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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 centralng@ilehuman genetics. There currently exists a

large disparity between heritability estimates from farhifsed studies and largeale genomavide association studies (GWAS),
which has been sensational i z eAdong tte passibie explanatorss fontlys dispanityi ateaabei | i t
variants of large effect that are neither tagged by existing genotyping platforms, nor well imputed from existing redessce p
However, recent population genetic models suggest that the conditidaswhich rare variants are expected to substantially
contribute to heritability may be fairly limitedVe have extended existing models of complex traits to incorporate a wider range of
plausible evolutionary features, and provide further insightstir@gole 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 individsamsing
whole genome sequencing data from the GEUVADIS and G¥bmes Projectdn particular, we investigate whether rare variants
are likely to be a source of missing heritability in expression across géfepioneered a technique for partitioning heritability
estimates across allele frequencies using Hasditsaon (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 teydasarian

a substantial role in the heritability of gene eg®mion patterns, which is inconsistent with neutral evolutionary forces operating on the
cisregulatory architecture of most genes. We then interrogate multipledeadeeimputed casmontrol data sets from the to

demonstrate that rare variants are algrvasive 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 obserdations, an
find a striking relationship betvea 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

omi cs'

Laura Katz*

Abstract: We live on a microbial planet as microbes dominate in terms of biodiversity, biomass and biological innovatimasyY et

microbial lineages have been undedséd, in part because most are currently uncultivaBler. knowledge of microbial diversity is

now being transformed by advances in technologies for characterizing gsnaleelata My laboratory has generated genomic and
transcriptomic data from divee 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\edieaeapnnalyzed the
resulting phylogenomic dasets to: 1) create a robust eukaryotic tree of life consisting of five major lineages plus numerous
6orphansdéd; and 2) develop a hypot hesi s o0n Ptelmmarynaadyses & singlé g e

cell transcriptomeandenome data from uncultivable species highlight t
uncovering unusual genome features in lineages sampled across the eukaryotic tred éflife. of t hi s supports
(1938)asseiton t hat : AAl'i ce might have seen something even mor e
through a | ooking glass. o

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: Shortread, nexigeneration sequencing (NGS) mwbroadly used to identify rare and common mutations in human

population samples and disease cohorts. However, NGS data is known to {pea@recaind pogbrocessing pipelines have primarily
focused on the removal of spurious mutations or "false positiee downstream genome datasets. Less attention has been paid to
characterizing the fraction of missing mutations or "false negatives" (FN). Here we interrogate several publicly avaitabN®8
autosomal variant datasets using corresponding Sarpegrsgng as a trutket. We examine both leeoverage and highoverage
genomes. We show that the FN rate varies betweeh B8%6 and that falspositive rates are considerably lower (<3%) for publicly
available human genome callsets like 1000 Genomesk-Nirate is strongly dependent on calling pipeline parameters, not just read
coverage. To address this, we design a phylogevere tool [PhyloFaN] which can be used to quantify the FN rate for haploid
genomic experiments, without additional generationadilation data. Using PhyloFaN on ulnggh coverage NGS data from both
lllumina HiSeq and Complete Genomics platforms derived from the 1000 Genomes Project, we characterize the false nagative rate
human mtDNA genomes. The false negative rate foptiicly available mtDNA callsets can be as high a$ 20%, even for
extremely high coverage haploid data. Our results demonstrate that missing mutations are a significant feature of geetsrendat
imply additional finetuning of bioinformatics pielines 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

R a 0 | Ortix-Merino !, Nurzhan Kuanyshev 2, Stephanie Braun-Galleani !, Kevin P. Byrne 1, Danilo Porro 2, Paolo
Branduardi 2, Kenneth H. Wolfe 1
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Abstract: It has recently been proposed that thelegenome duplication (WGD) event that occurred during evolution of an

ancestor of the yeaStaccharomyces cerevisia@s the result of a hybridization between two parental yeast species that were
significantly divergent in DNA sequence, followed byaido| i ng of the genome content to re
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 haveveisdathat the yeaZlygosaccharomyces parabaitirovides an almost

exact precedent for the steps proposed to have occurred durfagérevisiadVGD. Two divergent haploid parental species, each
with 8 chromosomes, mated to form a hybrid that waglhitsterile but regained fertility when one copy of its matipge locus

became damaged by the matilyge switching apparatus. As a result of this damageZ tharabailii life cycle now consists of a 16
chromosome haploid phase and a transierti8@mosome 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 investiga

the mechanisms of extended longevity and potentially halted senescence. Indead theyongedived mammals relative to their

body size, with the oldest bat caught being 41 years old, living approx. 9.8 times longer than eBpedtesl. d e f-of-l it Wien ¢ & a
theories that propose a positive correlation between body size anditgragethey use twice the energy as other species of
considerable size, but live far longer. The mechanisms that bats use to avoid the negative physiological effectsgiftdreddhei
metabolism and deal with an increased production of deleterious\Re@atygen 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 diseabésssuch as r
SARS and Ebola and have been shown to be reservoir species for ajeugjgyf newly discovered viruses. Thisggests that their
innate immunity is different to other mammals, perhaps playing a role in their unexpected longevity. Here the potent@bgeisom

for their rare immunity and exceptional longevityisexplat acr oss mul ti pl e bat genomes and
novel blood based populatidavel transcriptomics approach is developed to explore the molecular changes that occur in an ageing
wild popul ation of b a tslewlytcompareu gvith wther mammais. Thia ¢ars prodide g de@persunderstanding
of the causal mechanisms of ageing, potentially uncovering the key molecular pathways that can be modified to haknalleviate
perhaps even reverse this process in man.
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Bacterial genome evolution: reconciling experiments with phylogeny
Deepa Agashe 1*

INational Centre for Biological Sciences, Bangalore, India

Abstract: Bacteaial 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 afldnglyis str
different acoss timescales. For instance, across bacterial species codon use is strongly correlated with tRNA pools, presumably du
selection for rapid and/or accurate translation. However, in the laboratory, mutants (e.g. with altered codon usejdgpiteadly

changes in the local sequence context (such as promoter mutations) rather than changes in tRNAs or other aspectsoHpanslati

do we reconcile this gap between micand macreevolutionary patterns, and understand the role of adaptive vs. giochas

processes? To address this, we combine phylogenetic analyses of major bacterial lineages with experimental evolutien and whol
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 higtory of ma
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 bacteritscherichia colican survive for years within spent media, following resource

exhaustion. We carried out evolutionary experiments, followed by full genome sequencing of hundreds of evolved clogekeo stud
dynamics by whicl. coliadapts during the firgour 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, emrichment i
functional mutation categories and extremedyvergent 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 adalpty in a hig
convergent manner and with great temporatision through fluctuations in allele frequencies. Finally, we demonstrate that due to
antagonistic pleiotropy and mutation accumulation, tytor vi va
grow exponentially, once resources again available. Combined, our results shed light on bacterial adaptation-pefwds of

resource exhaustion and on the consequences such adaptation has on the genetic makeup of individual bacteria anaf on patterns
genetic variation within bactexli 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 Vy1
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Abstract: While the great impact of positive selection on the genomic level and pattern of sequence polymorphism is well confirmec

in many species, it still remains a challengelucidate how beneficial mutations arise and propagate in a population and how
selective pressures on mutant alleles are structured over
increasing (or have increased) rapidly in fregre 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 populati@agenomi
of African Drosophila melanogasteggrovided 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
frequencydependent positive selection, sushh@terozygote 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 ir@dddes CG
gene that exhibits a high level of nonsggmous 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 mutatisnialdarg
gene and the frequendependence of newariants. We will discuss biological models that predict such frequéepgndent

behavior of new beneficial mutations.
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The complex symbiome of the carmine cochineal Dactylopius coccus

Arturo Vera-Ponce de Ledn 1, Ernesto Ormefio Orrillo 2, Shamayim Tabita Ramirez-Pueblal, Rafael Bustamante?,
M6 n i Rosenblueth?, Julio Martinez Romero !, Esperanza Martinez-Romero 1*
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Abstract: Dactylopiuscoccuss a scale insect that feeds on cactus sap. This insect is the main source of carmine dye used in textile,

pharmaceutical and food industries. Bactegimlosymbionts db. coccuscomprise twoNolbachias t r a i n-proteohadteria b
named afandidatusDactylopiibacterium carminicun), carminicumfrom here on), present in all the filactylopiusspecies
sampled. In addition there are diverse fungi (Vera Ponce de Leon et al 2015) and spiroplasma.of beraivork was to study.
carminicummicrobiome As we are unable to gro@. carminicumor spiroplasma in laboratory culture media, their genomes were
assembled from three metagenomes obtained BFoooccus A 3.6 Mb whole genome reconstruction@fcarminicumwas 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 spiroplafMmePCR revealed the expressionfcarminicum nifHgenes in

hemolymph, ovaries and eggs of the cochineal. Moreover, acetylene reduction assays showed nitrogen fixing activityein the sam
tissues.Fluorescenin situ hybridization usingd. carminicuml6S rRNA probes localized this bacterium in embryo andiesaOur
results indicated thd. carminicumharbors a complex symbiome with maternally inherited members that seemingly fulfill different
functions in the host.

