

presently available, result in subclones with the highest fitness advantage.  
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Abstract: Systems that have experienced replicated convergent evolution provide powerful models to understand 

genetic basis of complex phenotypes. Cichlid fishes have long been recognized as models providing insight into 

convergent evolution. However, most examples of convergent evolution in this system are species that have 

been isolated for millions of years. Here we present evidence of repeated convergent evolution within a recently 

diverged species rich genus of Lake Malawi rock-dwelling cichlids, the genus Maylandia. Two ectomorphs 

differing in their color pattern, body shape, aggressiveness, and habitat preference have been identified in this 

genus. A preliminary phylogeny based on RAD-seq data supports the independent evolution of barred and non-

barred ectomorphs. Thus these ectomorphs are a valuable system to investigate the genetic basis of a complex 

phenotype that includes behavioral, morphological, and ecological characteristics. We are interested in the 

origin and organization of alleles contributing to these phenotypes. In particular, we will test whether 

convergence has resulted from shared versus novel genetic variation. If it is from shared variation, we will 

determine if this is from the sorting of ancestral variation or through introgressive hybridization. We will also 

examine the organization of genes contributing to these phenotypes to assess whether linkage disequilibrium 

could have facilitated the rapid and repeated divergence of the ectomorphs. Furthermore, QTL influencing 

many of these characteristics are clustered together on three linkage groups. These findings suggest that the 

evolution of these ectomorphs may have been facilitated by the genetic origin and organization of the traits 

involved in their divergence. 
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Abstract: Convergence at the phenotypic level has been well documented. Nevertheless, investigations of convergent evolution at the 

DNA and amino acid levels are fairly recent. In plants, the process of molecular convergence is particularly intriguing in the case of 

C4 photosynthesis because the C4 pathway has independently evolved multiple times in various lineages of angiosperms. We selected 

30 species from grass family, representing both the C3 and C4 photosynthesis types, and investigated evolution of amino acid 

sequences of 14 orthologous chloroplast genes for signatures of molecular convergence. A given amino acid site was considered 

convergent if the same amino acid was present in both compared species and a different one in the inferred ancestral sequence, and it 

was considered divergent if there were different amino acids at the site in both compared species and in the ancestor. To reconstruct 

ancestral DNA sequences, we used a published phylogeny and the software package PAML. We summarized the cases of convergence 

and divergence at each amino acid site for each pair of species, and further analyzed the three classes of inter-species comparisons: 

C3-C3, C3-C4 and C4-C4. Particularly strong signal of convergence in C4 plants came from ribulose-1,5-bisphosphate 

carboxylase/oxygenase (RuBisCo), a key enzyme in the photosynthesis process. We found signatures of convergence in C4-C4 

pairwise comparisons also in two other genes: RNA polymerase beta' subunit and ribosomal protein S18. These preliminary results 

provide evidence of molecular convergence in multiple chloroplast genes in C4 plants. 
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Abstract: Variation of DNA substitution rates among lineages may indicate gain or loss of function DNA elements. Previous methods 

estimating branch-specific substitution rates, either by counting the number of substitutions or computing the likelihood ratio between 

a constant-rate versus variable-rate model on a subtree, assume that at most one change in rate can occur, which is likely unrealistic. 

Here we introduce a new Bayesian method to model substitution rate changes for conserved non-exonic elements (CNEEs) that can 

handle multiple losses and gains of conservation during evolution. The model assumes a latent state for each branch on the tree, which 

can either be neutral, conserved or accelerated, estimates substitution rates for each CNEE, and detects changes of rate by estimating 

the posterior probability of latent state for each branch. Our method overcomes the challenge of low information content for each 

CNEE by utilizing hierarchical prior pooling of information from all elements. Furthermore, our method can detect the specific pattern 

of evolution for a CNEE based on Bayes factor. Simulations show that our method has greater power to detect convergent rate 

changes in multiple species than likelihood ratio methods. When applied to study convergent accelerations of CNEEs in flightless 

birds (ratites, Palaeognathae), we identified thousands of CNEEs with increases in substitution rates in one or more ratites but not in 

other birds, and by identifying branches on which losses of conservation occur demonstrate that these elements putatively lost function 

in different ratite lineages independently. This method is widely applicable to any set of conserved elements where multiple changes 

in constraint are expected across the tree. 
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Abstract: Traditional phylogenetic trees have been using as an effective tool in evolutionary studies for more than a century, although 

they are only appropriate in describing treelike (divergent) relationships rather than convergent events, such as gene fusions. More 

recently, sequence similarity networks (SSNs) have been used to analyze divergences and reticulations and to provide a visual and 

analytical framework for detecting sequence recombination. In a diverse dataset used in this project, a total of 1,111,538 genes were 

retrieved from public databases. This dataset consisted of the proteomes of 37 eukaryotes, 90 bacteria, 56 archaea and 79 viruses. 

According to the results of all-versus-all BLAST and using a software program to identify mosaic genes, we found that almost half 

sequences in this database were composite genes and more than 90% of the species were involved in mosaic events. Furthermore, 

photosynthetic eukaryotes had significant numbers of fusions, which suggested the association of fused genes function and plant 

lineages. Also, composite genes are likely to generate new functions with enzymes or biosynthesis. To some degree, our findings 

supported the irreplaceable place of SSNs in the future evolutionary analysis of gene origin.  
  

Expanded summary*: During the ñbuildingò of genes and life in the evolution history, mosaic events are a significant and necessary 

part. In gene fusion or fission study, two related or unrelated sequences were observed being involved in a convergent event when 

genes merge to one as well as one gene splits into two genes in a divergent event. However, relying on conventional evolutionary 

analysis approaches, such as phylogenetic trees, mosaic events will be ignored. In this project, we utilised new technologies named 

SSNs to investigate gene fusion phenomenon on earth. A large-scale detection and comparison were held between 1,111,538 genes of 

the dataset comprising of 262 species from three domains of life and viruses. In this database, there are 47.60% genes detected as 

composite genes, 56.69% genes detecting as component genes as well as 93.51% species taking part in mosaic events. Moreover, gene 

fusion happened in every species among three domain of life apart from viruses. 
Gene fusions have been proved that widespread occurred in all of prokaryotic, eukaryotic, viral and plasmid genome. Moreover, it was 

estimated that multi-domain genes constituted approximately 40% of the prokaryotic genes and over 67% of eukaryotic genes, which 

is promising as the results of fusion events. This is consistent with our results that around half genes in the dataset (mainly three 

domains of life, the virus only occupied 16,775 genes in 1,111,538-sequence dataset) were fused genes. 
The extensive existing of mosaic genes is very likely owing to the fact that novel functions are promoted by gene fusion. Although 

genes remodelling was believed it results in toxic substance or even human cancer, it also played a role in attributing antibiotic-

resistance genes in bacteria. From the perspective of evolutionary, fusion genes can not only connect independent and particular 

functional entities and create a new function from the original one, but also generate new genes with novel functions rather than 

simply additional functions from the component sequences. What is more, according to the comparison of gene functions between 

intact dataset and genes in non-transitive triplets, composite genes operated in most aspects, especially in enzyme activity, 

biosynthesis process and signalling pathway and so forth. The research findings from Wu, Rasmussen and Kellis and Green et al. are 

helpful to support this result. Wu et al. found there were one-third gene families having rearranged domains in Drosophila clade, 

which considerably influenced the signalling and development process. Also, Green et al. proved that HGT and fused genes facilitated 

biosynthesis of polyamine enzyme S- adenosylmethionine decarboxylase, aminopropyl transferaseand histidine. 
In addition, there are a wide range of reasons contributing to gene fusions: HGT, recombination between species, paralogs sequences 

communication, intron retrohoming, allopolyploid formation, fractional non-orthologous alternation, various modular operon 

construction as a result of novel genetic assemblies, novel transposons families, self-governing and incomplete lineage-sorting within 

alleles and imbalanced ratios of losing character among ancestries. 
Among the first 11 species who took up the biggest number of mosaic genes in the database, Homo sapiens ranked as the first place 

and there were four members 



 
 
 

 
 
 

pertaining to algae and plants. To some degree, this finding suggested the connection between photosynthetic lineages and foreign 

composite proteins. The results of Nakamura, Itoh and Martin investigated that the remodellingevents were beneficial for the 

phylogeny regeneration of plants. Through building proteins similarity networks, Méheust Méheust et al. discovered the wide 

existence of symbiogenetic genes (S genes) in algal and plant genomes which took effects in improving the capability of oxidative 

pressure. Those S genes were derived from plasmid endosymbiont and formed the original composite genes by plantae eukaryotes. 
Even though only the 17 viruses have not been detected taking part in fusedevents, mobile genetic elements, for example, viruses and 

plasmids, still are considered as crucial parts of non-homologous recombination. Apart from the precious example of S genes from 

plasmids, Jachiet Jachiet et al. illustrated that in a dataset of three domains of life and mobile genetic elements, there were one-fifth 

composite genes generating from pieces of viruses and plasmids. 
Networks-based methods have been used in many studies in the evolutionary field and the SSNs are helpful when describes the 

reticular processes. The SSNs will provide an interactive user interface, which can visualise a considerable quantity of protein 

sequences simultaneously. Nodes and edges were used for representing genes and their biological relationships and hybrid nodes 

allow the happen of divergent and convergent events, which is hidden in the sole lens phylogenetic trees. From the GDF files and 

Gephi interface, it is straightforward to observe and analyse every independent gene fusion events. However, the similarity networks 

will break down when encountering giant connected component (GCC), due to the fact that GCC is too dense to visualisewith Gephi. 
In conclusion, utilising the new reticular model SSNs can depict complete biological evolutionary relationship, not only the vertical 

inheritance but also introgression or gene fusions. In total, there were 262 species from three domains of life reconstructed for the 

dataset in this project, containing more than 1 million genes. After all-versus-all BLAST searching and composite genes identification, 

there were 529,088 genes defined as fused genes, accounting for 47.60%, in which 371,759 genes belonged to non-transitive triplets. 

Furthermore, those fused genes distributed among all species of eukaryotes and prokaryotes and most viruses in this dataset. It seems, 

then, that SSNs, despite having difficult in painting GCCs, will most probably continue to spread and develop as a fresh and advanced 

technologies of investigating life evolutionary, especially for the extensive existence of gene fusions, in the foreseeable future.  
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Abstract: Site-specific protein fitness landscape is variable, so that an amino acid at a specific position of a protein confers different 

fitness values in different species. This variability has been inferred from statistical analysis of pooled data from numerous amino acid 

positions of large protein alignments. Furthermore, fitness of specific amino acids in different contexts has been measured in directed 

mutagenesis experiments. However, to our knowledge, no method can detect changes of fitness conferred by an amino acid within a 

single protein site using sequencing data alone. Here, we develop a method to estimate the probability, for each amino acid at each 

site, that this amino acid has changed its conferred fitness over the evolutionary time spanned by a phylogenetic tree, using the 

distribution of substitutions at this site over the phylogeny. Our test performs well on alignments that include hundreds or more 

species, and allows to compare properties of sites with stable and changing landscapes. 

Expanded summary*: Which amino acid confers the highest fitness at a particular position of a protein may change in the course of 

evolution, and such changes have been implicated to be important in fields ranging from studies of speciation to prediction of the 

effect of pathogenic alleles in humans. In my PhD project, I analyze sequence data together with phylogenetic trees to study such 

changes. Using a huge phylogenetic tree of mitochondrial proteins that includes 4350 species of animals and fungi, I have shown that 

parallel substitutions that repeatedly give rise to the same amino acid at a particular protein position tend to occur in closely related 

species, while divergent substitutions occur in more distantly related species. This implies that the fitness of different amino acids 

relative to each other changes in the course of evolution. In a follow-up study, I ask how such changes have affected the lineage 

leading to our own species. I show that not only the ñnormalò amino acid variants, but, somewhat unexpectedly, also the amino acids 

associated with disease in human mitochondrial genes are more likely to arise in parallel in closely related species such as apes, than 

in more distantly related species such as fruit flies. This implies that even though a variant is deleterious in humans, it is still more 

benign than other variants that are observed in distantly related species, but probably are lethal for humans. 
While such results, as well as results of others, shed light on the mechanisms of evolution, they are based on pooled analysis of large 

datasets, and tell us little about individual variants. To predict the effects of individual mutations, it is necessary to infer evolutionary 

changes of fitness conferred by different variants for individual amino acid sites, and the large available amount of sequence data 

allows us to do this. I have developed an approach to study changes of fitness landscape at a single amino acid position of a protein, 

and show that the amino acids pathogenic in humans change the fitness conferred by them particularly fast. Such changes may bias 

methods used to predict effects of mutations by comparative genomics, and should be accounted for. 

 

Disclosure of Interest: None Declared 

 

Keywords: None 

 



 
 
 

 
 
 

 

SMBE 2017 

 

Convergent evolution 

POB-173 

Dissecting the molecular evolution of toxin insensitivity: insights into the constraints on adaptation. 
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Crawford 2 3, Peter Andolfatto 1 4,* 

1Ecology and Evolutionary Biology, Princeton University, Princeton, United States, 2Ciencias Biologicas, 3Museo de 

Historia Natural ANDES, Universidad de los Andes, Bogota, Colombia, 4Lewis-Sigler Institute for Integrative Genomics, 

Princeton University, Princeton, United States 

 

Abstract: Despite the central role of adaptation in evolutionary biology, we remain ignorant about numerous aspects of the process, 

notably: What developmental, genetic, physiological and population-level factors limit the evolution of new biological traits and the 

rate of adaptation?  How predictable are adaptive evolution outcomes? Answers to these questions are critical to our understanding of 

evolution and have important practical implications for how we might expect species to respond to anthropogenic changes. Yet they 

are difficult to address anecdotally, especially when so few traits have been dissected to the molecular level. Our approach is to 

examine ñconvergent" adaptations across distantly related species, and in particular settings in which large assemblages of 

species have adapted in parallel under a common selective pressure.  As a case study, I will discuss our on-going work on 

the evolution of toxin-insensitivity of Na+,K+-ATPase by certain groups of insect herbivores as well as predatory insects and 

vertebrates. By combining transcriptome sequencing, evolutionary analyses, protein structure modeling and genome engineering, we 

have revealed the genetic and mechanistic basis for the convergent evolution of cardiac glycoside insensitivity in these groups, and 

identified factors that constrain its evolution. Beyond the insights into this specific adaptation, our work suggests a powerful new 

paradigm for studying the adaptive process.  
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Genetic basis of local adaptation with gene flow in Arabidopsis lyrata 

Tuomas Hämälä 1 2,*, Tiina M. Mattila 1, Outi Savolainen 1 2 
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Abstract: Differential selection over environments can lead to adaptive divergence when disruptive evolutionary forces have lesser 

effect. This happens when populations inhabit environments separated by large geographical distances or when selection in 

contrasting sites is strong enough to overcome the homogenizing effects of the gene flow. The former scenario is a well-studied one, 

but less is known about local adaptation that occurs despite ongoing gene flow. Here, we aim at quantifying both selection and gene 

flow in montane populations of the outcrossing and perennial herb, Arabidopsis lyrata. Four populations from two altitude gradients at 

latitudes 61 (from altitudes 300 and 1200 m.a.s.l) and 62 (10 and 1400 m.a.s.l) were reciprocally planted at one of the gradient sites 

and monitored for two years. Results showed that at both high and low fields, native populations had higher survival and reproductive 

fitness, consistent with local adaptation. Coalescent simulations using whole-genome resequencing data further indicated that 

populations from different altitudes have diverged recently and there are significant, but asymmetric, amounts of gene flow between 

them. Moreover, sequence data are used for divergence outlier scans to search for loci potentially underlying the adaptation in the two 

separate sites. 
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Convergent evolution of red blood cell sickling in human and deer 
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Abstract: Sickle cell anaemia is caused by a single point mutation in the ɓ-globin gene. A small change with large consequences: 

mutant hemoglobin (HbS) molecules polymerize into tubules upon deoxygenation, coercing red blood cells into the characteristic 

sickle shape that came to the attention of the medical community in 1910 when Herrick described ñpeculiar elongated and sickle-

shaped blood corpusclesò in a patient with severe anaemia. Remarkably, however, sickled erythrocytes had already been observed 70 

years earlier when Gulliver noticed a range of oddly shaped cells, many in the now familiar sickle form, in the blood of white-tailed 

deer (Odocoileus virginianus). In this talk, I will describe our efforts to determine the genetic basis of sickling in deer, establish 

whether phenotypic convergence is mirrored at the molecular level and find out whether convergence has been driven by similar 

ecological pressures (i.e. blood-borne parasites). We determined the sequences of ɓ-globin orthologs from 15 deer species to identify a 

set of co-evolving, structurally related residues that distinguish sickling from non-sickling deer and suggest a sickling mechanism 

reminiscent of but distinct from the human disease state. Recurrence of sickling and non-sickling genotypes on independent branches 

of the deer phylogeny suggest parallel adaptive evolution. I will discuss the role of different evolutionary processes, including 

introgression, gene conversion, and hemiplasy, in underpinning observed patterns of molecular convergence. Our results illuminate 

mechanistic, structural, and evolutionary parallels in sickling between primates and cervids, with implications for understanding the 

ecological regimes and genetic architectures that favour the evolution of sickling. 
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48 years  history of H3N2 influenza evolution 
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Abstract: Influenza viruses are often propagated in a diverse set of culturing media and 

additional substitutions known as passage adaptation can cause extra evolution in the 
target strain, leading to ineffective vaccines. Using 25,482 H3N2 HA1 sequences 
curated from GISAID and NCBI databases, we found that passage adaptation is a very 
dynamic process that changes over time and evolves in a seesaw like pattern. After 
crossing the species boundary from bird to human in 1968, the influenza H3N2 virus 
evolves to be better adapted to the human environment and passaging them in 
embryonated eggs (i.e. an avian environment) leads to increasingly stronger positive 
selection. On the contrary, the passage adaptation to the mammalian cell lines changes 
from positive selection to negative selection. Using two statistical tests, we identified 
19 codon positions around the receptor binding domain strongly contributing to 
passage adaptation in the embryonated egg. These sites show strong convergent 
evolution and overlap extensively with positively selected sites identified in humans, 
suggesting that passage adaptation can confound many of the earlier studies on 
influenza evolution. Interestingly, passage adaptation in recent years seems to target a 
few codon positions in antigenic surface epitopes, which makes it difficult to produce 
antigenically unaltered vaccines using embryonic eggs. Our study outlines another 
interesting scenario whereby both convergent and adaptive evolution are working in 
synchrony driving viral adaptation. Future studies from sequence analysis to vaccine 
production need to take a careful consideration of passage adaptation. 
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Causes of parallel molecular adaptation: insights from reverse genetics 

Jay Storz* 

 

 

Abstract: To what extent is adaptive phenotypic convergence caused by parallel changes at the molecular level? 

Given the typical ómany-to-oneô mapping of genotype to phenotype, we donôt generally expect replicated 

changes in phenotype to involve the same underlying mutations. To evaluate the causes of molecular 

parallelism, we need to figure out which properties distinguish actualized solutions from those of the many 

nonactualized possibilities. This can be accomplished by using reverse genetics experiments to test the 

phenotypic effects of individual substitutions (those that actually occurred as well as nonactualized ómight have 

beenô changes). A key finding is that the fitness effects of amino acid mutations are often conditional on genetic 

background. This context-dependence can reduce the probability of molecular parallelism because it reduces the 

number of possible mutations that are unconditionally acceptable in divergent genetic backgrounds. Here I 

evaluate the causes of parallel molecular evolution using experimental data on the molecular basis of 

hemoglobin adaptation to hypoxia in high-altitude animals. The results reveal that intramolecular epistasis and 

mutation bias both exert a strong influence on the probability of parallel substitution at the amino acid level. 

 

Disclosure of Interest: None Declared 

 

Keywords: None 

 



 
 
 

 
 
 

 

SMBE 2017 

 

Convergent evolution 

POB-180 

Evidence of Positive Selection in Parallel Evolution of Closely Related Gammarus Species Genomes 
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Abstract: We compared the rate of parallel synonymous and nonsynonymous molecular evolution in different systematic groups. 

Orthologous groups alignments of closely related gammaridae species were used for this issue, and vertebrates exon alignments were 

added as a reference dataset. Where the same nucleotide substitutions had occurred in more than one lineage, nonsynonymous 

substitutions were found to be more frequent than synonymous ones. The excess of nonsynonymous parallel substitutions indicates 

prevalent positive selection at sites of parallel evolution in closely related species, and implies the high role of positive selection in 

early sympatric divergence. 
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Comparative methods offer powerful insights into social evolution in halictid bees 
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Abstract: Natural variation can help us understand how ecological and evolutionary dynamics shape complex traits. Halictid bees or 

ósweatô bees harbor extraordinary variation in social behavior. In this group, eusociality has evolved independently 3 times and 

variation among species encapsulates nearly all forms of social structure, from solitary to primitively eusocial. Importantly, several 

species exhibit intraspecific variation in social behavior on par with that observed between species. In one of these species, 

Lasioglossum albipes, these differences have a genetic underpinning. Population genetic analyses from multiple social and solitary 

populations have identified a number of sequence polymorphisms associated with social behavior in this species. Further evidence 

suggests that the behavioral variation observed in L. albipes appears to be the result of local adaptation to different environments, 

similar in many ways to the variation observed between benthic and limnetic populations of sticklebacks. To identify the genetic 

factors associated with the evolution of social behavior in this group, we have also generated reference genomes for 17 additional 

halictid species that encompass all of the known gains and losses of eusociality within this family. This enables an integrative 

examination of the link between the proximate mechanisms underlying variation in social behavior and the ecological processes 

driving their evolution. 
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Abstract: How predictable is genetic evolution? Repeated use of the same genetic changes during repeated phenotypic evolution (i.e. 

parallel and convergent evolution) is thought to indicate biases and constraints on the type of mutations that will become fixed in a 

species lineage. Parallel evolution of toxin resistance in large assemblages of animal is one of the clearest examples of adaptation and 

represents a useful scenario to test for parallel evolution. Here, we study a natural predator-prey system, that involves the ability of a 

variety of vertebrate species to feed on toxin-producing toads (Anura: Bufonidae). Bufadienolides belong to the family of endogenous 

cardioactive steroids that can bind to and inhibit the alpha subunit of the Na+,K+-ATPase (ATPŬ), a protein family affecting muscle 

contraction, neural function and the membrane potential of cells generally. Using transcriptome data from a number of toad-eating 

vertebrates, we show that both structural and regulatory changes shape the evolution of toxin resistance and that adaptive evolutionary 

trajectories are, to some extent, predictable. ATPŬ is a hotspot for adaptive molecular evolution in species with a cardioactive steroid-

rich diet as shown by repeated amino-acid substitutions and parallel changes in gene regulation.  
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Abstract: Convergent evolution, when selection for the same trait occurs multiple times independently, can be 

leveraged as a tool to identify the ecological and molecular basis of adaptation. Thus, it is necessary to be able 
to accurately identify cases of convergence. We present a composite likelihood-based approach that utilizes 
genomic data to detect cases of convergent adaptation at the genetic level and the loci involved, taking 
advantage of the signatures selection has on linked neutral variation. If a population experienced selection 
recently, we expect the coalescent rates to be elevated around the selected locus, decreasing as function of 
distance from the selected site. We scan for regions of the genome where these patterns occur in multiple 
populations showing adaptation in response to similar selective pressures, accounting for neutral population 
structure. Additionally, we have developed coalescent theory to model convergence due to multiple origins of 
the beneficial allele or a single origin from either gene flow or selection on shared ancestral standing variation. 
We can distinguish among these modes as well as cases that are not truly convergent, such as selective 
events that were shared in the ancestor of presently isolated populations or migration and drift simply 
increasing the frequency of an allele selected for in another population. We illustrate our method with a novel 
application to genome-wide polymorphism data from three populations of Arabidopsis lyrata that show 
convergent adaptation to serpentine soils. 

Expanded summary*: Convergent adaptive evolution demonstrates the impressive ability of natural selection to 

repeatedly shape phenotypic diversity and gives insight into how evolution is constrained by molecular 
pathways. It can also be utilized as a tool to help identify the ecological and molecular basis of adaptation. 
Thus, it is necessary to be able to accurately identify cases of convergence from those due to chance events. I 
focus here on convergence that occurs at the genetic level, with geographically separated populations 
converging to the same phenotype through parallel genetic changes at the same loci. Genomic data and 
knowledge of linked variation allows us to address novel questions related to convergence. We take advantage 
of the signatures of selection at linked neutral sites to detect cases of convergent adaptation and the loci 
involved. 
  

I make use of the fact that hitchhiking can be modeled as an increase in the variance in neutral allele 
frequencies around a selected site within a population. Selected alleles present in multiple populations at the 
same locus can have multiple independent mutational origins or a single origin. In the latter case, adaptation in 
different populations may proceed by means of selection on the same ancestral standing variation, or a single 
allele spread throughout the populations via gene flow. In these single origin cases, hitchhiking events that are 
shared between populations act to increase covariance between populations in neutral allele frequencies at 
loci near the selected site. The patterns of this covariance, and its decay with the distance away from the 
selected site, are determined by the mode of convergence. I have developed coalescent theory to specify such 
covariances for various models of migration and shared ancestral variation. Distinguishing between these 
modes will elucidate how often adaptation is limited by mutational input and the role of standing variation and 
gene flow in adaptation. We can also model cases where populations appear to be but are not truly 



 
 
 

 
 
 

convergent. For example, selective events that were shared in the ancestor of presently isolated populations or 
migration and drift simply increasing the frequency of an allele selected for in another population.  
  

I incorporate these hitchhiking effects, both within and between populations, into a multivariate normal model of 
allele frequencies under population structure, accounting for covariance due to shared drift. Based on this 
model, I develop a composite likelihood-based method that utilizes genomic data to identify cases of true 
convergence and loci involved, as well as distinguishing among different modes of convergent evolution across 
multiple populations. This flexible framework allows us to identify modes of convergent adaptation for many 
populations with arbitrary relationships. It also allows us to distinguish between more subtle models, enabling 
the identification of the origin and the direction of gene flow of a beneficial allele. 
  

This method should be of wide use as many investigators are sequencing population genomic samples from 
across the geographic range of species. I have previously applied this method to regions that we a priori 
presumed to be under convergent selection to distinguish between the modes of convergence in the 
adaptation in various datasets. Here, we extend the method to scan for regions of the genome under 
convergent selection, with a novel application to genome-wide polymorphism data from three populations of 
Arabidopsis lyrata exhibiting tolerance for serpentine soils in the Northeastern United States. 
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sawflies. 
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Abstract: One out of every four species is a plant-feeding insect, and most are specialized for particular plant taxa. Because they 

determine an insectôs ability to detect host plant compounds, chemosensory proteins may play an essential and repeatable role in host 

preference evolution. Additionally, a large body of work in Drosophila suggests that diet breadth reductions may be predictably driven 

by loss-of-function (LOF) mutations in chemosensory genes. However, because most Drosophila specialists are also island endemics, 

it is difficult to disentangle the contributions of genetic drift and natural selection to chemosensory gene evolution and LOF mutation 

accumulation. Here, we examine the role of chemoreceptor LOF mutations in a pair of pine sawfly species that are widely distributed 

across eastern North America, but differ in diet breadth. While Neodiprion pinetum is a specialist on white pine (Pinus strobus), N. 

lecontei is a generalist that feeds on many different pine species, but avoids white pine. We first present data demonstrating that the 

specialist has increased preference, improved oviposition performance, and improved larval feeding performance on white pine. To 

test the hypothesis that LOF mutations contribute to white pine specialization, we assembled both genomes de novo and manually 

annotated the olfactory and gustatory receptor gene families in each genome. Using these data, we evaluated whether rates of 

pseudogenization and non-synonymous substitutions were higher in the specialist. Our results indicate that although host 

specialization is a complex trait, host-use evolution may be predictable at the level of gene family and gene function. 

Expanded summary*: Over one quarter of all described species are plant-feeding insects. This impressive biodiversity is driven by 

extensive specialization and adaptation to diverse host taxa. The overall goal of my research is to determine the extent to which the 

genetic mechanisms underlying host adaptation are predictable. Specifically, I focus on genome-wide changes associated with two 

types of convergence in host-use phenotypes: (1) convergent adaptation to the same host taxa, and (2) convergent shifts between 

generalist (many hosts) and specialist (few hosts) lifestyles. 
To increase our understanding of the genetic basis of biodiversity and evolutionary repeatability, I am working on a comparative study 

of host preference gene families in a clade of 19 pine sawfly species that vary in the number and identity of their preferred pine 

species. Preference is a behavioral phenotype describing the selection or ranking of specific plant taxa. These decisions rely on taste 

and smell, which are mediated in part by chemoreceptor proteins (gustatory and olfactory receptors). Previously, comparative work on 

chemoreceptor gene evolution in Drosophila demonstrated that shifts from generalist to specialist lifestyles are accompanied by loss-

of-function (LOF) mutations and elevated rates of non-synonymous substitutions in chemosensory gene families. Although these 

findings suggest that the genetic basis of specialization may be predictable, they are confounded by demography because the best 

studied Drosophila specialists are often island endemics.   
To determine if the genetic correlates of specialization in Drosophila also characterize other herbivorous insects, I am exploring 

chemosensory gene evolution in an eastern North American clade of Neodiprion sawflies (Hymenoptera). This is a monophyletic 

group of 19 pine-feeding species with repeated shifts between generalist/specialist lifestyles and repeated gains/losses of the same pine 

hosts. Additionally, these species have a wealth of life history data, and broad, overlapping geographical ranges such that 

specialization is not confounded by demography. In this system, I am testing the hypothesis that host-use changes involve predictable 

genetic mechanisms, specifically that: (1) reductions in diet breadth are accompanied by LOF mutations and elevated dN/dS in 

chemosensory gene families,  and (2) independent host gains/losses of a particular host are associated with changes at the same loci. 
To test these predictions, I am performing two comparisons. The first is between sister taxa that differ in both preferred host and diet 

breadth. Whereas N. pinetum is a white pine specialist (Pinus strobus), N. lecontei is a generalist on multiple pine species, but avoids 

white pine. I have assembled a draft genome for each species and manually annotated chemoreceptor genes for an in-depth 

comparison of gene loss, pseudogenization, and signatures of positive selection (dN/dS). The second comparison is across the entire 

eastern North American Neodiprion clade. For each species, I am assembling a hybrid genome (reference-based + de novo) and 

manually annotating the chemoreceptor genes. Due to repeated shifts to the same hosts and independent changes in diet breadth, I can 



 
 
 

 
 
 

evaluate the repeatability of patterns identified in Drosophila specialists, and assess genetic convergence associated with the gain and 

loss of the same pine hosts. 
For this SMBE meeting, I will have data from the in-depth generalist/specialist comparison. I am excited to share this work and get 

ideas for a future project identifying signatures of selection accompanying divergence in host use among populations within species. 

What I can contribute is my expertise in developing genomic resources for non-model systems, comparative genomics, and the genetic 

basis of adaptation. The broad significance of my research is that it addresses fundamental questions about the predictability of 

evolutionðspecifically mechanisms underlying ecological specializationðwhich in turn will improve our understanding of species 

formation and biodiversity. 
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Abstract: Adaptation of ruderal plant populations occurs rapidly in response to agricultural regimes, despite many being introduced 

species with complex demographic histories. In particular, weed populations exposed to herbicide use experience extreme and 

predictable selection, recurrent population bottlenecks and expansions, and for Capsella bursa-pastoris, a history of widespread 

colonization. Acetolactate synthase resistance has been reported for C. bursa-pastoris, yet we know little about the population 

genomics of resistance adaptation and demography. To investigate demographic history and population structure, we genotype-by-

sequenced 96 individuals from the Canadian Prairies and compared diversity to 261 Eurasian individuals. We found that Canadian 

agricultural populations originate from Northern Europe, likely through multiple colonization events. Demographic models estimated 

a strong genetic bottleneck of C. bursa-pastoris during its introduction to Canada. We gauged the frequency and number of resistance 

mutations present across the Canadian Prairies by pool-sequencing whole genomes from 192 individuals. Herbicide resistance is 

unevenly distributed across the range and has independently evolved at least three different ways, one of which was previously only 

characterized in experimental populations. Both subgenomes of the tetraploid, C. bursa-pastoris, harbored mutations for resistance. 

By comparing genetic diversity and the population branch statistic between agricultural Canadian and natural European populations, 

we identified candidate genes putatively involved in agricultural adaptation with functions including detoxification, stress response, 

growth, and flowering time. Fundamentally, this work provides a unique opportunity to identify how the genetic basis of adaptation is 

shaped by demography, the nature of these evolutionary processes, and how weeds persist under strict agricultural regimes. 

Expanded summary*: Adaptation, the process by which organisms become better suited to their environment, is fundamental for 

species formation and persistence1. Despite this, the rate and population genetics of adaptation remains poorly understood. A growing 

number of examples of contemporary evolution provide new opportunities to investigate the ongoing dynamics of adaptation in real 

time. Notably, adaptation of natural plant populations occurs rapidly in response to agricultural regimes, despite many being 

introduced species with complex demographic histories. Crop cultivation provides weedy species with the opportunity to colonize and 

adapt to agronomic conditions, negatively impacting crop harvests and leading to a novel evolutionary arms race with crop protection 

measures2. This phenomenon has received little attention from molecular and evolutionary biologists, yet is of dire global importance 

for food security and species conservation in our changing world. 
The evolution of resistant agricultural weed species in response to single target herbicides represents a remarkable case of convergent 

phenotypic evolution, with over 450 unique cases documented3. Resistance to acetolactate synthase (ALS) inhibitors was first reported 

in 1968 and since then, has been well characterized with many point mutations conferring resistance identified across the ALS gene4. 

Yet, it remains that we know little about the frequency and number of independent resistance mutations occurring across agriculturally 

important regions. By studying the occurrence of beneficial mutations in the context of herbicide resistance, we can also learn about 

the relative roles of soft and hard selective sweeps during adaptation. Although extreme selective pressures are prevalent in weed-

herbicide systems, demographic history also plays an important role in shaping the genetic diversity of herbicide resistant weeds. 

Resistant weeds have recently gone through recurrent population bottlenecks and expansions between herbicide applications, but 

many of these species are introduced and therefore have also experienced these events on a broad continental scale. 
As one of the most globally widespread weeds, Capsella bursa-pastoris has repeatedly been reported as herbicide resistant. C. bursa-

pastoris is a selfing, allotetraploid formed approximately 150,000 years ago from the diploids C. grandiflora and C. orientalis where it 

was first introduced to North America in the 17th century5,6. To investigate demographic history and population structure, we 

compared genotype-by-sequence data from 96 individuals across the Canadian Prairies to Eurasian samples. We find that Canadian 

agricultural populations originate from Northern Europe, likely through multiple colonization events, confirming previous work6 on a 

whole-genome scale. Coalescent models of Canadian C. bursa-pastoris since its split from European populations gives evidence that 

the species experienced a strong genetic bottleneck during its introduction to Canada. We gauged the frequency and number of 



 
 
 

 
 
 

resistance mutations present across the Canadian Prairies by sequencing genomes from 192 individuals in putative low and high 

resistance pools. We find that herbicide resistance is unevenly distributed across the range, with an average of 6.5% in the east (low) 

and 17% in the west (high). Resistance has independently evolved at least three different ways, one of which was previously only 

characterized in experimental populations7. Resistance mutations were present on both subgenomes, suggesting that for partially 

dominant mutations such as ALS resistance, polyploidy may speed the rate of evolution by increasing the mutational target size. By 

comparing genetic diversity and the population branch statistic between agricultural Canadian and natural European populations, we 

looked for signals of hard and soft selective sweeps and identified candidate genes putatively involved in agricultural adaptation with 

functions including detoxification, stress response, growth, and flowering time. 
Fundamentally, this work provides a unique opportunity to identify how the genetic basis of adaptation is shaped by demography, the 

nature of these evolutionary processes, and how weeds persist under strict agricultural regimes. Ultimately, these results will inform 

farmers of costs and benefits of different weed control measures, and improve the adoption of integrated weed management. 
(1) Bell 2013. Philos Trans R Soc Lond B Biol Sci, 368(1610); (2) Neve et al., 2009. NewPhyt, 184(4); (3) Heap 2017. 

www.weedscience.com; (4) Tranel, & Wright 2002. Weed Sci, 50(6); (5) Douglas et al., 2014. PNAS, 112(9); (6) Neuffer & Hurka 

1999. Mol Ecol, 8(10); (7) Ott et al., 1996. J Mol Biol, 263(2).  
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Convergence and reversion in the presence of gene tree discordance 

Matthew Hahn* 

 

 

Abstract: Phenotypic convergence is often an outcome of adaptive evolution, when different species find similar solutions to the same 

problem. Unraveling the molecular basis of convergence provides a way to link genotype to adaptive phenotypes, but can also shed 

light on the extent to which molecular evolution is repeatable and predictable. Recent genome-wide studies have looked at both 

convergence and reversionðwhen a second substitution takes a lineage back to the ancestral stateðacross a wide range of taxa.  A 

striking pattern uncovered in these studies is that both convergence and reversion diminish over time, with less closely related species 

having proportionally fewer such substitutions.  This pattern has been ascribed to intramolecular epistasis constraining the space that 

proteins can explore.  In this talk I consider gene tree discordance as an alternative cause of changes in convergence and reversion 

over time. I explain how gene tree discordanceðeither caused by biological or technical factorsðcan produce similar patterns on its 

own, and that the patterns in many published datasets seem to be explained by discordance.  I present multiple ways to distinguish true 

convergence and reversion from the changes mimicked by discordance, including a likelihood ratio test for individual substitutions of 

interest.  These results highlight the important (but insidious) role gene tree discordance can play in conclusions about molecular 

evolution. 
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Abstract: Human brains underwent an unparalleled degree of recent evolutionary innovation at several levels. We are interested in 

understanding how epigenetic divergence, in particular DNA methylation difference, might have contributed to human brain 

evolution. We use a comparative methylomic approach in which whole genome DNA methylation maps of human brains are 

compared to those of chimpanzees and rhesus macaques. The rhesus macaque brains provide outgroup information to identify 

potentially human brain-specific changes of DNA methylation. Using this method and using fairly conservative criteria, we identified 

hundreds of genomic regions that show human brain specific DNA methylation patterns, which we refer to as ódifferentially 

methylated regions (DMRs)ô. Among these DMRs, we tested 38 human-specific DMRs using targeted deep genomic and bisulfite 

sequencing in an independent panel of 37 individuals from five primate species, and found that our comparative methylomic approach 

reliably identifies potentially human-specific DMRs. These DMRs show not only DNA methylation changes but also signatures of 

histone H3K4me3 modification. We also identified several óclustersô of human specific DMRs that are known to be involved in active 

chromatin loops. Together, these findings indicate that substantial epigenetic reprogramming has occurred during human brain 

evolution, with implications for regulation of transcription. We are further exploring the impact of human brain specific epigenetic 

changes to the prevalence of some neuropsychiatric diseases. 
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Abstract: Virtually all eukaryotes rely on telomerase to maintain chromosome length. Fruit flies are a widely studied exception. 