VeraPonce de Lebn A, Sanché&res A, Rosenblueth M, Martindkomero E. Fungal communityssociated with Dactylopius
(Hemiptera: Coccoidea: Dactylopiidae) and its role in uric acid metabolism. Front Microbiol. 2016 7:954. doi:
10.3389/fmich.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~

1Department of Molecular Biosciences, 2Department of Integrative Biology, The University of Texas, Austin, United States

Abstract: Clinical influenza A virus isolates are frequently not sequenced directly. Instead, a majority of these

isolates (D70% 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 Madini Darby (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, MDCKi SIAT1
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

Rossana Colon-Thillet1, Maria Gutierrez 2, Richard McLaughlin 3, Michael Emerman 1, Harmit Malik 4~

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

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

replication, often by binding virally encoded proteins. To respond to rapid viral evolution, antiviraleyeee at an accelerated rate.
Signatures of diversifying selection can be used to successfully predict antiviral protein surfaces that are used ¢éovieslogniz
pathogens. Functional studies have demonstrated that the binding specificity to vétalisagpverned by only a few rapidly

evolving residues at the interaction interfaces. For instance, we previously showed that single amino acid residue phsitigely in
selected residues of Loop L4 dictate the antiviral specificity of the broadlyrahprotein, MxA. Using a combinatorial mutagenesis
screen, we built a library of human MxA variants that encodes every possible five amino acid combination at the rapidjysigslv
in L4, and assessed their antiviral functionality against the dtoogrus (THOV), a tickoorne rodent orthomyxovirus. Our screen
revealed that all active MxA variants (~5%) had a strict preference for phenylalanine (F), tryptophan (W) or tyrosipeditipmt

561. However, consistent with negative epistasis, a nuoflddxA 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 Wuman Mx
Use of combinatorial mutagenesis in residues sulgediversifying 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
Stephen Hedges®, Glen Stecher?, Michael Suleski?l, Sudhir Kumar!
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Abstract: Evolutionary information on species divergence times is foneddal to studies of biodiversity, development, and disease.

Molecular dating has enhanced our understanding of the temporal patterns of species divergences over the last fiveddbeades, a
number of studies is increasing quickly due to an exponemtalth in the available collection of molecular sequences from diverse
species and large number of genes. OoreTreaesource is a public knowleddpase with the primary focus to make available all
species divergence times derived using molecular seqdet&do scientists, educators, and the general public in a consistent and
accessible format. Here, we report a major expansion dfitheTreeresource, which more than triples the number of species
(>97,000) and more than triples the number of studiesnalsled (>3,000). Furthermore, scientists can access not only the divergence
ti me between two species or higher taxa, but al soutian ti metr
through time. The new timetree and timeline gi&zations 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 biokhere wit
diversity of species on Earth. The negngrationTimeTreeresource is publicly available online at http://www.timetree.org.
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Nucleotide vs clonal coalescence in bacteria
Daniel Falush*

Abstract: Effective population size is one of the most important concepts in population genetics but also amongst the most enigmat

particularly for microorganisms. For bacteria, effective population size can be measured for the organism, i.e. basse oh the
coalescence of clonal lineages, or for the genome, i.e. based on the average rate of coalescence of DNA sequencesl Under neut
models the two approaches should give equivalent answers. | describe the assumptions required to measure and coatpsire these
There are >50fold differences in the value of the two measurements in Vibrio parahaemolyticus, with smaller but stilhsubstan
differences in other species. The differences in estimates should be very informative about how natural sel¢ctiruetise

bacterial populations but several assumptions need to be more fully tested in order to narrow down the likely causssnitidiscu
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 !
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Abstract: In a previous analysis of the phylogenetic relationships of coelacanths, lungfishes and tetrapods, using cartilagsous fish

the outgroup, the sister relationship of lungfishes and tetrapods was constructed with stigatgatpport. However, using as the
outgroup rayfinned 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 ohdtie amet 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 analygtedy|n this
instead of the fast evolving rdinned fish, teleost fish, in the previous aaets, by using two slowly evolving rfipned fish, gar and
bowfin, as the outgroup, we showed that the sister relationship of lungfishes and tetrapods was reconstructed withibéh stati
support. In our analysis the evolutionary rates of gar andibhovere 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 telbissstisty. T
provides a strong support for lungfishes asdbsest 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

Dorothee Huchon1*, Dayana Yahalomi?, Arik Diamant?2, Jerri Bartholomew 3, Stephen Atkinson 3, Paulyn Cartwright 4
1Zoology, Tel-Aviv University, Tel-Aviv, 2Israel Oceanographic and Limnological Research, Eilat, Israel, 3Department of
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Abstract: Myxozoans are microscopic cnidarian parasites whosetiofes 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 annelidisMyxozoa
comprised of thousands of species and currently, little isvkradout their genome evolution. To gain further insight into their

evolution, we sequenced the mitochondrial (mt) genome of representative species representative of the myxozoan ditreisity and
sister cladd?olypodium hydriforme

Our preliminary restis suggest that the ancestral myxozoan mt genome consisted of a single circular molecule, which fragmented i
2 to 8 circular chromosomes in extant lineages. Within a species, the different chromosomes share almost ideuatittay megion

of length yp to ~15 kb. Consequently, Myxozoa includes the largest described animal mt genomes. The high homology between
shared noftoding regions is likely to be maintained by gene conversion, which is supported by their high GC content. Additionally
we couldidentify in some species the presence of chimeric mitochondrial chromosomes, suggesting that the homolegadirsgnon
regions recombine.

In all Myxozoa species studied the protein coding genes show an unusually high rate of sequence evolution arittipossess
similarity to their cnidarian homologs. Only five protein coding genes could be identified. Remarkably, our analysestsiggest
absence of tRNA genes within the mt chromosomes of Myxozoa. This observation is supported by the absence in tfenoowear

of key proteins involved in the mitochondrial translational machinery such as the amitiRidéykynthetase 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
Davide Pisani*

Abstract: The relationships at the root of the animal treEife 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 animaig. dflodell

the amino acid substitution process is at the cbtei® debate because previous studies showed that Porifera tends to emerge as siste
to all other animals (Porifersister), when sitspecific amino acid differences are modelled, while Ctenophora emerges as the sister
group of all the other animals (@igphorasister) when sitaspecific amino acid differences are not modelled.

Results will be presented showing that models routinely used in early animal phylogenetics fail to adequately desarilge site
lineagespecific compositional heterogeneity acréey datasetsData recoding can be used to concomitantly reduce compositional
heterogeneity and saturation, and recoded datasets, when modelled using the most adequate substitution model, inideiably pr
outgroup independent support for Porifera asdister group of all the other animals.
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Inferring rates and length-distributions of indels using approximate Bayesian computation
Tal Pupko® and Eli Levy Karin, Haim Ashkenazy, Reed A. Cartwright

Abstract: The most common evolutionary events at the molecular level are-biaggesubstitutions, and insertions and deletions of

short DNA segments (indels). A large body of research has been devotaekopdprobabilistic substitution models and to infer their
parameters using likelihood and Bayesian approaches. In contrast, relatively little has been done to model indel dgbabyiics, pr
due to the difficulty in writing explicit likelihood functionslere, 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 (eithe
aligned or unaligned). SpartaABC circumvents the need to useplicitdikelihood 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 ssEgiérird, 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,capartaABC
provide an approximation to the posterior distribution dielmparameters 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 demonstratefthe utility
SpartaABC by studying the impact of alignment eranghe inference of positive selection. A C++ program implementing
SpartaABC is freely available in spartaabc.tau.ac.il.
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Learning site-specific biochemical property preferences and constraints from comparative sequence analysis.
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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 whisites 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 evolutignary histo
selection may have acted, they are surprisingly limited in answirigpgestion of how this action was realiz&tla particular site,
sequence evolution conserves biochemical properties which must be preserved for functional reasons, and changesghe propertie
when doing so confers a selective advantage. This isintyitaggdarent, for example because only a few amino acids are ever
observed at a given site in most proteading genes.

Our property informed model of evolution (PRIME) encodes this intuition in a formalphylogenetic maximum likelihood hypothesis
testing famework, and determine the importance of various phydiemical properties such as polarity, hydropathy, and volume,
recognizing that this importance varies from site to site.We demonstrate that previous attempts to incorporatshphyisizio

properties into sequence evolution have not been very successful, largely because they did not allow property importance to vary fr
one site to another, whereas structural biology makes it abundantly clear that M\toakso examine how the choice of biocheathi
properties to model affects inference, whether or not there may be a "universal" set of properties suitable for eviifgienagy

PRIME is a natural extension of existing methods for studying adaptive evolution, because it deconstructs tite eatigosf

natural selection into propertyased 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, sincestiafdratation about long

term evolutionary forces, as opposed to finely characterizing the accessible sequence space around the current staite of a pro
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Tempo and Mode of Mutation Rate Evolution in C. elegans Under 400 Generations of Minimal Selection
Charles Baer 1*, Ayush Saxenat!, Matthew Salomon !, Chikako Matsuba!, Shu-Dan Yeh!
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Abstract: The rate and molecular spectrum of mutations varies within and among genomes, species and higter taxa.

understanding of the mechanistic causes of variation is far from complete; the understanding of evolutionary causesré even m
rudimentary. It has been posited that individuals in poor physiological condition will experience higher rates of mutation than will
individuals in good conditionSince deleterious mutations lead to poor condition, the possibility exists that indsvidugling a

high load of deleterious mutations will experience an elevated mutationWateéested that hypothesis with a set of "seeorter
mutation accumulation” (02MA) lines of the nemat@Benorhabditis elegandVA lines that had accumulated natibns under
minimal selection for ~250 generations ("fistder MA lines", 01MA) were sorted into highness and lowfithess groups,

replicated into new sets of 02MA lines, and allowed to accumulate mutations for another ~150 generations of naciioal sel
Whole-genome sequencing of 48 02MA lines and their 01MA ancestors did not detect a significant effect of initial fitness on the
subsequent basmibstitution rate However, there was significant variation in secender mutation rate among o1lMikés. The
deletion rate of lowiitness 02MA lines was less than that of highess 02 lines, but that result is plausibly due to synergistic
epistasis rather than different mutational procesbstiple logistic regression of mutability on a set oégictor variables revealed
that local threébase nucleotide context is the most important predictor of mutability, but that GC content of the 1 Kb surrounding a
site and’ importantlyi local recombination rate are also significant predictddsitability explains a large fraction of the variance in
standing nucleotide diversitySecondorder mutation rate was slightly but significantly greater than thedidsr 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

Juliette de Meaux* on behalf of Plant Molecular Ecology, University of Cologne, Germany, Fei He on behalf of Plant
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 ! 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 transesptmses torpgressive

dehydration in the specidgabidopsis lyratawhich is robust to drought stress, and compared it to the response displayed by the more
sensitive sister speciés halleri. Using the model plant species A. thaliana as an outgroup, we showhileefwhalleridisplays a
response that converges towards an ancestral respotgtahas evolved a novel transcriptiprofile. Transacting mutations
predominate at early steps of the response, withaing mutations gaining in importance atfagtages oft he response. To

investigate the footprint of polygenic selection on the timing and dynamics of the expression response, we analyzixlitioa distr
cis-acting mutations derived in each lineage, an approach that we had previously wesmdretthte selection on heavy metal genes

in A. halleri. We show that the response displayed\biyrata6h after initiation of the stress carries the signature of polygenic
selection on the GO category ér eg esubstwithapopuation geaanrosarsegoft o st
selection coefficients throughout the genoifigis 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
Arndt Von Haeseler, Florian Pflug !