Instead of telomerase, Drosophila relies on domesticated retrotransposons that insert almost exclusively in telomeric DNA. Although 

hailed as an exemplary ñgenomic symbiosis,ò sporadic accounts of rapid evolution in both the telomere packaging proteins and the 

transposable element arrays to which they localize implicate intra-genomic conflict. Consistent with a molecular arms race model, we 

have documented pervasive positive selection and recurrent gene turnover at Drosophila telomere protection genes. Those genes 

restricted to only a few lineages are frequently expressed primarily in the germlineðprecisely where we expect intra-genomic conflict 

to play out. Moreover, we have documented exceptionally rapid turnover of telomere-specialized transposable elements across only a 

few million years of Drosophila evolution. This recent and exceptionally rapid evolution of both telomeric retrotransposons and end-

protection proteins suggest that, across Drosophila evolution, telomere integrity requires a recurrently re-negotiated truce between host 

proteins and telomere lengthening elements. To test this model, we leverage CRISPR/Cas9-mediated transgenesis to cleanly swap into 

D. melanogaster highly diverged alleles encoded by its close relatives. For one fast evolving telomere end protection gene, the non-

melanogaster allele fully complements the mutant phenotypeðwe observe no catastrophic end-to-end chromosome fusions. The same 

genotype, however, hypertranscribes D. melanogasterôs telomere-specialized retrotransposons. This failure to complement transposon 

silencing is consistent with an ongoing molecular arms race shaping Drosophila telomere biology and reveals the genetic determinants 

of molecular domestication (and re-domestication) over evolutonary time.  
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Abstract: Transposable elements constitute the major part of most eukaryotic genomes. The proliferation of these genetic selfish 

elements is deleterious in many cases but also highly contributes to genome evolution. Sequencing of the outcrossing plant 

Arabidopsis lyrata [1] revealed an important population of recently inserted transposable elements that is not observed in the closely 

related A. thaliana genome, indicating either more successful recent transpositions in A. lyrata or more successful elimination of 

recent TE insertions in the predominant selfer A. thaliana. The mechanisms that led to this burst remain unclear and may include 

either lower efficacy of silencing of TEs and/or lower deleterious effects of TE insertions near genes in A. lyrata than in A. thaliana. 

To answer these questions, we characterized the dynamics of TEs at an even finer micro-evolutionary scale by comparing the TE 

contents in two genome assemblies of the sister species of A. lyrata, A. halleri, that diverged less than one million years ago. Using a 

hybrid approach combining long (PacBio) and short (Illumina) reads, we obtained an A. halleri genome assembly composed of 3,152 

scaffolds. Annotation of TEs was performed in parallel in both genomes to avoid ascertainment bias [2], and the distribution of TE 

families showed that Gypsy, Line, Copia, helitron, and MuDR are predominant in both species. Based on patterns of sequence 

divergence within families, we clearly confirmed that A. halleri also contains the two separate populations of TEs with either órecentô 

or óoldô insertion histories that had been identified in A. lyrata. Interestingly, however, we found very few TEs at orthologous 

positions, suggesting very rapid turnover. Hence, although the two outcrossing species seem to share a common evolutionary dynamic 

of TEs, which is very different from that in the selfer A. thaliana, the comparison indicates a very rapid process of insertion and 

deletion, such that their two populations of TEs have already become largely distinct. We are currently examining the impact of gene 

density, chromosomal location, TE length, small RNA production and methylation patterns on the dynamics of TE insertions and 

deletion. We are also using population frequencies of TE insertions to evaluate the strength of natural selection. 
  
1. Hu TT, Pattyn P, Bakker EG, Cao J, Cheng J-F, Clark RM, et al. The Arabidopsis lyrata genome sequence and the basis of rapid 

genome size change. Nat. Genet. 2011;43:476ï81. 
2. Flutre T, Duprat E, Feuillet C, Quesneville H. Considering Transposable Element Diversification in De Novo Annotation 

Approaches. PLOS ONE. 2011;6:e16526.  
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Abstract: Adaptations to stressful environmental conditions can occur at both species and individual levels. While the former occurs 

through genetic polymorphism, the latter can occur through epigenetic processes and may be a conduit for informing offspring of 

environmental challenge. In rodents, disruption in maternal care (DMC) influences epigenetic regulation in stress-vulnerable areas of 

brain. Here, we employed ChIP-SEQ for H3K4me3 (a modified histone which marks ñactiveò promoters) to examine effects of early 

environment using archived rhesus macaque (Macaca mulatta) hippocampus from animals that had experienced DMC (Higley). There 

was significant variation of H3K4me3 binding at genes critical to behavioral stress response, the most robust being the oxytocin 

receptor gene (OXTR), at which we observed DMC-related decreases in H3K4me3 binding and a corresponding decrease in RNA 

expression. We wanted to determine whether there were gain-of-function OXTR polymorphisms that could partially ñrescueò the 

DMC behavioral phenotype (archived dataset, Higley). Sequencing the regions encoding amino acid residues known to be critically 

involved in binding of oxytocin to the receptor, we identified a non-synonymous SNP. This SNP predicted increased responsivity to 

exogenously administered intranasal oxytocin, suggesting a gain-of-function role (Suomi).  Prior studies show that DMC infants 

exhibit higher levels of reactivity to social separation. We demonstrated that DMC infants carrying this OXTR allele do not exhibit as 

great of a separation response. These data indicate that the oxytocin system is involved in social separation response and suggest that 

epigenetic down-modulation of OXTR could contribute to behavioral differences observed in DMC animals. To see if such findings 

could translate across species, we queried the human OXTR gene (UCSC) and found indication of both between species conservation 

and regulation of OXTR by epigenetic processes (both DNA- and Histone-related). These observations suggest that purifying selection 

is acting at this region and that there is a potential role for epigenetic processes in determining individual responses in humans. 

Epigenetic changes at OXTR may represent predictive adaptive responses (aka, increased sensitivity to environmental challenge or an 

insecure attachment style) that could impart readiness to respond to environmental challenge or maintain proximity to a caregiver, but 

also contribute to behavioral pathology. Our data in macaques demonstrate that there is a gain-of-function OXTR polymorphism that 

permits animals to partially overcome the behavioral effects early maternal deprivation, which could have translational implications 

for human disease and personality disorders. It is possible that epigenetic regulation and OXTR polymorphism act alone or 

interactively to predict species-level differences in social interactions and stress response, and we are currently working toward 

developing in vitro systems to determine molecular mechanisms controlling oxytocin receptor function as they persist or differ across 

species.  
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Abstract: Epigenetic modifications play a key role in gene regulation and in recognition of self DNA in bacteria. 

In-spite of their positive role in cell survival, modifications like cytosine methylation incur a mutational cost. 

Cytosine methylation, specifically 5-methylcytosine (5mC), is prone to hydrolytic deamination which leads to C 

Ÿ T and GŸ A transitions. Here, we first study the abundance of mutagenic cytosine methylation target motifs 

and show that bacteria like Vibrio cholerae might use motif avoidance as a strategy to minimize the mutational 

effect of deamination of methylated cytosine. Second, by performing SNP analysis on whole genome sequence 

data from Vibrio cholerae patient isolates we show a) high abundance of cytosine methylation-dependent 

mutations in the cytosine methylation target motif RCCGGY, b) 95% of these C Ÿ T and G Ÿ A transitions in 

the coding region lead to non-synonymous substitutions and c) many of these transitions are associated with 

membrane proteins and are implicated in virulence. Thus, our SNP analysis of Vibrio genomes implicates the 

role of cytosine methylation in generating genotypic diversity with an adaptive potential. 

Expanded summary*: Epigenetic variation is widely studied in the context of its gene regulatory capacities mostly in eukaryotes and 

recently in bacteria (Walsh & Xu, 2006). While the field of eukaryotic epigenomics is dominated by 5-methylcytosine (5mC) at CpG 

islands (Deaton & Bird, 2011), bacteria show epigenetic variations like 6mA, 4mC and 5mC (Blow et al., 2016). Traditionally 

epigenetic variation in bacteria was known only in the context of bacterial Restriction Modification (RM) systems, but increasing 

evidence suggests the role of adenine and cytosine methylation in regulating gene expression. Specifically, cytosine methylation has 

been recently implicated in modulating envelope stress response in Vibrio cholerae (Chao et al., 2015). However, in-spite of the 

positive role of cytosine methylation in regulating gene expression, there is a high mutational cost associated with methylated 

cytosine. This is due to: a) high frequency of spontaneous deamination of methylated cytosines that lead to C Ÿ T and G Ÿ A 

transitions (Shen, Rideout & Jones, 1994) and b) absence of dedicated mechanisms to repair these transitions (in Vibrio cholerae) 

during the stationary phase (the phase that comprises majority of the bacterial life cycle in the wild). Thus, methylated cytosines are 

mutational hotspots that introduce C Ÿ T and G Ÿ A transitions within the bacterial genome, but the effect of these mutations on 

bacterial phenotype and genome composition is unknown. To address this, we determined the abundance and predicted the 

consequences of cytosine methylation associated mutations within Vibrio cholerae genomes. 
  
In Vibrio cholerae, cytosine methyltransferase (VchM) methylates the first cytosine within its target motif RCCGGY (R ï A/G and Y 

ï C/T). We found that the VchM target motif (RCCGGY) was underrepresented in V. cholerae genome as compared to random 

expectation. But in-spite of this under representation we observed ~2000 instances of the target motif across the V. cholerae genome. 

Moreover, our previous analysis had predicted that 97% of these 5mC Ÿ T transitions within the target motifs would lead to non-

synonymous substitutions. We found that this prediction was reflected in the whole genome sequence data of Vibrio cholerae patient 

isolates (isolated during different cholera pandemics). Our SNP (Single Nucleotide Polymorphism) analysis revealed that 95% of the 

identified cytosine methylation based transitions within V. cholerae patient isolates were non-synonymous and 20% of these were 

associated with virulence associated genes. We also found that the target motif was enriched in membrane associated genes and 

bacterial response regulators, implicating the potential role of these SNPs in adaptation to the host environment and in niche 

expansion. 
  
Thus, the genomic landscape of 5mC Ÿ T transitions described by our computational analysis identified consequential mutations 

within some of the virulence associated genes. Experimental studies on these mutants is called for. Specially, since V. cholerae is a 

major disease causing pathogen and one of the leading cause of death worldwide. Importantly, our analysis showed how the presence 



 
 
 

 
 
 

of a 5-methylcytosine methyltransferase affects bacterial genome composition by introducing C Ÿ T and G Ÿ A transitions and 

through selection acting towards avoidance of the target motif within the genome. Finally, we think that the bacterial species 

harboring multiple methyltransferases (Helicobacter and Neisseria), identified in our analysis (not shown) could act as excellent 

model systems to study the effect of epigenetic modifications on genome composition. 
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Abstract: Monoallelic expression (MAE) is an intriguing epigenetic process because it renounces to the advantage of diploidy, 

thought to have evolved to buffer the effects of mutation. X-chromosome inactivation (XCI) is a notable example of MAE. It provides 

X-linked genes dosage balance with respect to the autosomes in female mammals. The high density of Long Interspersed Nuclear 

Elements (LINE) across the X-chromosome has an important role in the XCI mechanism: old inactive LINE sequences, highly 

enriched in the X chromosome, help the spread of silencing molecules, and heterochromatinization, while younger, intact and active 

LINE elements contribute to the mobilisation of otherwise prone to escape X-linked genes to the heterochromatic region. Here, we 

explore the hypothesis that the autosomal MAE genes may also be affected by LINE elements or other repetitive elements to promote 

mono-allelic silencing. This hypothesis has been proposed before, but despite the subsequent detection of genome-wide monoallelic 

expression, it has not been further reported. We have used this new wealth of data and bioinformatic tools to search for genomic 

evidence of enrichment of LINE and other repeat elements in the vicinity of MAE genes. Our results show a consistent but modest 

increase in LINE density in the flanking region of autosomal MAE genes. The distribution of LINE elements also shows that some 

families of monoallelic genes may rely on the presence of LINE elements but not others, suggesting different regulatory mechanisms 

contributing to MAE. 

Expanded summary*:   

Random autosomal monoallelic expression (MAE) is an epigenetic phenomenon that controls the relative expression of maternal and 

paternal alleles in thousands of mammalian genes1. Despite MAEôs widespread character2, the molecular mechanisms involved in its 

establishment and maintenance remain unknown1. Recent work shows that the sets of genes subject to MAE are highly consistent 

across individuals3, and conserved between the human and mouse species4. The extended aim of my work is to test wether such 

conservation is due to specific regulatory elements in the genome associated with MAE genes. The suggestion that genetic 

determinants underlie random monoallelic expression was first proposed upon observations of X-autosome translocation studies, and 

enrichment of Long Interspersed Nuclear elements (LINE) in the non-escapee regions of the X-chromosome12,13. Parallels of XCI 

and MAE have been long evident, and a significant correlation between MAE and LINE enrichment was drawn14,15. A role for these 

relics of repetitive transposable elements in establishing or maintenance of autosomal MAE is yet to be defined, but itôs supported by 

the enrichment of repetitive sequences around genes showing asynchronous replication16, an epigenetic state correlated with 

monoallelic expression. It seems thus that a first approach to the detection of a genetic component of MAE is to solve this lingering 

question of whether LINE elements are enriched in the vicinity of autosomal MAE genes. Our ongoing analysis on the mouse, human 

and chimp genomes may help identify distinct groups of MAE genes that are controlled by different silencing processes, setting the 

stage to further discovery of the models of genetic control of MAE. Understanding monoallelic expression may unlock important 

knowledge on the dynamics of the genome, its evolution, and understand variation in disease outcomes.  
1. Gendrel et al., ñRandom Monoallelic Expression of Genes on Autosomes: Parallels with X-Chromosome Inactivation.,ò Sem Cell & 

Dev Biol 56 (2016). 
2. Gimelbrant et al., ñWidespread Monoallelic Expression on Human Autosomes.,ò Science 318, 5853 (2007) 
3. Savova et al., ñGenes with Monoallelic Expression Contribute Disproportionately to Genetic Diversity in Humans.,ò Nat Genet 48 

(2016). 
4. Nag et al., ñChromatin Signature Identifies Monoallelic Gene Expression Across Mammalian Cell Types.,ò G3 (2015). 
5. Lyon, ñX-Chromosome Inactivation: a Repeat Hypothesis.,ò Cyt Cell Genet 80, 1 (1998). 
6. Bailey et al., ñMolecular Evidence for a Relationship Between LINE-1 Elements and XCI: the Lyon Repeat Hypothesis.,ò PNAS 

97, 12 (2000): 6634ï39. 
7. Allen et al., ñHigh Concentrations of LINE Sequence Distinguish Monoallelically Expressed Genes,ò PNAS 100,17 (2003): 9940ï

45. 
8. Gendrel et al., ñDevelopmental Dynamics and Disease Potential of Random Monoallelic Gene Expression,ò Dev Cell 28, 4 (2014). 
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Abstract: Transposable elements ("TEs") are mobile genetic elements whose movement can be deleterious to their hosts. Host 

genomes have evolved multiple strategies to suppress TE mobilization, including targeting by small RNAs and heterochromatin 
formation. In the germline and during early embryogenesis, TE repression is particularly important because any activity can 
cause new, heritable insertions. We used genomic reads to annotate repeats, most of which map to known TEs, in two fly 
species, Drosophila pseudoobscura and D. miranda. We used RNA-seq data from eight embryonic stages (stage 2 - stage 12) 
to characterize repeat expression during the maternal-to-zygotic transition in male and female embryos and found higher repeat 
expression during early development in males compared to females in both species. We hypothesize that the Y chromosome 
influences heterochromatin establishment by acting as a ñsinkò for repressive chromatin marks, causing a delay in 
heterochromatin establishment at repetitive sequences in males compared to females. We are currently performing ChIP-seq on 
single embryos to quantify differences in heterochromatic marks at repeats in males compared to females. We are also 
sequencing genomic DNA from single embryos and parental gonads from single female x single male crosses to quantify de 
novo insertions in males. 
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Abstract: Methylation of nucleotides in a CpG context has been implicated in multiple regulatory processes in many biological 

systems. In particular, discovery of functional, DNA methylation systems in many insect genomes provides an opportunity to 

understand the fundamental role of DNA methylation in deep phylogenetic scale. One of the most significant differences between the 

genomic methylation patterns of insects and the well-studied mammals is that in the former, DNA methylation is generally limited to a 

small portion of the CpGôs in the whole genome. Also, in mammals, methylation of CpG islands has been correlated with repressed 

expression while, in insects, levels of DNA methylation in CpGôs often correlates with increased expression. This fundamental 

difference suggests that tools that have been developed based upon mammalian patterns cannot be directly applied to the analysis of 

insect DNA methylation. Thus, the development of new computational and conceptual tools to interpret insect methylation maps is 

needed. Specifically, we aimed to identify óhighly-methylated regionsô (HMRôs) in insect genomes using whole genome bisulfite 

sequencing (WGBS) data. We identified HMRôs across several hymenopteran insects and found that similar criteria can be applied to 

identify most of the methylated CpGôs in clusters. We found that most HMRôs are located in coding sequences, which supports the 

idea that methylation is targeted to transcription units in these genomes. In-depth analyses of HMRôs in the honey bee further suggest 

that many HMRôs overlap exon/intron boundaries, suggesting a role of DNA methylation on regulation of splicing and/or alternative 

transcription. 
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Abstract:   

Molecular processes are fundamentally stochastic.  Randomness is the rule in transcription, translation, cell-to-cell variation in 
protein levels, and heterogeneity in interactions. One common assumption is that such phenotypic variation is simply noise, and 
scientists often appeal to the statistics of large numbers when developing deterministic theories, ignoring any potentially 
adaptive role of epigenetic stochasticity. Yet evidence is accumulating that epigenetic variance constitutes an evolutionary 
driving force across diverse biological processes, including the adaptive immune system, the development of cancerous 
neoplasms, and the persistence of pathogens under drug pressure. All these systems are fundamentally characterized by high 
levels of environmental change and uncertainty: either persistent, global, temporal fluctuations in selection pressure, or local, 
micro-environmental and spatially-defined selective forces. In this talk, I will explore the genetic signatures of this commonplace 
yet unpredictable environmental variation. I will do so by first studying the evolutionary advantage of epigenetic variation as a 
type of evolutionary bet-hedging that need not confer a direct benefit to a single individual, but can increase the chance of long-
term survival of a lineage. I  will then discuss a range of population-genetic models that explore how partly heritable phenotypic 
variability influences evolutionary dynamics of populations.  For example, populations that encounter a deleterious environment 
can sometimes avoid extinction by rapid evolutionary adaptation. I will show that the advantage of such a mutation depends on 
the degree of phenotypic heritability between generations, called epigenetic memory. Moreover, the probability of population 
persistence depends non-monotonically on epigenetic memory: some heritability can help avert extinction, but too much 
heritability removes any benefit of phenotypic plasticity. I will also discuss the implications of these results in the context of 
therapies designed to eradicate populations of pathogens or aberrant cellular lineages. 
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Abstract: The dosage of mRNA is required to be maintained after gene duplication events. In mammals, this process is achieved with 

increased cytosine DNA methylation on promoter regions of duplicated genes to suppress transcriptional initiation. However, in many 

animal lineages, the molecular mechanism of cytosine DNA methylation has degenerated. For such species such as worm 

(Caenorhabditis elegans) and fruit fly (Drosophila melanogaster), it is unclear how reduced expression of duplicated genes has been 

achieved. Here, we hypothesized that epigenetic mechanisms are important for this process, and for organisms whose cytosine DNA 

methylation apparatus and pattern have degenerated over the course of their evolution, this process is achieved through increased 

engagement of histone modifications to provide additional levels of epigenetic control to inhibit the expression of duplicated genes, 

especially genes that are sensitive to changes in dosage. To test our hypothesis, we exploited ENCODE/modENCODE data to 

examine common and lineage-specific acting regions of several histone marks that are capable of controlling the mRNA abundance of 

coding genes in worm, fruit fly, and mouse (Mus musculus). Our results show that multiple histone modifications are utilized to assist 

mRNA dosage maintenance after gene duplication events occur in worm, and fly, yet not in mouse. In addition, the histone codes 

utilized largely differed from one organism to another, suggesting that many of the histone marks that are involved in assisting mRNA 

dosage maintenance in fly and worm were independently recruited during evolution. 
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Abstract: DNA methylation is an epigenetic modification that is pivotal in ensuring proper genome function and integrity, notably 

through the silencing of transposable elements (TEs). However, as spontaneous deamination of 5-methylcytosine (5mC), which can 

lead to C>T transitions, is more frequent than that of unmethylated C, DNA methylation is also inherently mutagenic. This higher 

mutability of 5mC has indeed been proposed to explain the depletion in CpG dinucleotides in mammalian genomes, which are 

typically methylated at these sites except in so-called CpG islands. Despite this well-characterized effect of DNA methylation, we still 

lack a comprehensive view of its impact on the whole mutation spectrum in any given organism. Here, we present an in-depth 

assessment of the mutations that have accumulated in a population of epigenetic recombinant inbred lines (epiRILs) with almost 

identical genomes but heritable losses of DNA methylation at multiple TE loci in the flowering plant Arabidopsis thaliana. As 

anticipated, the epiRILs have accumulated numerous transposition events, that yet belong to only a small fraction of the TE families 

defined as mobile at the species level. Similarly, although the rate of C>T transitions is lower in the epiRILs that in classical Mutation 

Acccumulation (MA) lines, it is at least three times lower than that expected based on the reduced number of 5mC in the epiRILs 

compared to the MA lines. Along with other hypotheses that are being analyzed, this reduction can be explained by the contribution of 

transcription-coupled DNA repair. This and other findings will be discussed. 

Expanded summary*: DNA methylation is an epigenetic modification that plays important roles in the regulation of gene expression 

as well as the silencing of transposable elements (TEs). However, DNA methylation is also inherently mutagenic: spontaneous 

deamination of 5-methylcytosine (5mC) occurs at a higher rate than that of unmethylated C and produces thymine, which can result in 

a C>T transition if not corrected. This higher mutability of 5mC is indeed thought to underlie the depletion in CpG dinucleotides of 

mammalian genomes which are typically methylated at CG sites except in so-called CpG islands; and is further illustrated by the large 

number of disease-associated mutations hotspots found at methylated CpGs in humans. 
Despite this well-characterized effect of DNA methylation, we still lack a comprehensive view of its impact on the whole spectrum of 

mutations in any given organism. Studies to date have been limited in scope and mainly relied on indirect approaches, such as 

comparisons between methylomes and inter- or intra-species DNA polymorphisms, while one would ideally need to alter DNA 

methylation patterns in a controlled manner and investigate the mutational consequences genome-wide. This strategy is however 

difficult to implement, particularly in mammals where a loss of DNA methylation leads to embryonic lethality. In contrast, in the 

flowering plant Arabidopsis thaliana, most DNA methylation mutants are viable and fertile and loss of DNA methylation can in part 

be stably inherited even in the absence of the inducing mutation. 
The population of so-called epigenetic Recombinant Inbred Lines (epiRILs) established in this species by the Colot group (1) provides 

an ideal experimental system for the investigation of the impact of DNA methylation on the spectrum of spontaneous mutations 

genome wide. This population derives from a cross between a wild-type individual and a near-isogenic mutant deficient in DNA 

methylation, and analysis of the epiRILs methylomes revealed that parental differences in DNA methylation (methylated vs 

unmethylated) are stably inherited over >1000 regions across the genome (2). In addition, the epiRILs resemble by design classical 

Mutation Accumulation (MA) lines, thus enabling pertinent comparisons between the rate and type of spontaneous mutations 

generated in the two settings. 
In order to describe the extent of TE mobilization upon loss of DNA methylation, whole genome sequencing was carried out for over 

100 epiRILs and led to the detection of >1400 new TE insertions, that yet belong to only a small fraction of the TE families defined as 

mobile at the species level (3; Quadrana, Etcheverry et al, unpublished). Based on these epiRILs sequencing data and on publicly 



 
 
 

 
 
 

available MA lines sequences (4), I characterized then compared the full spectrum of single-base substitutions as well as of short 

indels that have accumulated in these two populations. 
The indel spectrum of the epiRILs exhibits an excess of 3 to 5 bp-long insertions which reflects the extensive TE mobilization, as 

these actually correspond to the genomic footprints that are left upon the excision of a highly mobile DNA transposon. In addition, 

while the other types of single-base substitution remain unaffected, the rate of C>T transitions is 30-50% lower in the epiRILs. 

Remarkably, this rate is at least three times lower than that as expected based on the 10-15% reduced number of 5mC in the epiRILs 

compared to the MA lines. Because the reduction in C>T transitions in the epiRILs almost exclusively concerns TE sequences that are 

transcriptionally reactivated in this population, these regions may be subjected to transcription-coupled DNA repair, leading to an 

enhanced repair of deamination-induced mismatches. Current work aims at testing this hypothesis along with several others, and 

additional analyses are ongoing to characterize the spectrum of large-scale mutations else than transposition events. 
This work will provide the first comprehensive assessment at the genome-wide level of the influence of DNA methylation on the 

complete mutation spectrum in Arabidopsis. This includes obtaining a robust estimate of the rate of methylation-induced C>T 

transitions and of its determinants, a key metric for many areas of research ranging from comparative genomics to the study of the 

biology of TEs, which have evolved to GC-poor sequences in many organisms. In addition, in the framework of the genetic 

assimilation theory proposed by Conrad Waddington, it has been suggested that so-called ñepimutationsò which would persist long 

enough to be targeted by natural selection could ultimately become hard-wired in the DNA sequence. In that respect, a proper 

knowledge of how DNA methylation influences mutation is critical to bring some substance to this hypothesis. 
1. Johannes F et al (2009) PLoS Genet 5(6):e1000530. 
2. Colome-Tatché M et al (2012) Proc Nat Acad Sci USA 109,16240-5 
3. Gilly A (2014) BMC Bioinformatics 15:377. 
4. Ossowski S et al (2010) Science 327(5961):92-4 
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Poster: The molecular basis of evolutionary change is assumed to be genetic variation. However, growing evidence suggests that 

epigenetic mechanisms, such as DNA methylation, may also be involved in rapid adaptation to new environments. An important first 

step in evaluating this hypothesis is to test for the presence of epigenetic variation between natural populations living under different 

environmental conditions. In the current study we explored variation between populations of Darwinôs finches, which comprise one of 

the best-studied examples of adaptive radiation. We tested for morphological, genetic, and epigenetic differences between adjacent 

ñurbanò and ñruralò populations of each of two species of ground finches, Geospiza fortis and G. fuliginosa, on Santa Cruz Island in 

the Galápagos.  Using data collected from more than 1000 birds, we found significant morphological differences between populations 

of G. fortis, but not G. fuliginosa. We did not find large size copy number variation (CNV) genetic differences between populations of 

either species. In contrast, we did find dramatic epigenetic differences between the urban and rural populations of both species, based 

on DNA methylation analysis. We explored genomic features and gene associations of the differentially methylated regions (DMR), 

as well as their possible functional significance. In summary, our study documents local population epigenetic variation within each of 

two species of Darwinôs finches. 
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Abstract: The placental epigenome plays a vital role in regulating mammalian growth and development. Aberrations in 

placental DNA methylation are linked to several disease states, including intrauterine growth restriction and preeclampsia. 

Studying the evolution and development of the placental epigenome is critical to understanding the origin and progression 

of such diseases. Although high resolution studies have found substantial variation between placental methylomes of 

different species, the nature of methylome variation has yet to be characterized within any individual species. We 

conducted a study of placental DNA methylation at high resolution in multiple strains and closely related species of house 

mice (Mus musculus musculus, Mus m. domesticus, and M. spretus), across developmental timepoints (embryonic days 15 

to 18), and between the labyrinthine transport and junctional endocrine layers. We observed substantial genome-wide 

methylation heterogeneity in mouse placenta compared to other differentiated tissues. Species-specific methylation 

profiles were concentrated in retrotransposon subfamilies, specifically RLTR10 and RLTR20 subfamilies. Regulatory 

regions such as gene promoters and CpG islands displayed cross-species conservation, but showed strong differences 

between layers and developmental timepoints. Partially methylated domains exist in the mouse placenta and widen during 

development. Taken together, our results characterize the mouse placental methylome as a highly heterogeneous and 

deregulated landscape globally, intermixed with actively regulated promoter and retrotransposon sequences.  
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Abstract: The characterization of genomic or epigenomic variation in human disease models could advance the development of 

pathophysiological investigation, disease diagnosis, and research of clinical intervention. In the biomedical researches, Macaca 

fascicularis (Cynomolgus monkey, CM) and Chlorocebus aethiops (African green monkey, AGM) have long been considered 

important animal model, but non-human primate specific reagents that would evaluate the molecular state of CM and AGM, are 

racking. Methyl-Capture sequencing (MC-seq) have cost-effectiveness and improved the methylome coverage in large sample sets. 

Here, we used the human-based MC-seq to assay DNA methylation in 13 CM and 3 AGM blood DNA. Methyl-capture efficiency was 

associated with sequence identity between the human-based capture probe and each genome sequence of CM and AGM. 

Approximately 62% and 56% of the human-based capture probes could be reliable mapped to the CM and AGM genome, 

respectively. To improve the accuracy of human-based methyl-capture for CM and AGM methylome profiling, we redesigned target 

region, focused on regulatory regions and intragenic regions. Based on our results, we conclude that the human-based MC-seq can be 

used as the approach for DNA methylome profiling of CM and AGM using the provided filters. Therefore, use of the human-based 

MC-seq methods provides an attractive, cost-effective approach for the methylome profiling of non-human primate disease models in 

the single-base resolution level. 
Key words: Methyl-capture sequencing; Next generation sequencing; DNA methylation; Non-human primate; Disease model 
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Abstract: Centromeres are crucial for genome stability and chromosome segregation. Despite their conserved function, centromeres 

are genetically diverse (centromeric paradox). Most centromeres are characterized by repetitive DNA, namely satellite elements and 

retrotransposons. Centromeric epigenetic modifications are necessary for creating a functional centromere, making it imperative to 

understand the interplay between epigenetic modifications and centromeric DNA. A striking example of centromere diversity is 

present in gibbons, which have undergone rapid and drastic karyotype reorganization since diverging from other apes. Particularly, in 

the Hoolock genus, most chromosomes exhibit centromere expansion of a gibbon-specific, non-LTR, retrotransposon, called LAVA 

(LINE-Alu-VNTR-Alulike). While LAVA is found in all other gibbon genera, its centromeric expansion is Hoolock-specific. Given its 

recent centromere reorganization and high inter-chromosomal diversity, the Holoock genus is a unique system for studying evolution 

of centromeres and the function of centromeric repeats. We used chromatin immuneprecipitation-sequencing to examine binding of 

centromere proteins (CENP) A, B, and C in Holoock and other gibbon genera, test the functionality of LAVA expansions and to 

further identify and compare centromeric repeat content across gibbon species. Our findings will provide invaluable insight into the 

epigenetics of centromeres, and will bring us closer to solving the centromeric paradox. 
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Abstract: There are individuals who, despite having different parents, share identical, or nearly identical, phenotypes.  There is 

currently no explanation for this.  It appears to be random.  On further investigation, however, it appears to be connected to epistasis. 

 Just as epistasis can be responsible for phenotypes like hair color and eye color, it is also responsible for phenotypes that determine 

relationships between features.  These feature-relationships are actually polygenic traits that we have overlooked.  Individuals who 

share these traits look alike despite the fact that they are not related. 
One way to look at it is as follows:  your overall phenotype is a song.  Your inherited traits are the individual notes of the song.  The 

haplogroup in which your genes come from would be the key the song is in.  The relationships between the inherited traits would be 

the genre of the song.  We have been studying the notes (inherited traits and traits that result from mutation), and all the different keys, 

but we haven't been paying attention to genre.  Songs (phenotypes) in different keys (haplogroups) and with different notes (inherited 

traits) can still be extremely similar when they are in the same genre, in other words when they are arranged in the same way. 
The main genres (arrangements) are in the process of being studied and documented, as well as several sub-genres. 
Here are some examples that you can see for yourself. [examples of these traits will be presented] 
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Abstract: The evolutionary theories of mutation accumulation (MA) and disposable soma (DS) provide possible explanations for the 

existence of human aging. To better understand the relative importance of these theories, we devised a test to identify MA- and DS-

consistent sites across the genome using familial DNA methylation (DNAm) data. Two key characteristics of DNAm allowed us to do 

so. First, DNAm exhibits distinct and widespread changes with age, with numerous age-differentially-methylated (aDM) sites across 

the genome. Second, many sites show heritable DNAm patterns within families. We extended heritability predictions of MA and DS 

to DNAm, predicting that MA-consistent aDM sites will show increasing heritability with age, while DS-consistent sites will show the 

opposite. Variance components models were used to test for changing heritability of methylation with age at 48,601 aDM sites across 

the genome in 610 individuals from 176 families. 102 sites showed significant MA-consistent increases in heritability with age, while 

2,266 showed significant DS-consistent decreases in heritability. These results suggest that both MA and DS play a role in explaining 

aging and aging-related changes, and that while the majority of DNAm changes observed in aging are consistent with epigenetic drift, 

targeted changes exist and may mediate effects of age-related genes. 

Expanded summary*: The existence of aging remains a fundamental problem in evolutionary biology. Biological aging, or 

senescence, is the functional decline of an organism with age. This familiar process results in decreased fertility and an increased risk 

of death, and is associated with major decreases in Darwinian fitness. Based on basic evolutionary theory, such a trait should be 

opposed by natural selection. Yet aging is universal in many species, including humans. Aging, therefore, poses a paradox. Given the 

associated decreases in fitness, why has aging not been more effectively selected against? Why is it that humans age? 
Evolutionary theories have proposed both adaptive and non-adaptive explanations for the existence of aging. The major theories 

include: 1) the theory of mutation accumulation (MA), and 2) the theory of antagonistic pleiotropy (AP), with the theory of disposable 

soma (DS) as a special case. Past empirical tests of these theories have relied heavily on lifespan as the quantitative measure of aging. 

While lifespan acts as a proxy for an individualôs overall rate of senescence, it provides no information on an individualôs senescent 

state or biological age throughout life. Methods of testing evolutionary theories of aging using lifespan as the measure of senescence 

have provided support for portions of each of theory, suggesting that all three may play some role in the aging process. However, no 

consensus has been reached on the relative importance of each theory in explaining the existence of senescence. Alternative measures 

of senescence that are more reflective of aging as a process may provide additional information for such investigations. 
DNA methylation (DNAm) has been recently suggested as a biomarker of aging. The methylome has been found to be dynamic 

throughout life, with several studies reporting thousands of age-differentially-methylated (aDM) sites across the genome.  