1CIBIV, Vienna, Austria

Abstract: Many probcols in modersday biology use nexgeneration 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 errorfetd if this a
molecules nofuniformly, 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 correctecefdr. Dif
models d PCR haven been proposed, but none have yet found their way into standard analysis pipelines, owing to a lack of parame
estimates for specific conditions. We thus focus on describing a model whose parameters can be estimated from actugdlexperime
daa, while still capturing the main source of biases. We show that this is achieved by viewing PCR as a branching priocess whic
during each cycle, duplicates each DNA molecule with a certain probability, called the reactions efficiency. We conmbauelthis

with a simple model of the sampling behaviour of NGS and apply it to publishedFtgAlata. We demonstrate that the reaction
efficiency can be estimated from the data, and that the data matches the models predictions well. In particular, wadintbthelt
explains the main observed stochastic effects. Finally, we explore how well we can correct for unobserved moleculesyactd how
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 Treere is no question of the usefulness and

approprateness of phylogenetic trees in many situations, however recombination has played a large part in structuring genes and
genomes and this néke history is more appropriately analysed using network modggseral network approaches have bene used

in order to understand recombination and in this talk | will outline their relationships to one another and what can bebgoleebed
approach.l will then outline how sequence similarity networks and bipartite graphs can be used to explore the eyohisitmngof
highly recombinogenic molecule®verall, we find that DNA sequences can adb@sa fidepublic goods, which means they are
usually not excludable or rivalrous and there is little additional cost of production in order to make them audilable. This
"goodsthinking" 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 w

find evolutionary conservation, however, these conserved regions are expduawd some function which is protected through
purifying selection. From the initial stage of molecular evolutionary studies, noncoding regions were suspected to denmeiee
regulation. Now it is becoming clear that at least some noncoding reg@nsnportant roles in gene regulation. Therefore,

conserved noncoding sequences (CNSs) are likely to be important from the functional point of view. CNS analyses havedeen pro
to be powerful for detecting regulatory elements. We compared genomaces|oé vertebrates, various mammalian orders,
especially primates for searching CNSs and their characteristics (Takahashi & Saitou 2012; Matsunami & Saitou 2013;&abarinde
Saitou 2013, 2016Hettiarachchi et al. 2013, 2016; Saber et al. 2016). One oconfieature 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 avemndgeypical eukaryote CNSs have higher GC
content. Amniotespecific CNSs were found to keep physical distance with the nearby coding gene during their evolution to mouse
and human. We recently analyzed homin@idd hominid specific CNSs, and found teatne 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

Alex Griffing, Eric Stone 1, Jeffrey Thorne 2~

1ANU-CSIRO Centre for Genomics, Metabolomics, and Bioinformatics, Australian National University, Canberra,

Australia, 2Biological Sciences and Statistics, North Carolina State University, Raleigh, United States

Abstract: Inviable genotypes represent "holes" in the adaptive lands&sgamuse the history of sequences that result in observed

genotypes must constitute a path that avoids fitneles hknowledge of the hole locations can improve evolutionary inferences.
Molecular evolution on a holey adaptive landscape can be considered from the perspective of a particular codortamadion.

point in time, certain amino acids encoded atlthgation might yield fithesses of zerbater, epistatic changes elsewhere in the
genome might eliminate the holeBecause an amino acid at some protein site might be inviable in some environments and viable in
others, it is also possible that a fitnésde disappears or appears if the environment changes.

We developed a modélased approach to analyze aligned interspecific protmiling sequencesdt uses diseasmutation data to

provide information regarding where fitnesses holes Hneses obsaed (wildtype) gene sequences to provide information about
where fithess holes are ndDur evolutionary model has two layer®ne describes the locations of holes in the adaptive landscape
and how the locations change over tinfde other describes tis¢ate of the proteiocoding sequence and how it traverses the

adaptive landscapdnferences from the approach reflect the fact that ancestral lineages have avoided fitness adtison, the
approach can be employed to estimate rates at whigséitnoles 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
Janine Quijano, Robert Wisotzkey, Stuart Newfeld 1*

1School of Life Sciences, Arizona State University, Tempe, United States

Abstract: Cell to cell communication is a fact of liferfmulticellular organisms. It is required during development to insure the

coordinated differentiation of progenitor cells into spesigscific patterns of organs and tissues. It is required for maintaining
homeostasis in adults and when disrupted cahtie@roblems 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 theedigx 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 orghaism and
collective lifetimes of all multicellular@anisms. One of these is the Transforming Growth Fdetta pathway (TGHbeta). Highly
conserved since the dawn of multicellularity, the pathway directs developmental events in all metazoan species andti® humans
signal transducing Smad proteins ast@mor suppressors. Given the billion year conservation of thebe&Hpathway, how is it that
speciesspecificity is imposed? Utilizing molecular genetics in Drosophila together with bioinformatics, two examples of differential
TGFbeta pathway regulatn between flies and mammals have been discovered. These studies of epigenetic proteins and ubiquitin
ligases identified two evolutionarily new genes that have been adopted bpdi&Hevelopmental networks that may also function as
tumor suppressors. Onadl, these examples reveal that the spespeific 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

Koichiro Tamura*, Sudhir Kumar 2

1Research Center for Genomics and Bioinformatics, Tokyo Metropolitan University, Hachioji, Japan, 2Institute for

Genomics and Evolutionary Medicine, Temple University, Philadelphia, United States

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 ratesviaom 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 pernfgquara@sce co
favorably with computatiofintensive Bayesian approaches. Have 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 phidogeny. T
information paves the way for broader use of RelTime apprfmcestimating evolutionary rates and divergence times not only for
molecular sequence alignments, but also for other types of molecular data as wellradewar data.
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Molecular timetrees of Chelicerata recover monophyly of Arachnida and suggests an early colonization of land

Jesus Lozano-Fernandez 1*, Alastair R. Tanner 2, Gregory Edgecombe 3, Davide Pisani!

1School of Earth and Biological Sciences, 2School of Biological Sciences, University of Bristol, Bristol, 3Department of

Earth Sciences, Natural History Museum, London, United Kingdom

Abstract:

Animal life have marine origins, with only few phyla completing their entire life cyclsideitwater. The process through which
organisms adapt to life on land is known as terrestrialization and it is one of the most extreme cases of adaptatidrabotat tiesy
happened in animal history. The chelicerates (pychogonids, horseshoe ciddrs, spbrpions) are an ancient group of arthropods,
with an astonishing fossil record dating back to Cambrian, and includes the second largest clade of fully terresttias ottgznis
arachnids. Morphological phylogenies support a single land colomzasient by placing marine horseshoe crabs as sister group of
arachnids, but phylogenomic studies nest this aquatic lineage within Arachnida (implying multiple terrestrializationTevents).
identify how many times and when arachnids adapted to life onNantked 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 cheditgrate div
(>240 genes and >100 taxa) and using the largetsof fossil calibrations to date. Our results recover monophyly of Chelicerata,
Euchelicerata and Arachnida. Aracahnida is conformed by two megaclades, one composed by Pseudoscorpions
Arachnopulmonates (scorpiones + spiders and closely related.allies second megaclade contains a poorly supported association
between Opiliones and Ricinulei, allied with a clade formed by monophyletic Acari sister to Solifugae. Our results evimie
results based on morphology and molecular evidence, aggestia Cambria@rdovician 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 animalmerged is marine and only four phyla including lineages that can complete every phase of the
life cycle outside of watésaturated environments (from moisture films to the oceans). These phyla are the Vertebrata (with th
reptiles, birds and mammalshe 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 tialeatiemest

and it is one bthe most fascinating unresolved problems in evolutionary biology. The crossing of thElavatdrarrier was the most
extreme case of adaptation to a new environment in animal hibtofgct, the difference between the sea and the subaereal
environmenis 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), (dygiapoda
centpedes) and Pancrustacea (e.g. insects and crustaceans). The oldest subaerial arthropod traces are from the late @ambrian
Ma old) and by the late Silurian (~428 Ma ago) all subphyla included terrestrial lineages. Arthropods represent theajariggest m
(~80%) of biodiversity on our planet, and the largest majority of arthropods are terrestrial. This illustrates how itheoptarcess

of adaptation to life on land was in animal history and as a generator of biodiversity. In Arthropoda, theehavenmimum of

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

that they colonised the land multiple times independently allow rigorous comparison of the alterrativessadopted by the
different groups to the same adaptive challenge.