Furthermore, many of these sites show heritable DNAm patterns, where methylation levels are more similar between relatives than 

unrelated individuals. We hypothesize age-associated DNAm changes to be reflective of the biological aging process, and suggest 

DNAm data as an innovative measure against which evolutionary theories of aging can be tested. 
We use a novel approach to test predictions of evolutionary theories of aging using familial DNAm data. Assuming age-associated 

DNAm changes are reflective of the aging process, MA suggests that the heritability of DNAm will increase with age, while DS 

suggests the opposite. We used variance components models to test for age-dependent changes in the heritability of DNAm at aDM 

CpG sites across the genome. This allowed us to categorize each site as consistent or not consistent with MA or DS, and to better 



 
 
 

 
 
 

understand the relative contribution each theory makes in explaining the existence of aging. We observed age-dependent changes in 

the heritability of methylation that are consistent with both MA and DS, indicating that both theories play a role in explaining human 

aging and aging-related changes. Furthermore, the number of sites found to have DS-consistent decreasing heritability of methylation 

was roughly three times the number of sites found to have MA-consistent increasing heritability of methylation. This suggests that the 

majority of the DNAm changes observed in aging are consistent with DS and epigenetic drift, but some DNAm changes are consistent 

with MA and may mediate the effects of aging-related genes. 
This work utilizes DNAm as a measure of senescence to better clarify the relative importance of the evolutionary theories of MA and 

DS, and serves to increase our understanding of the DNAm changes we observe in human aging. 
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Abstract: Transposable elements (TEs) are unique in their ability to deliberately change position within the 

genome. This process of transposition has the potential to generate much genetic variation over time, and the 
presence or absence of individual TE insertions represents a major source of genetic variation within 
populations. We have developed computational methods enabling the identification of these variants from 
short-read DNA sequence data, and applied these methods to sequencing data for hundreds of wild 
Arabidopsis accessions. This analysis has revealed an abundance of previously undescribed genetic variation 
that exists within the species. Furthermore, this variation in TE position provides a genetic basis for epigenetic 
variation, explaining much of the previously-reported patterns of differential DNA methylation between 
Arabidopsis accessions. The TE variants identified also have an important influence on the expression of 
nearby genes, acting both as activators and repressors in a highly insertion-dependent manner. Overall, we 
demonstrate the considerable variation in TE position that exists in a wild population, and the important effects 
this variation can have on epigenetic patterns in the genome. 

Expanded summary*: Transposable elements (TEs) are mobile genetic elements capable of changing position in 

the genome. This ability of TEs to move poses a mutagenic potential, and the insertion of TEs into essential 
regions of the genome may result in deleterious alleles. Subsequently, TE sequences are often silenced 
through highly complex epigenetic and posttranscriptional pathways. In plants, TEs are often highly methylated 
in all cytosine DNA sequence contexts, and this pattern of DNA methylation serves as a transcriptional 
silencing signal to repress movement of the TE. Indeed, inactivation of genes required for the establishment or 
maintenance of DNA methylation marks can result in the activation and transposition of previously silent TEs. 
Through the study of many different wild accessions of the model plant Arabidopsis, it has become apparent 
that these DNA methylation marks that act to silence TEs can vary greatly between accessions in their 
distribution across the genome. The cause of this observed epigenetic variation, as well as the potential 
function, has remained unclear.  
We developed new computational methods to identify TE presence/absence variation using existing DNA 
sequencing data. Applying this methodology to data generated by the 1001 genomes project, consisting of 
hundreds of wild Arabidopsis accessions complete with corresponding DNA methylation data in many cases, 
we were able to develop a thorough description of TE positional variation in Arabidopsis. We identified over 
20,000 TE variants, most of which were present at a low allele frequency. 
Using this catalogue of TE variation, we examined patterns of DNA methylation in each accession, and find 
that most differential DNA methylation between accession can be linked to nearby differential TE insertions, 
with the insertion of a TE linked with an increase in DNA methylation levels in the surrounding sequence. 
Furthermore, the deletion of a previously inserted TE was often not associated with a loss of surrounding DNA 
methylation, indicating that DNA methylation patterns, once established, can be independently maintained over 
generations in the absence of the genetic trigger. In this way, TEs may leave behind an epigenetic ñscarò 
following their deletion from a particular locus. We argue that TE variation is the genetic basis for much of the 



 
 
 

 
 
 

epigenetic variation observed in Arabidopsis, and our work makes an important contribution to our 
understanding of the genomic impacts of TEs.  
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Abstract: Changes in gene regulation have long been thought to play an important role in evolution. However, we know little about 

the evolutionary forces that shape epigenetic mechanisms of gene regulation across species. Here, we profiled genome-wide DNA 

methylation patterns in all six extant species of the baboon genus Papio (4ï14 individuals per species, plus 5 rhesus macaques as an 

outgroup), a radiation that presents the opportunity to investigate divergence in gene regulation at both shallow and deeper time scales 

(200,000 ï 1.4 million years). We used reduced representation bisulfite sequencing to estimate DNA methylation levels at ~800,000 

sites across the genome. In contrast to studies in humans, but similar to studies in great apes, DNA methylation profiles clearly mirror 

genetic structure. Divergence in DNA methylation between species is correlated with divergence time (p=3.61x10-6), but appears to be 

faster in one of the major baboon clades (P. cynocephalus, kindae, and ursinus) than the other (P. anubis, hamadryas, and papio, 

which occupy the northern part of the baboon range). We detected 150,549 CpG sites with differential methylation between baboons 

and macaques and 103,636 sites at which variation in DNA methylation is significantly explained by species identity within Papio 

(10% FDR threshold). We also detect species-specific DNA methylation levels that differ from the rest of the genus for each of the six 

taxa within Papio (ranging from ~2,000 ï 60,000 sites per species). Initial comparative analysis using Ornstein-Uhlenbeck models 

suggests that at least some of these changes may be attributable to natural selection. 
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Abstract: Transposable elements (TEs) are genomic parasites that can increase their copy number at the expense of host fitness. 

Natural selection against deleterious TE insertions is a potent evolutionary force limiting the selfish increase of TEs, and influencing 

the population dynamics of TEs. While the deleterious genetic effects of TEs have been widely studied, we focus instead on the less 

explored evolutionary consequences of the epigenetic effects of TEs. Euchromatic TEs can be epigenetically silenced via host-directed 

enrichment of repressive epigenetic marks, which can spread to and influence the function of adjacent sequences. We performed 

ChIP-Seq with multiple wild-derived D. melanogaster and D. simulans strains, and provide the first genome-wide quantification of the 

epigenetic effects of individual TE insertion. Over half of the euchromatic TEs show spread of repressive epigenetic marks to nearby 

DNA, which can extend up to 20kb. Such effects result in differential epigenetic states and transcript levels of homologous genic 

alleles, which in return leading to selection against TEs.  Interestingly, compared to D. melanogaster, TEs in D. simulans show 

stronger epigenetic effects and should be more strongly selected against, which could explain the lower TE content in the species. We 

provide evidence that this between-species difference in TEôs epigenetic effects can be contributed by variation in host genetic factors 

known to modulate epigenetic silencing. Our study demonstrates that the epigenetic effects of TEs, and host genetic factors 

modulating such effects, play a critical role in the population dynamics of TEs within and between species. 

Expanded summary*: Transposable elements (TEs) are genomic parasites that can increase their copy number at the expense of host 

fitness. Despite their detrimental effects, TEs constitute appreciable proportions of virtually all eukaryotic genomes. Furthermore, the 

proportions of host euchromatic genomes that are occupied by TEs are remarkably different between species (i.e. 2.7%ï24.9% 

between 12 Drosophila species), and a testable hypothesis for this wide divergence is still lacking. Because of the replicative nature 

and deleterious fitness effects of TEs, understanding the causes and consequences of their prevalence and variation has remained a 

central question in evolutionary genomics. 
          Both theoretical and empirical data have established that selection against the deleterious effects of TE insertions is a potent 

force limiting the selfish increase in TE copy number, playing an important role in population dynamics of TEs. There is a rich 

understanding of the deleterious genetic effects of TEs mediated by physical disruption of functional elements, such as insertion of 

TEs into genes. We instead focus on the relatively unexplored evolutionary consequences of the epigenetic effects of TEs, and provide 

evidence for a novel, empirically testable mechanism for the wide divergence in TE content between species. 
          Active euchromatic TEs can be epigenetically silenced via host-directed enrichment of repressive epigenetic marks. However, 

as a side effect, these epigenetic marks can spread to and interfere with the function of adjacent sequences. Our epigenomic study 

identifies extensive epigenetic effects of TEs in D. melanogaster and D. simulans genomes. Over half of the euchromatic TEs show 

spread of repressive epigenetic marks to nearby DNA, which can extend up to 20kb (with an average of 4.5kb). Because ~20% of 

euchromatic genes are within 5 kb from at least one TE insertion in the D. melanogaster genome, these results suggest that the 

functional consequence of TEôs epigenetic effects must be extensive. Indeed, the epigenetic effects of TEs result in differential 

epigenetic states and transcript levels of homologous genic alleles, which in return leading to selection against TE insertions. 

Importantly, we found substantial variation in the epigenetic effects of TEs between these two closely related species. Based on the 

molecular understanding of epigenetic regulation, we provide evidence that variation in host genetic factors known to modulate 

epigenetic silencing could contribute to this between-species difference in TEôs epigenetic effects and, ultimately, divergence in TE 

content. 
          Our study demonstrates that the epigenetic effects of TEs, and host genetic environment, play a critical role in the evolution of 

TEs and, more broadly, genomes. Because the molecular mechanisms underlying epigenetic silencing of TEs are similar in plants, 

insects, and mammals, our work will provide the basis for the future development of unifying models on the evolutionary causes and 

functional consequences of TE variation across the tree of life.  
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Abstract: As sessile organisms, plants primarily rely on strategies of rapid genomic adaptation to counter environmental threats. 

Future challenges, exacerbated by climate change, may exceed the adaptive genomic repertoires of many crops, necessitating 

intervention like targeted mutation of regulatory domains. Thus, we will need to be able to determine the fitness consequences of 

manipulating such genomic sequences. Computational approaches to mapping fitness can suffer from poor spatial or temporal 

resolution, but recent approaches may achieve binding-site resolution over lineage-scale intervals. The ñfitness consequenceò (fitCons) 

approach is one such example. It classifies a genome relative to shared chromatin states and aggregates these to generate locally 

corrected but globally inferred levels of constraint using a joint population-comparative model: INSIGHT. This outputs the probability 

that each nucleotide influences organismal fitness (fitCons scores). To calculate these scores, functional genomic data are used to 

cluster genomic locations by common fingerprints. Polymorphism and divergence rates are then analyzed using INSIGHT and a 

fitCons score for each cluster is assigned. The fitCons approach has yet to be explored in plants. 
We are developing fitCons maps for plant genomes with the aim of detecting functional elements in noncoding regions that have 

adaptive value under abiotic stress conditions in the rice crop Oryza sativa. To generate fitCons maps, we generate functional genomic 

tracks from stress-grown rice tissues, which include analyses of gene expression, small RNAs, chromatin states, DNA methylation, 

and polymerase occupancy. 
FitCons maps, combined with traditional genetic approaches, could accelerate discovery of functionally and agronomically important 

plant genomic elements. 

 

Disclosure of Interest: None Declared 

 

Keywords: None 

 



 
 
 

 
 
 

 

SMBE 2017 

 

Epigenetics and evolution 

POA-47 

Evolutionary consequences from transposable element mediated epigenetic changes of gene expression in the Asian rice 

Oryza sativa 

Jae Young Choi 1,*, Michael Purugganan 1 

1Center for Genomics and Systems Biology, New York University, New York, United States 

 

Abstract: Transposable elements (TEs) are selfish genes that often cause deleterious effects to its host by increasing its own copy 

number. TEs are believed to exert deleterious effects on the host genome by causing physical disruptions to host genes or from ectopic 

recombination between TE copies. To counter these detrimental effects, plants such as the rice Oryza sativa have evolved epigenetic 

mechanisms, such as RNA dependent DNA methylation, to silence TE sequences. However, methylation of a TE can be a trade-off as 

silencing can also spread beyond the TE sequence and affect neighboring host sequences. To examine the genome evolution resulting 

from the hostsô epigenetic regulation of TEs, we have analyzed transcriptomic and methylomic data from the domesticated Asian 

rice O. sativa ssp. japonica. We then conducted a comparative epigenomic study comparing the japonica TE epigenetic profile with 

another rice subpopulation indica and its wild progenitor O. nivara. Our results indicate that TEs in regions with higher recombination 

rates and TEs closer to host genes were more highly methylated. However, host genes close to TEs did not show any significant gene 

expression differences compared to genes further away from TEs. We show that the significant correlation between CHH DNA 

methylation, which are enriched within heterochromatin-euchromatin boundaries, across TE sequences and distance to nearby host 

genes may explain the absence of TE-mediated host gene expression changes. Thus our study suggests selection against genome 

damage is a major driving force of epigenetically silencing TEs with minimal pleiotropic effects on surrounding host gene 

expressions. 

Expanded summary*: Large portion of plant genomes are composed of transposable elements (TEs). In the domesticated Asian rice 

Oryza sativa, 40 ï 45% of its ~450Mbp genome is derived from TE related sequences. TEs are generally detrimental to the host by 

causing physical damage during its integration into the host genome, or by promoting ectopic recombination events. Consequently the 

host has evolved mechanisms to silence TE activity and for plants these involve RNA dependent DNA methylation of TE sequences. 

Silencing, however, could be a trade-off as it can also spread beyond the TE sequence and affect host gene or regulatory sequences. 

Thus, in order to fully understand the TE ï host dynamic it is not only important to examine the evolution caused by the physical 

damage of TEs, but also it is important to examine the evolutionary consequence of epigenetically silencing TEs. 
Few studies have integrated the evolutionary genomic, methylomic, and transcriptomic data for investigating TE evolution. 

Interestingly, these handful of studies have indicated that even within monocots, such as maize and rice, have an opposite relationship 

between TE methylation level and TE age, suggesting there are species specific evolutionary dynamic between host and its epigenetic 

regulation of TEs. Further in the case of rice, domestication related bottlenecks could lead to inefficient selection for TE regulation 

and increased transposition activity. Therefore more studies are necessary to investigate the evolutionary consequence of TE 

regulation on the host genome. Here, to better understand the evolution of TE regulation I examined patterns of TE methylation and its 

affect on the host transcription in two subpopulations of O. sativa (japonica and indica). I then compared the TE epigenetic profiles of 

the domesticated O. sativa to its wild progenitor O. nivara. 
Among the different TE families I specifically focused on long terminal repeat (LTR) TEs due to its high abundance across the Oryza 

genome, and its canonical sequence structure makes de novo prediction possible. Concordant with previous findings LTR-TEs in 

japonica were more likely to be methylated if it was longer and younger then average. I further confirmed this in indica and O. nivara 

as well. Further, LTR-TEs located in regions of high recombination rate were more likely to be highly methylated then LTR TEs from 

low recombination rates. I then compared the reference genomes of japonica and indica to determine orthologous genomic regions and 

characterize LTR-TEs that were unique or shared between the two genomes. Here, unique LTR-TEs were younger, highly methylated, 

and interestingly closer to host genes then shared LTR-TEs. These results suggested that highly accessible regions in the genome, such 

as the euchromatin, might be preferred targets of new LTR-TE insertions. However, because the physical damage caused by TEs are 

deleterious, new TE insertions are strongly repressed through methylation. 



 
 
 

 
 
 

Consistent with this hypothesis LTR-TEs near host genes were more highly methylated then TEs further away from host genes. 

However, the gene expression levels of host genes near LTR-TEs were not significantly different from genes further away from LTR-

TEs. In addition genes near unique LTR-TEs did not have any significant gene expression differences compared to orthologous genes 

that lacked the LTE-TE. Thus, silencing of TE may be tightly regulated that nearby host gene expression is unaffected, suggesting a 

minimal trade-off from epigenetically silencing LTR-TEs. 
Lastly the results then predicted LTR-TEs would have a higher chance of ñsurvivingò in the host genome if it was further away from 

host genes. Concordant with this hypothesis there was a positive correlation between LTR-TE age and distance to host gene, but only 

in the wild progenitor O. nivara. 
Thus, in this study I have characterized the evolutionary epigenomics of TE regulation in O. sativa and found methylation an 

important mechanism, possibly with minimal pleiotropic effects on surrounding host genic seqences, to silence TE activities from 

their harmful effects on the host genome. In addition, domestication may have lead to different TE dynamics between the 

domesticated and wild Oryza species. 
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Abstract: Transposable elements (TEs) are exceptional mutagens, and classical theory shows TEs are, on 

average, slightly deleterious at equilibrium. But averages disguise the variation that exists between TE copies 
in their impact on the host genome. In the model plant Arabidopsis thaliana, selection against TEs operates 
predominantly through their impact on genes and gene expression, both directly through genetic changes, and 
when modulated by epigenetic silencing. To investigate variation in the strength of selection acting on TE 
copies, we characterize 1,635 full-length copies of long terminal repeat retrotransposons in A. thaliana 
reference genomes, and genotype the allele frequency of each TE copy -- as well as 7,500 insertions not 
present in reference genomes -- in a range-wide sample of 1,135 ecotypes. We relax assumptions of 
equilibrium by estimating the timing of TE insertion from nucleotide substitutions within the TE, and calculate 
an expectation of its frequency conditional on age. Although the majority of TE alleles are found at frequencies 
consistent with widespread negative selection, we identify high frequency alleles consistent with positive 
selection and a surprising number of polymorphic ancient TEs still likely subject to balancing selection. These 
non-neutral alleles are overrepresented in associations with cellular phenotypes like local gene expression and 
methylation patterns at the insertion site as well as flowering time and climatic variables, and many of the TEs 
identified are from families shown experimentally to transpose in response to abiotic stress. These selective 
forces reflect the complexity of the struggle between selfish DNA and its host genome. 

Expanded summary*: Transposable elements (TEs) are active participants contributing to variation within 

eukaryotic genomes, but empirical measurements of how natural selection has shaped their frequencies has 
been recalcitrant due to difficulties in genotyping repetitive sequences. While the mutagenic potential of 
transposition has been harnessed to great effect in generating phenotypic differences in plant and animal 
genetic screens, how natural variation in TE content has been shaped by selection has previously relied on 
investigating specific families of TEs. Although theory suggests TEs at equilibrium should on average be 
deleterious to the fitness of their host, positive selection on individual TE insertions has also been documented, 
leading to several hypotheses about the adaptive potential of TE derived variation. 
 
 

A primary constraint in our understanding of TE polymorphism between individuals is the way in which TEs are 
annotated in reference genomes. Existing TE annotations in even small genomes like Arabidopsis thaliana 
focus on characterizing repeated sequences.  In doing so, these annotations often fail to identify structurally 
intact transposable elements or TEs that exist in few copies per genome. I have dealt with this limitation by 
developing a LTR retrotransposon reannotation approach that takes advantage of the structural features of 
TEs and the biology of transposition to characterize the LTR retrotransposon content in the A. thaliana 
reference genome. Knowing the precise boundaries of the DNA that flanks each TE insertion, and how this 
delimits the TE itself assists in genotyping TE copies across individuals using short reads. The 1001 genomes 



 
 
 

 
 
 

project has released high coverage short read resequencing of 1,135 Arabidopsis thaliana ecotypes, with 
coordinated data on collection site, gene expression, methylation, and flowering time phenotypes for a majority 
of these ecotypes. I use the resequencing data to genotype LTR retrotransposons, using a combination of 
methods based on mapping coverage and split read mapping. In addition to calling presence and absence of 
TEs that exist in the reference genome, I identify 7,500 insertions present at locations not in the reference 
genome. I validate these TE calls using both the reference assembly of a second Arabidopsis thaliana ecotype 
(Landsberg erecta), and by reassembling TE breakpoints. 
 
 

Theoretical analysis of transposition-selection equilibrium predicts that most TEs should be rare as weak 
negative selection limits the proliferation of selfish DNA. I relax these equilibrium assumptions by using 
sequence divergence in individual TE copies to estimate the age of each allele. Using coalescent simulations 
accounting for postglacial colonization in A. thaliana, I then generate predictions of allele frequency conditional 
on age. By contrasting empirically measured allele frequencies with those expected from the age of alleles, I 
identify selection on individual TE copies, even in a background of predominantly negative selection.  
 
 

In doing so, I identify positively selected TEs and an unexpected number of polymorphic ancient TE copies not 
in linkage disequilibrium with nearby SNPs, consistent with balancing selection maintaining TE polymorphism. I 
associate the presence of TE loci with different cellular and plant phenotypes, including gene expression, 
climate at the collection site, methylation in a region around the insertion, and flowering time. TE families 
shown experimentally to transpose in response to temperature are enriched within these associations, 
suggesting that TEs capable of transposition which remain a persistent threat to genome stability are present 
as a consequence of past selection on TE alleles. 
 
 

Although TEs make up only a small proportion of the genome in A. thaliana, their widespread presence in 
plants, animals, and fungi suggests that understanding the mechanisms of selection acting on them can assist 
in moving from associations of genotype and phenotype to characterizing true causal variants. These results 
highlight the role that LTR retrotransposon variation may contribute to adaptive variation in natural populations. 
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Abstract: Paternal genome elimination (PGE) is a genomic imprinting phenomenon found among several insect species, including the 

citrus mealybugs (Planococcus citri). In sons, the paternally inherited set of chromosomes is silenced and then eliminated from the 

germline. This process is most likely under the control of a maternal factor, since mothers benefit from producing sons that only 

transmit their genetic material to their offspring. However, it is unclear how the paternal genome in males is targeted for silencing and 

elimination. The recognition of paternal chromosomes in male P. citri appears to be regulated by similar epigenetic machinery to that 

involved in mammalian silencing and imprinting (histone and DNA methylation). However, the molecular details remain poorly 

understood and to what extent these mechanisms also play a direct role in transcriptional suppression and germline elimination is 

inconclusive. 
Here we study the parent-of-origin specific epigenetic modifications involved in PGE using molecular and cytogenetic approaches. 

Whole genome bisulphite sequencing and immunostaining of histone modifications are used to investigate how the parental origins of 

chromosomes are recognised, allowing specific elimination of the paternal set in sons. Comparing this data with male transcriptome 

data also gives us insights into how these epigenetic marks are directly involved in gene silencing. Finally, quantitative expression 

analyses of the genes involved in evolutionarily conserved pathways of transcription repression (DNMT1, SU(VAR)3-9 and HP1) 

further examines the role these epigenetic modifications play in establishing and maintaining PGE throughout development. 

Expanded summary*: Whilst for most organisms it is the case that the copies of a gene they inherit from each parent are 

interchangeable, some systems defy this rule through the process of genomic imprinting. This process, where expression of one allele 

is privileged based on its parental origin, is generally considered exclusive to plants and mammals but was actually first discovered in 

an insect group where silencing and elimination of the entire paternally inherited haploid genome occurs in males.  Thus, males can 

only transmit maternally inherited alleles to their offspring1. This is called Paternal Genome Elimination (PGE) and has evolved 

repeatedly among several insect species, including the citrus mealybug (Planococcus citri). Interestingly, PGE appears to be regulated 

by epigenetic mechanisms similar to those involved in mammalian imprinting (DNA methylation and histone modifications) 2, 

suggesting the existence of an evolutionarily conserved mechanism for recognizing the parental origin of genes. However, recent work 

on insects that lack genomic imprinting suggests that there are differences in the epigenetic mechanism between taxonomic groups, for 

example, DNA methylation is associated with gene silencing in mammals but is either absent or associated with high gene expression 

in insects3. 
  
My research focuses on understanding the epigenetic mechanisms that underlie PGE in Planococcus citri using molecular and 

cytological analyses. The main questions and methods of investigation are as follows: 
1) Are there differences in levels and patterns of DNA methylation associated with chromosomes of maternal and paternal origin 

in males and females? Using whole genome bisulphite sequencing of the offspring of reciprocal crosses between inbred lines with 

known SNPs. 
2) How do epigenetic marks affect (parent-of-origin specific) patterns of gene expression in both sexes? Combining the bisulphite 

sequencing data with gene expression data from the same experimental crosses. 
 3) When and where are epigenetic marks deposited (in the male or female germline or during fertilization)? Immunostaining with 

antibodies specific to DNA methylation and histone modifications involved in heterochromatinization. Measuring the transcriptional 

activity of DNA methyltransferases and genes involved in heterochromatinization throughout development in both sexes.  
4) What is the role of DNA methylation in the silencing of the paternal genome in males? Chemically manipulate methylation levels 

in the male and female germline and study the effects on the phenotype of their (male) offspring. 



 
 
 

 
 
 

  
Understanding how PGE operates, specifically how DNA methylation and histone modifications affect the expression of maternal and 

paternal alleles will provide general insights into the epigenetic toolbox of life. Parent-of-origin specific gene expression plays an 

important role in mammalian embryonic development and this research provides the opportunity to develop a tractable invertebrate 

model system, Planococcus citri, for studying parent-of-origin effects that is currently unavailable to the scientific community (since 

Drosophila does not exhibit these effects). This will help us broaden our understanding of how these effects govern development and 

how they can lead to pathologies when disrupted. 
  
1. Gardner & Ross 2014 Ecology Letters 2. Prantera & Bongiorni, 2012 Genet Res Int 3. Wang et al. 2016 PLoS Biol 
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Abstract: Epigenetic regulation of transposable elements is an essential feature of all eukaryotic life.  In plants, this regulation 

involves histone modification, DNA methylation, and a variety of small RNAs.  One ubiquitous class of small RNAs are those 

produced by RNA-directed DNA methylation pathway, which uses an RNA-dependent RNA polymerase to produce double-stranded 

RNA that can be cleaved into small interfering RNAs. In maize, this polymerase is encoded by Mop1 (Modifier of paramutation1).  

Interestingly, mutations in Mop1, like those in the homologous gene in Arabidopsis, have minimal effects on plant morphology.   

However, after multiple generations in a mop1 mutant background, we have observed a wide variety of dominant epimutant 

phenotypes, many of which phenocopy known mutants.  One such epimutant exhibits ectopic development of adaxial (inner) leaf 

tissue on the abaxial (outer) surface of the leaf.  We show that this phenotype is caused by ectopic expression of a family of HD-ZIPIII 

transcription factors, likely due to a reduction in the quantity of  the microRNA miR166.  Interestingly, we also find evidence for 

hypomethylation and ectopic expression of a set of Helitron transposons.  These are a form of transposon that transposes via a rolling 

circle mechanism.  The vast majority of Helitrons in maize are non-autonomous, meaning that they lack genes encoding proteins that 

make transposition possible.  Instead, many non-autonomous Helitrons carry captured, or transduplicated, fragments of host gene. We 

find that the ectopically expressed Helitrons are properly spliced and polyadenylated and all carry the target site for miR166.  We 

hypothesized that hypomethylation and transcriptional activation of one or more of these Helitrons in a mop1 mutant background may 

result in interference with normal microRNA function.  Finally, we speculate as to the degree to which Helitrons may have been 

recruited as master regulators of particular families of miRNAs. Overall, our data suggests that the presence of vast numbers of 

transduplicated genic sequences in maize and many other plant species may have had unexpected and consequential effects on gene 

regulation in plants. 
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Abstract: cis-Regulatory evolution is a key mechanism of biological diversification. Surprisingly little is known, however, about 

patterns of regulatory variation between intraspecific populations, and the extent to which such variation drives local genomic 

adaptation. We use functional assays for chromatin accessibility and two histone modifications targeting active promoter and enhancer 

elements to test the hypothesis that intraspecific genomic divergence is linked to regulatory variation between phenotypically distinct 

populations of Heliconius butterflies. We show that population-level variability in both chromatin accessibility and cis-regulatory 

activity, determined via active histone marks, is common within the Heliconius genome. We further demonstrate that differences in 

cis-regulatory activity between populations do not require associated variation in chromatin accessibility, illustrating that these gene 

regulatory mechanisms can be evolutionarily decoupled. Importantly, we find that patterns of regulatory variation depart from neutral 

expectations, suggesting that selection underlies much of the observed regulatory divergence between populations. Supporting this, 

genomic regions with high Fst are highly enriched for variable regulatory elements, and half of all differentially expressed genes have 

variable promoter-associated regulatory elements. Our work shows that regulatory elements vary between populations at different 

functional levels, and that selection on variable elements is a major force underlying genomic divergence within species. 

Expanded summary*: This work uses phenotypically divergent subspecies of Heliconius butterflies, well-known for their adaptive 

mimicry rings, to address three fundamental questions on the nature of cis-regulatory evolution and diversification between both 

parapatric and allopatric populations of Helionius butterflies: We 1) Investigate the degree to which inter-population variation in cis-

regulatory elements drives evolutionary divergence between populations, 2) Assess the biological mechanisms underlying cis-

regulatory divergence, and 3) Determine the adaptive significance of cis-regulatory divergence with respect to genome sequence 

composition (nucleotide divergence) and gene expression profiles (mRNA divergence). This work provides an important benchmark 

for future investigations into the role of cis-regulatory variation as a driving force behind population diversification and speciation. 
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Abstract:   

Separate germline and somatic genomes are common across the eukaryotic tree of life, often separated into distinct tissues (e.g. plants, 

animals and fungi) or as distinct nuclei sharing common cytoplasm (e.g. ciliates and foraminifera). Although in many eukaryotes, the 

somatic genome contains all the genetic information of the germline (in two copies), this is not true in ciliates whose somatic genomes 

are highly processed during development and contain only a fraction of the information encoded in the germline. We have used single-

cell ïomics techniques to explore the evolutionary impact of germline genome architecture and the epigenetically guided processing 

that occurs in the ciliate Chilodonella uncinata. We find that dramatic changes in local composition (GC content) are likely 

reinforcing the strength of epigenetic mechanisms that delineate somatic and germline genomes and that extensive genome processing 

(e.g. massive DNA elimination, genome fragmentation and chromosome amplification) is associated with relatively increased rates of 

protein evolution and provide the basis for the development of expanded gene families. 

Expanded summary*:   

Separate germline and somatic genomes are common across the eukaryotic tree of life, often separated into distinct tissues (e.g. plants, 

animals and fungi) or as distinct nuclei sharing common cytoplasm (e.g. ciliates and foraminifera). A substantial amount of discussion 

exists, outlining the potential evolutionary origins of germline-soma distinctions, which are often tied directly to genome conflict 

where somatic quiescent germlines reduce the mobility of óselfishô DNA, limiting their mutagenic power. The aims of my work are 

two-fold: 1) to address this concept of the evolutionary importance/origins of germline genomes in the context of ciliate (a group of 

microbial eukaryotes) and 2) developing a workflow that removes strict dependence on cultivation of organisms, which allows for 

greater comparative work. 
  
            From the current state of the work, I have found that emerging single-cell technologies are amazingly apt at circumscribing the 

traditional laborious tasks of mass cultures, albeit at a cost of assembly size (single-cell techniques produce smaller and more 

fragmented assemblies). However, the benefits of these techniques vastly outweigh the consequences. As the evolution of germline-

soma distinctions are tied to the fundamental question: óHow did sex arise?ô, the ability to explore germline-soma evolution in an 

increasingly broad diversity of eukaryotes can provide a better fundamental understanding of evolutionary origin/impact of germline-

soma than the current reliance on few ómodelô organisms allows. 
  
            Incidentally, my work on Chilodonella uncinata (a non-model protist) shows how strongly the germlineôs genome architecture 

has evolved to better reinforce the epigenetic mechanisms that guide the formation of the somatic genome after sex. Similarly, these 

data show remarkable similarity across large phylogenetic distances in ciliates (present among clades > 500 MYA apart) and implicate 

the importance of ócontrolledô genome rearrangements (arisen from genome conflict) in developing/expanding ancient gene families.   
  
            These data provide better insight into the strong relationship between epigenetically guided developmental processes and the 

evolutionary significance of the separation of germline and soma. Our data also highlights the emerging importance and feasibility of 

single-cell ïomics techniques in improving our ability to address fundamental questions in evolution and biology by focusing beyond 

the limited use of ómodelô eukaryotes. 
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Abstract: Polyploidy is a pervasive evolutionary feature for genomes of some animals and most flowering plants, including many 

important crop plants such as wheat, cotton, and canola. However, the molecular mechanisms remain largely elusive. Here we report 

genetic and epigenetic consequences of polyploids in Arabidopsis and cotton. We generated a series of resynthesized Arabidopsis 

tetraploids that contain 0ï4 copies of Arabidopsis thaliana and Arabidopsis arenosa genomes and investigated ploidy and hybridity 

effects on gene expression. Allelic expression can be defined as dosage dependent (expression levels correlate with genome dosages) 

or otherwise as dosage independent. Here, we show that many dosage-dependent genes contribute to cell cycle, photosynthesis, and 

metabolism, whereas dosage-independent genes are enriched in biotic and abiotic stress responses. Interestingly, dosage-dependent 

genes tend to be preserved in ancient biochemical pathways present in both plant and non-plant species, whereas many dosage-

independent genes belong to plant-specific pathways. For A. thaliana loci, the dosage-dependent alleles are devoid of TEs and tend to 

correlate with H3K9ac, H3K4me3, and CG DNA methylation, whereas the majority of dosage-independent alleles are enriched with 

TEs and correspond to H3K27me1, H3K27me3, and CHG (H= A, T, or C) methylation. Furthermore, there is a parent-of-origin effect 

on nonadditively expressed genes in the reciprocal allotetraploids especially when A. arenosa is used as the pollen donor, leading to 

metabolic and morphological changes. In cotton allotetraploids, histone modifications contribute to genome-wide expression bias of A 

and D homoeologs. Our experimental evidence suggests that dosage, epigenetic modifications, and cytoplasmic-nuclear interactions 

shape gene expression diversity in polyploids. During polyploid evolution, genetic and epigenetic mechanisms regulate dosage-

dependent expression that can maintain growth and developmental stability, as well as dosage-independent expression that can 

facilitate functional divergence between homeologs (subfunctionalization and/or neofunctionalization). 
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Abstract: Human induced climate change is a widespread stressor that can influence the life cycles of a broad array of species. Hence, 

it is imperative to understand whether species can acclimate to temperature changes forecasted for the upcoming decades. In this 

study, we used the spiny damselfish (Acanthochromis polyacanthus) as a model to understand the effects end-of-century temperatures 

may have on coral reef fishes. The main objective of this study was to determine if there are differences in acclimation when there is a 

gradual increase in temperatures across generations. The experimental setup allowed us to compare second-generation individuals 

from a lineage that reproduced and developed at +1.5C (óintermediateô), versus a similar treatment at +3.0C (óhighô). The comparisons 

also included a group of fishes that developed at +3.0C, but their parents reproduced and developed at +1.5C (óstepô).  Our results 

indicate that óstepô individuals cope better than control and óintermediateô lineages at +3.0C. The assays of gene expression indicated 

significant differences between second-generation óstepô, óintermediateô and óhighô treatment in genes related to metabolism, 

reproduction and signal transduction. Overall this study suggests that transgenerational effects differ according to the rate at which 

individuals are subjected to temperature changes. This system represents an example of how transgenerational adaptations may allow 

certain species to cope with the impending raise in sea surface temperature.  
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Abstract: Epigenetic mechanisms play crucial roles in the expression of diverse phenotypes within and between species. Specifically, 

among nonhuman primates (NHPs), DNA methylation patterns have been associated with phylogenetic, behavioral, and disease-

related phenotypes. However, this research has primarily focused on soft tissues. This study expands on such exploratory work by 

assessing the evolutionary relationship of methylation in novel skeletal tissues from NHPs and examining how this variation relates to 

aspects of bone development and maintenance. Methylation patterns were assessed in femur trabecular bone from baboons (n=74), 

macaques (n=10), vervets (n=10), chimpanzees (n=4), and marmosets (n=6) using Illumina Infinium MethylationEPIC arrays. 

Baboons included skeletally healthy adults (n=28), adults with osteoarthritis (n=28), and healthy juveniles (n=18). Within baboons, we 

identified several differentially methylated positions (DMPs) significantly associated with aging (37.68% of 191,631 sites) and the 

occurrence of osteoarthritis (0.20% of 191,570 sites). These results reveal the relationship between methylation and bone development 

and maintenance, and while some of these baboon-specific patterns are conserved with those known in humans, others are not. Among 

NHPs, out of 39,802 sites examined, we found that 1.63% show species-specific methylation patterns in baboons, 0.65% in macaques, 

1.61% in vervets, 7.02% in chimpanzees, and 34.62% in marmosets. Additionally, the global changes in methylation among species 

reflect known phylogenetic relationships and provide a phylogenetic context for understanding variation known in hominin species. 

Overall, these findings reveal several DMPs within and among NHPs which begin to inform our evolutionary understanding of this 

epigenetic mechanism in skeletal tissues within the primate lineage. 

Expanded summary*: Background 

  
Epigenetic factors play crucial roles in the expression of diverse phenotypes within and between species. The importance of gene 

regulation for primate phenotypic diversity was originally noted by 1 and has gained credibility as the extent of genetic similarity 

among phenotypically distinct primate taxa has been clarified. Here we assess this relationship between phenotypic and epigenetic 

variation to evaluate the magnitude to which epigenetic mechanisms affect phenotypic diversity in nonhuman primates (NHPs). 
  
Within the epigenome, DNA methylation is one mechanism of gene regulation that has the potential to impact phenotypic expression. 

General changes to mammalian epigenomes have been examined2, and among NHPs, DNA methylation patterns have been associated 

with phylogenetic, behavioral, and disease-related phenotypes3ï8. However, this research has primarily focused on soft tissues. The 

current study expands on such exploratory work by assessing methylation patterns in novel skeletal tissues from NHPs. 
  
Focusing on skeletal tissues is valuable because inferences from primate skeletal anatomy inform our understanding of primate 

evolution. Thus, understanding epigenetic contributions to such traits is crucial for proper evaluation of primate skeletal systems. 

Also, examination of bone pathologies, such as osteoarthritis (OA), have revealed methylationôs involvement in bone development 

and maintenance9ï13. Methylation likely has similar roles in NHPs; however, this has not been examined. Our research initiates this 

exportation by assessing the evolutionary relationship of methylation in bone from NHPs and how this variation relates to aspects of 

bone development and maintenance. 
  
Methods 
  
NHP samples come from captive colonies of chimpanzees (n=4), baboons (n=74), rhesus macaques (n=10), and marmosets (n=6) 

from the Southwest National Primate Research Center, as well as vervets (n=10) from the Wake Forest/UCLA Vervet Research 

Colony. Baboons included skeletally healthy adults (n=28), adults with OA (n=28), and healthy juveniles (n=18). Femora were 



 
 
 

 
 
 

opportunistically collected at routine necropsy and stored in -20°C freezers. No animals were sacrificed and no living animals were 

used in this study. 
  
For all NHPs samples, trabecular bone cores were collected from the medial condyle of the right distal femur. Cortical bone was 

removed, and the remaining bone was pulverized. DNA was extracted14, and methylation patterns were assessed using Illumina 

Infinium MethylationEPIC arrays. 
  
Methylation data were normalized15ï17, and probes with poor detection levels were removed from downstream analyses. We 

additionally filtered out cross-reactive probes, probes containing SNPs at the CpG site, probes detecting SNP information, probes 

detecting methylation at non-CpG sites, probes targeting sites within the sex chromosomes15-16,18, probes non-specific to each NHP 

genome4,19. Methylation values for the remaining sites were calculated as the ratio of methylated probe signal intensity to the sum of 

both methylated and unmethylated probe signal intensities. 
  
To identify sites that were significantly differentially methylated positions (DMPs) for the effect of age, disease status, or taxonomic 

grouping, we designed and tested generalized linear mixed models (GLMMs) which related the variables of interest to the DNA 

methylation patterns for each site, while accounting for the effects of additional variables including sex, age, weight, kinship, known 

batch effects, and unknown latent variables20ï30. 
  
Results 
  
For age, significant DMPs were interrogated from 191,632 sites, and 72,213 DMPs were identified with over half hypermethylated in 

adults as compared to juveniles. These were associated with several genes, a subset of which overlap with those identified as 

differentially methylated in human aging studies. In particular, methylation levels of KCNQ1DN have been found to increase in 

humans with respect to age31, and this same pattern is observed in baboons. 
  
For disease status, significant DMPs were interrogated from 191,954 sites, and 382 were identified with most hypermethylated in OA 

as compared to healthy baboons. These were associated with several genes, a subset of which overlap with those identified as 

differentially methylated in human OA studies. Of those genes that overlapped, some showed identical methylation pattern, while 

others showed opposing patterns. In particular, HOXA9 and HOXD8 displayed similar OA hypermethylation patterns in baboons and 

humans9. Conversely, LEPR was hypermethylated in OA baboons and hypomethyled in OA humans32. 
  
For taxonomic groupings, significant DMPs were interrogated from 39,802 sites. The global changes in methylation between species 

were calculated using Euclidean distances and used to construct species trees. As hypothesized, these topologies reflect known 

phylogenetic relationships between taxa. Similar pairwise comparisons also identified species-specific DMPs ï 650 in baboons, 257 in 

macaques, 639 in vervets, 2796 in chimpanzees, and 13,778 in marmosets ï which are associated with several genes involved in 

morphological developmental processes, including skin, muscle, brain, and bone development. 
  
Discussion 
  
The primary aim of this research was to assess the evolutionary relationship of methylation in skeletal tissues from NHPs and examine 

how this variation relates to aspects of bone development and maintenance. Overall, we successfully identified several DMPs within 

and among NHPs. In particular, the differential methylation observed between adult and juvenile baboons, as well as healthy and OA 

adult baboons, reveals the relationship between methylation and bone development and maintenance, and while some of patterns are 

conserved with those known in humans, others are not. Additionally, among NHPs, the differential methylation observed reveals 

several molecular differences between taxonomic groups which provide possible clues regarding how diverse epigenomes are related 

to phenotypic variation. 
  
This work is significant because it is an interdisciplinary investigation that merges biological anthropology and epigenetics fields to 

assess skeletal epigenetics in primates and describe how such features have evolved within this lineage and contributed to phenotypic 

diversity. Biological anthropologists use variation in primate skeletal anatomy to reconstruct extinct primate species and to support 

theories on primate phylogenetic and evolutionary history. However, the mechanisms contributing to these hard tissue phenotypes, 

especially epigenetic factors, are still unclear. The present study is the first to assess methylation variation in hard skeletal tissues from 

several NHP species, and such explorations are crucial for fully clarifying aspects of primate evolution. 
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Abstract: Changes in DNA methylation patterns have recently become recognized for their potential to serve as biomarkers of aging 

in humans. Hundreds of individual CpG sites (cytosine-phosphate-guanine dinucleotides) have been identified that either gain or lose 

methylation at a steady, predictable rate over organismal age. Measurements of DNA methylation levels from a few to hundreds of 

CpG sites can be used to construct age prediction models that improve on the accuracy of other biomarkers such as telomere length, 

amino acid racemization, and mitochondrial DNA deletions. One such algorithm, published in 2013 by Steve Horvath, predicts 

chronological age from 353 CpG sites and has been shown to be extremely accurate in a variety of tissue types. However, we and 

others have previously shown that this age calculator produces biased estimates of chronological age in individuals of certain 

ancestries. The reasons for this bias are not fully understood, but it is clear that this particular age prediction algorithm does not 

perform consistently across all human populations and genetic backgrounds. Here, we present a new DNA methylation age predictor 

based on genome-wide DNA methylation data of whole blood and saliva from Europeans, Hispanic-Latinos and Africans. Our model 

considers a larger set of CpG sites, incorporates meQTLs, and expands the applicability of epigenetic age prediction to diverse 

ethnicities. 
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Role of gene body methylation in coral adaptation and acclimatization 
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Abstract: Gene body methylation is a highly conserved epigenetic mark found in plants and animals, yet its adaptive function remains 

uncertain. Here we present evidence GBM plays a role in modulating gene expression plasticity in a reef-building coral. Clonal 

fragments of Acropora millepora were reciprocally transplanted between environmentally distinct habitats. After three months, the 

fragments were assayed for gene expression (Tag-seq) DNA methylation (MBD-seq) to test for associations between GBM, gene 

expression, and fitness. GBM appears to have a stabilizing effect on transcription. Genes exhibiting between-population differences in 

GBM showed same-sign differences in transcription, suggesting these genes were stably set do different transcriptional states between 

the populations. Environmental shifts in GBM were subtle, but positively correlated with transcriptional shifts and with fitness. We 

suggest that GBM modulates phenotypic plasticity in a positive feedback manner, slowly accumulating in consistently upregulated 

genes genes, and stabilizing their upregulated state. 
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Abstract: Epigenetics has become an important element of research in functional genomics, since it is involved in governing the 

potential to adapt to stress in crops and other plant species through variation in gene regulation.  Epigenetic variation may also play a 

role in local adaptation.  In this research, we studied the epigenetic regulation in perennial and outcrossing herb, Arabidopsis lyrata. 

Populations from Germany (Plech) and Norway (high altitude Spiterstulen and lower altitude Lom) were grown and phenotyped in a 

common garden experiment in two locations with different altitudes (Spiterstulen and Lom) in Norway. Reciprocal transplant 

experiment showed that the Norwegian populations were locally adapted, with native populations having higher fitness than 

introduced ones. Whole genome sequencing, whole genome bisulfite sequencing and RNA sequencing was performed to investigate 

the role of methylation signatures in differential gene expression and local adaptation. Populations showed different methylation 

pattern and expression profile for different environments. Methylation levels in Arabidopsis lyrata were different for CpG, CHG and 

CHH contexts. The common garden experiment in model perennial plant, Arabidopsis lyrata, made it feasible to dissect short term and 

long term adaptive responses to the changing environment. 
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Abstract: Nervous systems are one of the most spectacular products of evolution. Their provenance and evolution have been an area 

of interest and often intense debate for over a hundred years. The genomics era has provided researchers with a new set of tools with 

which to study the early evolution of neurons, and recent progress on the molecular evolution of the first neurons has been both 

exciting and frustrating. It has become increasingly obvious that genomic data is often insufficient to reconstruct complex phenotypes 

in deep evolutionary time. This has been born out in a debate about whether neurons evolved once or twice in early animal evolution. 

I'll talk about the current state of hypotheses about how and when the first neurons originated and about new methods in proteomics 

and systems biology of non-model organisms that will pave the way forward. 
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Nicole Foley*, Graham Hughes, Zixia Huang, Michael  Clarke, David Jebb, Conor Whelan, Eric Petit, Frédéric  Touzalin, 

Olivier Farcy, Gareth Jones, Roger Ransome, Mary O'Connell, Gerald Kerth, Hugo Rebelo, Luisa Rodrigues, Sébastien 

Puechmaille, Emma Teeling 

 

 

Abstract: Ageing is ubiquitous and is associated with an increased risk of suffering from age associated diseases. Evolution has 

resolved these problems facing our ageing populations in several animal lineages which display negligible senescence. Bats are the 

longest-lived mammals relative to their body size but it is unknown if telomere shortening, a driving factor of the ageing process, 

occurs in bats. Uniquely, drawing on >60 years of long-term ringing studies from 4 wild populations of long lived bats (n=448), we 

show that telomeres shorten with age in Rhinolophus ferrumequinum (0-24 years) and Miniopterus schreibersii (0-17 years). The 

genus Myotis is enriched with the longest lived species among bats and interestingly, we discovered that there was no significant 

relationship between telomere length and age in either M. myotis (0-6+ years) or M. bechsteinii (1-16 years). A comparative analysis 

of telomerase expression in blood transcriptomes revealed that, like humans, telomerase is not expressed in M. myotis blood. Instead, 

results from tests of positive and divergent selection on 225 telomere maintenance genes derived from 51 eutherian mammals suggest 

ATM and SETX, which also function to repair and prevent DNA damage, are potential mediators of telomere maintenance in Myotis. 

Furthermore, we show 21 telomere maintenance genes are significantly differentially expressed in Myotis, 14 of which directly 

interact and are enriched for pathways and processes associated with DNA repair. These adaptations detected in long lived Myotis bats 

represent excellent future targets to help us alleviate the human problems associated with ageing.  

Expanded summary*: With few exceptions, ageing is ubiquitous and is associated with an increased risk of suffering from age 

associated diseases. Although mean lifespan in the EU and USA is currently 78 years, and increasing by ~2 years per decade, the age 

of onset of age related degenerative diseases appears stationary (e.g. 77% of age related cancers occur over 50 years of age). 

Therefore, we urgently need to better understand the mechanisms of the ageing process with a view to alleviating it in order to 

improve the future quality of life of our ageing populations. Evolution has resolved these urgent problems facing our ageing 

populations in a number of animal lineages which display negligible senescence. 
Telomeres are tandem TTAGGG repeats which form protective structures at the end of chromosomes. In human somatic cells, 

telomeres shorten with successive rounds of cell division owing to the óend replication problemô in which the cellular replicative 

machinery cannot replicate to the end of the chromosome. As such, telomere shortening with age is recognised as a hallmark of the 

ageing process and has been observed in a wide diversity of animal populations. Bats are the longest-lived mammals relative to their 

body size but it is unknown if telomere shortening occurs in bats. Uniquely, drawing on more than 60 years of long-term ringing 

studies from 4 wild populations of long lived bats (n=448), we show that telomeres shorten with age in Rhinolophus ferrumequinum (0 

ï 24 years) and Miniopterus schreibersii (0 ï 17 years). The genus Myotis is enriched with the longest lived species among bats and 

interestingly, we discovered that there was no significant relationship between telomere length and age in either M. myotis (0 ï 6+ 

years) or M. bechsteinii (1 ï 16 years). 
Telomerase is a reverse transcriptase capable of restoring repeats to telomere ends and is the mediator of telomere maintenance in 

germ, stem and cancer cells. A comparative analysis of telomerase expression in blood transcriptomes revealed that, like humans, 

telomerase is not expressed in M. myotis blood and as such is unlikely to be involved in telomere maintenance in these species. This 

result, derived from next-generation-sequencing technologies, contrasts with findings from previous studies which have detected 

telomerase expression in cell cultures of related species.   
To further explore the genetic bases potentially involved in telomere maintenance in Myotis we identified 225 target genes using GO 

terms associated with telomere maintenance and literature searches. Coding sequences from our targeted gene set were mined from 51 

publically available eutherian mammal genomes, including 12 bat species, spanning ~98 million years of mammalian evolution. 

Where possible, data were mined using the RefSeq database. A custom approach incorporating the annotation pipeline Maker, was 

designed to optimise data mining from poorly annotated genomes. Crucially, this enabled the inclusion of additional genome data 



 
 
 

 
 
 

from 5 bat species and 3 mammalian species. Tests of positive and divergent selection were carried out along five branches of our tree, 

the branch leading to: 1) all bats, 2) the genus Myotis, 3) R. ferrumequinum, 4) Miniopterus natalensis and 5) the naked mole-rat. 

CodeML selection tests were automated using a custom built workflow called OH-SNAP (Optimised High-throughput SNakemake 

Automation of PAML). Of particular interest our results show that ATM and SETX are evolving under divergent selection in the 

genus Myotis. In addition to the role of these genes in telomere maintenance they also function to repair and prevent DNA damage and 

as such are identified as potential mediators of telomere maintenance in Myotis. 
Further support for this result is derived from a multi-tissue comparative transcriptome analysis which showed 21 of these targeted 

telomere maintenance genes, including ATM and SETX, are significantly differentially expressed in Myotis compared to other 

mammal species. A protein-protein network analysis showed 14 of these differentially expressed genes directly interact and are 

enriched for KEGG pathways and processes associated with DNA repair. Given that telomerase is present in ~90% of human cancers, 

therapeutic interventions aimed at enhancing telomere maintenance in the absence of telomerase are desirable. As such, adaptations 

detected in long lived Myotis bats acting on axes intersecting DNA repair and telomere maintenance represent excellent future targets 

to help us alleviate the human problems associated with ageing. 
Of broad importance to the membership of SMBE the research undertaken here for the first time characterises telomere dynamics with 

age in four populations of long lived bats, representing an unprecedented >60 years of field data. Using a combination of comparative 

genomics and transcriptomics we begin to unravel the genomic bases potentially underlying telomere maintenance in the exceptionally 

long lived genus Myotis and highlight a role for ATM and SETX. Of broad interest, we describe a novel approach incorporating 

existing annotation pipelines to better mine unannotated and often poor quality genomes. Furthermore, we describe a custom built 

work flow, OH-SNAP, which parallelises the widely used single threaded program CodeML from the PAML package, to automate 

and increase throughput of selection analyses. 

 

Disclosure of Interest: None Declared 

 

Keywords: None 

 



 
 
 

 
 
 

 

SMBE 2017 

 

Evolution of complex traits 

OW-EC6 
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Abstract: During mating, male moths and butterflies introduce a structurally complex ejaculate called a spermatophore that females 

must digest in order to extract beneficial nutrition and ultimately to mate again. Because the spermatophore is encased in a tough, 

outer envelope, the female reproductive tract has evolved of a novel organ, the bursa copulatrix, that specifically receives the 

spermatophore, breaches it and digests the nutrition contained within. This lineage-specific organ provides a unique opportunity to 

determine the genetic mechanisms by which novel physiological functions arise, and to investigate the evolutionary forces, such as 

sexual conflict and cooperation, that are thought to have shaped this highly specialized male-female interaction. We have employed 

transcriptomics and mass spectrometry of 11 male and female tissues along with protein biochemistry and comparative genomics to 

address these questions in our model, the Cabbage white butterfly (Pieris rapae). We determined the male spermatophore is composed 

of two distinct protein sets that separately form the outer envelope and the inner matrix. These sets are transferred sequentially during 

mating, with the first forming the envelope via covalent cross-linking of two lepidopteran-specific, proline-rich proteins. In an 

apparent case of evolutionary convergence, their sequences and amino acid composition resemble unrelated structural proteins such as 

collagen and spider silk. To counter this substantial barrier to digestion, the female bursa has evolved enlarged musculature that is 

derived from reproductive tract muscle. Furthermore, many species have evolved a diverse array of hard tools inside the bursa to poke, 

carve or chew a hole in the spermatophore envelope. Furthermore, the bursa secretes an array of proteases and enzymes to aid in 

digestion, many of which were coopted from the actual digestive system rather than from the reproductive tract. Using in vitro 

digestion experiments coupled with mass spectrometry, we demonstrate that these proteases act on a specific set of spermatophore 

substrates. These proteases are also associated with divergence between subspecies in terms of spermatophore digestion rate in vivo. 

Finally, we reveal that bursa-specific genes that contribute to these novel functions are relatively rare. Instead, most new functionality 

is provided by genes coopted from other organ systems. This observation stands in contrast to the male reproductive tract, which is 

dominated by tissue-specific proteins. However, male and female proteins in this reproductive system do share the common 

characteristic of evolving at rapid rates. Overall, the bursa-spermatophore interaction presents contrasting mechanisms by which novel 

functionalities can arise in reproductive tissues. While males produce predominantly tissue-specific proteins to form the 

spermatophore, the female bursa borrowed and continues to share proteins with non-reproductive organs. These observations suggest 

that the evolution of complex organ-level phenotypes may initially be enabled by changes in expression patterns that allow expression 

of existing genes in novel contexts. Subsequent evolution may then lead to gene duplication and further specialization; however, such 

steps are apparently not required. 
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Abstract: Facultative pigmentation, the result of impermanent changes in skin color in response to ultraviolet radiation (UVR) from 

the sun, is an essential but poorly understood component of the evolution of skin color. Labile facultative pigmentation is the primary 

interface between the skin and the sun, but the majority of previous research has focused on basal pigmentation levels measured on 

non-UVR exposed regions of the skin. While basal melanin production is one adaptation to UVR exposure which has evolved several 

times over human evolution, population-level variation in tanning response and the persistence of newly acquired melanin are 

convergent mechanisms which could explain variation in facultative pigmentation. 
 We have recently identified several genes associated with increased tanning response and persistence among 91 Mexican Americans 

with Indigenous American and European ancestry. Participants received controlled UVR exposures on naïve skin to measure response 

and persistence following a single exposure at a UVA/UVB ratio equivalent to equatorial sunlight. Measures of melanin content at 

exposed hand and unexposed underarm were compared to assess the cumulative impact of daily exposure to UVR. 
Persistence was calculated as a proportion of facultative melanin (exposed ï unexposed) at 28 days/7 days following exposure. 

Persistence was measured at three levels of UVR exposure. Association with 2950 candidate SNPs within and upstream of KEGG-

defined melanogenesis pathway genes was assessed in PLINK while controlling for basal pigmentation and biogeographic ancestry 

calculated in FRAPPE. All tests were treated as independent, yielding a Bonferoni-corrected Ŭ of 5.6x106. SNPs in eight genes were 

associated with persistence, including two members of the ubiquitous adenylate cyclase family found on the surface of melanocytes 

(ADCY8 and ADCY9) and GNAI1 which regulates adenylate cyclase activity; three growth factors (FGF10, FGF12, and MAP2K2); 

and transcription factor CREBBP. 
Associated SNP rs378200 (C > T) is an eQTL for ADCY9 in unexposed skin based on data from the Genotype-Tissue Expression 

(GTEx) Consortium (p = 0.0022) with the minor allele associated with a reduction in gene expression. Our previously published data 

on selection at pigmentation loci in Indigenous American populations indicates that selection at ADCY9 occurred after the split 

between East Asian and American populations contributing to decreased T allele frequency in the Americas. Identifying and 

evaluating the evidence of selection on genes that influence constitutive and facultative pigmentation will allow us to better 

understand this potential source of convergent evolution as early humans faced the old challenge of UVR in new environments. 
This work was support by a Post-PhD Research Grant to E. Quillen from The Wenner-Gren Foundation for Anthropological 

Research. 
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Abstract: Chemically defended organisms must resist their own defenses. Poison frogs (Dendrobatidae) acquire hundreds of 

chemicals (alkaloids) from their diet as an anti-predator defense. The sheer diversity of alkaloids found in poison frogs (>20 classes, 

>800 compounds) contrasts substantially with prior studies of toxin resistance, which usually only address organisms that are exposed 

to one type of chemical. Moreover, alkaloid defenses have evolved at least three times in Dendrobatidae, offering an opportunity to 

employ comparative approaches to reveal patterns underlying the pathway to alkaloid resistance. Poison frog alkaloids affect 

important nervous system proteins known as ion channels; resistance to alkaloids is thought to evolve via genetic changes in ion 

channels where alkaloids bind, i.e., target-site insensitivity. Thus, resistance in poison frogs is a complex trait involving genetic 

changes in multiple protein families that are targeted by their diverse defensive arsenal. We sequenced several ion channels targeted 

by poison frog alkaloids in twelve species of poison frogs to identify candidate amino acid sites involved in alkaloid resistance. In 

voltage-gated sodium channels and nicotinic acetylcholine receptors we found amino acid substitutions that evolved convergently in 

alkaloid-defended lineages, suggesting they evolved in response to increased exposure to alkaloids. Computational modeling and 

electrophysiological assays support that these novel substitutions do in fact confer resistance to alkaloids including epibatidine, 

pumiliotoxins, histrionicotoxins, and batrachotoxins. Moreover, the evolutionary patterns of these substitutions indicate that resistance 

has evolved multiple times and is an evolutionarily dynamic trait. The level of and potential physiological cost of alkaloid resistance 

may broadly shape dendrobatid alkaloid profiles, either facilitating or constraining diversification of defenses. Our study advances the 

understanding of how organisms adapt to wield potent toxins and contributes to the body of knowledge regarding the translation of 

genotype to complex phenotype. 
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Abstract: Dispersal of the majority of large benthic marine invertebrates relies on a planktonic phase of the life cycle dispersed by 

ocean currents. Patterns and spatial scales of larval dispersal drive biogeographic distributions, genetic connectivity and population 

and community dynamics. The onset and length of competence, the ability of larvae to metamorphose in response to a specific 

environmental cue, drives dispersal patterns in the sea. We profiled competence, fluorescence and genome-wide gene expression in 

embryos and larvae of a reef-building coral Acropora millepora throughout thirteen days post-fertilization, tested candidate genes and 

pathways using a targeted drug screen and developed a method of CRISPR/cas9 knock out on candidate genes. Gene expression 

associated with competence was positively correlated with transcriptomic response to the natural settlement cue, confirming that 

mature coral larvae are ñprimedò for settlement. Rise of competence through development was accompanied by up-regulation of 

sensory and signal transduction genes such as ion channels, genes involved in neuropeptide signaling, and G-protein coupled receptor 

(GPCRs). A drug screen targeting components of GPCR signaling pathways confirmed a role in larval settlement behavior and 

metamorphosis. These results gives insight into the molecular complexity driving this important biological trait and reveals receptors 

and pathways that, if altered by changing environments, could affect dispersal capabilities of reef-building corals. 
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Poster: Multiple strains of E coli have been engineered for bioproduction, bioremediation, drug delivery and biosensing. However, in 

such modifications, redistribution of cellular resources and non-ideal growth environments create stresses, which compromises 

cellular fitness. Platforms are required for expedited identification of fitness conferring mutations. Analysis of data from multiple 

stress tolerance studies, we observed enrichment of mutations in genes involved in regulation of protein expression. However, much 

of the regulatory mutational space remains unexplored due to limitations in previous approaches. Recently developed Crispr EnAbled 

Trackable (CREATE) genome Engineering is a tool to enable development of high-throughput site saturation mutagenesis libraries 

targeting multiple loci across the genome, which can be tracked using unique barcodes. Using, CREATE, we aim to develop libraries 

with ~178,000 mutations with site saturation mutagenesis of functional sites on regulatory proteins across the E coli genome. This 

work focuses on modifications in the CREATE technology to enable construction of libraries with very high diversity. We 

demonstrate the use of this library to find mutations that improve fitness for diverse stresses including growth in isobutanol, high salt 

concentration, non-neutral pH and presence of antibiotics. We also propose to use this library as a platform for studying evolutionary 

importance of regulatory mutations. 
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Development of craniofacial features in both mice and rats. 

Derek Caetano-Anolles*, Sven Künzel, Elke Blohm-Sievers, Abraham Palmer, Oksana Polesskaya, Diethard Tautz 

 

 

Abstract: Exploring and identifying the genetic components that direct the structure of organisms has remained a major focus of 

developmental and evolutionary biology. Morphology can evolve very rapidly in populations, which can lead to novel adaptations in 

response to environmental changes. Here we focus on identifying genes responsible for developing the morphological features of the 

skull and mandible of the mouse (Mus musculus), while comparing these morphological effects to those found in rat (Rattus 

norvegicus). Previous Quantitative Trait Locus (QTL) studies have advanced the identification of the genetic basis for craniofacial 

shape in mice have shown that the phenotype is controlled by genes in several genomic regions. Recently, candidate genes involved in 

naturally occurring craniofacial shape variation were identified in natural hybrid mice using genome-wide association studies 

(GWAS). As these were natural hybrids obtained from wild caught mice, the genes identified could therefore be the genes being acted 

upon by natural selection and affecting craniofacial shape evolution, leading to our use of knockout mice for these candidate genes are 

being used to confirm their genetic effects on mouse facial development. 
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Abstract: The bat wing, with its strikingly elongated and webbed fingers contrasting a small, free-toed foot, is used as a model system 

to study the evolution of morphological variation in vertebrate limbs. We have built up resources for performing developmental and 

genetic studies on the Natal long-fingered bat, Miniopterus natalensis, a populous and gregarious species with a wide distribution in 

southern and east Africa. This includes a genome assembly (Mnat.v1) of an adult male M. natalensis, at 77X coverage that forms the 

reference for RNA-seq, ChIP-seq (H3K27ac, H3K27me3), ATAC-seq and comparative genomic analyses. 
  
Over 7,000 genes and several lncRNAs, including Tbx5-as1 and Hottip, were differentially expressed between forelimb and hindlimb 

autopods at three sequential stages of bat development (CS15-CS17); a critical embryonic period when the bat forelimb diverges 

morphologically from the hindlimb. In situ hybridization confirmed the differential expression of the 5ô HoxD and HoxA genes, which 

are known to be essential for patterning the tetrapod autopod. Pathway analysis of RNA-seq data predicted the suppression of the 

Wnt/b-catenin pathway. This was supported by peanut agglutinin staining, showing larger fields of condensing mesenchymal cells in 

bat forelimb autopods at the first stages of digit development. In contrast, Wnt-PCP signaling, which maintains the polarity of 

proliferating chondrocytes in the growth plate, was more active and may set the foundation for extended digit growth at subsequent 

stages of digit development. 
  
ChIP-seq identified thousands of regions that are differentially modified in forelimb versus hindlimb autopods. These data, combined 

with comparative genomics was used to pinpoint 2,796 bat-accelerated regions (BARs). Testing five of these BARs for mouse 

enhancer activity found all of them to be limb enhancer and  three of them to show differential enhancer activity compared to the 

mouse sequence, including a BAR in the HoxD locus. These BARs are candidates for driving the expression changes that led to the 

evolution of flight in bats 50 million years ago. The challenge is to link these candidate BARs to differentially expressed genes and 

map out the genetic events that led to the evolution of the bat wing. 
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Abstract: One of the most dramatic examples of sexual selection are the gigantic weapons used in battles between rival males over 

access to females. These exaggerated, sexually selected structures tend to be more variable than other body parts and their growth 

tends to be unusually sensitive to the nutritional state or physiological condition of the individual males who produce and bear them.  

Despite the importance of weapons to individual fitness, relatively few studies have yet examined the developmental mechanisms 

responsible for exaggerated growth and heightened condition sensitive expression of sexually selected weapons. Here we use RNA-

seq analysis to build on a recent series of studies exploring these mechanisms in the exaggerated weapons of beetles and compare 

them to non-exaggerated traits, providing an objective screen for differentially transcribed genes associated with a sexually dimorphic 

and exquisitely condition-sensitive pair of horns in the Japanese rhinoceros beetle. Our results indicate that while genes are 

differentially expressed according to a traitôs degree of condition dependence, relatively few genes change in response to nutrition. On 

the other hand, sexually dimorphic expression of weaponry involves large-scale changes in gene expression, especially relative to 

other traits.  
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Abstract: Pregnancy in Eutherian (Placental) mammals is characterized by its extended duration and ancestrally invasive placentation. 

Together, these characteristics pose serious immunological challenges to maintenance of pregnancy. The placenta, with its invasive 

nature can incite an inflammatory reaction in the uterus; and with genetic contribution from the father, can be rejected as ónon-selfô by 

the maternal immune system. Evolving mechanisms to avert these immune complications was central to the evolution of eutherian 

pregnancy. Here we use comparative transcriptomics of non-gravid and gravid uteri of three eutherians; armadillo (Dasypus 

novemcinctus), tenrec (Echinops telfairi), mouse (Mus musculus); and one marsupial outgroup; opossum (Monodelphis domestica) to 

study the evolution of immune regulation of eutherian pregnancy. Our data reveal that pregnancy in the viviparous therian ancestor 

(i.e. the most recent common ancestor of marsupials and eutherians) evoked a combination of type-17 and type-2 immune responses in 

the uterus. Type-17 is a pro-inflammatory immune response typically deployed in the mucosal surfaces, while type-2 is an anti-

inflammatory immune response focused on wound healing. The eutherian lineages sampled are, however, characterized by 

suppression of type-17 immune response while maintaining an active type-2 response. We conclude that eutherians evolved 

mechanisms to suppress mucosal type-17 inflammatory response at the fetal-maternal interface, thus enabling maintenance of 

extended gestation. Using in vitro experiments, we show that this suppression was brought about by uterine decidual stromal cells ï an 

evolutionarily novel cell type in eutherian mammals, and by acquisition of novel functions by progesterone in eutherian lineage. 

Expanded summary*: Question: Pregnancy in eutherian mammals (i.e. placental mammals) differs in two aspects to the ancestral 

therian (eutherian and marsupial) or the typical marsupial pregnancy. First, an invasive mode of placentation, where placenta breaches 

endometrial epithelium and contacts maternal vasculature, evolved in the eutherian stem lineage. Second, eutherians have an extended 

pregnancy, i.e. pregnancy extending far beyond the estrous cycle duration. Together, these characteristics pose unique immunological 

challenges to pregnancy, viz. (i) uterus is profoundly wounded for an extended period, which can cause inflammation (ii) the invading 

placenta is semi-allogenic or ónon-selfô relative to mother, which can cause immune rejection. In this study we explore how the 

eutherian immune response evolved to tolerate pregnancy despite these challenges. 
Methods: We addressed the above question with a comparative transcriptomic approach. We collected RNA-seq data from the uteri of 

four therian species in non-pregnant and mid-gestation stages. These include three eutherians: mouse (Mus musculus), armadillo 

(Dasypus novemcinctus), tenrec (Echinops telfairi); and one marsupial: opossum (Monodelphis domestica). These taxa bracket the 

eutherian phylogeny, and include an outgroup, allowing inference of ancestral eutherian characters. We proposed mechanistic 

explanations for the observed patterns of evolution of immune regulation, and tested them with in vitro experiments with human and 

opossum cells. 
Results: Inflammation is suppressed in mid-gestation uteri of all species sampled, by a type-2 immune response, an anti-inflammatory 

response mediated by interleukin-10. The key difference between opossum and eutherians is that a potent type-17 immune response is 

activated in opossum, while it is completely absent in eutherians. Type-17 is a pro-inflammatory immune response mediated by 

interleukin-17 and typically deployed in mucosal surfaces. Since type-17 is the default immune response in endometrium (a mucosal 

surface), and is phylogenetically older than pregnancy, we infer that the type-17 response is the ancestral therian inflammatory 

response to viviparity. It was ancestrally compensated by simultaneously activating a type-2 response. However, eutherians evolved 

mechanisms to turn off type-17 inflammation, while leaving the anti-inflammatory type-2 response intact. This resolves the challenge 

of not only inflammation but also antigenic incompatibility, to some degree, since allo-antigens are not rejected without an 

accompanying inflammatory response. Using experimental manipulations of human and opossum cells and measurements of immune 

response in vitro, we identify two mechanisms that contributed to the suppression of mucosal inflammatory response: signaling to 

immune cells by uterine decidual stromal cells, a novel cell type in eutherian mammals; and acquisition of anti-inflammatory 

functions by progesterone hormone in eutherian lineage. 



 
 
 

 
 
 

Broad Significance: The ability to switch to an anti-inflammatory state after the pro-inflammatory implantation phase is essential for 

sustaining extended pregnancy in eutherians, and thus understanding the evolution of inflammatory response is central to 

understanding the evolution of eutherian pregnancy. Evolution of these specialized reproductive strategies may have contributed to the 

eutherian radiation at Creataceous-Paleogene boundary 65 million years ago. The comparative design of our study complements the 

extensive biomedical research on reproductive immunology in human and mouse, and uncovers the ancestral role of type-17 

inflammation in pregnancy. This study also identifies the role of decidual stromal cells in regulating mucosal inflammation, a potential 

selective force in the origin of this novel cell-type.    
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Abstract: Most plants and animals irreversibly differentiate becoming either male or female. In many fishes, sex is not only extremely 

plastic, but sex change is a natural and adaptive part of the life cycle. Sex change involves coordinated changes in behaviour, 

neuroendocrinology and gonadal anatomy, typically in response to specific social cues. The molecular basis of this stunning 

transformation is largely unknown. Using two distantly related wrasses that can be experimentally induced to switch sex (New 

Zealand spotty Notolabrus celiodotus, and bluehead wrasse Thalassoma bifasciatum), together with transcriptomic analyses and 

comparative genomic approaches, we are elucidating the genetic cascade underlying protogynous (female-male) sex reversal. We 

present RNA-seq differential expression data from gonadal samples representing the complete time-series of sex change. We find that 

this process involves progressive downregulation of female-specific gene expression, prior to expression profiles becoming 

increasingly masculinised. We also identify a single female-pathway gene whose immediate downregulation is consistent with the 

switch initiating protogynous sex change, and develop a hypothetical molecular mechanism that may silence this gene to trigger sex 

reversal. Many genes classically implicated in vertebrate sexual development are differentially regulated across sex change, 

suggesting a conserved genetic toolkit has come under the control of environmental cues in sex-changing fish. 

Expanded summary*: Sexual fate is no longer seen as an irreversible switch set during early embryonic development, but as an 

ongoing battle between male and female developmental trajectories. In many fishes, sex is not only extremely plastic, but sex change 

is a natural and adaptive part of the life cycle. Sex change involves coordinated changes in behaviour, neuroendocrinology and 

gonadal anatomy, typically in response to specific social cues. However, its molecular basis remains largely unknown. 
Using two distantly related wrasses that can be experimentally induced to switch sex (New Zealand spotty Notolabrus celiodotus, and 

bluehead wrasse Thalassoma bifasciatum), together with transcriptomic (RNA-seq) analyses and comparative genomic approaches, 

we are elucidating the genetic cascade underlying protogynous (female-male) sex change. We have extensive data on how behaviour, 

physiology, and gene expression (brain and gonad) alter during sex change. We find that sex change involves cascaded collapse of 

female-specific gene expression and replacement by male-specific pathways. We also identify a single female-pathway gene whose 

immediate downregulation is consistent with the switch initiating protogynous sex change. 
We are now investigating the role of epigenetic factors in triggering this switch and regulating sex reversal. Our work couples 

genome-wide DNA methylation analysis with manipulations of methylation state to establish how methylation alters during sex 

change and how manipulating methylation affects this process. These experiments will advance our knowledge of how a bi-potential 

expression network can be differentially regulated to control sexual fate, and will begin to address the boarder question of whether, 

and how, epigenetic reprogramming is connected with developmental plasticity. 
Our work is providing novel insights into the flexibility of sex determination networks, the mechanisms through which developmental 

plasticity can arise, and the degree to which these mechanisms are conserved evolutionarily. Our findings also have potential practical 

application in aquaculture and medical research. Many commercially farmed fish change sex and there is considerable interest in 

controlling sexual fate in aquaculture settings. Sexual gene networks are highly conserved in vertebrates and their non-functioning 

leads to various disorders of sex development (DSDs) in humans. Sex-changing fish present a unique opportunity to understand the 

mechanisms through which DSDs arise. 
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Abstract: Human pigmentation is a highly diverse trait among populations, and has drawn particular attention from both academic 

and non-academic investigators for thousands of years. To explain the diversity of human pigmentation, researchers have proposed 

that human pigmentation is adapted for ultraviolet radiation (UVR) and driven by natural selection. Although studies have detected 

signals of natural selection in several human pigmentation genes, none have quantitatively investigated the historical selective 

pressures on pigmentation genes during different epochs and thoroughly compared the differences in selective pressures between 

different populations. In the present study, we developed a new method to dissect historical changes of selective pressures in a 

multiple population model by summarizing selective pressures on multiple genes. We collected genotypes of 16 critical genes in 

human pigmentation from 15 public datasets, and obtained data for 3399 individuals of five representative populations from 

worldwide. Our results suggest (1) that a significant historical increase of selective pressure on light pigmentation shared by all non-

Africans at the early stage of the out-of-Africa event (1.78 × 10-2 per generation); (2) that diversifying selection, instead of the 

relaxation of selective pressures, is the cause of light pigmentation in low UVR areas; (3) and that epistasis plays important roles in 

the evolution of human pigmentation. 