The relationships among the arthropod subphyla has long been debated, and current consensus suggests that Myriapod:
Pancrustacea form a clade (Mandibulata), with Cheliceratagepting their sister taxon. However, relationshifikin the subphyla



are still debated, and we still do not know how arthropods adapted to life on land. In my current research | try to thleicidate
evolutionary history of arthropods and their subphygamplementing 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 tinmad.ofhe go
my project is to combine molecular and morphotagidata, 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 'whenatheses diye
colonized the land by means of infeg the arthropod relationships and identifying genomic adaptations involved in this
terrestrialization process. So far | have been studying in depth the origin of Hexapoda and Arachnida.

Chelicerates (e.g. spiders, scorpions, mites) represent an idéelal system to investigate thempoand modeof early animal
terrestrialization, because they were the first animals to become abundant in the terrestrial fossil record. | amypiatecesidd in

the comparative genomics of this group because thatam marine and land representatives, which allows investigating genes that
has been evolutionary selected in terrestrial lineages. | am also interested in the origin of scorpions, as it is &err@stiaht
lineage with an extensive Palaeozoic flosscord (~ 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 phylogensdgitegl|lywhich provide

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

the evolutionary history of the most diverse living group as well as for understanding the biologye@mehisms of this adaptive
process. The knowledge generated from study this of habitat colonization process could be helpful in understandingytbé biolog
invasive species, or the mechanisms involved in adaptation to a new environment. Moreoveratdiieclude pests (e.g. the spider
mites) and species of biomedical relevance (e.g. the tickectors of lyme disease). By identifying chelicefrafgecific genomic
adaptation to life on land, this project could identify potential chelicespeeificdrug targets which may help the development of
lineagé specific pesticides with low incidence on economically important arthropods, like the declining bees.
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Calibrating the microbial Tree of Life

Lance Jones?, Yagya Sharmatl, Brandon Hannal, Alex L'Esperance !, Mandarke Pail, Fabia Ursula Battistuzzi*

10akland University, Rochester, United States

Abstract: The process of estimating the tirginf 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 teeir compl
evolutionary histories, that are ddfilt 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, unicellulas ewicaryote
prokaryotes represetite 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 talrebaund
numters of available calibrations. Few nodes in microbial phylogenies can be (more or less) confidently timed-fmoyteoolar

data (e.g., biomarkers) and, of these, most have large boundary ranges or a single boundary (either a minimum or-amhgximum
This scenario is known from simulation and empirical data to be susceptible to artifacts and, therefore, requires ak@tiateteva
determine the validity of its outcomes. Here, we address this issue using the latest development in molecular attsctometh

evaluate the strength and weaknesses of calibration points commonly used within the microbial Tree of Life.
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Hierarchical Bayesian models for integrating paleontological and neontological data
Tracy Heath 1*

1Ecology, Evolution, & Organismal Biology, lowa State University, Ames, United States

Abstract:

Understanding macroevolutionary processes and evolution in deep time requires data fassilthecord. 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 anddeskk, thus making full use of morphological

and temporal data, rather than just molecular sequence data from living species. In particular, diversification models
thataccommodatéossil samplingincorporate more data from the fossil record than tr@autti nodecalibration approaches. As a

result, these approaches provide robust estimates of node ages and better represestatistisadfuncertaintyt. will highlight our

recent and ongoing work using hierarchical Bayesian models to estimate gpgtogenies 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
Tin Yau Pang*

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 genomed a genome whose lineage has diverged before the most recent common ancestor of the considered
genomes has splitd will 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, | 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.

| performed extensive analyses to test this coarse-graining algorithm, using simulated genomes as well as real E. coli
genomes. For simulated genomes, | 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, | 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.

| performed phylogenetic reconstruction on real E. coli genomes using this algorithm, and also using BEAST and

ClonalFrame. | evaluated the accuracy of a phylogenetic tree by comparing the tree with the phylogenetic signal inferred

from gains and | osses of genes in the genomes, assuming th
inferred gene gains and losses indicated a more accurate phylogenetic tree. | 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, | 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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Hierarchical Partition Analysis: a fast pattern recognition approach to phylogenomics
Guy Hoelzer 1, Rich Drewes 2

1Biology, 2Biomedical Engineering Graduate Program, University of Nevada Reno, Reno, United States

Abstract: HPA is a novel framework for estimating phylogenetic trees, which is efficient enough to handle gstalmtatasets.

As a parametefree method, HPA does not rely on estimatechpeeter values or the use of max/min critetizalso does not assume
a particular model of the evolutionary process, and it yields a rooted tree directly without the need to apphpesnerrooting
procedure.

HPA first conducts a count of taxomic partitions observed in the data. Variable sites divide the taxa into two or more subsets, which
we call ANhike maniy of these marditions ultimately correspond to clades, others do not. HPA next attempts to identify the
true clades amongéle partitions by analyzing frequencies of taxomcourrences within the partitions, as follows.

1) For each taxon, HPA constructs a ranked list ebcourrence counts with each other taxon among all observed partitions as a
first step.

l.aa. 6Long branché taxa in the True tree, which introduce
occurrence with each other taxohhese taxa may be removed from the analysis when they occur to maximize accuracy of the
inferred HPA tree.
2) I n each focal t aorcarrericess, thre @ropkirendmber iis shen caldulated drom the first taxon to the second, from
the second to the third, and so forth, down to the bottom of theTlisti s cr eates a | i st of oO0dropsé6.
3) Co-occurrence count drops are then transformed into percentage évapss point each taxon is associated with an ordered list
of percentage coccurrence drops matching the order of thecourrence countsEach percentage drop is associatéth a set of
taxa above that drop in the ranked list, which corresponds to a particular partition oMaga.such a partition matches a True clade
it is reflected in a relatively large percentage drop, because synapomorphies subtending that edesdetiveccounts 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 nuatieptdaative clade.
4) The averaged percentage drops for all partitions indicated in these lists are then combined and ranked in a iH&ter list.
accepts the partition on the top of the master list as a clade in the HPA tree, and works its wiéng distvihy partition that is
hierarchically incompatible with those already accepted in the HPA tree is rejected, and the algorithm moves down tisé unéikter
the tree is complete or the list is exhausted.
5) HPA is amenable to an efficient kstrapping algorithm.

HPA also lends itself to inferences about reticulations in the primary HPAW&en the partitions accepted into the primary HPA
tree are removed from the master list, alternative clades generated by reticulate gene flowaristhéotep of the list for the same

reason that the primary tree clades rise to the top in the first phegotential to explore the evidence of reticulation is an important
and unusual feature of HPAVe will show tests and applications of HPA iistpbresentation.
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TRAVERSING PHYLOGENETIC HYPOTHESIS SPACE FOR FINDING A BACKBONE OF AN INSECT RELICT GROUP
(INSECTA: ODONATA)

Anton Suvorov 1%, Stanley Fujimoto !, Paul Bodily 1, Mark Clement?, Seth Bybee !

1Brigham Young University, Provo, United States

Poster: Odonata (dragonflies and damselflies) together with Ephemeroptera (mayflies) represent the most ancient insect lineages t

developed wgs and were capable of active flight. Faidyel phylogenetic relationships of odonates remain poorly understood and
reqguire extensive revision in | i egdgtdatasdts dérizged fgom 8Fispesiesin@rdettat a .
reconstuct 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 evolutiomegshypoth
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 reconstructihn. Seco
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 compihensive se
fossil alibration points, we dated the final phylogenetic tree and estimated substitution rates for different odonate claders. Togeth
with the calculated missing data and taxon Arougenesso, th
inflation. To date , this is the largest odonate dataset analyzed and provided stable recovery of the phylogeneticaithoklogmie,

failed to robustly resolve certain fastolving lineages.
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A two-state model of tree evolution and its applications
to Alu retrotransposition

Niema Moshiri*, Siavash Mirarab

Abstract: Models of tree evolution are essential in reconstructing and interpreting phegligtrees. 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 108tm&thgenome consists of Alu repeats. We
introduce a new model of tree evolution called the -thirth model that captures evolutionary processes specific to these short
repeats. Our model extends the traditional banthy model and allows each evolvingtity 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 thedré&¥dalan
present several theoretical results under this-dintd model, introduce samph and parameter estimation algorithms, and study the
properties of the model in simulations. We then use thelutthl model to estimate the number of active Alu elements and their rates
of propagation and activation in the human genome based on @lafiggenetic 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 refes |, can be either active or inactive. Active
while inactive el ements remain inactive until atahe ytivaded;tei vaec,
these elementoccnt i nue propagating with the aa rate. The ratio r =
bal ances &b as Yule with r = 1, or completely wunbal amloed t
repeatswer e some el ements propagate while most donoét . Such sy

model allows.

Probability distributions: We describe algorithms to sample the distribution defined by the model conditioning ared dember

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

a fixed n: (i) probability distribution over ordered ranked, unordered ranked, and unordered unrankedlygeo (ii) probability
distribution over ordered and unordered trees with branch lengths, (i¢déx@ged number of cherries as
of active and inactive elements as n Y b, (v) expected bra
expected branch length and cherry fraction, can be used to estimate pesafitiie 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 thebividd model to address two questions: (i) Is the stagh@naximum
likelihood (ML) phylogenetic inference robust to unbalanced trees that can be generated undettiingn donatiel? (ii) Can

parameters of the duhbirth model be accurately estimated from sequence data using phylogenetic methods?

Our simulatia results show that when trees are generated using {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 improvesatrge accu
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 sML remai
relatively accurate across different levels of tree imbalance as well as across different levels of alignment sequence length.
Since ML methods infer grossly ovetthalanced 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
i mprove estimates of model parameters (r, @&a, and ab) .



Alu analyses:We then use the dubirth model to study human Alu sequesga 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 phylogeneti
analyses in hopes of gaining insight into the history of supraprimate evolttiere 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 itatdeaVSA, we perform a full phylogenetic analysis of a complete set of
885,aL1 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 Alengbquence:
infer an ML tree from the MSA. Then, using the ML tree with our aforementioned methods dfidbglarameter estimation, we
estimate multiple biologically relevant parameters of Alu evolution.