Expanded summary*: Human pigmentation - the color of the skin, hair, and eye - is one of the most diverse traits among 

populations. Its obvious diversity has attracted particular attention from both academic and non-academic investigators for thousands 

of years, as noted by Charles Darwin one century ago and as noticed by ancient Egyptians more than 4000 years ago. Why human 

pigmentation diverges, however, remains a central puzzle in human biology. Human pigmentation may be adapted for UVR and 

driven by natural selection. Natural selection may favor dark skin for effectively absorbing sunlight, and light skin for efficiently 

producing vitamin D. Dark skin may protect individuals against sunburn and skin cancer in low latitude areas with high UVR, while 

light skin may prevent rickets in infants in high latitude areas with low UVR. A better understanding of how natural selection shapes 

the diversity of human pigmentation could provide relevant and beneficial information for public health. 
During the last 10 years, studies have applied methods to detect signals of natural selection in several human pigmentation genes. 

These genes encode different proteins, such as signal regulators, possible enhancers, important enzymes, and putative exchangers. 

Although previous studies have been devoted to understanding the evolution of separate pigmentation genes, fewer studies have 

examined how multiple genes contributed to the evolution of human pigmentation. Moreover, none have quantitatively investigated 

the historical selective pressures of pigmentation genes during different epochs, and thoroughly compared the differences of selective 

pressures between different populations. 
In the present study, we developed a new method to dissect historical changes of selective pressures for different periods of human 

evolution. Our results showed not only independent selective pressures in Europeans and Asians, but also a significant historical 

increase of selective pressure on light pigmentation in all non-Africans at the early stage of the out-of-Africa event. Further, our 

results excluded the relaxation of selective pressures, and favored diversifying selection as a single explanation for the cause of light 

pigmentation in low UVR areas, a long-standing puzzle in the evolution of human pigmentation. Finally, our results indicate epistasis 

plays important roles in the evolution of human pigmentation, partially explaining diversifying selection on human pigmentation 

among populations. 
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Abstract: The origination and evolution of novelty is the most fascinating question in evolutionary biology. However, how the 

underlying gene networks are rewired to produce evolutionary novelties is largely unknown. Besides, what are the mechanisms behind 

the different evolvability of novelties also need to be investigated. The repeated evolution of innovative pigmentation patterns on the 

anal fin in East African cichlid fish is an ideal model to study these questions. Here we mainly focus on two such patterns: (i) egg-

spots, i.e. circular markings on the anal fin with different numbers, sizes and colours in the most species-rich lineage, haplochromine 

lineage. (ii ) the anal fin blotch with ill-defined boundary found in another independent ectodini lineage. Unlike egg-spots, the blotch 

shows almost no variation among species. Instead of focusing on individual genes, based on comparative transcriptomic and genomic 

analysis across the phylogeny, followed by a series of data analyisis such as positive selection detection, transcription factors binding 

prediction, and functional assays including in situ hybridization and transgene, our results proposed that compare to the blotch, egg-

spots might evolve a much more independent gene network from the ancestral anal fin, thus providing a clue for its higher 

evolvability. 
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Abstract: Promiscuous mating by females of a species is often accompanied by reproductive competition among the males of that 

species, and has been known to drive precocious male sexual development.  In this study, we examine two sister species of deer mice 

(Peromyscus maniculatus and Peromyscus polionotus) which exhibit dramatic differences in mating strategy, and consequently 

display an adaptive divergence in male reproductive timing. We have characterized differences in the timing of male reproductive 

development in these species and find that in P. maniculatus, where females are highly promiscuous, sexual maturity is reached much 

earlier than in P. polionotus, where females mate monogamously. We posit that this divergence has emerged as an adaptive response 

to differing levels of competition for females, allowing P. maniculatus males to compete for females from an early age. To investigate 

the contribution of cis-regulatory evolution on this phenotypic divergence, we performed gene expression profiling on testis tissue 

from P. maniculatus x P. polionotus F1 hybrids at ten time points across reproductive development. Analysis of allele specific 

expression profiles reveals sperm-specific calcium channel subunit, CatsperD, as a compelling candidate gene whose differential 

expression may contribute to the divergence in reproductive timing. Ultimately, we aim to identify the molecular mechanism by which 

differential CatsperD expression has evolved, as well as the consequences of this change for male reproductive phenotypes and fitness. 

Expanded summary*: Across the animal kingdom, female mate choice drives the evolution of sexually selected phenotypes in 

males, ranging from unique behaviors to vivid morphological features.  In particular, species with promiscuous females ï those that 

mate with multiple male partners ï tend to also have reproductive competition among males. In contrast, males of species where 

females mate monogamously typically lack these adaptive characteristics. In this study, we examine two sister species of deer mice 

(Peromyscus maniculatus and Peromyscus polionotus) which exhibit dramatic differences in mating strategy, and consequently 

display an adaptive divergence in male reproductive timing [1]. 
  
Like most mammals, P. maniculatus females are highly promiscuous, mating with multiple males within short time frames. In 

contrast, P. polionotus females are strictly monogamous, and males of this species lack certain features of sperm competition (e.g. 

larger testes and longer sperm) observed in P. maniculatus [2]. Much less studied are the differences in reproductive timing between 

these species. P. maniculatus males reach reproductive maturity at a faster rate than P. polionotus males, a divergence which we 

hypothesize has emerged as an adaptive response to differing levels of competition for females, allowing P. maniculatus males to 

compete for females from an early age. 
  
To investigate this hypothesis, we first characterized the differences between the two species in timing of male reproductive 

development. Through comparing testes size and histology, as well as ability to sire offspring, we found significant differences in age 

to reproductive maturity between these species, with P. maniculatus males reaching all reproductive benchmarks sooner than P. 

polionotus.  
  
To identify candidate genes underlying developmental differences, gene expression profiling is a powerful approach; however the 

major divergence in the rates of testes development makes between-species comparisons difficult to interpret in this case. We 

therefore took advantage of these speciesô ability to form viable F1 hybrids to study allele-specific gene expression, with the goal of 

identifying signatures of cis-regulatory evolution without any confounding effects of changes in developmental rates or cell type 

abundances. To assess allele-specific expression, we performed RNA-seq on testes samples from hybrid mice at ten time points 

spanning reproductive development. We found hundreds of genes that are differentially regulated between the two species, and 

identified a sperm-specific calcium channel subunit, CatsperD, as a compelling candidate gene whose differential expression may 



 
 
 

 
 
 

contribute to the divergence in reproductive timing. Ultimately, we aim to identify the molecular mechanism by which differential 

CatsperD expression has evolved, as well as the consequences of this change for male reproductive phenotypes and fitness. 
  
[1] Dewsbury, D. A. Social dominance, copulatory behavior, and differential reproduction in deer mice (Peromyscus maniculatus). -J. 

Comp. Physiol. Psychol.95, p. 880-895. 
[2] Linzey, A. V., and J. N. Layne. 1969. Comparative morphology of the male reproductive tract in the rodent genus Peromyscus 

(Muridae). American Museum Novitates 2355:1ï47. 
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Abstract: Therian (live-bearing) mammals nourish their developing young through both placentation and lactation, yet these 

processes are highly diverse between species.  This variation is particularly magnified when comparing marsupial and eutherian 

lineages, where the marsupial has a morphologically simple placenta and complex lactation while the eutherian has a structurally 

complex placenta and less dynamic lactation.  As both processes are central in nourishing offspring, it has been suggested that 

marsupials compensate for their simple placenta by expanding their lactation potential.  However, despite the lack of morphological 

complexity, the marsupial placenta functions to maintain pregnancy and embryonic development, indicating that the simple structure 

contains all of the capabilities of the more complex eutherian organ.  In this study we demonstrate that, despite its anatomical 

simplicity, the tammar wallaby (Macropus eugenii) placenta expresses a dynamic molecular program that is highly reminiscent of the 

eutherian placenta and we provide evidence that gene expression networks that are used to provide nutrients and embryonic growth 

factors have moved freely between placental and mammary gland cell types throughout the course of morphological evolution.  

Together, these data provide new molecular insight into the evolution of distinct reproductive strategies employed by therian 

mammals. 

Expanded summary*: Here we utilize transcriptome sequencing in the tammar wallaby to provide evidence that the classification of 

therian mammals into eutherian (placental) and marsupial (pouch-bearing) based upon having a ótrueô placenta is inaccurate. We show 

that the tammar yolk sac, often argued to be the cognate of the eutherian yolk sac, is surprisingly similar to the mouse and human 

placenta. Furthermore, immunofluorescence in tammar placenta demonstrates protein localization of genes known to be essential for 

eutherian placentation to distinct cell layers of the tammar placenta. This striking molecular conservation suggests that although the 

marsupial placenta is morphologically simple, it represents a ótrueô placenta reminiscent of the most complex eutherian forms. 
Once we solidify that the tammar wallaby does indeed have a eutherian-like placenta, we examine the evolution of placentation and 

lactation as strategies for nourishing young.  Marsupial biologists have hypothesized that these processes are involved in an 

evolutionary tradeoff and, as a result, marsupials favored the development of complex lactation while eutherians favored complex 

placentation to support fetal survival. Interestingly, we find that many of the genetic programs involved in lactation and placentation 

have been shared, co-opted and exchanged during evolution. These genetic programs have been shifted in both directions: from 

lactation to placentation and from placentation to lactation.  Overall, the recycling of genetic programs to optimize nourishment 

strategies in each species is a novel finding and surprisingly suggests that placentation and lactation are similar processes. 
Successfully producing offspring is at the heart of evolutionary success, yet the mammalian lineage provides a staggering number of 

ways to achieve this goal. Here we demonstrate that, despite this diversity, conserved molecular programs are utilized to facilitate fetal 

survival. This example underlies a general hypothesis that molecular programs underlying important organismal functions may move 

freely between different cell and tissue types throughout the course of morphological evolution. Comparative studies, such as this, 

enrich our understanding of the tree of life and act as springboard for further investigation into organismal diversity. We also hope that 

this work will correct widespread misinformation about the most fundamental of biological classifications ï that of our own closest 

relatives.  
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Abstract: Evolutionary genetic models are increasingly useful in the study of the genetic architecture of complex traits in humans. 

However, many fundamental assumptions and parameters of these models remain untested and unmeasured.  Medical genetic datasets 

may allow us to address this problem because they can be used to directly study natural selection in contemporary populations. We 

leveraged the UK Biobank, a prospective cohort study of over 500,000 phenotyped and genotyped individuals from the United 

Kingdom, to explore the linear and nonlinear relationships between phenotypes and reproductive success. A number of linear 

relationships were observed between complex traits and reproductive success using phenotypic data alone, suggestive of directional 

selection. The evidence also suggests that weak stabilizing selection is common. In general, it appears that stabilizing selection is less 

intense in humans than in other natural populations, but still may be an important factor shaping the genetic architecture of complex 

human traits. The evidence of directional selection is further supported by statistically significant estimates of genetic covariance 

between reproductive success and certain phenotypes via a bivariate linear mixed modeling approach. Finally, we show that finding 

similar genetic evidence for stabilizing selection is a difficult problem that appears intractable with current datasets and methods. 
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Abstract: A moderate number of genes have been associated with human pigmentary traits (skin, hair and iris color) using genome-

wide association studies (GWAS). Most of these GWAS have been carried out in European populations. However, the majority of 

these efforts have relied on qualitative assessments of eye and hair color, which fail to capture the underlying quantitative distribution 

of these traits. We performed a GWAS of pigmentary traits in 575 individuals of European ancestry. All traits were evaluated with 

quantitative methods: skin and hair pigmentation were measured with a reflectometer, and eye color was measured from high-

resolution photographs using the CIELab color space. The samples were genotyped with Illuminaôs Multi-Ethnic Global Array 

(MEGA), and untyped genotypes were imputed using as a reference the Phase 3 samples of the 1000 Genomes project. We identified 

signals within well-established genes associated with pigmentation of skin, hair, or iris, such as IRF4, OCA2, and HERC2. We also 

identified new regions associated with these phenotypes. For skin pigmentation, we identified genome-wide signals (p<5x10-8) within 

or near the genes WASF1/CDC40 and EGFR. For hair pigmentation, genome-wide signals were identified within or near the genes 

PRKAA2, FHIT, MATN2, KCNT1 and DENND5B. For eye color, we observed a very strong signal within the gene HERC2, which has 

been extensively associated with blue iris color. This region also shows genome-wide significance for central heterochromia. We are 

currently carrying out replication analyses in independent European samples to confirm the genomic regions identified in our study.  
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Abstract: The eye is a part of nervous system and connects the internal and external ecologies of organisms by processing visual 

information. The evolutionary study of eyes aims not only at determining the evolution of the particular organs but also at 

understanding the role of the organs in the diversification of species. A large number of studies on the developmental biology and 

molecular biology of eye evolution have revealed that there is a shared developmental process and a common gene regulatory 

network. Recent work on evolutionary genomics in various types of eyes, together with comparative analyses of gene expression 

comparison among closely related species, has led to the hypothesis of a dynamic mechanism for the diversification of eyes. Here, we 

conducted a comprehensive transcriptomic study of developing eyes of Nautilus and pygmy squid. As a result, although most 

upstream eye development controlling genes were expressed in both species, six3/6 that are required for lens formation in vertebrates 

was not expressed in Nautilus. Furthermore, many downstream target genes of six3/6 including crystallin genes and other lens protein-

related genes were not expressed in Nautilus. As six3/6 and its controlling pathways are widely conserved among molluscs other than 

Nautilus, the present data suggest that deregulation of the six3/6 pathway led to the pinhole eye evolution in Nautilus. During the 

transcriptomic study, we also found that there are alternative splicing variants of Pax6 genes in pygmy squid, that gene is known to be 

important for eye formation. Previous studies have reported that the developmental processes of vertebrate eyes are controlled by four 

Pax6 splicing variants, each modulating different downstream genes, whereas those of insect eyes are controlled by duplicated Pax6 

genes. In the splicing variants, the splicing patterns were produced by the combination of two additional exons to the ortholog and one 

jettisoned exon containing most of the Homeobox domain (HD). These five variants show spatiotemporally patterns of gene 

expression during development in the squid. Our study suggests that cephalopods acquired Pax6 splicing variants independent of those 

in vertebrates and that these variants were similarly utilized in the development of the squid eye. 
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Abstract: Studying the origin and evolution of vertebrate organs is difficult because many have ancient origins and have only evolved 

once in the history of vertebrates. The placenta is a great model to study the evolution of novel organs because it has evolved 

repeatedly in many vertebrate clades, it has evolved relatively recently in some lineages, and exists in intermediate forms in extant 

taxa. By studying a range of vertebrates we investigated the evolution of maternal-fetal interactions in the placenta. In terrestrial 

vertebrates, placentas form following the interactions of two distinct tissues, the luminal surface of the uterus, and the epithelial 

surface of an embryonic membrane. Using transcriptomics of the uterus and embryonic membranes from oviparous and viviparous 

vertebrates we show that the chorioallantoic membrane of amniotes (reptiles, birds, and mammals) was ancestrally an endocrine 

organ. We then show that the uterus of oviparous reptiles express receptors for the hormones and signalling molecules produced by 

the chorioallantoic membrane. We argue that the novel apposition of uterine tissues with embryonic membranes is sufficient for the 

generation of novel maternal-fetal signalling networks.  In a second example, we show that key components of implantation in 

eutherian mammals are the result of an ancestrally inflammatory interaction between the uterus and the apposed embryonic tissue. We 

argue that the interaction of placental tissues, is not merely a consequence of placenta formation, but that novel interactions form the 

basis of new placental regulatory networks, functions, and patterning mechanisms.  

Expanded summary*: Studying the origin and evolution of vertebrate organs is difficult because many have ancient origins and have 

only evolved once in the history of vertebrates. The placenta is a great model to study the evolution of novel organs because it has 

evolved repeatedly in many vertebrate clades, it has evolved relatively recently in some lineages, and exists in intermediate forms in 

extant taxa. 
An insight from studying the evolution of the placenta is that placental traits evolve by utilizing interactions from the novel apposition 

of maternal and feral tissues. In terrestrial vertebrates, placentas form following the interactions of two distinct tissues, the luminal 

surface of the uterus, and the epithelial surface of an embryonic membrane. 
Using transcriptomics of the embryonic membrane from horse, chicken, the viviparous southern grass skink, the oviparous Australian 

common garden skink, and both an oviparous and viviparous population of Bougainvilleôs skink, we show that these embryonic 

membranes are ancestrally endocrine organs. We then show using transcriptomics from oviparous and viviparous skinks that the 

uterus expresses genes that encode receptors for the produced hormones and signalling molecules are present in the uterus. Using 

these data, we show that the signalling networks present in viviparous skinks, would also exist in oviparous skinks, if the egg was 

retained in-utero and the egg shell lost. Therefore, the processes that occur during the evolution of viviparity (egg retention and loss of 

eggshell) are sufficient for the evolution of maternal-fetal signalling. We argue that the novel apposition of uterine tissues with 

embryonic membranes is sufficient for the generation of novel maternal-fetal signalling networks. 
In a second example, we show that key components of implantation in eutherian mammals are the result of an ancestrally 

inflammatory reaction of the uterus to the apposed embryonic tissue. One key example of this is the production of prostaglandin E2 

(PTGE2). Using transcriptomics and immunohistochemistry, we show that the uterus expresses the first and rate-limiting enzyme in 

prostaglandin synthesis (PTGS2), but that the final enzyme (PTGES) in PTGE2 synthesis, is expressed only in embryonic placental 

tissues. Therefore, the synthesis of this enzyme for regulating placental inflammation occurs only when these distinct tissues interact. 
We argue that the interaction of placental tissues, is not merely a consequence of placenta formation, but that these novel interactions 

form the basis of new placental regulatory networks, functions, and patterning mechanisms.  We propose that the novel apposition of 

tissues generally is an important process for deriving the unique set of interactions required to support the origin of a new organ. 
Significance: We present a new model for understanding the evolution of new organs in vertebrates. Through investigating the 

evolution of novel placental interactions we show that these interactions arise following the novel apposition of distinct tissue types, a 

phenomena that could occur elsewhere in an organism following structural rearrangements. This is a significant contribution to this 

field, because it presents a new model to understand the origin of organs in vertebrates and presents an important experimental system 

to investigate this model.  
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Abstract: The origin of novel cell types is a major mode for the evolution of complex body plans in animals. During development cell 

type identity is established by the activation of core gene regulatory networks (GRN), and thus we suggest that novel cell types arise, 

in part, through the evolutionary modification of existing core GRNs. Our model system for the origin of a novel cell type is the 

decidual stromal cell (DSC) of the uterine endometrium of placental mammals. This cell differentiates from endometrial stromal 

fibroblasts (ESF). Previously we have shown that an outgroup mammal, the opossum, has a cell type homologous to ESF, but these 

cells do not differentiate into DSC. We reconstructed the core GRN of human DSC via the integration of three distinct datasets: 

ATAC-seq, RNA-seq and transcription factor binding site matrices. This model is consistent with many known features of human 

DSC and predicts additional members of the network. We apply the same approach to the endometrial stromal cells of opossum and 

show that many features of the human DSC core GRN are shared in opossum. For instance, in response to progesterone and cAMP 

opossum ESF express and post-translationally regulate the FOXO1 protein, which is a key post translationally-regulated transcription 

factor driving differentiation of DSC in humans. Based on these comparative data we propose a model that predicts which changes in 

the core GRN likely were necessary for the origin of the DSC during mammalian evolution. We suggest that novel cell types arise 

through reprogramming of the downstream regulation caused by ancestral signaling systems. 
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Abstract: We have developed a bio-inspired robotic simulation framework that mimics the nested architecture of the biological 

evolutionary process to study biological complexity. Through simulating interactions between different components such as genes and 

gene regulatory networks, at different levels, from the individual to the population, this framework tries to reproduce the hierarchical 

and complex structure and context that we observe in biological evolution. Furthermore, our approach suggests a possible model to 

explain how evolutionary systems might overcome the ñcosts of complexityò by dynamically and gradually developing different self-

organized modular patterns at different scales through the interaction between its different components. Our previous simulation 

results have shown that such model leads to better adaptability and robustness of the system under a dynamically changing 

environment while shedding light on the emergence of complex traits. Currently, we are using this platform to examine the effects of 

polyploidy (whole genome duplication) on the evolutionary process in artificial organisms populations. 

 

Disclosure of Interest: None Declared 

 

Keywords: None 

 



 
 
 

 
 
 

 

SMBE 2017 

 

Evolution of gene regulation 

OT-EOG7 

Sequence properties of enhancers are conserved across mammals 

Ling Chen 1,*, Alex Fish 2, Tony Capra 1 2 

1Biological Sciences, 2Vanderbilt Genetics Institute, Vanderbilt University, Nashville, United States 

 

Abstract: Gene expression patterns and transcription factor (TF) binding preferences exhibit significant conservation across 

mammals; however, there is substantial turnover in active enhancers between closely related species. We investigated this seeming 

contradiction by quantifying the conservation of sequence patterns underlying histone-mark-defined enhancers across six diverse 

mammals (human, macaque, mouse, dog, cow, and opossum). In each species, we found that machine-learning classifiers based on 

short DNA motifs could accurately identify adult liver and developing limb enhancers. Applying these classifiers across species, we 

found that classifiers trained in different species performed nearly as well as classifiers trained on the target species, indicating that the 

underlying sequence properties of enhancers are largely conserved. We observed similar conservation with enhancers validated in 

transgenic reporter assays. Supporting the biological relevance of the learned features, the sequence patterns most predictive of 

enhancers in each species matched a common set of TF motifs that were enriched for expression in relevant tissues. These results 

suggest that, though the genomic regions with enhancer activity change rapidly between species, short DNA motifs encoding enhancer 

activity have been maintained across more than 180 million years of mammalian evolution.  
To explore the conservation of higher-order regulatory sequence properties, such as cooperative binding of TFs, we are integrating 

deep neural networks into our cross-species prediction framework. These models are capable of capturing more complex interactions 

between sequence elements and have shown state-of-art performance in regulatory sequence predictions. We will report preliminary 

results on the conservation of complex TF interactions found in enhancers across species.  
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Abstract: Regulatory differences in gene expression are an important source of phenotypic diversity. Therefore, understanding the 

molecular processes underlying gene expression variation is crucial in achieving a comprehensive picture of adaptive evolution. 

Three-spine sticklebacks provide a compelling system for studying the molecular basis of adaptation due to the independent 

colonisation of freshwater habitats by a marine ancestor, resulting in the parallel evolution of freshwater-adapted ecotypes. Moreover, 

whole-genome sequencing of multiple marine-freshwater population pairs has revealed the predominance of adaptive loci underlying 

marine-freshwater divergence that potentially involve regulatory changes. Hence, I use transgenic reporter assays in a reverse genetics 

approach to characterise the regulatory potential of several adaptive loci. Here, I have narrowed a 2500bp adaptive locus into a 500bp 

intergenic region that drives distinct eGFP activity in the sensory neuromasts of the stickleback lateral line. Neuromasts are 

mechanoreceptors that allow fish to sense water movement. Sticklebacks inhabiting different environments have been shown to 

exhibit parallel differences in neuromast number and patterning, which may confer adaptive advantages related to their particular 

ecology. This small 500bp region also falls within a QTL spanning multiple Mb that was identified in a previous low-resolution 

mapping study for lateral line variation. Currently, further functional dissection using quantitative reporter assays and genome editing 

is being carried out to identify the minimal neuromast-specific regulatory element and understand its effects on lateral line phenotype. 

Ultimately, I aim to elucidate the gene targets of this regulatory element to bridge the gap between genotype and phenotype in 

adaptively diverging natural populations. 
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Abstract: It is now reported that a number of genes have undergone adaptive evolution s ince 

anatomically modern humans (AMHs) migrated out of Africa. Yet, no such evidence has been 

found in any gene that is involved in mental activities. It is however conceivable and even likely 

that AMHs faced mental challenges in the out -of-Africa migratio n as well as in subsequent new 

settlements. Here we examine this possibility focusing on a gene that encodes STX, a transferase 

of polysiallic acids to neural adhesion molecules, and is known to be associated with 

schizophrenia when overexpressed. There ex ist three core SNPs that can primarily alter the STX 

promoter activity. These core SNPs define four haplotypes in the current human populations, of 

which one haplotype, denoted as CGC, is prevalent only in East Asians (though, to a lesser 

extent in South A sians and Americans as well). We first carried out the promoter assay of the 

four haplotypes, demonstrating significantly low promoter activity of the CGC. Furthermore, 

determining 63 haplotype sequences for a world -wide sample, we estimated that the CGC 

originated ~0.5 MYA and diverged 0.1~0.2 MYA in Africa. We also tested the 1000 genome data 

in terms of SFS (site frequency spectrum), rEHH and ROH (runs of homozygosity) in a 200 kb 

region surrounding the core SNPs. All these can be best explained by an on going soft sweep of 

the CGC in East Asian populations, thus providing the first evidence for positive selection on a 

gene associated with mental activities of AMHs.  
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Abstract: Promoters and enhancers cooperate to modulate gene expression, thereby playing an important role in all biological 

processes. While traditionally categorized separately, both primarily serve as binding sites for various transcription factors and might 

be considered different flavours of the same type of regulatory region. To tease apart potential differences between them, we analyzed 

sequence characteristics that distinguished óbroad' regions (active across multiple contexts) from ónarrowô regions (active in few) to 

see whether they were different between promoters and enhancers. In a machine learning framework, 6 bp-long sequences (6-mers) 

accurately predicted broadly active promoters and enhancers. 6-mers with high GC Content were highly weighted in both promoter 

and enhancer classifiers. However, in promoters, but not enhancers, CpG dinucleotides were independently associated with regulatory 

function and wider activity. We tested the ability of classifiers trained on one type of region to distinguish the other, and found that 

enhancer-trained classifiers were generally able to predict promoters at least as well as they predicted their corresponding enhancer 

training data. However, the reverse was not true, which suggests that enhancers have sequence characteristics not present in 

promoters. We tested the most informative 6-mers for similarity to transcription factor (TF) binding motifs, and found that promoter 

and enhancer classifiers emphasize different families of broadly active TFs. Our analyses suggest that while promoters and enhancers 

share some key sequence features, enhancers have a layer of complexity that promoter classifiers fail to identify, and highlights a 

connection between TF motif and expression patterns that differs between the two.  
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Abstract: Mutations occurring randomly throughout the genome have the potential to have non-random effects on phenotypes based 

on the regulatory steps required to translate genotypes into phenotypes, i.e. the genotype-phenotype map. Differences in the structure 

of the genotype-phenotype map among phenotypes may bias the phenotypic effects of new mutations, shaping the variation available 

for evolutionary change.  For the phenotype of gene expression, an example of this is the observation that a canonical TATA box 

motif in a geneôs promoter predicts higher mutational variance as well as faster rates of change in experimental evolution and greater 

polymorphism and divergence. Distinguishing the origin of patterns in phenotypic variation in natural populations thus requires 

separating the biases introduced by mutation alone from the effects of processes like selection and drift. The Wittkopp lab has 

previously described the spectrum of new mutations influencing expression of the gene TDH3 and shown that, even within a single 

gene, local (cis) and distal (trans) mutations exhibit opposite biases in the magnitude of expression changes they induce: cis TDH3 

mutations show larger magnitude decreases while trans mutations show larger magnitude increases in expression. However, the extent 

to which these patterns are generalizable across genes with different promoter architectures and evolutionary histories remains an open 

question. We will present results from mutagenesis of yeast promoters differing in expression noise, canonical TATA box status, 

number of predicted regulators, and nucleosome positioning to test hypotheses about the consequences of promoter architecture for the 

mutational variation that provides the raw material for evolution.  

Expanded summary*: Mutations supply the phenotypic variation that guides the course of evolution. If the underlying regulatory 

networks translating genotypes into phenotypes differ in their susceptibility to new mutations, some regulatory networks may offer 

more possibilities for variation than others. The Wittkopp lab has previously described the spectrum of new mutations influencing 

expression of the gene TDH3 and shown that, even within a single gene, local (cis) and distal (trans) mutations exhibit opposite biases 

in the magnitude of expression changes they induce: cis TDH3 mutations show larger magnitude decreases while trans mutations 

show larger magnitude increases in expression (Gruber et al 2012, Metzger et al 2016). These patterns are likely to differ substantially 

among promoters due both to the features of cis regulatory sequence and the structure of upstream regulatory networks that interact 

with it.  While a number of groups are studying the impact of cis changes on gene expression by systematically mutating transcription 

factor binding sites, promoters, or enhancers in regulatory sequences local to the gene of interest, mutations in trans may be 

particularly likely to produce changes in gene expression due to a larger potential target size alone. By investigating the impact of new 

mutations on promoters differing in properties including expression noise, canonical TATA box status, number of predicted 

regulators, and nucleosome positioning,we test hypotheses about the consequences of promoter architecture for the mutational 

variation that provides the raw material for evolution. Understanding the extent to which these properties constrain or amplify 

variation will help us to better interpret the role of forces like natural selection in shaping the patterns of variation observed among and 

between extant species. 

 

Disclosure of Interest: None Declared 

 

Keywords: None 



 
 
 

 
 
 

 



 
 
 

 
 
 

 

SMBE 2017 

 

Evolution of gene regulation 

OT-EOG13 

How to build a new transcription factor: a novel bat-specific KRAB-transposase fusion gene acts as a transcriptional 

represssor 

Rachel Cosby 1,*, Cedric Feschotte 1, Ellen Pritham 1 

1Human Genetics, University of Utah, Salt Lake City, United States 

 

Abstract: Transcription factors (TFs) are fundamental orchestrators of gene regulation. Yet, the mechanisms governing TF birth are 

poorly understood. Many TFs are derived from coopted transposable elements (TEs), an attractive model considering TEs possess 

DNA binding domains (DBDs) and disperse their cognate binding sites throughout the genome. Most of these TFs are ancient, 

however, making it impossible to identify the originating TE and whether it provided the TF's binding sites. In the absence of recent 

examples, this model has remained largely unexplored. We identify a young (~25my old), bat-specific transposase fusion gene, 

KRABINER, that acts as a transcriptional repressor in reporter assays. KRABINER is the product of a complete mariner transposase 

fusion to the KRAB domain of a preexisting KRAB-ZFP. We observe that KRABINER is under purifying selection across nine species 

of bats, and is expressed in at least three species. KRABINERôs functional domains, KRAB and TE DBD, are complete and required 

for repression upon binding to intact mariners. These data suggest that KRABINER is maintained to target mariners for silencing. 

KRAB-mediated repression frequently results in DNA methylation, and mariners are methylated in the bat genome. This suggests 

KRABINER might function to repress their activity. Our reporter assays indicate that genes near mariners can also be repressed, 

suggesting that KRABINER may regulate host genes. Domain analysis of tetrapod genes indicates that KRAB-transposase fusions 

occurred no less than 25 times across 20 different lineages. KRABINER thus affords an unprecedented opportunity to study a 

widespread, novel mechanism of genome defense and TF birth. 

Expanded summary*: Transcription factors (TFs) are critical orchestrators of gene regulation. Despite this, the age of most TFs 

makes it difficult to identify the mechanisms driving transcription factor birth. One possible model for TF birth is through cooption of 

transposable elements (TEs), especially cut-and-paste DNA TEs. In order to mobilize, DNA TEs  encode DNA-binding domains 

(DBDs) that target their own sequences, which are dispersed throughout the genome. Thus, DNA TEs are pre-built sources of DBDs 

and their cognate binding sequences. If fused to a domain that regulates transcription, cooption of TE DBDs could immediately give 

rise to a new TF. Indeed, many eukaryotic TFs are derived from TEs; yet these are also ancient, making identification of the 

originating TE impossible in most cases. Identifying younger TE-derived transcription factors in mammals is especially difficult, 

given that DNA TEs are extinct in mammalian genomes, except for the vespertilionid (vesper) bats. Without recent examples, this 

model has remained largely unexplored. 
To revisit this model, I examined de-novo transcriptomes of vesper bats for transposes fused to other protein domains. In doing so, I 

identified a novel, lineage-specific transposase fusion gene, KRABINER, as a bat-specific isoform of a Kruppel-associated box zinc-

finger protein (KRAB-ZFP) gene, ZNF112, otherwise conserved in eutherians. KRABINER consists of a complete Mlmar1 mariner 

transposase fused in frame to a KRAB domain, resulting from the insertion and subsequent exonization of a Mlmar1 element into the 

last intron of the ZNF112 gene. KRAB-ZFPs are the largest TF family in mammals, and are known to regulate both developmental 

processes and TE activity via their repressive KRAB domain. RNA-seq and qPCR confirmed both isoforms are expressed in fibroblast 

cell lines of at least three bats, and the Mlmar1 insertion responsible for this fusion is orthologous in at least nine species, indicating 

that KRABINER is young (~25 million years old). Selection analysis of these orthologs indicates that KRABINER has evolved under 

purifying selection since its inception (dN/dS = 0.3, p < 0.001 LRT). 
Given the robust repressive activity of the KRAB domain and its fusion to an intact mariner DBD, I hypothesized that KRABINER 

functions as a transcriptional repressor by binding to Mlmar1 elements in vesper bat genomes. To test if KRABINER is capable of 

repression, I performed dual-luciferase reporter assays in both human and bat cells. Specifically, I compared luminescence of cells 

transfected with luciferase driven by either an intact or scrambled mariner in the presence of either overexpressed KRABINER or an 

empty vector. Across three independent experiments in human cells, I determined that KRABINER does repress transcription of 

luciferase in the presence of an intact mariner (MEAN: 2.1% of empty vector; SEM: +/- .007%, n=15) but not in the presence of a 

scrambled mariner (MEAN: 91% of empty vector; SEM: +/- 0.7%, n=15), indicating that its repressive ability is dependent upon 



 
 
 

 
 
 

transposase binding. I observed a similar effect in bat cells. Taken together, these data indicate that KRABINER is a transcriptional 

repressor. Whether or not it binds Mlmar1 elements in bat genomes remains unknown, and ChIP-seq experiments to test this are 

currently underway. Nevertheless, the heavily methylated status of Mlmar1 elements in bat genomes suggests they are repressed by 

some mechanism. Additionally, if genes near mariners are repressed, as the reporter assays suggest, then KRABINER could function 

as a novel TF in bat cells. To test if KRAB-transposase fusions could be a widespread mechanism for TF birth, I examined the domain 

structure of annotated tetrapod genes. In doing so, I determined that KRAB-transposase fusions occurred no less than 25 times across 

20 different lineages. KRABINER thus affords an unprecedented opportunity to study a widespread, novel possible mechanism of 

genome defense and TF birth. 
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Abstract: Interlocus gene conversion homogenized the sequences of paralogous genes, which led to concerted evolution of gene 

families. It has not reached a consensus about the rate of interlocus gene conversion and what drives the occurrence of gene 

conversion. Paralogous genes generated by whole genome duplication events, or ohnologs, have the similar age, which allows us to 

infer whether gene conversion occurred and duration of concerted evolution.  In this study, we developed a progressive method to 

detect gene conversion and to estimate duration of concerted evolution by analyzing the phylogenetic relationships and sequence 

divergence of ohnologs from multiple species with different divergence times. Based on analysis of 547 ohnologs from the budding 

yeast Saccharomyces cerevisiae and their orthologs from seven closely related species, we found that up to 32% of ohnologs 

underwent gene conversion.  However, the durations of concerted evolution differ substantially among these ohnologs. The genes with 

longest durations of concerted evolution are highly enriched in the group of forming macromolecular complexes, such as ribosomal 

proteins. The similarity of gene expression patterns across many experimental conditions between onologous pairs is positively 

correlated with duration of concerted evolution, which means that onologs with ongoing gene conversion have most synchronized 

gene expression patterns. We found that the promoter sequences of these genes were also likely been converted.  In summary, our 

results suggested that gene conversion not only preserves sequencing similarity of paralogous genes but also synchronizes their 

expression patterns, probably driven by maintaining the stability and normal functions of macromolecular complexes.  
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Abstract: Accelerated evolution in ape genomes affects distinct conserved non-coding elements in shared developmental loci 

Some of the fastest evolving regions of the human genome are conserved non-coding elements with many human-specific DNA 

substitutions. These Human Accelerated Regions (HARs) are enriched nearby regulatory genes, and many function as developmental 

enhancers. To investigate if this evolutionary signature is unique to humans, we developed a framework of nested likelihood ratio tests 

to quantify evidence of accelerated substitutions in conserved genomic elements across multiple lineages. We applied this approach 

simultaneously to the genomes of five apes: human, chimp, gorilla, orangutan, and gibbon and find roughly similar numbers and 

genomic distributions of lineage-specific accelerated regions (linARs) in all five apes. In particular, apes share an enrichment of 

linARs in the distal regions of chromosome arms and in non-coding DNA nearby genes involved in development, especially 

transcription factors and other regulators. Many developmental loci harbor clusters of distinct linARs from multiple apes, suggesting 

that accelerated evolution may have affected similar developmental pathways across species. Our statistical tests distinguish between 

GC-biased and unbiased accelerated substitution rates, allowing us to assess the roles of different evolutionary forces in creating 

linARs. We find evidence of GC-biased gene conversion in each ape, but signatures consistent with selection are more common in all 

five lineages. It therefore appears that similar evolutionary processes created independent accelerated regions in the genomes of 

different apes, and there is a remarkable clustering of these lineage-specific elements in a shared set of developmental loci. 
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Abstract: Biochemical reactions within individual cells often result from the interactions of molecules in small numbers, and as such 

the inherent stochasticity of binding and diffusion processes generate noise along the cascade that leads to the synthesis of a protein 

from its encoding gene. As a result, isogenic cell populations display phenotypic variability even in homogeneous environments. The 

extent and consequences of this stochastic gene expression have only recently been assessed on a genome-wide scale, in particular 

owing to the advent of single cell transcriptomics. The evolutionary forces shaping this stochasticity have yet to be unraveled. We 

took advantage of three recently published data sets of the single-cell transcriptome of the domestic mouse Mus musculus in order to 

characterize the effect of natural selection on gene-specific transcriptional stochasticity. We showed that noise levels in the mRNA 

distributions (transcriptional noise) significantly correlate with gene function and gene age, but the main factor that explains observed 

levels of transcriptional noise is the position of the encoded protein in the biological pathway. Central genes in particular are more 

deterministically transcribed than the rest. We argue that these results are consistent with models of noise propagation within gene 

networks. Transcriptional noise is under widespread selection and therefore constitutes an important component of the phenotype. 