We estimate the percentage of Alu elements that have been hist@atave 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 spositmnan

We further estimate thavatihemeewert aper 1y88rl dnd0alB =ac2.4
meaning Alu elements become active with a rate of roughly once every 75 million years, and once active, they propaggie afith a
roughly once every 400 thousand years.

Significance: Although the motivation behind the creation of the DBath 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, ihé& Kmown t
evolution of retrotransposons like Alu elements is similar to the evolution of many retroviruses (e.g. Lerat et al. 1898% Wit
formal definition of the DuaBirth model as well as the various probability distributions and expectations of tree popertiave
defined, the model could be applied to the study of retroviral evolution, and insights gained by constructing an aequsaig tre
Dual-Birth as a prior on tree distributions or by estimating EBialh parameters (and thus propagation and/atitin rates) could
prove useful in the development of targeted therapeutics. Further, even though the current model assumes constaahddbiviition
rates across the entire tree, which is an unrealistic assumption for the evolution of certamusesdeig. HIV, Lemey et al. 2006),
our work on the DuaBirth model could serve as the base for future extensions that allow for variable rates through time, which woul
be useful the study of HIV evolution. In short, there exist many biological entiaégvolve in a twestate manner similar to Alu
elements, and the DuBlirth model can be broadly applied to aid in the study of those entities as well.
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Phylogeny-aware, genome-scale reconstruction of the last bacterial common ancestor
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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 commc

ancestor (LBCA). K &1 metabobsch ass implitationshfar recoBs@uatidg the metabolism of the last universal
common ancestor (LUCA) and testing hypotheses about the early evolution of life on Earth. Many current ideas pertaning to th
nature of the earliest life are informed fypotheses 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 iadrsgg aof

new uncultured phyla, in partiar 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 bacterababitigtic
gene treespeciesree 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 pgiems of
family evolution comain information about the root of the tre@/e 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 allemws us to i
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.
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Species tree, frequent HGT and gene conversions in Bdelloid Rotifers
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Abstract: The vast majority of animals reproduce sexually,viigh recombination of genetic material between generations. This

genetic mixing is thought to favor the persistence of sexual lineages despite a theoretical advantage of asexualsotegeratiog ¢
capacity and population growth. In this context BddlRotifers, a highly diversified group of animals evolving asexually for

millions of years, appears as a puzzle but also as an outstandingtonbeliéer understand loftgrm evolution in the absence of

sexual reproduction.

The sequencing of the first Btlloid Rotifer genome (Flot et al. 2013) revealed a peculiar organization, characterized by a degenera
tetraploidy, numerous rearrangements and the absence of homologous chromosomes. This structure, incompatible wittelpeiosis, |
testifies the long &xual evolution of this genome. Besides, population genetic studies suggest that Bdelloids might exchange DN
within and between species, which likely plays a major role in their evolutionary history (Debortoli et al. 2016).

To better understand the dynasiiof gene conversion and horizontal genetic transfers on these asexually evolving genomes and th
importance in the success of Bdelloids, we are generating genomic data (RAD sequencing) from a large number of spataées distri
across the four existiniamilies. We will show how methods involving the reconciliation of gene and species trees can help resolvin
species phylogeny of Bdelloids despite asexuality, polyploidy, gene conversions, transfers and losses. The resolujpeciafsthe
tree is inded 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

generationsThis 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 perssteneé of
lineages. In this context Bdelloid Rotifers, a highly diversified group of animals evolving asexually for millions of yearss apfea
puzzle but also as an outstanding mddddetter understand lortgrm evolution in the absence of sexual reproduction.

The sequencing of the first Bdelloid Rotifer genome (Etatl. 2013) revealed a peculiar organization, characterized by a
degenerate tetraploidy, numerous rearrangements and the absence of homologous chromosomes. This structurde inéthmpatib
meiosis, likely testifies the long asexual evolution of this genome. Besides, population genetic studies suggest ttatrgidatioi
exchange DNA within and between species, which likely plays a major role in their evolutionary history (Debalt2016).

Our project aims at a better understanding of the importance of these genetic transfers in the success of Bdelloids. We
generating genomic data (RAD sequencing) from a large number of species sampled in the wildribotedlisicross the four
existing families. This data will be useful to investigate the genomic history and dynamic of Bdelloids genomes. Howeer, clo
lineages and partial polyploidy, associated with a significant rate of gene conversions and potézdiatah transfers might hinder
the resolution of species phylogeny. We will show how methods involving the reconciliation of gene and species trees can h
resolving the species phylogeny of Bdelloids despite asexuality, polyploidy, gene converarwfsidrand losses.

The resolution of the species tree is indeed a requirement for further study of the dynamics of horizontal transfers, whi
might play a key role in Bdelloid evolution. It will allow quantifying recombination betwieages, at different time scale, and thus
provide insights on the genomic and ecological determinant of these transfers. Do gene transfers mainly occurs withétatéaisely
genetic clusters or also on a larger scale as is suggested by the high peroéhtrizontally acquired genes noretazoan origin in
Adinetavaghs genomes? Another striking characteristic of Bdel!/l
desiccation events have been shown to result in numerous detultel breaks in genomes, which are subsequently repaired
(Hespeel®t al.2014). This observation led to the hypothesis that these events might favor the integration of foreign DNA in Bdelloi
genomes. Thus, a better understanding of the dynamic and eMolonary i mportance of hori zon



genomes will be complementary to studies allowing a direct measure of the impact of desiccations on horizontal trarsfars betw
rotifers.
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Bdelloid rotifers, sex evolution, phylogetics
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Exploring the evolution of visual opsins within the Ecdysozoa using wider genomic sampling and new lineage-specific
replacement-rate models.
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Abstract: The Ecdysozoathe Scalidophora (Priapulida, Kinorhyncha, Loriciferagnitoida (Nematoda, Nematomorpha) and

Panarthropoda (Tardigrada, Onychophora and Arthrogdda&) useful model system of evolution, as it includes both highly diverse
clades such as the Arthropoda and depleted phyla like the Priapfdidahich only eght 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 thedstisrachieved

through the use of multiple different rhabdomeric opsin proteins tuned to different wavelengths of light. The numbdropfsunsua
present in any given arthropod species can vary greatly, from none to more than thirty. Colour thsioghisto 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 ecdysozoari liheagealidophora, Nematoida
and Panarthropoda. Using cuttindge phylogenetic approaches (including lineage specific replaceatemteterogeneous models)
we show that multiple independent visual opsin duplications have occurred across the Ecdgsaniyajmthe Arthropoda. With

the use of molecular clock approaches we have shown that the emergence of Arthropod colour vision can be dated to lzetdieen 63
595 MA.

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

diverse clades such as the Arthropoda, and heavily depleted clades like the Priapulida. The Ecdysozoa comprises the Priapulid
Loricifera, Kinorhyncha, Nematoda, Nematomorpha, Tardigrada, Onychophora, Cheliceréapollgr Crustacea and Insecta;
outside of the arthropods, however, the vision of these creatures has been relatively unexplored, and no studies Hakie assesse
visual capabilities of the Priapulida, Loricifera, Kinorhyncha and Nematomorpha.

Vision is a otoreceptive 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 pistein that
expressed whin 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, aistaieuiiato

have arisen only twice: once in the Arthropoda, and once in the Vertéhtatagh the Vertebrata utilise a system based on ciliary
opsins.

Ecdysozoan colour vision is incredibly important when considering evolutionary history and ecology. The ability er c e i v e
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 océuereabling organisms to respond to an addifiotifferent set of
wavelengths is important to understanding the development of life on earth.

Before this study began, due to the poor sampling of the Tardigrada (1 spgpgibius dujardini, and Myriapoda, the history of
colour vision in the Arthopoda 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 motivateegarch.The invertebrate newisual Fopsins, or
Arthropsins, are a group ofapsins that are often recovered basal to the vertebrateiswel ropsins (melanopsins). This position
requires a considerable number of independent opsin gene losses$ aptiotrochozoa, Arthropoda and Vertebrata. To help resolve
this problem, we have created independent rate matrices for the opsins that outperform the GTR and WAG models indudh likelih
and Bayesian scenarios, and explored linegmpeific heterogenesunodelling (a relatively new phylogenetic method whereby
substitution matrices are assigned to particular branches of a scaffold tree topology) as a way to resolve contentametiphylog
problems.



This study presents new transcriptomic aedamic information from the Priapulida, Kinorhyncha, Nematomorpha and
Tardigrada. The results have shown that gespegific duplications in the Tardigrada appear to be relatively common, and confirm
that colour vision is specific to the Arthropoda. B@bkhows 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 ecologicdbcausbsan
event, including an exploration @colonisation of new environments, that gives useful context to existing fossil evidence. Finally,
new ecdysozoanapsin sequences have proposed a new, more parsimonious position for the arthropsin clades.
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Reconstructing species substitution rates and divergence times from nuclear DNA using StarBEAST2
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Abstract: Relaxed clocks can be used to estimate variation in substitution rates among extanéstndl apecies, but existing

computational models do not fit the best sources of data. Mitochondrial genome alignments are often used to estiméia satiestitu
variation, however mtDNA may be evolving too quickly (in animals) or too slowly (in plentg)ntain enough information at the
divergence time scales researchers are interested in. Nuclear genomes are a much larger and richer source of infoewettion, how
unlinked nuclear segments do not share a common gene tree due to recombination, aeddéagad clocks have until now

assumed a common gene tree this leads to systematic errors when inferring substitution rates and divergence timeséNe introdu
species tree relaxed clock models, which modekpecies substitution rates but also allowrfany gene trees embedded within a
species tree. This extends the multispecies coalescent model of species and gene evolution, and enables more accesdte inferen
studies that incorporate substitution rates, such as divergence dating or studigmafridrmode. Species tree relaxed clocks are
implemented in the StarBEAST2 package for BEAST2. We will demonstrate the importance of species tree relaxed clock models ft
reliable substitution rate and time estimates by applying StarBEAST2 tecaptmresequence 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 accuratetiohg depends on accurate

estimates of substitution rates. For a given species, the average substitution rate is correlated with a multitude of traits

ET Al OAET ¢ 1 AOAAT T EA OAOAR AT AU OEUAR ATl Ahistady BnarbAAGEACO q 80 MAE B D
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 lineagesorting (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
0" AT A OOAA AEOHD OAAIT & AC BADORDOGET T OAOA OAOEAOGEIT16qQ8 7A OE
estimating divergence times and substitution rates.