Differences in expression variance ï not only in mean expression level ï potentially constitute a mechanism of adaptation and should 

be considered by functional and evolutionary studies of gene expression. 

Expanded summary*: Biochemical reactions often result from the interactions of individual molecules in small numbers, and as 

such the inherent stochasticity of binding and diffusion processes generate noise along the cascade that leads to the synthesis of a 

protein from its encoding gene. As a result, isogenic cell populations display phenotypic variability even in homogeneous 

environments. The intensity of this noise is under selection and hence should depend on gene function. We investigated this 

hypothesis using three publicly available datasets of the mouse single-cell transcriptome. 
Currently available measures of expression noise have the drawback of being correlated with the mean expression of genes. This can 

lead to spurious associations between noise and other functional and/or evolutionary variables if these are correlated with the mean 

expression level. To sort this out, we fit a linear model on the log-transformed means and variances of all available genes in order to 

estimate the coefficients a and b of the resulting power law regression. We used these coefficients to define a new measure of noise as 

the ratio of the observed variance, and the variance predicted by the linear model: 
F* = (ů2 / a · ɛb ) 
By construction, F* is independent of the mean expression level, and therefore is a suitable noise metric for investigating the 

evolutionary forces driving expression noise. 
Using the set of genes at both ends of the F* spectrum (i.e.,  genes with the 10% highest and lowest expression noise) to perform both 

Gene Ontology and Reactome Pathway enrichment analyses, we showed that the least noisy genes are enriched for functions that 

relate to the gene expression modulus (i.e., they mostly belong to pathways and ontologies linked to transcription or translation). This 

result is in line with theoretical predictions that noise should be reduced in top-level genes to avoid deleterious propagation down to 

other networks. On the other hand, the noisiest genes are not enriched for any ontology or pathway. While some genes can benefit 

from being stochastically expressed (e.g., to promote phenotypic diversity in the context of fluctuating environmental conditions), they 

may not have been active in the datasets of unstimulated cells that we analysed. 
To better understand the mechanisms of noise propagation, we considered all pathways annotated to the mouse in the Reactome 

database and computed several network centrality measures for their constituent proteins. At the node level, we showed that the more 

connections a protein has, the less stochastic is the expression of its encoding gene. Interestingly, proteins with similar F* tend to 

avoid connecting to each other, which may represent another mechanism to avoid noise propagation inside the network. Likewise, at 

the whole-network level, pathways whose proteins are more central display lower transcriptional noise, taken as an average among the 

constitutive genes.  
Finally, we used the first axis of the principal component analysis of network centrality measures to define a synthetic variable 

(SynthNet) that represents the influence of network topology on the level of transcriptional noise of each gene. We combined this 



 
 
 

 
 
 

variable with the Ka / Ks ratio of each gene as computed using the human ortholog, as well as the phylostratigraphic gene age, to 

perform linear model selection with F* as a response variable. The selected model according to Akaikeôs information criterion has all 

explanatory variables with a significant effect, but presents SynthNet as the variable that explains most of the variance in F*. We 

believe that the deleterious effect of noise propagation both within and among pathways is the main driver of natural selection for 

reduced noise in genes that code for central proteins. 
Transcriptional noise is an essential component of an organismôs phenotype, in addition to the mean expression level and the actual 

sequence and structure of the encoded proteins. The study of gene expression must consider changes in noise, in addition to changes in 

mean expression level, as a putative explanation for adaptation. Our new measure of noise should prove useful to this end. Moreover, 

the main factor setting the upper threshold in expression noise is the position of proteins inside pathways. That is, central genes are 

more constrained in order to avoid deleterious noise propagation. Combined, these results should provide insight for future work that 

further investigates the architecture of noise and how it influences the metabolism of cells under conditions where high noise could be 

favored (e.g., stimulated immune cells). Given the fundamental nature of biochemical networks, our conclusions should be extendable 

to a wide range of organisms and therefore have a broad impact in the field.  
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Abstract: We estimate the degree of ongoing sexually antagonistic selection in flour beetles by comparing sex biased gene expression 

to differences in allele frequency between the sexes.  Organisms with separate sexes often experience selection for different optimal 

phenotypes in males and females.  This sexually antagonistic selection results in sexually dimorphic phenotypes, which are ultimately 

mediated by sex-biased gene expression.  What remains less clear is whether the extensive sex-biased gene expression observed in 

many organisms is a signature of ongoing sexually antagonistic selection or it reflects antagonism that is already resolved.  A recent 

genome-wide scale analysis in humans and flies reported a "twin peaks pattern" where genes with intermediate levels of sex-biased 

expression show a stronger signature of ongoing sexual antagonisms (as indicated by higher Fst between sexes) than genes with no 

sex-bias, or extreme sex-sex bias.  Our study takes a similar approach.  We use whole genome sequences of individual male and 

female Tribolium castaneum (flour beetle) from 4 populations to calculate Fst between sexes and compare to whole-genome 

expression data from gonad tissues and whole-body. 
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Abstract: Humans and our closest living relatives differ in many important traits, including diet and metabolism. 

Identifying the origin and regulation of these traits is crucial to understanding our own evolutionary history. 

Further elucidation of the evolutionary basis and molecular underpinnings of many uniquely human traits 

however, has previously been hampered by the limited access to samples from non-human primates and an 

inability to perform experiments on these precious samples. The development of induced pluripotent stem cell 

(iPSC) lines from multiple primate species has recently allowed for renewable access to a variety of cell types, 

control of genetic effects, reduced environmental variability, and the ability to carry out experimental 

manipulations. Combining iPSCs with several óomic approaches provides a toolkit with which we can further 

understand the evolution of gene expression and regulation in a particular cell type. Adaptive changes in 

adipocytes, the key component cell of white adipose tissue, were likely crucial during human evolutionary 

origins. Adipocytes are both the primary energy reserves in the body and a key metabolic regulator furthermore, 

shifts in metabolic function and diet were of particular importance. We have used adipocytes derived from 

human and chimpanzee iPSCs to measure genome-wide gene expression and perform regulatory-element 

sequencing. Together, this allows for the identification of adipocyte-specific differences in molecular, cellular, 

and metabolic traits. Our results demonstrate the utility of  iPSCs for providing insights into the evolution of 

key metabolic traits that distinguish humans from our closest relatives. 
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Variation in post-mating transcriptional changes, fecundity and behavior in female D. melanogaster: the roles of female 

and male genotype 

Sofie Delbare 1,*, Clement Chow 2, Mariana Wolfner 1, Andrew Clark 1 

1Molecular Biology & Genetics, Cornell University, Ithaca, 2Human Genetics, University of Utah School of Medicine, Salt 

Lake City, United States 

 

Abstract:           In many organisms, mating induces a multitude of changes in female behavior, physiology and transcriptome. Studies 

have shown that interactions between female and male genotype lead to variation in post-copulatory phenotypes and reproductive 

success. In this study, we use the model system Drosophila melanogaster to investigate whether such female x male genotype 

interactions are manifested at the level of the phenotype as well as at the transcriptional level. 
To answer these questions, we used D. melanogaster inbred lines derived from five geographically dispersed populations. Females 

from each line were singly mated to males from each of the same five inbred lines. RNA-seq was done on whole mated and virgin 

females to detect transcriptome changes evident at five to six hours after mating. We fitted linear models to assess whether female 

genotype, male genotype, or their interaction affected post-mating gene expression changes. In addition, we assayed reproductive 

output and receptivity. 
We find large differences in post-mating phenotypes due to interactions between female and male genotype. On the level of the 

transcriptome, there are few effects of female and male genotypes separately, which suggests that post-mating gene expression 

changes are robust across the genetically diverse inbred lines used here. On the other hand, we find that several groups of genes 

respond strongly to mating only in particular combinations of females and males. These genes are enriched for immune response 

genes, odorant-binding genes and genes expressed exclusively in the head. In some cases, variation in gene expression is correlated 

with reproductive output. The transcriptional variation found in specific functional classes of genes might be a read-out of female x 

male compatibility at a molecular level, and it will be interesting to determine the exact roles these genes play in the female post-

mating response. 
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Abstract: Gene expression is not only an intermediate step linking genotypic variation to higher-order phenotypic variation, it is a 

complex trait that offers unique opportunities to study the regulation of phenotypic variation. To date, key limitations in Drosophila 

studies have been small sample sizes, the use of inbred lines, and a skewed allele frequency spectrum. This has limited the power to 

detect genetic associations. We have addressed these limitations by creating a hyper-recombinant outbred population of Drosophila 

melanogaster. This community resource allows us to move away from inbred lines, and assay individual outbred flies. At the same 

time, we have developed an experimental and analytical approach that allowed us to genotype thousands of flies, individually. We 

used a genotype-by-sequencing approach to obtain SNP data, and developed a new method (TaqSeq) to obtain gene expression data at 

a fraction of the cost of existing methods. SNP and RNAseq data was obtained for 5000 individual flies; this resulted in unprecedented 

statistical power and resolution to detect both cis and trans eQTL, going far beyond previous studies. Our results show the most 

complete picture of transcriptional regulation in Drosophila, and offer a new perspective on gene regulation in flies by linking genetic 

to phenotypic variation at the individual level. 

Expanded summary*: Phenotypic robustness, understood as the regulation of phenotypic variance is a fundamental characteristic of 

living organisms. This assures a relative stability of phenotypes even when organisms are exposed to stressful internal or external 

environments. However, it has been extensively documented that stressful conditions decrease organismal robustness resulting in an 

increase of phenotypic variance at the population level. Although ubiquitous in biology, the underlying genetic factors driving such 

shift in variance are poorly understood. My research directly addresses this question: how is phenotypic robustness regulated at the 

genomic level. 
I use flies (Drosophila melanogaster) as research organism given the feasibility of obtaining big sample sizes, and the extensive 

genomic resources available for this system; both are requirements for the success of the project. The phenotype of interest is gene 

expression. Not only is gene expression an intermediate step linking genotypic variation to higher-order phenotypic variation, but it is, 

per se, a complex phenotype. It has been documented that the variance around a mean gene expression value is genotype-dependent. 

Therefore, some individuals have more (or less) potential to deviate from the mean than others. Is this propensity to high (low) 

variance enhanced under stress? Are the genomic loci controlling variance under standard conditions the same ones controlling this 

trait under stress? I explore this questions by mapping expressionQTL (eQTL) and variance-eQTL (v-eQTL)1 in two different 

environments: standard fly food, and high-sugar diet that represents an stress for the flies.   
Previous eQTL studies in Drosophila have used inbred lines, pooled sequencing, and small sample sizes. This have resulted in limited 

power to detect genetic associations responsible for gene expression variation (eQTL), let alone to map v-eQTLs. We have addressed 

these limitations by creating a hyper-recombinant outbred population of Drosophila melanogaster. This resource allows us to move 

away from inbred lines, and assay individual outbred flies. To get around sample size limitations, we have made feasible the 

genotyping and RNA quantification of thousands of individual flies by a fraction of the cost of existing methods. In short, we have 

developed a genotype-by-sequencing method, and RNAseq protocol based on Tn5 (TagSeq) that allowed us to screen 5000 flies in the 

control environment and 5000 flies in the high-sugar environment. 
The first part of the project, the one I have submitted to present at the SMBE conference, focuses on mapping the genomic loci 

regulating gene expression (eQTL) in the control environment. Given the differences in the experimental design between this project 

and previous Drosophila studies, our results have unprecedented statistical power and resolution to detect both cis and trans eQTLs, 

going far beyond previous studies. We have generated the most complete picture of transcriptional regulation in Drosophila up to date, 

and offer a new perspective on gene regulation in flies by linking genetic to phenotypic variation at the individual level. 
The next step in the project is to identify the genomic loci controlling variance in gene expression (v-eQTL) in the control 

environment. The eQTL and v-eQTL maps will be defined for the high-sugar environment. The comparison between control and 

stress conditions is the ultimate goal of this research. It will allow us to reveal cryptic genetic variants only relevant under stress, and 

to explore how stress disturbs the co-expression networks present in normal conditions. The analysis of this data will reveal the 



 
 
 

 
 
 

genomic loci associated with variation in transcriptional robustness between individuals, and will ultimately offer a deeper 

evolutionary and medical understanding of phenotypic robustness. 
1 v-eQTL are loci whose allelic state predicts the amount of variability around the expected mean. 
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Abstract: Adaptive changes in cis-regulatory elements are an important component of evolution by natural selection. Several 

statistical methods (e.g. branch-site and branch-only tests) have been developed to survey ancient events of adaptive evolution along 

promoter regions and non-coding elements in apes and other mammals. An important challenge in detection of positive selection is the 

identification of appropriate and representative neutrally evolving sequences. Differences in mutation rate caused by demographic 

events may influence the significance of the signatures of adaptive selection for a given DNA element. In other words, faster 

neutrally-evolving genomic regions may obscure elements evolving by positive selection, while slow evolving neutral regions may 

overestimate the significance of a weak or neutrally evolving DNA element. The genome assemblies of humans and other great apes 

have been improved considerably in the past few years. Likewise, new computational methods have been able to align these genomes 

with more accuracy. A major remaining challenge, however, is identifying sufficient neutral proxy sequences lying outside of known 

functional elements. Here, we used functional genomics data sets (ATAC-seq) from primate brains and fibroblasts to identify putative 

regulatory elements. We then mask all known functional elements, drawing on data from the ENCODE and GTEx project.  We 

measure the effect of estimating selection by sampling the remaining putatively neutrally evolving alignments at both the global and 

local level. More specifically, we compared each open-chromatin site against a random genome-wide alignment of putatively non-

functional regions evolving at an average rate, and against at least 20 flanking alignments within 10Kb, 40Kb and 100Kb windows 

using likelihood approaches. We argue that the combination of these methods can increase the sensitivity by modulating the 

conservativeness of this test, and allow one to test putative regulatory elements despite being located within regions that are highly 

masked for exons, introns and other known regulatory elements. 
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Abstract: Complex behaviors, such as vocal learning (the ability to actively modify vocal production in response to auditory 

feedback, as in speech), require tight organization of gene activity across a vast array of interconnected cell types and tissues. Tracing 

the evolution of gene regulation associated with behavior has proven challenging, but by integrating novel computational and 

experimental comparative approaches, we are beginning to make inroads into the problem. We previously demonstrated that the 

convergent evolution of learned vocal behavior in humans and birds, which also show convergent specializations in brain circuits 

devoted to this behavior, also show convergent specializations at the level of gene expression. In the brain regions that control the 

production of learned vocalizations, we identified convergent changes in gene expression that were unique to vocal learners (humans, 

songbirds, parrots, and hummingbirds), and not present in their vocal non-learning relatives (non-human primates, doves, and fowl). 

Given that convergent evolution of behavior is associated with convergent specializations in gene expression, we sought to discover 

whether this convergence also existed at the level of gene regulation, specifically within the domain of epigenetic modification of 

enhancer sequences.  
To study enhancer regions across large evolutionary distances, we built and validated a specialized pipeline. First, we used multiple 

sequence alignments to map a set of ~60,000 known the brain enhancers to the genomes of 100 different vertebrate species. In the 

orthologous enhancers of chimpanzee, macaque, and zebra finch, we estimated enhancer activity using ChIP-Seq for an associated 

chromatin modification (H3K27ac) in two brain regions, the cortex and the striatum. We found strong conservation of cortical vs. 

striatal enhancer specificity between humans and non-human primates. Surprisingly, this cortical vs. striatal enhancer activity also 

showed conservation between human and zebra finch, despite the extensive nucleotide turnover occurring over the >300 million years 

of evolutionary distance between birds and mammals.  
Using this framework, we next identified enhancers found near critical genes with specialized expression in vocal learning birds and 

humans, that also show specialized enhancer activity in speech motor cortex of humans. Remarkably, investigations of this set 

revealed that the change in enhancer activity correlated with the specialized transcriptional changes in brain gene expression in vocal 

learners. To validate and refine our models of enhancer evolution, we have taken several steps to adapt a massively parallel reporter 

assay for in vivo use.  
In sum, our work demonstrates that the convergence in behavior, neuroanatomy, and gene expression also extends to convergence in 

the epigenetic domain, supporting enhancers as a prime candidate for driving the evolution of complex behavior. 
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Abstract: The genetic basis of postcopulatory sexual selection is poorly understood, even though gametic interactions are essential to 

reproductive fitness. Importantly, postcopulatory sexual selection processes can drive formation of new species by establishing 

barriers to fertilization. Here we use the Drosophila virilis sub-group as a model to investigate the genetic basis of gametic 

incompatibilities between species. First, using RNA-seq of adult male reproductive organs, we identify candidate genes that are part of 

the seminal fluid secretions. Seminal fluid proteins (SFPs) are know to affect a variety of post-mating responses in the female, and are 

the main paternal effectors in pre-fertilization gametic interactions. We show that these SFPs are rapidly evolving between species, 

and that the most rapidly evolving SFPs reside within genomic regions that cause paternal incompatibility between species. Second, 

we examine the regulatory response in female mated to con- and heterospecific males to identify genes that show abnormal 

postmating responses. We find that heterospecific males transfer testis-specific RNAs, and induce abnormal upregulation of several 

serine-protease inhibitors in the reproductive tract of females in the first 6 hours after mating. Although we find that the majority of 

female-specific reproductive genes do not evolve rapidly, one of the misregulated, reproductive tract-specific transcripts evolves 

rapidly, and resides within a region that contributes to gametic incompatibility in interspecific crosses. We are currently using 

CRISPR-Cas9 knock-outs to examine the functions of these candidate genes, in addition to using GFP-tagged sperm to understand the 

functional roles these genes play. 

Expanded summary*: Postcopulatory sexual selection is a potent evolutionary force that can drive rapid divergence of reproductive 

genes. In polyandrous speciesðwhere a female can store sperm from multiple malesðthe opportunity exists for either sperm 

competition among rival males or preferential fertilization through cryptic female choice. Both of these processes are pervasive in 

insects and many polyandrous mammals, and are thought to be potential drivers of speciation. While behavioral ecologists have 

elucidated much of what is known about postcopulatory processes in many taxa, little is known about the molecular genetic 

mechanisms that control these processes. With the advent of high-throughput sequencing, shot-gun proteomics, and accessible 

molecular tools for non-model organisms, the genetic basis of postcopulatory sexual selection can now be interrogated with rigor in a 

wide variety of genetically tractable species. 
  
My research integrates genetic, molecular and bioinformatic approaches to understand the evolutionary dynamics of postcopulatory 

interactions between males and females. In particular, my goal is to identify important genes that mediate postcopulatory interactions, 

how these genes are affected by variation within species, the consequences of divergence of these genes between species, and the 

postcopulatory functions of these genes. To accomplish this, I use the virilis group of Drosophila as a model because this species 

group rapidly evolves interspecific gametic incompatibilities that deem heterospecific sperm incapable of fertilization. Thus, this 

model system allows detailed investigation of the genetic mechanisms that cause gametic isolationðalso known as postmating 

prezygotic reproductive isolationðand provides an ideal system to characterize the genetic basis of postcopulatory sexual selection 

processes within species.  
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Abstract: Functional hermaphroditism describes the ability to transition between ova and sperm production at some point in adult life, 

and has evolved independently numerous times across a broad range of teleost fish taxa. While many aspects of hermaphroditic sexual 

lability have been explored, we know very little about the gene networks that regulate functional shifts in gamete production. 

Knowledge of these gene networks would provide a rich source of information from which to propose hypotheses regarding the 

evolution of functional hermaphroditism in fishes. The family Gobiidae is the ideal system in which to explore both the evolution and 

development of sexual lability. This taxon is the second largest vertebrate family, and it has been hypothesized that hermaphroditism 

has arisen independently as many as five times within this group. This study examines shifts in sexual function from ova to sperm 

production in the marine gobies, Eviota epiphanes and Lythrypnus dalli, from both a morphological and a molecular perspective. We 

have performed whole transcriptome sequencing on the gonads of these fishes as they transitioned between gamete types. With these 

data we have been able to make comparisons between these species with regard to what genes are being used to regulate these shifts, 

when they are being upregulated, and the levels of gene expression. These data will be used to construct gene coexpression networks 

to provide insight into the gene regulatory pathways that govern changes in sexual function and to test the hypothesis of the 

independent origin of hermaphroditism with respect to these two lineages.  

Expanded summary*: Mechanisms responsible for the development of specific sexual phenotypes (i.e. male, female, hermaphrodite) 

show remarkable diversity throughout the animal kingdom. Variation in factors important in the development of sexual phenotypes 

can be a major driver of speciation. For example, in many animal taxa strong positive selection has been found for numerous sex-

related genes, which also undergo accelerated rates of evolution. Despite the central importance of sexual phenotypes in animals, 

studies of the underlying mechanisms associated with sexual development have been confined to a small number of model organisms, 

which are not sexually plastic. This offers a limited view of the evolution of sexuality and fails to elucidate broader patterns and 

innovations in sexual development. 
Teleost fishes show the greatest diversity and flexibility in sexual systems and sexual expression among vertebrates. Functional 

hermaphroditism in which individuals produce both ova and sperm at some time during adult life, in particular, has been the focus of a 

large body of research. The mechanisms underlying the ability to transition from producing one gamete type to another, including the 

gene networks that regulate this transition however, are not well understood. 
My dissertation research goals are to develop a genetic model for sex reallocation using next generation sequencing in the 

hermaphroditic gobiid species, Lythrypnus dalli and Eviota epiphanes. These species represent two gobiid lineages which are 

proposed to have independently-derived hermaphroditism, based on their phylogenetic relationships and their unique and differing 

gonad morphologies. These two species are found in different clades, sharing their most recent common ancestor over 40 million 

years ago, and there are many intervening lineages of non-hermaphroditic species between them. 
The process of sex reallocation will be characterized in these two goby species by comparing concurrent changes in gonad 

morphology and gene expression as individuals transition between ova and sperm production. Co-expression networks will be 

generated from RNAseq data for each species and compared, to determine to what extend they exhibit differences in gene function 

and gene interaction associated with gamete production. A finding of identical regulatory processes between these two species will 

support a conservation of evolved mechanisms associated with shifts in gamete production, while a finding of differing regulatory 

processes will support a hypothesis of divergence in underlying regulatory mechanisms 
This study will establish a methodology for future studies on sexual development of both fish and other vertebrates. The overall focus 

of this study is the use of a comparative approach to address questions surrounding the evolution of novelty and speciation, through 

the examination of reproductive processes associated with repeated shifts in sexual function. Hypotheses regarding the evolution of 

hermaphroditism have been proposed for fishes, but have never been tested at the gene regulatory level. This study will be testing one 



 
 
 

 
 
 

such hypothesis, using molecular methods, in the family Gobiidae, and will establish a methodology for similar hypothesis-testing 

approaches in other taxa. 
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Abstract: PIWI proteins and PIWI interacting RNAs (piRNAs) are part of a cellular pathway that protect 

genomes against the proliferation of transposable elements (TEs). PIWIs and piRNAs assemble into 
complexes that are involved in epigenetic and post-transcriptional repression of TEs, where piRNAs 
identify targets for these complexes via sequence complementarity.  TE silencing occurs via a feed-
forward amplification loop known as the ñping-pongò cycle. Here, we compare piRNA repertoires, 
PIWI expression, and TE expression throughout development in rabbit, mouse, and ground squirrel, a 
mammal with very low levels of TE activity to gain insights into the interplay between piRNAs, PIWIs 
and TEs. Specifically, measured the expression of PIWI proteins and their piRNA counterparts to ask 
how piRNA responses relate to variable TE content. Our results suggest major differences in the 
temporal expression of PIWI in the ground squirrel compared to rabbit and mouse. We also identified 
temporal variation of TE expression in the rabbit and mouse; temporal changes were absent the 
ground squirrel. Lastly, we found an increase in the ping-pong response resulted in a decrease of TE 
transcription in the mouse and rabbit, but this observation was absent in the squirrel. Our major 
findings indicate that in a genome with a limited TE threat, PIWIs incorporate sense and anti-sense 
TE transcripts into a ping-pong pathway but do not appear to reduce TE transcription. 
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Abstract: A-to-I editing refers to the cellular process that enzymatically converts adenosines to inosines in RNA molecules. Because 

ribosomes interpret inosines as guanines, RNA editing in coding regions could lead to amino acid changes in the encoded proteins. 

Previous transcriptome studies revealed diverse patterns of A-to-I editing across species. In humans, the frequency of nonsynonymous 

editing relative to that of synonymous editing (FN/FS) is lower than 1, and the median level of nonsynonymous editing relative to that 

of synonymous editing (LN/LS) is also lower than 1. In squid and fruit fly, FN/FS < 1 but LN/LS > 1. In Fusarium fungi, FN/FS and LN/LS 

both exceed 1. To understand why FN/FS and LN/LS vary substantially among species, we modeled the evolution of RNA editing by 

considering the editing level of a site as a quantitative trait. Our model includes parameters of mutation rate, mutation size, natural 

selection, and population size, and can more or less recapitulate the observe patterns of RNA editing in different species. We found 

that positive selection for RNA editing has to be invoked to explain FN/FS > 1; the same is true for LN/LS > 1. Nevertheless, we also 

found that unbiasedly estimating FN/FS and LN/LS can be difficult because of potential mutational biases in creating editing substrates. 

These results cation evolutionary interpretations of FN/FS and LN/LS estimates, but support the role of positive selection in shaping 

RNA editing in multiple species provided that the current estimates are unbiased.   

Expanded summary*: A-to-I editing refers to a cellular process that converts adenosine to inosine in RNA molecules.  Because 

translational mechanisms interpret the inosine as guanine, RNA-editing in the coding region could alter the codon and lead to amino 

acid changes in the encoded protein. This feature enables organisms to use different isoforms of proteins in different tissues and 

different developmental stages, which adds a dimension to gene regulation. Moreover, RNA-editing in a particular site is generally not 

100%, and one gene could harbor multiple RNA-editing sites. Thus, RNA-editing potentially could produce a large number of 

isoforms from the same gene. Together with alternative splicing, RNA-editing might contribute to proteome diversity and organismal 

complexity. Given that RNA-editing has taken part in many important cellular processes, it is not surprising that mis-regulation of 

RNA-editing has been reported to cause diseases. For instance, loss of RNA-editing in a glutamate-gated channel gene leads to 

abnormal behavior in mouse. Recent work on cancer cell lines and fly development implies RNA-editing may play important roles in 

carcinogenesis and developmental processes. 
The fast development of high-throughput RNA-sequencing now allows us to profile RNA-editing genome widely. Previous studies of 

genome-wide RNA-editing in several species reported drastically different patterns measured by FN/FS (the frequency of 

nonsynonymous editing relative to that of synonymous editing) and LN/LS (the median level of nonsynonymous editing relative to that 

of synonymous editing), respectively. To understand the exact evolutionary interpretation of these measures, we modeled the 

evolution of RNA editing by considering the editing level of a site as a quantitative trait. Our model recapitulated the observed 

patterns qualitatively. More over, we found that positive selection is necessary for either measure to be larger than 1, provided that the 

estimation of FN/FS and LN/LS is unbiased. We also dicuss the conditons that might lead to biased estimation of FN/FS and LN/LS. 
Our result might also provide some insights to phenotypic evolution. For instance, we found that the variation of effective population 

size (Ne) does not contribute to the variation of FN/FS and LN/LS, which is unexpected based on the drift-barrier hypothesis. This result 

indicates that the generalization of the conclusions from molecular evolution to phenotypic evolution should be more cautious.  
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Abstract: Evolution of gene regulation plays an important role in the origin of novel cell types. However, gene regulation discoveries 

are mostly built upon single gene perturbations, which are difficult to implement on a genome-wide scale. The development of the 

assay for transposase-accessible chromatin using sequencing (ATAC-seq) provides an opportunity to infer open chromatin with a 

small amount of starting material in a single experiment. Open chromatin regions identified by ATAC-seq, usually hundreds of base 

pairs, are available for transcription factor (TF) binding. But the sequencing signal suffers from low abundance at single base pair 

resolution to accurately predict specific TF binding footprints. We introduce an integrated method utilizing open chromatin data from 

ATAC-seq, gene expression data from RNA-seq, as well as the known binding site information, to identify the gene regulation change 

between two cell states. We apply the method to human decidualized stromal cells that differentiate from endometrial stromal 

fibroblasts to identify the induced regulations during decidualization. We compared our findings in human endometrial stromal cells 

with a homologous cell type in the opossum, which are thought to lack the decidualization mechanism. We discovered that some 

induced regulation already exist in opossum, and identified human specific decidualization regulations. We confirmed these findings 

with perturbation experiments. This research integrates multiple data resources to infer gene regulatory change between two cell 

states, also proposed and tested a hypothesis for how these states have evolved. Our results present important mechanisms for 

understanding cell type evolution.  
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Meta-analysis reveals details about the environmental stress response in budding yeast. 
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Abstract: Changes in gene expression patterns across environments are essential to regulate cellular processes, especially in single-

celled organisms that are in direct contact with environmental conditions. The yeast environmental stress response (ESR) is a set of 

characteristic gene expression changes after exposure to various environmental stressors, such as heat shock, oxidative stress, and 

osmotic stress. 
  
Existing microarray data has been frequently carried out with few biological replicates, limiting the statistical power of these results. 

Here, we use meta-analysis and meta-regression to combine many transcriptomic datasets in statistically robust ways to find consistent 

patterns across studies, account for variables such as study design and batch effects, and weight studies according to their power and 

variance. We used meta-analysis to evaluate the consistency of ESR genes across many studies, evaluate whether there are sets of ESR 

genes that are characteristic of classes of stressors, and to discover low expressed genes in the ESR that would only be evident by 

greatly increasing statistical power. 
  
The meta-analysis was conducted on gene expression data from a large collection of yeast gene expression microarray experiments 

that measure responses to various stressors. We detected statistically significant differences in gene expression between treatment 

conditions in low expression genes that were not identified in any individual study. We also determined transcriptional responses that 

are specific to differences in how stresses were applied, resulting in a more tightly defined general ESR. Finally, we identified 

differences in the ESR that can be specifically attributed to genetic differences among strains. 

Expanded summary*: The yeast environmental stress response (ESR) is a common response to various environmental stressors, 

such as heat shock, oxidative stress and osmotic stress. Stress responses are key to organisms adjusting to and surviving changing 

environmental conditions. In yeast, the environmental stress response is a generalized response that is entered into via responses to 

different stresses. S. cerevisiae that has been exposed to one stress and survive are more resistant to large doses of other stresses via 

the ESR. Further research into this regulatory process provides insight into the mechanisms by which organisms adapt to changing 

environments and survive environmental processes that they have not previously experienced. 
  
Micro-array data has been frequently carried out with few biological replicates, limiting the statistical power of these results. It is 

therefore difficult to determine exactly how much of the data is accurate, especially when individual experiments have conflicting 

results. Experiments to probe gene expression changes during stress responses in yeast have implicated nearly two-thirds of the 

genome in individual experiments, but not all genes in all experiments. Meta-analysis and meta-regression methods provide a 

statistically robust method to determine which genes have differential gene expression during stress responses in yeast. 
  
Meta-analysis and meta-regression is also broadly applicable to microarray data from other organisms. Previous work applying meta-

analysis to gene expression data has contributed to understanding of water stress in Arabidopsis, and can be applied to microarray data 

from a number of other organisms, including wild isolates of S. cerevisiae and related species of yeast. This can provide insight into 

the evolution of stress responses, including the ESR, which has been found in S. cerevisiae and S. pombe (first described in S. 

cerevisiae), but not in C. albicans. 
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ELFA, A NEW PLATFORM FOR THE DIGITAL EVOLUTION OF GENE REGULATORY NETWORKS 

Anselmo Pontes* 

 

 

Poster: Evolutionary computation recreates Darwinian evolution in computer algorithms and is an invaluable tool in experimental 

evolution. For decades, it has helped uncover selective pressures and evolutionary processes that would otherwise be difficult or 

impossible to observe in a wide range of fields, including ecology, animal behavior, microbiology and neuroscience. However, the 

questions we can address using evolutionary computation are constrained by the choice of software and its genetic representation, 

which often limits the investigation to a high level of abstraction. One subject that has been particularly challenging is the evolution of 

the gene regulatory networks responsible for cell decision-making.  We will introduce a new digital evolution platform built upon a 

mechanistic model of gene regulation and protein signaling, that permits studying the evolution of an organismôs adaptive decision-

making and its underlying gene regulatory and signaling networks.  We will discuss how this platform is being used to investigate the 

evolution of homeostasis and circadian rhythms in prokaryotes, and how we can apply it to eukaryotic organisms and address 

questions related to the evolution of multicellularity. 
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Abstract: Long non coding RNAs (lncRNAs) constitute a large group of transcripts that are over 200 nucleotides, without protein 

coding capacity. They have been shown to play important roles in various biological processes and, in particular, they function as 

regulators of gene expression, both during the act of transcription and post-transcriptionally. They are also implicated in a number of 

human diseases, especially cancers. However, the functions of most lncRNAs remain unclear. Still little is known about their 

engagement in gene expression regulation through lncRNA:RNA interactions. By hybridizing with other transcripts, lncRNAs could 

be involved in at least several regulatory mechanisms, including modulation of splicing, triggering RNA editing events, guiding 

protein-coding transcripts to degradation in a Staufen-mediated decay pathway, and abrogation of miRNA-induced repression by 

masking miRNA target sites. 
Our goal is to investigate splicing-associated functions of lncRNAs that are exerted in the context of RNA:RNA duplexes. Recently, 

based on in silico predictions of lncRNA:RNA base-pairings across the human transcriptome, we discovered that there is a great 

potential for lncRNAs to play a role of splicing modulators. This could be achieved by masking splice sites and other splicing signals. 

We are now focusing on possible roles of lncRNAs in splicing modulation that results in a shift in coding capacity transcripts. We 

have selected our candidates according to transcripts biotype, protein coding capacity of genes and lncRNA:RNA interaction regions. 

We have chosen  lncRNAs detected at higher level in the nucleus than in the cytoplasm, based on bioinformatics analyses. At the 

moment, we are experimentally testing the most promising candidates. The first experiments involve cell fractionation and Real-Time 

PCR in HEK293 cell lines to confirm our bioinformatics predictions. Then, silencing of nuclear lncRNAs will be performed and effect 

on splicing of potentially regulated genes will be determined. Our study should add up to better understanding of lncRNA biology and 

help decipher their functions in the context of RNA:RNA interactions. 
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Abstract: In many bacterial species, the glycine riboswitch is comprised of two homologous RNA ligand-binding domains (aptamers) 

that each bind glycine and act together to regulate expression of genes involved in glycine metabolism. While the structure and 

molecular dynamics of the tandem glycine riboswitch have been the subject of numerous in vitro studies, the purpose and selective 

advantages of the dual aptamer architecture and the in vivo behavior of the riboswitch remain unclear. To examine the proposed 

models of tandem glycine riboswitch function in a biologically relevant context, we characterized the regulatory activity of mutations 

to the riboswitch structure using beta-galactosidase reporter assays in Bacillus subtilis. To assess the impact disruptions to riboswitch 

function have on cell fitness, we introduced these mutations into the native locus of the tandem glycine riboswitch within the B. 

subtilis genome and assayed the mutant strains under a variety of conditions. We find that mutations to the leader-linker kink-turn and 

glycine-binding and dimerization domains disrupt riboswitch regulation, reduce gene expression, and inhibit swarming motility and 

biofilm formation in high glycine environments. Our results suggest that all of the previously described interactions contribute to 

tandem glycine riboswitch regulation in vivo and that both aptamers are required for proper riboswitch function and maximal gene 

expression. In B. subtilis, expression of the glycine riboswitch-regulated gcvT operon is necessary for complex cell behaviors in high 

glycine conditions. Our experimental approach offers a novel way to explore the physiological roles of riboswitches within the context 

of their native loci. 
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Expression quantitative trait loci of dosage-sensitive genes have narrow tissue specificity bias 
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Abstract: Dosage-sensitive genes are often seen to be refractory to variation. Ohnologs, paralogs produced from whole genome 

duplication events at the base of the vertebrate lineage, and haploinsufficient genes have been shown to be depleted on human benign 

copy number variants but enriched on pathogenic variants. This intolerance to copy number change is likely due to an expression 

constraint encountered by some variants. Expression quantitative trait loci (eQTLs) are genomic regions harbouring sequence variants 

that influence the expression level of one or more genes within various tissues. Contrary to our expectation that dosage-sensitive genes 

should be depleted for eQTLs, we find that they are in fact enriched for this variation and that these eQTLs are biased towards having 

narrow tissue specificity. Dosage-sensitive genes have fewer eQTL-affected tissues than dosage-insensitive genes, as their eQTLs are 

more tissue-specific with broad tissue breadth eQTLs likely removed by purifying selection due to conflicts with expression 

constraints. Additionally, we observed that ohnolog pairs have more similar eQTL-affected tissues compared to random ohnolog pairs 

suggesting a shared constraint between real pairs likely imposed by dosage-balance. These patterns suggest that dosage-sensitivity 

shapes the evolution of eQTLs influencing the expression of constrained genes whereby deleterious variants in conflict with 

constraints experience purifying selection. 