Unlike concatenation, the multispecies coalescent (MSC) models multiple gene trees evolving within a spedies.tBecause
variation is expected in the relative substitution rate of different genes and different species, MSC models should take both
per-gene and perspecies rate variation into account. We have developed species tree relaxed clock models that ferfthst

time extend the MSC to apply and a separate substitution rate for each species, in addition to a separate substitution iate f
each gene.

We have implemented multiple species tree relaxed clock models in the StarBEAST2 package for MSC inferenaddition to
vast improvements in computational performance. These include uncorrelated legormal clocks, uncorrelated exponential
clocks, and random local clocks. StarBEAST2 will thereby enable reliable estimates of divergence times and substitutioesrat
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 greategal 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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Impact of long-term chromosomal shuffling on multispecies coalescent analysis in two lineages of anthropoid primates
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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 siesgissful MSC applications, this method has
been questioned in favor of the standard concatenation approach to phylogenetics because it assumes that gene fregs inferred
individual loci represent independent trials of the MSC process. Since gegtedmiphysically close to one another within syntenic
associations spanning along chromosome regions of different size, fundamental MSC theoretical assumptions on theyirdividualit
loci might be flawed when analyzing evolutionary lineages with acd¢eterates 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. hezdnvestigated the effect of sequence size on the performance
of coalescenbased methods. This analysis was carried out by comparison with the hominid (great apes and human) lineage in whic
chromosome macrostructure has been stable during 15 millawa géevolution. We found that both heuristic MSC methods and
concatenation performed well, showing statistical consistency and robustness for inferring the correct species tree fidaeptraur
MSC model in neotropical primates was reduced with smafiguence fragments where coincidental phylogenetically informative
sites were found more frequently than in longer fragments. This picture may have resulted from extensive karyotypieneatrrange
occurring during the radiation of neotropical primatestary to the comparatively stable chromosome evolution in the hominids.
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Abstract: The ti mescale of | ifebs earl y hi site@lrinjerpretations af th¢ fossilmegarda i n s

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

could serve as better guidelinBuch a timescale can be generated integrdtissils and genomic information using modern, relaxed,
molecular clock methods. Molecular clocks rely on carefully constructed calibrations and, to date, no definitive seatodresfidr

dating fundamental divergences within the tree of life has hesembled. 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 clogkethodel
Integrating across the uncertainties yields a timedbat defines credibility intervals for key events in the history of Ider

probabilistic timescale, integrating fossil and genomic information, is more accurate though less precise, allowingtioe paader

and simple refinements as new fossitl molecular data are revealed. Eukaryotes emerge late in the history of life (~1.54) Ga, in goo«
agreement with the known fossil recor@rucially, the Alphaproteobacteria (the clade to which the mitochondria belongraésge

in the same age range806-1.57), 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 ofeéreukaryotes 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. Onhepedbthis t
considerable @ntroversy 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 timeaah tyais no

longer used in more recent timescales due to the application of molecular clocks, a statistical approach to integeate over th
uncertainty found in the fossil record. Ironically these clocks have not yet been applied to the deepest nodeseoé lifeginnse

may be most relevant.

Initially we collated two datasets, one of genetic material, and one of fossil information to produce the calibratiensédedhlar
clock process. Fossils are imperative here in that they help to produce dateslineabme. 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 ehdsame,
highly conserved and therefore useful for dating a very diverse rangeaés. 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. Onetof the |
important calibrations is on the root node, constraining not lodigA 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 univawsal com
ancestor (LUCA) must have existed afterwards.

Our results di@ LUCA to ~4.4 Ga and show the crown prokaryote lineages diverging over one billion years after this, at similar time:
in the Archaean ~3 Ga. This date for LUCA is much older than the oldest potential fossil records at Isua, Greenlarataated to
3.8Ga. The concurrent emergence of the Bacteria and Archaea is interesting as today the diversity of the Bacteria famdwtiveighs
we see in the Archaea and yet they have much the same evolutionary timescale. The crown eukaryotes diverge muclmiater in the
Proterozoic, around the time we might expect, based on the fossil record, and at a comparable date to other studidb¢hat plac
eukaryotes emergence at around L2 Ga. Although the eukaryote tree has been dated multiple times before and sofmaswork

been carried out on dating bacterial lineages, the tree of life as a whole has not previously been tackled. One ohffeetarust i
geological events, the great oxidation event, which has been linked to both the cyanobacteria and the eukampbesooethe
evolution of both of these crown groups in our study. This is contrary to most reports in which the cyanobacteria gre causall
associated with the GOE.

Our investigation confirms that the oldest fossil can never give us the true age ad,ebctawhen 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 aks rmews fossi
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 7 rooting 1 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 rootinga ppr oaches in the 19706s (i .e., outgroup
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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Fast and Accurate Estimates of Divergence Times from Big Data

Beatriz Mello 1*, Qiging Tao 2, Koichiro Tamura 3, Sudhir Kumar 2

1Department of Genetics, Federal University of Rio de Janeiro, Rio de Janeiro, Brazil, 2Department of Biology, Temple

University, Philadelphia, United States, 3Department of Biological Sciences, Tokyo Metropolitan University, Tokyo, Japan

Abstract: Ongoing advancesisequencing technology have led to an explosive expansion in the molecular data available for buildin

increasingly larger and more comprehensive timetrees. However, Bayesian-atokedpproaches frequently used to infer these
timetrees impose a largemputational 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 popiigiad, e
datasets to compatine estimates produced by RelTime (a+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 ldgmabmputa
time. This meas that the use of RelTime will enable greater rigor in molecular dating, because faster computational speeds encourz
more extensive testing of the robustness of inferred timetrees to prior assumptions (models and calibrations) andsddtausbset
RelTime provides a reliable and computationally thrifty approach for dating the tree of life usingdatganolecular datasets.

Expanded summary*: Progress in sequencing technology has led to adimensional expansion of datasets being used for dating

ewolutionary divergences, because both the number of sites in the sequence alignment and the number of included tagiagre increa
quickly. Large timecalibrated phylogenies are being generated using these data, helping to elucidate the evolutionargnhttesn
underlying processes responsible for the extant biological diversity. Recently, Bayesian approaches have been the migst common
used to estimate biological timescales. However, with the rise of big data, the application of Bayesian methiity ¢tadimenetic
events is becoming computationally demanding.

Their time requirements increase exponentially with increases in the number of species and the sequence length. Fbtakesnple,
almost half a day to compute divergence times in a datditeti3 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 @ 4.0Gldn). Such s
speeds slow down the pace of discovery and evertdesuboptimal scientific practices, because they discourage tests of the
robustness of inferred timetrees to the model and calibration assumptions.

Recently, ultrafast nonBayesian dating methods have been developed, which allow rate variation froim toréananch and

incorporate multiple calibration points. These methods have already been shown to produce excellent estimates for aianiHated d
example, the performance of RelTime method was comparable to Bayesian approaches in computer sinmdeditargevsequence
datasets were generated under conditions with autocorrelation and independent rates among lineages. Also, RelTime ueethod proc
estimates that were frequently better than Bayesian and other approaches, especially when there vets spe@dup in a specific

clade. Importantly, noBayesian approaches complete calculations thousands of times faster than the fastest Bayesian method, witl
even greater speed differences for larger numbers of sequences.

Therefore, we were prompt to intigmte 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 RelTimeidwald prov
computationally tractable tarnative to Bayesian methods. Thus, we directly compared Bayesian and RelTime methods by
reanalyzing eight largecale empirical datasets obtained from recently published studies. In these sequence alignments, the numbel
taxa ranged from 36 to 274 atite 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 approacheasweiiochg across datasets that

vary extensively in numbers of taxa and length of the sequence alignment. Therefore, RelTime provides an accurate and
computationallyefficient approach to estimate times when Bayesian methods are infeasible. Furthechievengsimilar results

from two distinct approaches increases our confidence in biological conclusions. As Bayesian methods require many ri@e priors
RelTime, we recommend that RelTime should be applied along with Bayesian and other approaches.
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Reconstructing a dated tree of life using phylogenetic incongruence

Adrian D Davin !, Eric Tannier !, Bastien Bossau !, Vincent Daubin !, Gergely Szollosi2*

1LBBE, UMR CNRS 5558, Lyon, France, 2MTA-EL TE " Lendul et " Research Group, Eot vo

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. | 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. | 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, | 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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Ancestral sequence reconstruction while accounting for protein structural information
Asher Moshe*, Tal Pupko and Pupko lab

Abstract: Ancestral sequence reconstruction (ASR) was shown be an important tool that helps understand the evolutionary origin o

modern proteins. In addition, ancestral proteins often contain desired properties that modern proteins lack, e.g. btader sub

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 numb#arof tools
ASR exist, FastML contains several featuitest differentiate it from the rest e.g. the way it treats gaps and its flexibility regarding the
allowed evolutionary modelgastML was shown to be one of the most accurate tools available for ASR in a recent benchmark test.
Currently, most models usesingle substitution matrix to generate the ancestral sequences. This approach, while giving relativel
satisfying results with high likelihood score, is far from perfect. When working with proteins, there is a large vahatvildgn
different parts othe protein, especially in terms of solvent accessibility. Therefore, using a single average substitution matrix, e.
LG, will give less than optimal results. In this work, we hypothesized that using a mixture of amino acid replacemesttmatféce
ancestral sequences, would lead to a significant increase in ASR accuracy, and that accuracy would substantially increase v
amincacid replacement matrices would be developed while accounting for structural information when data are available.

We aim toincorporate all these models into the FastML algorithm and test their impact in simulations and on the benchmark datase

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

Abstract

Ancestral sequenaeconstruction (ASR) was repeatedly shown be an important tool that helps understand the evolutionary origin |
modern proteins. In addition, ancestral proteins often contain desired properties that modern proteins lack, such sisbstaader
range ad higher thermostability, therefore they can be used as a good starting point for protein endineering.

FastML is a web tool built to infer ancestral sequences. It is based on the maximum likelihood paradigm. Although a nooftber of
for ASR exist, FastM contains several features that differentiate it from the rest e.g. the way it treats gaps and its flexibility regardin
the allowed evolutionary modeldastML was shown to be one of the most accurate tools available for ASR in a recent benchmar
test3

Currently, most substitution models use a single substitution matrix to generate the ancestral sequences. This apprgadhg whil
relatively satisfying results with high likelihood score, is far from perfect. When working with proteins, therede addability
between different parts of the protein, especially in terms of solvent accessibility. Therefore, using a single aveitagiensubst
matrix, such as WAG or LG, will give less than optimal results. In this work, we hypothesized that usitgra of amino acid
replacement matrices (instead of a single matrix) to infer ancestral sequences, would lead to a significant increasecina&gR a
We further hypothesized that accuracy would substantially increase whenagidmeplacement mates would be developed while
accounting for structural information assuming such data are avdilable.

Finally, when 3D structure is unavailable, we aim to test if the prediction of structural features (such as buried ashgesifoss)

and use of struatal aware models would increase accuracy, compared to usirgfmiotural aware models. We aim to incorporate

all these models into the FastML algorithm and test their impact in simulations and on the recently developed empiricatkbench
dataset.

References
1.1. Gumulya Y. et al. Biochemical Journal (2017) 4749 DOI: 10.1042/BCJ20160507
2.2.  Ashkenazy H. et al. W58W584 Nucleic Acids Research, 2012, Vol. 40, Web Server issue. doi:10.1093/nar/gks498



Randall RN et al. Nature communications 2016 7:12847 | DOI: 10.1038/ncomms12847
Le SQ et al. Syst. Biol. 59(3):2vZ87, 2010. DOI:10.1093/sysbio/syq002
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Development of a RAD sequencing approach to discover and genotype genome-wide genetic markers for New World

Primates

Lina Valencial, Amely Martins 23, Edgardo M Ortiz4*, Anthony Di Fiore 1

1Primate Molecular Ecology and Evolution Laboratory, Department of Anthropology, University of Texas at Austin,

2Primate Molecular Ecology and Evolution Laboratory, Department of Anthropology, University of Texas, Austin, Austin,

United States, 3Centro Nacionalde Pesqui sa de Conservacao de Primatas Brasil ei

4Integrative Biology, University of Texas at Austin, Austin, United States

Abstract: Most genetic studies of nonhuman primates have utilized mitochondrial DNA and/or a smalf pémiocgdear DNA
markers, which can limit our understanding of primate population genetics and phylogenetic relationships. However sihg increa

availability and decreasing cost of #fAnext g e meingahdigenatyping e q u
of thousands of genetic markers distributed throughout the genome rapidly, at relatively low cost, and without relying on the
availability of a reference genoSiet.e Wes seontpil aot yeed neRyotfedtaiudod RA |

sequencing method to identify single nucleotide polymorphisms (SNPs) in 12 genera of neotropical primates belongingeo the th
platyrrhine families, Pitheciidae, Atelidae, and Cebidae. We digested genomic DNA samples with founrestratime pair
combinations to find the optimal set to use across a taxonomically diverse sample of platyrrhines. The comb8yztieloiCl
performed efficiently for all species and generated millions of short paitdégequence reads on the Illumiti&eq 4000 platform,
from which we identified thousands of SNPs for each of the target taxa. Phylogenetic analyses usiogfidighce SNPs resulted in

a welksupported phylogeny concordant with other molecular phylogenetic studies of platyrrhinesrbtsggted sequencing of

small numbers of loci. The SNP data also allowed us to make high resolution inferences about the relationships amang differen
populations of select species included in our sample. These results demonstrate the utility andposmigeldRADseq to

efficiently and inexpensively discover genomvle markers in a host of New World primates for which existing genomic resources
are lacking.

Supported by the NSF (BS1540270), UT Austin, PSGB, IPS, PCI, Cl and The Rufford Foundation
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Why versioning is crucial for evolutionary systems biology

Cecilia Moog !, Jamieson Warner 2, Laurence Loewe 1~
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Abstract: Versioning systems often go unconsidered in biology as the labeling of version variants is tgpiealgd a trivial task.

However, human error analyses tell us to expect an error in every several hundred manual tasks performed, even igethe best ca
Biologists handling large amounts of data know how pivotal it can be to distinguish differentsrafiardataset as they are being
refined over the course of a research project. Storing all data in Versioned Biological Information Repositories (VBIg&s) enab
precise citations that link to the exact states of respective causal datasets that werdnased given consequential conclusion.
Such clarity is a necessary condition for reproductbility.
presented a mostly complete version that has since been refined and updated nunmeso8sicimupdates may be desirable as (i)
technology improves and enables more accuraématysis, (ii) errors in a VBIR are discovered and patched, or (iii) other more
causal VBIRs are improved. For example, human genome annotation depends on carectalegies. Likewise in evolutionary
genetic analyses, changing versions can have a substantial effect on results and biological implications. VersioningptiMatiems
numerous efforts (e.g. https://galaxyproject.org ) to improve efficiency anddwepbdity 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 irgggn of large amounts of data for describing the
fitness causality networks that underpin fitness landscapes. Such attempts at mapping genotypes to phenotygpdalisystems
requires deeply nested causality networks, which are best organizednietteork of VBIRs. This high connectivity implies that data
errors in one VBIR can have a ripple effect on many oth@mrecting such errors is most efficiently done at the source, if an
automated mechanism exists for passing on the correctiuha mechanism requires a shared way of labeling the reliability and
importance of a given version variant to effectively distinguish trivial typo corrections from scientifically relevantschiisge

difficult to achieve such efficient version resolutibevery VBIR happens to use a nomenclature for distinguishing version variants
that was chosen by historical accidentHere we present a stabilizing versioned number system designed to facilitate efficient
communication of versioning information acsasystems and research groups. We have been developing a marked positional numbel
system that can automatically generate version variant numbers. To be as stable as required for resolving the vergamsng prob
above, this system needs to address all@wable usecases 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, tlois is by n
means an exhaustive list. We invite feedbagluse 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.org90120}/

and reviews of a mechanistic view ofd&SysBio are athttp://evolutionarysystemsbiology.org
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The New Advanced Computing Landscape: Opportunities for Molecular Biology
Dan Stanzione 1, Matthew Vaughn?

1Texas Advanced Computing Center, Austin, United States

Abstract: This talk will cover recent developments in the high performance computing eco$ystemthitectures, systems,

software techniques, APIs, atablsi 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 drangencd mew
systems at the kas Advanced Computing Center, such as Stampdddich will enter production just prior to the meeting), and

from the Galaxy, iPlant, Cyverse, and DesignSafe software ecosystems.
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Infectious Disease Dynamics Inferred from Genetic Data via Sequential Monte Carlo
Alex Smith 1, Edward lonides 2, Aaron King3

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 asdtist estimate phylogenetic trees from
sequence data, then estimate a transmission model conditional on these phylogenies. Outside limited classes of ngdels, existi
methods are unable to enforce logical consistency between the model of transmis$iat anderlying the phylogenetic
reconstruction. Such conflicts in assumptions can lead to bias in the resulting inferences. We have developed a iicaiby, stat
efficient, plugandplay method to jointly estimate both disease transmission andg#ny using genetic data and, if desired, other
epidemiological observations. This method explicitly connects the model of transmission and the model of phylogenysia as to a
the aforementioned inconsistency. We demonstrate the feasibility of our epphoaugh simulation and apply it to estimate stage
specific infectiousness in a subepidemic of HIV in Detroit, Michig&hile we focus on how these methods may be applied to
populationlevel models of infectious disease, their scope is more generake Tiethods may be applied in other biological systems
where one seeks to infer population dynamics from genetic sequences, and they may also find application for evolutiteary mode
with phenotypic rather than genotypic data.
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EXONtools: A complete pipeline for exon capture sequencing data analysis of non-model organisms
Kirill Vinnikov 1*, Kathleen Cole *