Expanded summary*: Expression quantitative trait loci (eQTLs) are genomic regions harbouring sequence variants that influence 

the expression level of one or more genes [1]. A range of eQTL effect sizes, both increasing and decreasing expression, are observed 

and can occur across a number of tissues or, more typically, in a tissue-specific manner [2]. In human, the expression of thousands of 

genes is affected by eQTLs making them a significant contribution to the genetic variation of expression and in turn phenotypic 

variation and complex disease. The majority of the genome, therefore, must be able to tolerate some amount of mRNA level change 

without apparent deleterious consequences. However, in combination with genome-wide association studies, eQTLs have been used to 

elucidate further the pathophysiology of many disease phenotypes. To date, eQTLs have been associated with human diseases 

including asthma, autoimmune disorders, diabetes, numerous cancers, Parkinsonôs disease, and other brain disorders (see Table 1 in 

ref [1]). Therefore, the effect of eQTLs on gene expression and association with important traits makes them worthy of study 

especially in the context of genes with known expression constraints. 
Dosage-sensitive genes are often seen to be refractory to variation. In human, ohnologs, paralogs retained after whole genome 

duplication events at the base of the vertebrate lineage have been shown to be depleted on control and benign copy number variants 

(CNVs) but enriched among genes on pathogenic variants [3, 4, 5]. Likewise, similar trends are observed for genes without gene 

duplication or loss events in mammalian genomes and also haploinsufficient genes [6]. This intolerance to copy number change is 

likely due in part to a constraint on expression that is encountered by some variants. When a variant arises such as a CNV or eQTL 

that causes a deleterious aberration in expression level, the variant will experience purifying selection and be removed from the 

population. Therefore we expect that dosage-sensitive genes are affected less by eQTLs and that the human genome and its 

segregating variants should contain the hallmarks of this selection. 
Here, we investigated the patterns of eQTLs affecting dosage-sensitive genes. Contrary to our expectation that ohnologs and other 

categories of dosage-sensitive genes should be depleted for this variation, we found that these genes are enriched for eQTLs. 

However, they have fewer eQTL-affected tissues than dosage-insensitive genes, as the eQTLs that affect these genes are more tissue-

specific. Furthermore, controlling for gene age, we still find that ohnologs have more constrained eQTL patterns compared to 

nonohnologs of the same age. Dosage-sensitive genes are depleted for broad-tissue breadth eQTLs, likely because broad-tissue 

breadth eQTLs will conflict with constraints more often, giving rise to deleterious expression levels. We found that eQTLs that affect 

multiple genes have graduated constraint increasing with larger proportions of dosage-sensitive genes affected. While most eQTLs 

affect a single gene, it is noteworthy that the inclusion of dosage-sensitive genes as part the group of genes influenced by multi-gene 

eQTLs has consequences on the variation affecting dosage-insensitive genes. However, ohnologs are disproportionately more 

constrained than nonohnologs when affected by the same multi- gene eQTL. We observed that ohnolog pairs have more similar 

eQTL-affected tissues compared to random ohnolog pairs suggesting a shared constraint between real pairs. 



 
 
 

 
 
 

This evidence suggests that dosage-sensitivity shapes the evolution of eQTLs influencing the expression of these genes whereby 

deleterious variants in conflict with constraints experience purifying selection. Patterns of selection acting on eQTLs are likely due to 

functional constraints and have important implications for the identification of candidate disease-causing variants that affect dosage-

sensitive genes. 
[1] Albert, F. W. & Kruglyak, L. The role of regulatory variation in complex traits and disease. Nat. Rev. Genet. 16, 197ï212 (2015). 
[2] Gerrits, A. et al. Expression quantitative trait loci are highly sensitive to cellular differentiation state. PLoS Genet. 5, e1000692 

(2009). 
[3] Makino, T. & McLysaght, A. Ohnologs in the human genome are dosage balanced and frequently associated with disease. Proc. 

Natl. Acad. Sci. U.S.A. 107, 9270ï9274 (2010). 
[4] Makino, T., McLysaght, A. & Kawata, M. Genome-wide deserts for copy number variation in vertebrates. Nature 

Communications 4, 2283 (2013). 
[5] McLysaght, A. et al. Ohnologs are overrepresented in pathogenic copy number mutations. Proc. Natl. Acad. Sci. U.S.A. 111, 361ï

366 (2014). 
[6] Rice, A. M. & McLysaght, A. Dosage sensitivity is a major determinant of human copy number variant pathogenicity. Nature 

Communications 8, 14366 (2017). 
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Predicting specific biological functions of gene regulatory regions using convergent evolution 
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Abstract: A recent explosion of genome-scale efforts has identified a wealth of active regulatory elements in the mammalian genome. 

However, assigning higher level functional roles for these elements remains a major challenge.  Computational tools learning patterns 

of convergent evolution based on comparative genomics data offer a unique opportunity to generate accurate hypotheses for the 

specific roles of these elements in gene regulation. Previous and ongoing work has proven the strength of these approaches in 

identifying convergent changes in protein-coding genes as a result of adaptation to similar environmental pressures. 
Here, we present a novel evolutionary rates-based approach that detects convergent changes at non-coding regions associated with 

phenotypic adaptations.  As an initial application, we study the convergent adaptation of four mammals to the subterranean 

environment. Based on the accelerated rates of evolution on the subterranean branches, we demonstrate that our method successfully 

identifies enhancers controlling the expression of the transcription factor Pax6 in eye amidst non-eye enhancers and other 

uncharacterized non-genic regions. 
We performed benchmarking analysis using simulations to identify the most powerful variant of our method that consistently detects 

convergent shifts in rates. Simulation conditions were varied across several parameters, including the number of convergent 

adaptations. 
We finally validate our best performing method on large-scale datasets including i. predicting eye-specific enhancers in the VISTA 

enhancer database and the ENCODE project; ii. prioritizing candidate regulatory elements near eye development genes. Our method 

detects a strong enrichment of convergence near annotated eye-specific elements, and further reveals multiple uncharacterized 

elements showing strong convergence. These novel elements are thus candidates for involvement in transcriptional regulation during 

ocular development, and can help focus experimental efforts aimed at identifying genetic mutations underlying eye-related disorders. 
Overall, our analyses showcase the potential of convergent evolution-based tools to provide functional annotation for regulatory 

regions in the mammalian genome. 

Expanded summary*:   

Significance 
Phenotypic and genotypic variation between species are the result of millions of experiments performed by nature. Technological 

advancements over the past two decades have paved the way for rapid generation and assimilation of multi-dimensional data that hold 

the key to a more comprehensive understanding of why and how this variation arose. On the other hand, the availability of this new 

wealth of data poses a much more challenging problem - developing tools that can successfully unlock the association between 

variation at the phenotypic level to that at the level of the genotype. To develop effective solutions for a problem of this scale, there is 

a need for inter-disciplinary efforts that combine insights from complementary fields of research. 
The survival of a species is contingent on its successful adaptation to the specific challenges in its environment. The rich diversity of 

species in nature has provided countless examples of multiple unrelated lineages showing phenotypic adaptation to similar 

environmental challenges. This opens up the opportunity to develop evolutionary-based approaches aimed at inferring the changes at 

the genetic level underlying said instances of phenotypic convergence. Alternatively, genetic elements showing convergent changes in 

species characterized by phenotypic convergence are thus strong candidates for a functional role in the phenotype. Successful 

applications of these approaches on whole genomes can therefore generate accurate hypotheses for the specific functional roles of 

large numbers of genetic elements. 

Results 
The independent transitions to a subterranean lifestyle of four mammals present one such example of convergent phenotypic 

adaptation. Application of our evolutionary rates-based approach on a set of mammalian genomes reveals large numbers of genes 

convergently accelerated in these subterranean mammals. Genes showing strong rate acceleration in these mammals are highly 

enriched for function in visual perception. This effect is the result of a relaxation of constraint on the visual pathways in these 

mammals in their dim-light underground environment, thus leading to regression of eye-specific genetic elements. We also developed 



 
 
 

 
 
 

a novel variant of our rates-based method to test if non-coding regions show convergent regression in the subterranean mammals. By 

applying this new method on conserved non-coding regions near Pax6, we demonstrate that eye-specific enhancers of Pax6 show 

convergent rate acceleration in the subterranean mammals in comparison to non-coding regions with no eye-specific annotation. The 

example illustration of the power of our method in detecting eye-specific enhancers of Pax6 shows the promise of extending our 

approach to perform genome-wide scans for candidate non-coding elements involved in ocular development. We expect the results of 

our scans to reveal prime candidates of interest for biomedical researchers experimentally investigating genetic elements associated 

with eye-related developmental disorders. 

Future work  
We strive to make our methods more broadly applicable, outside of just vision-related elements. In order to test the power of our 

method to identify convergent rate shifts underlying phenotypic adaptation across a range of evolutionary scenarios, we perform 

benchmarking analyses using simulations. We identify the most optimally performing variant of our method across conditions with 

varying parameters, including the number of convergent adaptations. Examples of other traits that we are currently investigating 

include lifespan in mammals, hindlimb presence/absence etc.   

Impact 
Ultimately, we seek to distribute our tools as publicly available software, useful for the general research community to perform 

genome-wide scans for candidate regions underlying specific phenotypic adaptations. Researchers will be able to investigate their trait 

of interest and identify genomic regions showing correlated rates of evolution with their trait based on genomic sequences of 62 

mammalian species. Following future developments, the tools will further become applicable to non-mammalian evolutionary lineages 

such as fungi, nematodes etc. As more genomes are sequenced, we anticipate a concordant increase in the interest generated by, and 

the power of computational efforts learning from patterns of evolution to reveal gene regulatory changes underlying convergent 

phenotypes. 
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Abstract: Alternative splicing (AS) is one of the major mechanisms of proteome diversification in eukaryotes, especially in mammals. 

Recent studies have shown its crucial involvement in normal development, stress response, and disease. Contrary to the evident 

functionality of AS, interspecies comparisons revealed an overall low conservation of AS in adult organs. To solve this puzzle, we 

investigated the evolution of AS regulation during embryonic and postnatal development of seven tissues in six mammals and a bird 

(red jungle fowl) based on RNA sequencing data for a total of approximately 2,000 samples. Our results show that developmental AS 

changes are highly tissue-specific and mostly occur in brain, heart, and adult testis. Interestingly, we discovered two distinct brain-

specific regulatory programs that are specific to pre- and post-natal stages, respectively. In most cases, we observed two tissue-

specific patterns: the first one corresponds to tissue-specific exon inclusion, the second one to tissue-specific exclusion. Strikingly, 

inclusion patterns are associated with substantially more regulatory elements than exclusion patterns. In brain and heart these mirrored 

patterns also exhibit mirrored positioning (relatively to the exon) of regulatory elements in pre-mRNAs. We discovered an overall 

strong evolutionary conservation of these developmental splicing programs across species. The aforementioned patterns exhibited 

conserved association with many specific sequence motifs. Most of them were not associated with any known RNA-binding proteins. 

Analysis of species-specific AS revealed two sources for alternative exons: the ñalternificationò of previously constitutive exons, 

which is most pronounced in brain, and the birth of new exons, which are more abundant in testis. We speculate that the mirrored 

patterns described above could arise through combinations of these two mechanisms. 

Expanded summary*: Alternative splicing (AS) allow single eukaryotic gene to produce multiple mRNA and, consequently, several 

proteins. AS is very abundant in high eukaryotes, it is believed that 99% of human multi-exon genes undergo AS. Numerous studies 

have shown its crucial involvement in normal development, stress response, and disease. Contrary to known functionality of AS recent 

studies have shown rapid evolution of AS with inter-species differences exceeding inter-tissue ones. Studies focused on specific genes 

have shown the role of AS in cell differentiation but most of genome-wide studies of AS were focused on adult tissues or post-natal 

development. Thus, the role of AS in embryonic development is mostly unknown. To address these issues we used about two 

thousands polyA RNA-Seq samples obtained from seven tissues (cerebral cortex, cerebellum, heart, liver, testis, ovary, and kidney) 

dissected from seven species (human, macaque, mouse, rat, rabbit, opossum, and chicken) of different ages ranging from early stages 

of embryonic development to sexual maturation. Our data allowed us to investigate tissue-specific differentiation of AS from very 

early stages when tissues are mostly indistinguishable in most of species. We found multiple patterns of developmental AS changes. 

The most abundant patterns were specific to brain, heart, or adult testis. Strikingly, almost the same sets of patterns were discovered in 

all species independently. Comparison of similar patterns across species revealed that in most cases they encompass orthologous 

exons. Thus, we discovered strong conservation of AS developmental regulatory programs. Most of tissue-specifc patterns were found 

in two versions: the first one corresponds to tissue-specific exon inclusion, the second one to tissue-specific exclusion. These mirrored 

patterns are differ in many properties: inclusion patterns are usually more conserved, more abundant and have more regulatory 

sequences in adjacent introns. Additionally, in brain and heart these mirrored patterns also exhibit mirrored positioning (relatively to 

the exon) of regulatory elements in pre-mRNAs. We compared different species and discovered two major directions of AS evolution: 

(i) ñalternificationò of constitutive exons which is most pronounced in brain, and (ii) the birth of new exons, which are more abundant 

in testis. We speculate that the former mostly contribute to the exclusion patterns while the second produce exons for the inclusion 

patterns. The differences in ancestral sequence background can partially explain the differences observed between these two types of 

AS patterns. Taking together we prove the conservation of developmental AS patterns and suggest evolutionary mechanism 

responsible for appearance of the two types of the AS patterns. 
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- Evolution of twin microRNAs sheds light on miRNA regulatory roles 
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Abstract:   

An enduring mystery in microRNA (miRNA) biology in animals is why and how the large number of targets, most of which are only 

weakly repressed, is maintained. One suggestion is that this situation is transient, and that miRNAs evolve toward fewer but more 

strongly repressed targets. To test this hypothesis, we studied miRNAs that produce two mature miRs from the same hairpin precursor. 

These twin-miRs usually regulate non-overlapping sets of targets. Therefore, selection driving a reduction in target pool size, if it 

exists, should reduce these loci to solo-miRs making twin-miRs evolutionarily transient and uncommon. We conducted a systematic 

survey of 45 small RNA libraries from several tissues of Drosophila melanogaster. We filtered the data sets to identify high-

confidence twin-miRs and studied their evolutionary persistence and regulation. To our surprise, we found that one third of the D. 

melanogaster miRNAs are twin-miRs, with both precursor arms nearly equally expressed in some tissues. These twin-miRNAs are 

common in both phylogenetically old and young sets of miRNAs and are functional, conserved, and exhibit expression patterns 

comparable to solo-miRs. Our results suggest that miRNAs may not be driven by selection toward a smaller target pool. We propose 

that miRNA-mediated maintenance of transcriptional homeostasis leads to evolutionary retention of a large number of targets. 

Expanded summary*:   

MicroRNAs are the most abundant regulatory molecules on the per gene basis in metazoan cells. Since the top 50 miRNA genes 

contribute nearly as many transcripts as all mRNA genes combined, they are arguably the dominant regulatory molecules in 

stoichiometric terms. 
  
The central conundrum about the regulatory role of miRNAs in metazoans is their diffuse actions - each miRNA represses more than 

100 target genes, but only weakly.  A common hypothesis is that the regulator-targets relationship would coevolve to become stronger. 

Presumably, the lesser repressed targets would drop off and the remaining targets would become more strongly repressed. However, 

this prediction is not supported by observations ï target number does not decrease with the age of miRNAs (Shomron, et al. 2009; 

Nozawa, et al. 2016). A possible explanation is that the selective advantage of dropping one target gene out of several hundreds may 

be too small. 
  
Here, we test the coevolution hypothesis by examining the regulators themselves.  Some miRNAs are expressed as twin-miRs with a 

major and minor form derived from the same hairpin precursor. If the coevolution hypothesis is correct, selection should have driven 

the evolution toward solo-miRs, which produce only a single mature miRNA from the precursor. By extensively analyzing the 

miRNA expression data in Drosophila, we find the co-evolution hypothesis to be untenable. 
  
In this study, we experimentally demonstrated that both mature products derived from twin-miRs act to repress target transcripts in D. 

melanogaster. We also analyzed expression and evolution patterns of these miRs, contrasting them to the well-characterized solo-

miRs. If the coevolution hypothesis is correct, we would expect that twin miRNAs represent an evolutionary stage when new miRNAs 

optimize their expression by choosing one arm as the dominant product. Such transitions would be more consequential than single-

target elimination and thus should leave clear evolutionary foot-prints. Our analyses of miRNA arm usage in D. melanogaster do not 

support the notion that twin miRNAs are evolutionarily transient and uncommon. Indeed, we find that one third of miRNA genes in 

Drosophila use both arms to produce mature miRNAs, often in the same tissue types, and this pattern persists through millions of 

years of evolution. Moreover, minor miRs are often evolutionarily constrained and, when moderately expressed, can be shown to 

repress target transcripts. It thus appears that the production of twin-miRs is a normal aspect of miRNA biology. 



 
 
 

 
 
 

  
The conclusion is that the diffuse repression by miRNAs is not evolutionarily transient. It is in fact evolutionarily conserved. The 

result hence lends strong support to the alternative view that miRNAs stabilize gene regulatory networks by broadly but weakly 

repressing large number of target genes. 
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Abstract: Transposable elements (TEs) make up more than half of the human genome. Since TEs contain regulatory sequences that 

promote their transcription and amplification, they provide a fertile landscape of potential gene regulatory elements on which 

evolution can act. Indeed, many classes of TE contribute to the evolution of gene regulation in different lineages through co-option 

into alternative gene promoters, enhancers, and even insulators. However, the current understanding of TE-based rewiring of gene 

regulatory programs comes from a small number of examples, largely in the immune and reproductive systems. 
  
We comprehensively evaluated the prevalence and evolutionary dynamics of the co-option of TEs into gene regulatory enhancer and 

promoter elements across 112 cell lines and primary tissues from the FANTOM consortium. Overall, TEs are significantly depleted of 

regulatory enhancer activity compared to the genomic background (P < 0.0001). The degree of depletion varied across contexts (1.5ï

3x), but it was significant in every cellular context considered. Promoters were even more significantly depleted of TEs than 

enhancers (2.9x vs. 2.3x overall). Thus, in spite of their regulatory potential, TEs are significantly less active than non-TE regions 

genome-wide. This suggests that cells actively repress the activity of TE sequences, perhaps to protect themselves from the mutagenic 

properties of active TEs. Nonetheless, we find that enhancers with tissue-specific activity are significantly more likely to be derived 

from TEs. Furthermore, the likelihood that a TE has enhancer activity increases with its age. Ancient TEs (originating before the 

divergence of amniotes) are 9.2 times more likely to have enhancer activity than TEs that integrated on the great ape lineage, and 

young TE-derived enhancers are significantly more likely to be tissue-specific in activity. Nonetheless, we identified a small number 

of TE families, most notably the endogenous retroviruses (ERVs), with different dynamics that highlight unique functional trajectories 

and evolutionary innovations. 
  
Our data suggest striking similarity in the evolutionary and functional dynamics of different TE families. TEs appear to be actively 

repressed upon integration into the genome, leading to the degradation of their sequences over time. However, when a specific 

element gains regulatory function in a tissue, it becomes protected from degradation, and may gain activity in other tissues. 
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Abstract:   

How stable gene expression is maintained by rapidly evolving collections of enhancers and promoters is a fundamental question in 

evolutionary genetics. 
Here, we evaluate the consequences of regulatory evolution on mammalian gene expression by jointly analysing the activity of 

promoters and enhancers with downstream transcript levels, measured across the same liver samples from over twenty mammalian 

species. We confirm largely conserved gene expression levels, and enhanced expression stability for subsets of genes relevant to tissue 

physiology. Genes associated with complex regulatory landscapes across species generally exhibit high transcriptional levels that 

remain stable in evolution. Highly-conserved regulatory elements active in most mammals also stabilise gene expression. Conversely, 

recently-evolved enhancers are typically weak, consistent with a largely neutral role in gene regulation, yet in large numbers can lead 

to gene expression divergence during evolution. These effects are consistently observed across the entire mammalian clade and robust 

to potential confounders, such as gene expression level and landscape complexity. 
Overall, our results underscore how the evolutionary stability of gene expression is profoundly entwined with both the number and 

conservation of surrounding promoters and enhancers. 

Expanded summary*:   

Mammalian gene expression is controlled by collections of promoter and enhancer regions1-3. Numerous studies have documented the 

rapid evolution of mammalian regulatory elements, especially enhancers4-8, and yet gene expression patterns are often highly stable 

between species9-12. How stable gene expression is maintained by rapidly evolving collections of enhancers and promoters is a 

fundamental question in evolutionary genetics.   
To date, comparative approaches to gene regulation have largely focused on lineage-specific regulatory innovations, successfully 

identifying candidate regions driving lineage-specific gene expression patterns4, 8, 13, 14 (reviewed in 15). Our approach systematically 

extends these analyses to understand how evolutionarily plastic or stable regulatory elements influence gene expression in a 

representative tissue across the mammalian phylogeny. Evolutionarily conserved regulatory elements are thought to play a 

predominant role in gene regulation16, 17; the functional impact and broader role of regulatory elements with low signals of 

conservation has been the subject of speculation18. 
Here, we rigorously tested the contributions of both landscape complexity (number of regulatory elements) and conservation of 

regulatory activity on gene expression evolution, using an integrated dataset of promoter and enhancer histone marks and gene 

expression output from the same liver samples. Our methodology captures regulatory activities that range from essential to 

dispensable, and from highly-conserved across mammals to present in only one species (recently-evolved). This analysis revealed that 

gene expression levels and stability are reflected by the complexity of their regulatory landscape, both within a single species and 

across mammals. Additionally, regulatory activities highly-conserved in placental mammals exert a powerful stabilizing effect, 

associating with gene expression levels that are simultaneously high and evolutionarily stable. These discoveries extend previous 

reports connecting evolutionary constraint on promoter and enhancer activities with conserved expression outputs4, and are consistent 

with the proposed functional relevance of evolutionarily constrained regulatory elements17. 
In contrast, recently-evolved enhancers contribute weakly to gene expression and transcriptional stability, consistent with a model 

whereby a sizable fraction of new-born enhancer elements have a neutral role on gene expression evolution18. However, we further 

have identified a set of genes that recurrently accumulate lineage-specific enhancers across species and that display increased 

expression divergence, indicating that genes with flexible expression levels better tolerate regulatory plasticity. 
Our results underscore how the evolutionary stability of gene expression is profoundly entwined with both the number and 

conservation of surrounding promoters and enhancers. This effect is clear throughout our data, whether considering a full-scale, 



 
 
 

 
 
 

reference-free map of all mammalian regulatory complexity, or investigating subsets of extremely conserved or divergent regulatory 

elements. 
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Abstract: A challenge in molecular evolution is to understand the genetic divergence underlying phenotypic divergence between 

species. Regulatory elements are thought to be the major source of phenotypic divergence, but we still lack a general understanding of 

how sequence divergence correlates to expression divergence. Primate adipocytes, cells that store lipids, are an exceptional model to 

study the relationship between genetic- and expression-divergence. To support the energy needs of our large brains, humans have 

adapted major changes in lipid metabolism compared to chimpanzees. Abundant evidence exists that human lipid metabolism is a 

positively selected pathway in response to brain size. For instance, as genes involved with lipid metabolism are upregulated in humans 

compared to chimpanzees. However, we do not know the causal mutations between humans and chimpanzees that mediate differences 

in lipid metabolism pathways. Using a high-throughput assay to identify regulatory elements, I will measure correlation of regulatory 

elements to gene expression to understand if species-specific elements are more likely to be associated with differential gene 

expression than elements shared between species.  Additionally, I will analyze if species-specific elements are more likely to be under 

selection than elements shared between humans and chimpanzees and determine if transcription factor binding motifs predict species-

specific regulatory elements. The results of this study will shed light on the relationship between chromatin structure, genetic sequence 

divergence and differential gene expression between species. 

 

Disclosure of Interest: None Declared 

 

Keywords: None 

 



 
 
 

 
 
 

 

SMBE 2017 

 

Evolution of gene regulation 

POA-273 

The driving force underlying the evolution of translational initiation context  

Ke Li 1,*, Wenfeng Qian 1 

1Institute of Genetics and Developmental Biology, Chinese Academy of Sciences, Beijing, China 

 

Abstract: DNA sequences around the start codon AUG, also known as translational initiation contexts,  play an important role in 

regulating  protein level. However, the evolutionary pattern and driving force of these sequences remain unclear.   To systematically 

examine the impact of translational initiation context, we performed high-throughput proteomics and ribosome profiling experiments 

in the budding yeast Saccharomyces cerevisiae, and calculated the similarity of the translational initiation context of each gene to the 

consensus sequence in the genome (initiation score hereafter).  We found that the initiation score was strongly correlated with mRNA 

level rather than translational efficiency.  Importantly, a similar pattern was also observed in mouse, fly, and Arabidopsis. We further 

generated 9300 variants of GFP with different translational initiation contexts, and found that translational initiation context regulated 

the mRNA level of GFP. Importantly, mutations that result inupstream AUGs (uAUG) usually reduced mRNA levels, and this impact 

was largely removed when the nonsense mediated decay pathway was shut down. Our study illustrates the regulatory role of 

translational initiation context on the mRNA level, demonstrated the coupling of translation and transcription, and shed the light on 

ultimately understanding the function and evolution of each nucleotide in the translational context. 
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Abstract: There is mounting evidence that functionally related genes tend to be chromosomally clustered in eukaryotic genomes even 

after the exclusion of genes formed by tandem duplication, but little is known about the benefit of such clustering. We propose that, 

because neighboring genes are likely to be controlled by the same chromatin domain, the stochastic expression variations of 

neighboring genes among isogenic cells tend to be coordinated such that the expression ratio between them has smaller among-cell 

variations than that for unlinked genes. Consequently, gene clustering could be advantageous when the expression ratio of the 

clustered genes needs to be tightly regulated, for example, due to the accumulation of toxic compound when the expression ratio is 

misregulated. To test this hypothesis, we focus on the GAL gene cluster that includes GAL1, GAL7, and GAL10, which are 

chromosomally adjacent in the budding yeast Saccharomyces cerevisiae. The three GAL genes encode enzymes catalyzing 

consecutive reactions in galactose catabolism, with a cytotoxic intermediate metabolite. The yeast GAL cluster emerged through the 

relocations of originally unlinked genes in evolution. To quantify the potential benefit of the GAL gene clustering, we have used 

CRISPR/Cas9-based genome editing techniques to perturb the physical linkage between adjacent GAL genes followed by fitness 

essays of the mutant yeast. We are also measuring the among-cell fluctuation of the expression ratios between GAL1 (or GAL7) and 

GAL10 for linked and unlinked alleles. Data are being collected and analyzed at the moment, and we expect to report our findings at 

the SMBE meeting.  

Expanded summary*: Position effect, which refers to the influence of the chromosomal location of a gene on its expression, is an 

essential aspect of gene expression regulation. Non-random genome configurations in eukaryotes offer profound materials for 

studying position effect. Among them, clustering of functionally related genes is one of the most intriguing patterns. It has been 

extensively documented that genes with related functions, such as genes encoding members of the same protein complexes or 

enzymes of the same metabolic pathways, tend to be linked chromosomally in eukaryotes, even after the exclusion of duplicated 

genes. Currently, two non-mutually exclusive hypotheses for explaining the benefits of gene clustering exist: genetic linkage and co-

regulation. The genetic linkage hypothesis claims that clustering prevents co-adapted genes from separation by recombination. The co-

regulation hypothesis asserts that divergently transcribed neighboring genes could be co-regulated by sharing a bidirectional promoter. 

Our hypothesis differs from the above latter hypothesis in that it involves the co-regulation of stochastic expressions of adjacent genes 

at the single-cell level rather than the co-regulation of mean expressions of a population of cells.  
In our project, we study the effects of GAL genes clustering on co-expression noise in S. cerevisiae. First, we create a cis-deletion 

diploid mutant with only one intact copy of GAL1 (or GAL7) and one intact copy of GAL10 on the same chromosome, and a trans-

deletion diploid mutant with only one intact copy of GAL1 (or GAL7) and one intact copy of GAL10 on different chromosomes. By 

competing between the cis- and trans-deletion mutants, we will determine whether the physical proximity of GAL genes enhances cell 

growth in galactose medium. Next, GAL genes will be fused with different florescence protein genes in a way that only one copy of 

GAL1 (or GAL7) and one copy of GAL10, on the same or different chromosomes, will be tagged. Consequently, the ratios between 

single-cell gene expression levels of GAL1 (or GAL7) and GAL10 when they are physically linked or unlinked can be monitored by 

flow cytometry. Such data can provide mechanistic explanations for the potential fitness difference from the aforementioned 

competition experiment. Finally, we will disrupt the gene linkage by sequestering individual GAL genes with insulators, and anticipate 

that the differences in fitness and expression ratios of GAL1/GAL10 (or GAL1/GAL10) between cis- and trans-constructs will 

diminish. Overall, our findings are expected to provide insights into the molecular basis of the potential benefit of gene clustering in 

eukaryotic genomes.  
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Abstract: In Ogataea (Hansenula) polymorpha an environmental signal, nitrogen starvation, induces a reversible change in the 

physical structure of a chromosome. This process, mating-type switching, involves inverting a 19-kb DNA region to place either 

MATa or MATalpha genes under centromeric repression of transcription, depending on the orientation of the region. Here, we 

investigated the genetic pathway that controls switching. We first characterized the transcriptomes of haploid and diploid O. 

polymorpha by RNAseq in rich and nitrogen-deficient media, and found that there are no constitutively a-specific or alpha-specific 

genes other than the MAT genes themselves. We identified a switching defect in a related species (O. parapolymorpha strain DL-1) 

and mapped the defect by interspecies bulk segregant analysis to a frameshift in the transcription factor EFG1, which in Candida 

albicans regulates filamentous growth and white/opaque switching. By gene knockout, overexpression and ChIPseq experiments we 

established that EFG1 regulates RME1, which in turn regulates STE12. All  three genes are necessary for mating-type switching in 

response to nitrogen starvation, as well as for mating. Overexpression of RME1 or STE12 alone is sufficient to induce switching 

without a nitrogen signal. Our results show that the pathway controlling switching in O. polymorpha is substantially different from 

that in S. cerevisiae, which does not involve an environmental signal, and that it shares some components with mating-type switching 

in Kluyveromyces lactis and with white/opaque phenotypic switching in C. albicans. The downstream mechanism by which the 

chromosomal inversion occurs remains unidentified. 
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Abstract: Cathepsin F, which is encoded by CTSF, is a cysteine proteinase ubiquitously expressed in several tissues. In a 

previous study, novel transcripts of the CTSF gene were identified in the crab-eating monkey deriving from the integration 
of an Alu elementïAluYRa1. The occurrence of AluYRa1-derived alternative transcripts and the mechanism of exonization 
events in the CTSF gene of human, rhesus monkey, and crab-eating monkey were investigated using PCR and reverse 
transcription PCR on the genomic DNA and cDNA isolated from several tissues. Results demonstrated that AluYRa1 was 
only integrated into the genome of Macaca species and this lineage-specific integration led to exonization events by 
producing a conserved 3ô splice site. Six transcript variants (V1ïV6) were generated by alternative splicing (AS) events, 
including intron retention and alternative 5ô splice sites in the 5ô and 3ô flanking regions of CTSF_AluYRa1. Among them, 
V3ïV5 transcripts were ubiquitously expressed in all tissues of rhesus monkey and crab-eating monkey, whereas 
AluYRa1-exonized V1 was dominantly expressed in the testis of the crab-eating monkey, and V2 was only expressed in 
the testis of the two monkeys. These five transcript variants also had different amino acid sequences in the C-terminal 
region of CTSF, as compared to reference sequences. Thus, species-specific Alu-derived exonization by lineage-specific 
integration of Alu elements and AS events seems to have played an important role during primate evolution by producing 
transcript variants and gene diversification. 
Keywords: Primate, CTSF, Alu, Exonization, Alternative splicing  
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Abstract: Recently, the importance of gene expression regulatory roles of natural antisense transcripts(NATs) is arising. It is well 

known that NATs are produced the opposite strand encoding a protein. Still, the precise transcriptional mechanisms initiated by NATs 

remain incompletely understood. And insertion of transposable element into the promoter region could affect the transcription of 

cellular genes. The main aim of this study was to find NATs in human genome that derived from the transposable elements. Using a 

bioinformatics approach, we searched the NATs using the human mRNA sequence from the UCSC Genome Browser. In this study, 

we established a set of very stringent criteria to identify precise NATs. We excluded unspliced mRNA sequence data to avoid possible 

contamination of genomic sequence. From our in silico analysis of human genome indicated that 1,079 NATs. There are 144 NATs 

identified to have been affected by transposable elements(TEs) during the cellular gene expression and 935 NATs without TEs. This 

result suggests that genes are regulated by NATs derived from the transposable elements in human genome. These findings may also 

provide understanding of the complex regulation mechanisms and dynamic evolutionary features during human evolution. 
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Abstract: TSEN54 encodes a subunit of the tRNA splicing endonuclease complex, which catalyzes the identification and cleavage of 

introns from precursor tRNAs. Previously, we identified an AluSx-derived alternative transcript in TSEN54 of cynomolgus monkey. 

Reverse transcription-polymerase chain reaction (RT-PCR) amplification and TSEN54 sequence analysis of primate and human 

samples identified five novel alternative transcripts, including the AluSx exonized transcript. Additionally, we performed comparative 

expression analysis via RT-qPCR in various cynomolgus, rhesus monkey, and human tissues. RT-qPCR amplification revealed 

differential expression patterns. Furthermore, genomic PCR amplification and sequencing of primate and human DNA samples 

revealed that AluSx elements were integrated in human and all of the primate samples tested. Intriguingly, in langur genomic DNA, an 

additional AluY element was inserted into AluSx of intron eight of TSEN54. The new AluY element showed polymorphic insertion. 

Using standardized nomenclature for Alu repeats, the polymorphic AluY of the langur TSEN54 was designated as being of the AluYl17 

subfamily. Our results suggest that integration of the AluSx element in TSEN54 contributed to diversity in transcripts and induced 

lineage- or species-specific evolutionary events such as alternative splicing and polymorphic insertion during primate evolution. 
Key words: TESN54 gene; Alternative splicing; Alu element; Polymorphic insertion; Primate evolution 
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Abstract:    In mammals, X chromosome inactivation (XCI) facilitates dosage compensation between XX females and XY males. 

Some genes exhibit partial expression from the inactive X, and are termed XCI escapers. Cross-species comparisons of XCI profiles ï 

i.e. which genes escape XCI or are completely inactivated ï can help us understand whether XCI escape is primarily driven by 

inefficient XCI, or is positively favored for some biological function. To this end, we compared biological functions and evolutionary 

history of X genes in five species with known XCI profiles: human, mouse, opossum, horse, and dog. Where possible, we also 

examine XCI profiles derived from single-cell transcriptomics. 
   First, we compared XCI profiles from each species, and found limited conservation of XCI status across orthologs. Despite this, 

when we compared gene ontology annotations for XCI escapers and X-inactivated genes in each species, we observed that several 

biological processes were shared across species within each XCI category. Next, we compared signatures of selection between XCI 

escapers and X-inactivated genes within each species. In agreement with previous studies, we observed that human XCI escapers 

show a greater degree of conservation than X-inactivated genes. While this pattern generally held in other species, the magnitude of 

the difference between the XCI categories varied. These results suggest that despite XCI profiles being lineage-specific, they are 

shaped by similar selection pressures. 

Expanded summary*:     X chromosome inactivation (XCI) escape introduces gene expression variation between females and males, 

and variable XCI escape inflates variation among females. These differences may have important functional consequences. For 

instance, it has been suggested that some human and mouse XCI escapers perform female-specific functions, including some that are 

disrupted in X aneuploidy syndromes. However, it remains unclear whether XCI escape is generally a ñbugò in the XCI system ï that 

is, merely a consequence of inefficient XCI ï or a functional ñfeatureò necessary for normal biological function. 
    While divergence from the Y chromosome appears to drive evolution of XCI at the gene level, it is an imperfect predictor of XCI 

status: some genes with functional Y homologs fail to escape XCI, and many genes lacking functional Y homologs do escape. 

Physical and evolutionary drivers of XCI escape may vary across genes, with some expressed biallelically for functional reasons, and 

others escaping by based solely on their physical position. Comparing XCI profiles across mammals can provide insight into the 

ancestral XCI status of specific genes, as well as the approximate timing of changes in XCI status. With this information, we can 

identify genes for which XCI escape is more driven by selection, and therefore more relevant to human diesease. 
    At present, extensive XCI profiles are only available for three species: human, mouse, and opossum. Surprisingly, these show that 

XCI statuses of orthologous X genes are poorly conserved. For example, of over 160 human XCI escapers with mouse orthologs, only 

13 also escape in mouse. But because the murine X shows large-scale structural rearrangements not seen in other mammals, including 

unusually small psuedoautosomal regions, this is not entirely unexpected. With this in mind, we use existing XCI profiles from 

human, mouse, and opossum, and novel horse and dog XCI profiles, in a comparative study of XCI evolution. 

 

Disclosure of Interest: None Declared 

 

Keywords: None 

 



 
 
 

 
 
 

 

SMBE 2017 

 

Evolution of gene regulation 

POA-290 

Unraveling the regulatory networks of maize leaf and seed development 

Jinn-Jy Lin 1 2 3,*, Chun-Ping Yu 3, Wen-Hsiung Li 1 3 4 

1Institute of Molecular and Cellular Biology, National Tsing Hua University, Hsiuchu, 2Bioinformatics Program, Taiwan 

International Graduate Program, Institute of Information Science, Academia Sinica, 3Biodiversity Research Center, 

Academia Sinica, Taipei, Taiwan, 4Department of Ecology and Evolution, University of Chicago, Chicago, United States 

 

Abstract: Maize (Zea mays) is an important crop and a model C4 plant.. The abundant genomic and transcriptomic data in maize 

greatly facilitate large-scale studies, such as gene expression profiles in different types of cells or tissues. However, the regulatory 

genomics in the maize genome is still not well studied. Here regulatory genomics refers to the study of relationships between 

functional elements and their regulators in a genome. The aim of this study is to identify maize transcription factors (TFs), 

transcription coregulators (TCs), transcription factor binding sites (TFBSs) and TF-target gene relationships. 
We designed bioinformatics methods to dissect each aspect of the regulatory genomics in maize leaf and seed development. We 

focused on the construction of regulatory modules consisting of TF and TC genes and their target genes. We first updated the 

annotation of TF and TC genes in maize and foxtail millet (Setaria italica). We then predicted the TFBSs in the maize genome and 

studied the TF-TFBS relationships in maize leaf and seed development. Moreover, we developed a method to predict the target genes 

of maize TFs and inferred the regulatory networks in maize leaf and seed development. Our study provides an efficient workflow from 

characterization of TFs and TCs to their target genes and then the inference of the TF-target gene relationships in maize leaf and seed 

development. 
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Abstract: Several studies have examined the evolution of gene regulation by characterizing genome-wide changes in transcription 

factor (TF) binding across species, in some cases also relating these changes to divergence or conservation of gene expression. Other 

studies have investigated changes in regulatory activity between orthologous enhancers. Typically, these studies also explore whether 

changes in regulatory function are reflected in sequence changes, and are able to attribute functional change at least in part to 

divergence in transcription factor motif presence. However, the relationship between sequence divergence and regulatory evolution 

remains poorly understood, especially at a quantitative level. This is not surprising, given the general inability to decipher the cis-

regulatory logic of enhancers. 
We have in the past developed thermodynamics-based models of the sequence-to-function relationship and used these to accurately 

predict readouts of enhancers from their sequence, and to also predict genome-wide TF-DNA binding profiles. We believe that such 

models can significantly advance our understanding of cis-regulatory evolution at the sequence level, from qualitative (e.g., ñare motif 

changes seen?ò) to quantitative (e.g., ñhow well are functional changes explained by sequence divergence?ò) I will present results 

from our recent work in this direction. In one study, we quantitatively examine the extent to which sequence and accessibility changes, 

taken separately or in combination, can predict TF occupancy divergence. In a second study, we analyze single nucleotide 

polymorphisms located within a developmental enhancer whose function we are able to model accurately, for evidence of 

compensatory mutations and avoidance of large effect SNPs.  
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Abstract: Sex determination (SD) evolves fast, with master regulators at the top of SD pathways often differing between species and 

even polymorphic within populations. Opposing selection pressures in males and females (intersexual antagonism) on sex determining 

variants or linked alleles has been proposed as the only mechanism for the stable maintenance of multiple master regulators of SD in a 

species (polygenic SD). However, spatially and temporally heterogenous environments can produce variable selection pressures that 

maintain other forms of genetic variation, yet heterogeneous selection has received little attention as a way to maintain polygenic SD. 

To address this limitation, we studied the housefly, which segregates for multiple male and female determining variants at different 

frequencies across natural populations. We used a population genetic model to identify fitness paramaters that explain the stable 

maintenance of polygenic SD. Genotype fitness is negatively correlated between males and females in our models, suggesting that 

sexually antagonistic selection is involved in the maintenance of polygenic SD. We also quantified the expression of a female-

determining isoform in the SD pathway, and we found that misexpression in males depends on the male determining genotype and 

rearing temperature. The male genotype most common in northern populations (with colder temperatures) expresses the female 

isoform more when reared at higher temperatures. Our results provide evidence that genotype-by-environment interactions can affect 

the SD pathway, producing heterogenous sex-specific selection pressures that maintain polygenic SD. 
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Transcriptional changes due to haploid selection 
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Abstract: An inescapable consequence of sex in eukaryotes is the evolution of a biphasic life cycle with alternating diploid and 

haploid phases. The occurrence of selection during both phases has far reaching consequences for fundamental evolutionary processes 

including the rate of adaptation, extent of inbreeding depression and load of deleterious mutations, as well as for applied research into 

assisted fertilization. It has been a long-standing dogma that, unlike in plants, selection at the haploid gametic level in animals is of no 

great importance. Our research investigates the relative importance of selection at the gametic level for subsequent generations using 

the zebrafish Danio rerio as a model system. We find clear evidence for a substantial impact of selection on haploid sperm on 

offspring fitness, which is reflected both in offspring fitness from early life stages into adulthood as well as the adult transcriptome 

and genome. Our results indicate that selection on sperm has a global effect on the transcriptome. Up to 746 and 1047 significantly 

differentially expressed genes were identified in the Brain and Testes respectively. Gene ontology analyses reveal that the 

differentially expressed genes are involved in fundamental processes such as metabolic processes, signalling pathways, protein 

synthesis, morphogenesis and development. KEGG pathway analyses showed several upregulated genes in the oxidative 

phosphorylation and ribosome synthesis pathways. 
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On the Mechanistic Nature of Epistasis in a Canonical cis-Regulatory Element 

Mato Lagator 1,*, Tiago Paixao 1, Nicholas H. Barton 1, Jonathan P.  Bollback 2, Calin C. Guet 1 
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Abstract: Understanding the relation between genotype and phenotype remains a major challenge. The difficulty of predicting 

individual mutation effects, and particularly the epistatic interactions between them, has prevented the development of a 

comprehensive theory that links genotypic changes to their phenotypic effects. First, we experimentally explore the nature of epistasis 

in a canonical cis-regulatory element consisting of overlapping RNA polymerase and repressor binding sites. Then, we show that a 

general thermodynamic framework for gene regulation, which is based on a biophysical understanding of protein-DNA binding, 

accurately predicts the sign of epistasis and its environment-dependence. We show that both sign and magnitude of individual 

mutation effects are sufficient to predict the sign of epistasis and its dependence on the environment. Thus the thermodynamic model 

offers the correct null prediction for epistasis between mutations within and between DNA-binding sites. Our results indicate that a 

predictive theory for the effects of cis-regulatory mutations is possible from first principles, as long as knowledge about the essential 

molecular mechanisms and the constraints these impose on a biological system are accounted for. 
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The Evolutionary Dynamics of Vertebrate Replication Origins and their Impact on Genome Architecture 
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Abstract: In vertebrate genomes, DNA replication is initiated at precise genomic regions, called replication origins (Oris). Despite the 

critical role of the replication process in maintaining genome integrity, the genetic features that induce the activity of Oris are not well 

understood. To decipher sequence features that are essential for Orisô activity, we conduct the first comparative analysis of replication 

origins in mammals and birds. 
We detect Oris in chicken, generating the first genome-wide map of Oris in a bird, and compare it to human and mouse maps. 
We find that despite a three-fold difference in genomesô size, Orisô density ï one Ori every 30 to 50kb ï is similar in mammals and 

birds. This suggests that the replication of genomes imposes constraints on Orisô density. In these three genomes, Oris are strongly 

associated to transcription start sites (TSSs), CpG islands (CGIs) and G-quadruplex (G4s). This confirms the importance of these 

elements in Orisô function.  
Given the importance of replication in ensuring the inheritance of genetic information, one could expect Oris to evolve under strong 

purifying selection. Although 15% ( 8% resp.) of human Oris are homologous to mouse Oris (to chicken Oris resp.), three times more 

than what is expected by chance, we demonstrate that the conservation of TSSs and CGIs fully explains Orisô conservation. In 

addition, we find that Oris present similar sequence conservation than their close neighborhood.  
Overall, our results suggest that replication origins undergo a rapid turnover and induce only mild constraints on the evolution of 

vertebrate genomes. 

Expanded summary*: DNA replication follows a spatio-temporal program that ensures the faithful replication of genomes at each 

cell cycle. In vertebrate genomes, DNA replication initiates at precise genomic regions, called replication origins (Oris). Despite the 

critical role of the replication process in maintaining genome integrity, the genetic features inducing Orisô activity are not well 

understood. We propose the first investigation of Orisô evolutionary constraints in order to decipher sequence features essential for 

Orisô activity. 
We map replication origins in chicken, by purifying and sequencing short nascent strands (SNS), thus generating the first genome-

wide map of Oris in a bird. To compare chicken and mammalian Oris, we reanalyze published SNS sequencing data from human and 

mouse genomes. To ensure that the sensitivity of Ori detection is similar in all species, we sub-sample SNS reads to obtain identical 

sequencing depth in each species, and use the same peak-calling methodology to map Oris. 
We detect 84250, 55000 and 25900 Oris in human, mouse and chicken respectively. These numbers are proportional to the size of 

their genome (3.10, 2.72 and 1.05 Gb respectively). Thus, despite a three-fold difference in genome size, the density in Oris ï one per 

30 to 50kb ï is similar in mammals and birds, which suggests that replication imposes constraints on Orisô density. In these three 

genomes, Oris are associated to the same genomic elements, namely transcription start sites (TSSs), CpG islands (CGIs) and G-

quadruplex (G4). This confirms the importance of these elements in Orisô function.  
Given the importance of replication in ensuring the inheritance of genetic information, one could expect these regions to evolve under 

strong purifying selection. Surprisingly, we find that the constraints affecting Oris at the sequence level are rather weak. Although 

15% (resp. 8%) of human Oris are homologous to mouse (resp. to chicken) Oris, which is three times higher than what is expected by 

chance, we demonstrate that the conservation of the genomic elements to which Oris are associated (TSSs , CGIs) fully explains Orisô 

conservation. In addition, we find that Oris present a level of sequence conservation similar to their neighborhood. Finally, TSSs, 

CGIs and G4s associated to Oris are not more conserved when they overlap an Ori. 
Overall, our results suggest that replication origins undergo a rapid turnover and induce only mild constraints on the evolution of 

vertebrate genomes. 
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How much does RNA-level regulation constrain exonic sequence evolution? 
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Abstract: Exon evolution is constrained by the need to maintain interactions with splice factors, as well as potentially other RNA-

binding proteins (RBPs). Is this pressure a major driver of mammalian exon evolution? We analysed enrichment and constraint on 

exonic motifs putatively recognized by RBPs. A subset of the motifs is indeed selectively maintained in coding sequence, while 

others, notably those recognized by intronic or UTR binders, are actively avoided. The extent of motif enrichment predicts the 

evolutionary conservation of the motifs. As constraint is also seen in intronless genes, not all RBP-related selection in exons is splice-

associated. Overall, we estimate in two independent nucleotide-controlled comparisons (mouse-rat and human-macaque) that the net 

effect of motif preservation is modest, with an ~2-3% reduction in the synonymous rate of evolution of the median gene. While this 

figure agrees with estimates for constraint imposed by exonic splice enhancers, it clashes strikingly with experimental splice reporter 

studies, which have found a large proportion (up to ~60%) of exonic mutations to disrupt splicing. Why do the two approaches come 

to such different conclusions? Among other factors, we suggest that the cellôs ability to buffer changes in relative dosage of splice 

isoforms is a leading explanation. 

Expanded summary*: In addition to specifying protein structure, coding exons have to maintain interactions with splice factors and 

other RNA-binding proteins (RBPs). That such overlapping signals exist within coding sequence (CDS) is well-established but the 

scale of these phenomena is unclear. Notably, are functional (i.e. selectively maintained) exonic splice regulatory elements rare, 

occurring mainly at a few well-defined positions in hard-to-splice exons? Or are our exons filled to the brim with various splice 

control signals, whose configuration needs to be preserved for correct splicing? Solving this problem will give a clearer picture of the 

forces driving exon evolution and will hint at the extent to which alternative splice patterns are functional. It will also help predict how 

frequently coding mutations might lead to potentially disease-causing splice alterations. 
  
To tackle this issue, I have studied how k-mers putatively recognized by RBPs evolve in CDSs. Most strikingly, I have discovered that 

our CDSs are constrained not only to maintain necessary RBP interactions but also to avoid inappropriate ones: motifs associated to 

CDS-binding RBPs tend to be enriched and conserved over expected in CDS, whilst there seems to be active selection against gaining 

many of the motifs putatively recognized by intronic or UTR binders. These conclusions are also valid for intronless genes, implying 

that splice regulation is not the only source of RBP-associated constraint on exonic regions. 
  
More quantitatively, in both human and mouse, it appears that the need to preserve RBP target motifs reduces by ~2-3% the 

synonymous rate of evolution of the median gene. Selectively maintained RBP target sites would therefore either be rare or, if 

frequent, then only weakly constrained. Although experimental studies have found a large proportion of exonic sites to disrupt splicing 

when mutated, the evolutionary analysis suggests that these effects are often not visible to selection. 
  
Finally, how does the constraint distribute across elements? Is the conservation limited to a few sites, which are under strong negative 

selection, or is there also a large class of sites under weak negative selection? To find out, I am currently determining the distribution 

of fitness effects for incoming mutations at exonic splice enhancers and within other k-mers putatively recognized by RBPs. The 

results will take us closer to a detailed understanding of how non-coding function shapes exon evolution. 
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Social integration influences mitochondrial DNA regulation in rhesus macaques 
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Abstract: In humans and other social mammals, social subordinacy and social isolation have been shown to predict shorter lifespans 

and higher rates of disease, and thus can have major consequences for individual fitness. These effects are thought to be driven in part 

by chronic social stress, but their molecular underpinnings are not well understood. Here, we tested the hypothesis that changes in the 

mitochondrial genome regulation could be involved. To do so, we investigated the effects of experimentally manipulated dominance 

rank (a source of chronic social stress) on mitochondrial DNA copy number (mtDNA copy number) and heteroplasmy in captive 

female rhesus macaques (Macaca mulatta; n=45). We quantified mtDNA copy number in five purified white blood cell populations 

using qPCR, and assessed heteroplasmy using RNA-seq. We found that dominance rank did not predict either mtDNA copy number 

or heteroplasmy rates. In contrast, macaques that groomed more had higher mtDNA copy number (ß=0.039, p=0.014), in B cells, 

monocytes, and cytotoxic T cells. However, grooming frequency was not a significant predictor of the number of heteroplasmic sites 

in a sample (ß=0.002, p=0.884). Together, these results suggest a previously unappreciated contribution of mtDNA copy number in 

immune cells to the relationship between social connectedness and individual fitness. These selective pressures on social behavior 

may have contributed to the evolution of social groups in humans and other social mammals. 

Statement: I am currently in my junior year at Duke University. I am majoring in biology with a genomics concentration. This fall, I 

will be applying to Ph.D. programs in evolutionary biology and genomics. My interest in an academic career is motivated by my 

research at Duke, which has focused on animal behavior. However, I am interested in changing my research focus in graduate school. 

I am interested in studying how aspects of genome structure, such as mating system and ploidy, influence adaptation, diversification, 

and extinction rates. This is an important area in a time of rapid ecological change, and I hope to conduct research that can inform 

conservation efforts. 
The SMBE 2017 annual meeting provides an ideal opportunity for me to learn about methods, current questions, and potential 

advisors in this field, before I apply to graduate programs in the fall. Many of the symposia align closely with my research interests, 

including Evolutionary Genomics of Structural Variation, Polyploidy and Hybridization, and Genomic Mechanisms of Speciation. 
Presenting a poster at SMBE 2017 would be a valuable experience for me. I have presented at poster sessions before, but I have never 

attended a meeting focused specifically on molecular biology and evolution. I found that talking with others about my poster is a great 

way to spark new ideas about next steps. SMBE 2017 would provide an opportunity for me to develop my plans for my senior thesis 

by talking with researchers in similar fields. 
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Evolution of transcriptional and translational regulation during adaptation 

Premal Shah* 

 

 

Abstract: Studies of how organisms evolve in the lab have identified several key features of the evolutionary processes such as the 

dynamics of clonal interference and epistatic interactions between adaptive mutations. While the role of individual mutations on 
organismal fitness have been characterized, how these mutations influence faster growth remains a critical gap in our understanding of 
evolutionary dynamics. Here we provide a mechanistic understanding of phenotypic changes that occur at the transcriptional and 
translational level during adaptive evolution. 
Using the long-term evolution experiment (LTEE) in E. coli as a model system, we have generated RNA-seq and ribosome profiling 
datasets in the two ancestral and 12 evolved lineages from 50,000 generation. Surprisingly, we find that transcriptional changes over 
50,000 generations are only weakly correlated (R=0.08ï0.4) with translational changes. Furthermore, most transcriptional changes tend 

to be buffered either partially or entirely at the translational level. Interestingly, we find that genes that are differentially regulated across 
all replicate lineages have lower translation efficiencies in the evolved lines relative to ancestral strains, while differentially regulated 
genes unique to each lineage have higher translation efficiencies in evolved lines. As a result, this approach provides a deeper 
understanding of the mechanistic basis of adaptive evolution. 
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Genetic models of human evolution 

James Noonan* 

 

 

Abstract: Uniquely human traits, such as the increased size and complexity of our brain, are encoded within the millions of genetic 

changes that distinguish us from other primates. Some of these changes, such as those located in Human Accelerated Regions (HARs), 

have been tentatively linked to human phenotypes. However, the precise role of these human-specific genomic changes in human 

traits remains elusive. This is because we lack two essential tools: the means to overcome the species barrier and employ the power of 

experimental genetics to study uniquely human genomic features in model organisms, and the ability to access and compare 

developmental processes in humans and other great apes. We will describe our recent work combining reverse genetic models of 

human-specific sequence changes with comparative analyses of primate development to identify the biological pathways, 

mechanisms, and cell types that were altered in our evolution. 
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The evolution of mammalian gene expression across multiple dimensions 
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Abstract: A major goal in biology is to understand the molecular basis of phenotypic evolution, in particular that of humans and other 

mammals. Gene expression changes, due to regulatory mutations, are thought to underlie much of phenotypic innovation. 

Transcriptome studies from us and others based on RNA sequencing (RNA-seq) data for adult organs previously provided initial 

insights into mammalian gene expression evolution and its phenotypic implications. However, phenotypic evolution is thought to be 

largely founded on developmental regulatory changes, which determine species-specific tissue morphologies and thus lay the 

foundation for their typical physiological properties. We therefore added the developmental dimension to our endeavors by generating 

and analyzing RNA-seq data for more than 2,500 pre- and post-natal developmental samples (ranging from early organogenesis to 

adulthood) from various organs (cortex, cerebellum, heart, kidney, lover, testis/ovary, placenta/decidua) across representative 

mammals and an avian outgroup (human, macaque, mouse, rat, rabbit, opossum, red jungle fowl). Based on these data, we have 

analyzed the evolutionary dynamics of gene expression and phenotypic ramifications for various major aspects of the transcriptome in 

several projects that include protein-coding gene expression levels, alternative splicing, long noncoding RNAs, microRNAs and sex-

biased expression. In a second main line of research, we moved to the next principal regulatory layer of protein-coding gene 

expression ï translation ï by producing extensive ribosome profiling and matched RNA-seq data for three major organs (cortex, liver, 

testis) from five mammals and a bird (human, macaque, mouse, opossum, platypus, red jungle fowl). Our analyses of these data 

revealed various intriguing facets of protein synthesis evolution, including patterns of compensatory change (relative to transcription), 

adaptive changes driven by positive selection, and regulatory mechanisms underlying evolutionary shifts in translation rates. Overall, 

our new projects provide fundamental novel insights into gene expression evolution and its contribution to the specific organ biology 

of different mammals, including that of our own species. I will present selected highlights of our recent endeavors. 
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The effects of background selection in the human genome reveal extensive purifying selection on non-coding regions 
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Abstract: Recent studies of the effects of linked selection have made significantly better quantitative predictions about genome-wide 

diversity levels in humans and other species (e.g., McVicker et al., 2009, Elyashiv et al., 2016). Here we show that a model of 

background selection can accurately predict diversity levels throughout the human genome, explaining more than 40% of the variance 

on the 1Mb scale. The model also predicts fine scale features of the data, such as the depth and width of the trough in mean diversity 

within 0.05cM of coding regions. But perhaps even more interesting is what our inferences tell us about purifying selection in the 

human genome. Notably, they suggest that more than 80% of deleterious mutations occur in non-coding regions and that the best 

predictor of these regions is phylogenetic conservation in primates. Our results further suggest that we are missing many recent 

selection targets that arose in humans since the common ancestor of apes and that current functional genomic annotations contribute 

negligibly to predicting these regions. We estimate that ~46-92% of mutations in selected regions are deleterious, where the range 

reflects uncertainty about the fraction of selection targets missing from our model. Finally, our results suggest that background 

selection is the dominant mode of linked selection in humans and that it substantially affects diversity levels in most of the genome. 
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The Evolution of Phenotypically Invariant Genetic Networks 
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Abstract: I will outline an analytical theory to study the evolution of biological systems such as gene 

regulatory networks, borrowing insight and tools from control engineering, systems identification, and 

dynamical systems theory. I will describe a null model of regulatory network evolution by analytically 

describing the set of all linear gene networks (of any size) that produce identical phenotypes -- and the 

evolutionary paths connecting them. In the idealized case of a perfectly adapted population, constant 

selection, and a static environment, we observe neutral evolution as a random walk over the 

phenotypically-invariant network-space. Under neutral conditions, this model can provide descriptions 

of expected network size and connectivity under mutation-selection equilibrium, estimate the rate of 

regulatory rewiring, and the rates at which Dobzhansky-Muller incompatibilities arise in reproductively 

isolated populations. This analysis provides insight into the mechanisms and parameters important for 

understanding developmental systems drift, network rewiring, evolvability, epistasis, and speciation, as 

well as the tenuous connection between network architecture and function. 
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Detecting stabilizing selection on gene expression level from human genetic and expression variation data 
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Abstract: Comparison of gene expression levels across species suggests that gene expression is constrained over evolutionary 

timescales, implying purifying selection on mutations that modify expression levels. Yet, recent transcriptomic studies have uncovered 

large amounts of heritable expression variation and standing regulatory polymorphism in human populations. Here we explore the 

relative importance of mutation, drift, and selection in shaping the human expression variation. In particular, we aim to characterize 

the prevalence and strength of selection on expression levels. We leverage human diversity data from large-scale transcriptome-

sequencing projects such as DGN and GTEx to perform analyses of expression quantitative trait loci (eQTL) and allele-specific 

expression (ASE). The joint distribution of allele frequency and effect size of identified eQTLs hints at weak selection against 

expression-altering variants and varying strengths of constraint across groups of genes. However, eQTL-based analyses are limited by 

the low power of detecting rare or small-effect variation and inaccurate estimation of effect size due to linkage disequilibrium between 

multiple regulatory variants. In contrast, ASE assays minimize the influences of environmental and/or technical noise and enable us to 

evaluate the impacts of rare cis-variants. By combining the GTEx RNA-seq and whole-genome sequencing data, we detect a robust 

genome-wide trend that genes with more upstream heterozygous sites tend to show stronger ASE bias; importantly, on average, a rare 

variant contributes significantly more than a common variant to this bias. Finally, we observe intriguing heterogeneity across gene 

groups and tissue types. Together, our analyses of human genetic and expression variation patterns provide clear evidence for 

prevalent and heterogeneous stabilizing selection on gene expression levels, even over short timescales. 
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Evolution of the PIWI/Argonaute gene family in vertebrates 
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Abstract: The genes in the Argonaute superfamily encode for a structurally conserved set of proteins 

that interact with small non-coding RNAs and play key roles in multiple RNA interference (RNAi) 
pathways. The PIWI/Argonaute proteins bind to smalls RNA to form RNA-induced silencing 
complexes (RISC), which identify targets through sequence complementarity and silence them via 
methylation or degradation, and because of this, the proteins play key roles in transcription and post-
transcriptional regulation of gene expression. From a sequence standpoint, these genes are classified 
into two groups: the Argonaute proteins, which interact with small interfering RNAs (siRNAs) and 
microRNAs (miRNAs), and the PIWI (P element-induced wimpy testis) proteins, which associate with 
PIWI-interacting RNAs (piRNAs). There are eight members of this family in most mammals, four in 
each group (AGO1-4 and PIWIL1-4), and although the vertebrate Argonaute and PIWI proteins form 
clear monophyletic groups, relationships within these two subgroups are not clear nor is their 
evolutionary history or phyletic distribution. In the current study, we integrate phylogenetic and 
synteny analyses to reconstruct the duplicative history of the PIWI/Argonaute gene family of 
vertebrates. Our results indicate that all the vertebrate Argonautes and PIWI emerged prior to the split 
between cartilaginous and bony fish and identify key differences in this regard between jawless and 
jawed vertebrates. Although only found in mammals, our phylogenies indicate that PIWIL3 is a 
relatively old paralog that has been lost multiple times. We discuss the potential implications of 
variation in gene content and expression patterns. 
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Abstract: Enhancers are regulatory regions which drive the fine-scale regulation of gene expression among tissues and life stages. 

Because they can regulate genes at a long distance (>100 kbps), identifying their target genes is challenging. 
We previously developed a method to identify evolutionary conserved target genes of enhancers using comparative genomics in 

vertebrates. Here, we applied this method to human and zebrafish in two separate analyses and found ~50,000 enhancers targeting 

~17,000 genes in zebrafish and ~1,300,000 enhancers targeting ~18,000 genes in human. Among these, the core set of human-

zebrafish conserved target genes outlines genes regulated by enhancers dating back to the ancestral vertebrate, and which are 

associated with development and brain functions. Moreover, we find that enhancer ï target gene interaction distances scale 

remarkably well with genome size, suggesting the absence of physical constraints associated with physical distances. 
We studied enhancer evolution following gene duplication and found that conservation of enhancers between duplicated genes 

decreases gradually with time, while the combined number of enhancers increases with time. Remarkably, both patterns are consistent 

with the evolution of gene expression profiles. Finally, both conservation of ancestral enhancers and acquisition of new enhancers are 

biased towards one gene in a duplicated pair, showing that genes are not equal within duplicated pairs. 
Together, these results provide key insights into the mechanisms and evolution of gene regulation in vertebrates. 

Expanded summary*: Long range regulatory regions (or enhancers) are regions that fine-tune gene expression during time and in 

tissues and cell types. While identifying these enhancers along genomes is possible through a variety of methods (e.g. sequence 

evolution, epigenetics marks), finding which genes they regulate is more challenging. Most methods either over-simplify enhancer - 

target gene relationships, leading to false predictions, or rely on costly experimental procedures, thus only applicable in a handful of 

organisms. We previously developed a method to 1) identify putative enhancers in genomes by looking for conserved regions in 

multiple alignments and 2) identify their target genes by looking for conserved enhancer - target gene associations in multiple species, 

which we measure by computing association scores. In this approach, the rationale is that the enhancer - target gene link, if functional, 

will be conserved by natural selection. 
We applied this method to human and zebrafish in two separate analyses. Zebrafish is an ideal species as it is a model organism for 

vertebrate development, during which many enhancers are known to act in a time and tissue specific way. We were able to identify 

~50,000 enhancers targeting ~17,000 genes in zebrafish and ~1,300,000 enhancers targeting ~18,000 genes in human. In these 

putative enhancers, coverage by functional features like histone marks (especially marks associated with development in zebrafish and 

with embryonic stem cells in human) increases with association scores, indicating our method is able to predict functional enhancer - 

target gene interactions. We are further validating our predictions with CRISPR-Cas9 experiments to show that our method correctly 

predicts functional interactions. 
We then sought to find core set of genes with conserved regulation in vertebrates. We thus compared enhancer target gene interactions 

between human and zebrafish and found a set of conserved interactions involving ~1,500 enhancers and ~450 genes in both species, 

with genes expressed predominantly during development and in brain. This highlights functions for conserved gene regulation in 

vertebrates. We also found that enhancer - target gene interaction distances scales remarkably well with genome size, suggesting the 

absence of physical constraints associated with physical distances. 
Finally, these predictions allow us to study the evolution of enhancers following the duplication of their target genes. We found that, 

while the conservation of regulatory regions between gene duplicates decreases gradually and rapidly over time, their combined 

number of enhancers increases with time. Showing acquisition of new enhancers after duplication. Interestingly, both patterns of 

evolution are consistent with patterns of gene expression evolution. We also found that gene duplicates are not equal within pairs: 

after duplication, both conservation of ancestral enhancers and acquisition of new enhancers is biased towards one gene. 
Globally, we provide genome-wide enhancer and target gene predictions in two vertebrate genomes. We used these predictions to gain 

key insights on mechanisms of regulation in these genomes, and on the evolution of gene regulation in vertebrates. 
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Cnidarian microRNAs shed new light on the evolution of post-transcriptional regulation of gene expression 
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Abstract: Over the past decade small RNAs such as microRNAs (miRNAs) have been shown to play pivotal roles as post-

transcriptional regulators of gene expression in various physiological processes in plants and animals. miRNAs can be found in a wide 

range of animals, yet their functions were studied almost exclusively in members of the Bilateria such as arthropods, nematodes and 

vertebrates. Thus, studying their function in non-bilaterian phyla as Cnidaria (sea anemones, corals, hydras and jellyfish) is crucial for 

understanding the evolution of miRNAs in animals and can provide important insights into their roles in the last common ancestor of 

Cnidaria and Bilateria that lived more than 600 million years ago. Our results indicate that miRNAs in Cnidaria frequently have a 

nearly perfect match to their messenger RNA targets, resulting in target cleavage (slicing). This mode of action is common to plant 

miRNAs, but very rare in Bilateria. Further, we show that like plant miRNAs, most cnidarian miRNAs carry a 2-Oô-methyl group that 

stabilizes them during full complementarity annealing to their target. These findings together with our discovery of cnidarian 

homologs of HYL1, a protein involved in miRNA biogenesis in plants, raises the intriguing possibility that the miRNA pathway 

existed in the common ancestor of plants and animals and puts in question the commonly suggested scenario of an independent 

emergence of the miRNA pathway in animals and plants.    
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Abstract: A long history of archaeobotanical records indicates that the Tehuacan Valley in Mexico was an important center of early 

Mesoamerican agriculture, providing evidence of the complexity of maize domestication over the last 5,000 years. Owing to 

expeditions conducted by MacNeish and his team in the early 1960s, we conducted a new exploration of several rockshelters located 

in different regions of the Tehuacan valley, uncovering more than 100 nonmanipulated maize specimens dating from 5,300 to 1,000 

years before present (BP), and allowing genetic comparisons that incorporate both the temporal and geographical scale to the 

perspective of ancient maize evolution. Our initial studies show that the earliest maize from San Marcos was a partial domesticate 

diverging from the landraces and containing ancestral allelic variants that are absent from extant maize populations across the genome, 

particularly at several loci important for domestication. The genomic comparison of three temporally convergent 5300-5000 BP 

samples indicated that they were unusually homozygous and genetically similar, suggesting the earliest maize from San Marcos was 

already inbred. The de novo assembly of their genome revealed unforeseen structural re-arrangements as well as insertion-deletion and 

gene variants that are likely to be absent from extant populations. We hypothesize that this structural variation could be related to 

environmental adaptations or to the size and structure of ancient maize populations. Our studies open new perspectives for discovering 

past genetic variability that could be useful for present or future agricultural conditions. 
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Abstract: Host-pathogen interactions drive evolution, selecting for modifications to existing genetic elements that confer a 

competitive advantage. Occasionally, hosts selectively retain integrated pathogen genes, co-opting them for novel host functions. In 

the context of an evolutionary struggle for dominance between host and pathogen, an especially striking example of this retention is 

host domestication of viral envelope (env) genes, the very genes that enable a virus to enter the host cell. The syncytin genes of 

mammals represent an example of such host domestication, in which distinct env genes have been independently adopted by different 

mammalian lineages for placental function. Env domestications have also been observed in invertebrates, including the Iris gene in 

Drosophila species; however, their function is unknown. Here, we report the identification of a domesticated viral env gene in the 

Anophelinae and Culicinae mosquito lineages. We estimate that this Iris-like gene was acquired at least 100 million years ago, making 

it one of the most ancient env domestications known to date. Its highly conserved open reading frame and high expression in the adult 

mosquito indicate that Iris-like may be functional and under purifying selection. Iris-like is predicted to retain the viral characteristic 

of a polyprotein that is cleaved into two peptides. Conservation of this cleavage points toward potential functions in membrane 

fusogenicity, receptor recognition or immunosuppression. Additionally, we have detected domesticated envs in other insects such as 

moths, ants and aphids, suggesting that such domestication events may be common in arthropods, and a potential source of gene 

novelty. 

Expanded summary*: Mosquitoes are the primary transmission vectors for the pathogens that cause malaria, dengue fever, West 

Nile fever and many other diseases. These debilitating, and sometimes lethal, viruses and parasites are transmitted to hundreds of 

millions of humans each year. During my two-year tenure as a technician in the laboratory of Leslie Vosshall at Rockefeller 

University, we sought to characterize the sensory pathways of the mosquito Aedes aegypti that enable its specialized behaviors and 

contribute to its potency as a vector for human diseases. To achieve this, we established CRISPR-Cas9 in this species and coupled 

genetic knock-outs with quantitative behavioral assays to determine how specific sensory receptors enable Ae. aegypti to accurately 

detect and locate human hosts and appropriate egg-laying locations. 
As a first-year graduate student in the laboratory of Harmit Malik at the University of Washington, I am excited to try to understand 

mosquito genetics and the host-parasite interaction from a different angle. Evolutionary analysis can be a powerful method to identify 

and interrogate important genes and biological functions. This potentially includes crucial genetic elements that have contributed to 

the mosquitoôs specialized ability to harbor many human pathogens at little or no cost to the mosquito and to integrate sensory cues to 

seek out human hosts. 
The laboratory of Harmit Malik specializes in gaining new insights into host-parasite biology through evolutionary approaches. Host-

pathogen interactions drive evolution, selecting for modifications to existing genetic elements that confer a competitive advantage. 

Occasionally, hosts selectively retain integrated pathogen genes, co-opting them for novel host functions. By poaching genes from 

pathogens, hosts are not just engaging in an arms race, but are actually gaining an advantage from an otherwise antagonistic 

interaction. 
In the context of an evolutionary struggle for dominance between host and pathogen, an especially striking example is host 

domestication of viral envelope (env) genes, the very genes that enable a virus to enter the host cell. The syncytin genes of mammals 

represent an example of such host domestication, in which distinct env genes have been independently adopted by different 

mammalian lineages. In this way, mammals have usurped the fusogenic and immunosuppressive protein functions of viral genes for 

placental formation and function. 
Although rarer, env domestications have also been observed in invertebrates, including the Iris gene in Drosophila species; however, 

their function is unknown. Here, we report the identification of a domesticated viral env gene in the Anophelinae and Culicinae 

mosquito lineages. We estimate that this Iris-like gene was acquired at least 100 million years ago, making it one of the most ancient 

env domestications known to date. Its highly conserved open reading frame and high expression in the adult mosquito indicate that 

Iris-like may be functional and under purifying selection to preserve a crucial function. Iris-like is predicted to retain the viral 



 
 
 

 
 
 

characteristic of a polyprotein that is cleaved into two peptides. Conservation of this cleavage site points toward potential functions in 

membrane fusogenicity, receptor recognition or immunosuppression. Additionally, we have detected domesticated envs in other 

insects such as moths, ants and aphids, suggesting that such domestication events may be common in arthropods, and a potential 

source of gene novelty. 
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