1Department of Biology, University of Hawaii at Manoa, Honolulu, United States

Abstract: Exon capture sequencing is one of the most promising approaches in evolutionary and population genomics because it o

obtains data from protein coding DNA regions (~28#)piding all other unnecessary sites. As a result, hundreds of individuals can be
multiplexed and analyzed all together during a single-tigbughput sequencing run, yet still providing a substantial amount of data
required for deep phylogenomic reconstions, large scale population studies, identification of candidate genes under selection, etc.
Furthermore, in combination witthe novatranscriptome sequencing (RNg&q), the difficult task of capturing whole exomes for-non
model organisms can also becamplished. 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
existing popular programs into oaealytical 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 exoaitcapture
development provides the usgith 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 sequeatasaf an
and aligned exon orthajs without norcoding flanking regions. Currently, EXONtools has been approbated on Unix and Linux
operating systems, using a dataset of 135 individuals of -anoaiel bony fish species and >15,000 exons captured per each
individual. EXONtools is availabla 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 urbaniesses psowell as
uncontrolled introductions of exotic invasive species on some tropical islands cause irreversible degradation of imsakar fres
habitats and subsequent extinction of some native fish populations. Although many anthropogenictbeasiect freshwater
streams were well described in recent years, little is known about biology and population sustainability for the méyje#teatd
taxa. My dissertation project is aimed to investigate the population structure and larvanedrpiatterns of native freshwater
gobies from genuStenogobiugTeleostei: 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 reseades ithe following steps: whole
transcriptome sequencinge novaranscriptome assembly, transcriptome annotation, exon search, bait development, and exon
capture sequencing. All these steps required implementation of many existing analytical apprahsbegtimes new
bioinformatics algorithms that are necessary for solving some specific tasks (e.g., isoform tests, exon search or)bait design
"EXONTtools" pipeline was developed in order to combine all these different programs and my personal cad@sgteo
bioinformatics framework, written in Python programming language, that will allow all other researchers to perform sufiglsr st
based on exon capture sequencing in a much easier way. Exon capture sequencing is one of the most promisegiapproach
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-simgleyhpgh
sequencing run, yet still providing a substantial amount of data required for deep phylogenomic reconstructions, lpogeistiale
studies, identification of candidate genes under selection, etc. Furthermore, in combinatimmaiticiransciptome sequencing
(RNA-seq), the difficult task of capturing whole exomes for-nmodel organisms can also be accomplished. Currently, EXONtools
has been approbated on Unix and Linux operating systems, using a dataset of 135 individualswé@ehbonyfish species and
>15,000 exons captured per each individual.
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Are VBIRs like FlyClockbase the new Genome Projects?
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Abstract: Genome projects have convincingly demonstrated that bundling similar tasks for batch pgazssgjreatly increase the

efficiency of biological research. Instead of a gene at a time, sequencing entire genomes provides a resource allogisigobiolog
efficiently query a genome. Current biology is hard to image without genomics. Why is it imgorbaundle similar tasks? (1) It

drives tool development for faster task execution and reuse of setup overhead. (2) The resulting standardization engbkgyett
control. (3) It improves information flow as updates are best maintained by onpeéeaenome, allowing other researchers to
efficiently test hypotheses using the latest release. Bundling updates into versioned releases of a genome helpstmaitegia¢es
quality improvements and users to reference a precise state for reprodesiitie Here we extend this idea to other areas of
biological information by introducing Versioned Biological Information Resources (VBIRs). Each VBIR has its chosen topgcal fo
that could be narrow or broad. VBIRSs vary in size and could be implemiandéterent ways, but must provide a defined method for
referencing and accessing past versions. Offering stable links to past variants of more causal VBIRs enables resesichsrssto b
consequential VBIRs that could grow into complex networks aiblical expertise. These could be used for simulating more
complex biological systems, parameter inference, and hypothesis testing. We developed FlyClockbase, a VBIR focusetingn integra
observed time series of circadian clock core components fronytBedsophila melanogasteWe 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 humaraaalysis 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 teganduali
error control. Faulty input data can rarely be fixed automatichilyya compiler for VBIRs could detect errors, highlight ambiguities,
and track their resolution by biological model curators. Before writing such a compiler we needlefinetl storage format. We
started developing a radically open storage formatsitebn 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, featuaelsls

that enable more expressivity in startiaed 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 litaédso faci
much needed discussions betweg&perimental 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 Fly€lockbas
active use by their research conmities, 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 systeMergiology.
about FlyClockbase and VBIRd https://doi.org/10.1101/099192
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Clear: Composition of Likelihoods for Evolve And Resequence
Experiments

Arya Iranmehr*, Ali Akbari, Christian Schloetterer, Vineet Bafna

Abstract:

The advent of next generation sequencing technologies has made
whole-genome and wholpopulation sampling possible, even for
eukaryotes with large genomes. With this development, expeginen
evolution studies can be designed to observe molecular evolution
“in-action" via EvolveandResequence (E&R) experiments. Among
other applications, E&R studies can be used to locate the genes and
variants responsible for genetic adaptatioxisting 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 methadompositionof Likelihoods for
Evolve-And-Resequence experiments (CLEAR) identify selection

in shortterm (as well as lonterm), E&R experiments in sexual
populations with small size. CLEAR takes whglenome sequence of
pool of individuals (poekeq) asnput, 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 computationallgfficient. 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 coverageWe applied CLEAR statistic to multiple

E&R experiments, includig, 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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Influence of alignment uncertainty on homology and phylogenetic modeling

Jia-Ming Chang 1, Cedric Notredame 2
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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, | 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
(PRALI NEE) cestb recapitaatess@% of the positions in the reference alignments available from the BAIIBASE2-
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 BAIIBASE2-ref7
alpha-helical TMPs shows a significant improvement over the most accurate methods such as MSAProbs, Kalign, PROMALS,
MAFFT, ProbCons and PRALI NEiffluenc&/ef thadatabase ased for hoaolagyexténbian 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 BAIIBASE 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:

1 PSI/TM-Coffee: a web server for fast and accurate multiple sequence alignments of regular and transmembrane proteins using h
extension on reduced databdsasleic acids reséamt339343(2016).

1 TCS: a webesver for multiple sequence alignment evaluation and phylogenetic reconitingtioracids res¢é3)ar836 (2015).

1 TCS: a new multiple sequence alignment reliability measure to estimate alignment accuracy and improve phylogenetic tree
reconstructin Molecular biology and e&il|t&2®37 (2014).

1 Accurate multiple sequence alignment of transmembrane proteins-@ffé&&IBmc Bioinformdt®$1 (2012).

Website:

1 PSI/TM-Coffee http://tcoffee.crg.cat/tmcoffee

1TCS http://tcoffee.crg.cat/tcs
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Measuring the amount and distribution of positive Darwin selection using both polymorphism and divergence in
Drosophila
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of Chicago, Chicago, United States

Abstract: Detemine 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 thiDsasbptblaspecies

and over B0 individuals oDrosophila melanogastare used for McDonal#reitman 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 posve 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 ratkadsimila

Based on thee 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 differenhestbyf ge
using vey different angles.

Disclosure of Interest: None Declared

Keywords: None



SMBE 2017

Computation and reproducibility in molecular evolution

OTH-CR1

Engineering a real-time HIV surveillance platform
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Cancer Research Center, Seattle, United States, éBiozentrum, University of Basel, Basel, Switzerland, ?School of Public
Health, Yale University, Newhaven, 8Institute for Global Health, *Medicine, Vanderbilt University, Nashville, 1°Medicine,
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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, andl icmmd beetrtuinn g .n -aforensiiseguence hligndent; cuolabtada
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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Three-dimensional Growth and Migration of Cancer Cell Population
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Abstract: Growth models are widely used to uncover the @tah 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 genomensegueesults 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. Attitme same
the threedimensional sampling for a tumor case is egrout 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 andaryoluti
forces of tumor cell population. Combining the inferemesult with the constructed growth model, tumor titieeensional growth

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

occurring in infinitesite model. The result shows that taladistribution of tumor subclones presents a radial pattern and the diversity
of subclones is decided by ancestor cell.

Note: ABSTRACT EXTENSION
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Phylogenetic accuracy of permutated samplings (PAPS) pipeline: taxon sampling influence on stability and speciation
rates in Terrabacteria

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

10akland 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 phyletie signals. In any phylogeny, two aspects are dominant:
topology (ancestedescendant relationship) and patterns of speciation rates (clustering ofthoalggh time). While for the latter
there is only sparse information, for the former current T€@lonstruction studies have exposed conflicting phylogenies for the
Terrabacteria superphylum, particularly in the placement of the Deinocdbeusus (DT) phylum. We hypothesize that at least part
of this uncertainty could be caused by the DT speciegseptation 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 detexieiresl how
sampling scenarios affect phyletic signhal aecyrand speciation rates. We used a discrete RobFmsolds metric to quantify the

level of discord among permutated maximlikelihood trees while for rates we utilized ordinary differential equations to model
speciation events in timetrees. A resolvédlTand 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, afitihtipe resu
adaptations life has made in approximafelyr 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 moreileutady dist
across taxonomic categories.
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Standard mapping protocols misestimate sex-linked gene expression
Kimberly Olney 1, Sarah Brotman !, Melissa Wilson Sayres 12

1School of Life Sciences, 2Center of Evolutionary Medicine , Arizona State University , Tempe, United States

Abstract: There are several challenges to accurately inferring levels of transcription using&RpN@ancing (RNAseq) data, including

detecting ad 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. Recause of
homology betveen the human X and Y chromosome, we expect thatmapgping will routinely occur between these two

chromosomes, artificially affecting estimates of-fiaked gene transcriptioni-or this reason we tested alternative alignment

scenarios on RNAseq samglftom 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 wherallwe aligned
individuals to the elte human reference genome, and computed differential expression between the set of male and female sample
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 huan 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 t&o sexes wt
the genetic female samples wenapped to the reference without the Y chromosome and the genetic males were mapped to the
reference without the Y PARSs. This research is providing essential insight into correcting genome alignment bias thaédan be
future studies.

Expanded summary*: Standard mapping protocols misestimate selinked gene expression

Sarah M. BrotmarKimberly C. Onley, and Melissa A. Wilson Sayres
Background: Genetic males and females share highly similar genomes, only differing in the sex chromosomes, yet featedesnd
are morphologically and physiologically distinct. Sexual dimorphism in aspects of human biology, such as developmeagyphysiol
metabolism, susceptibility to disease, and wound healing, develop throughesgfic gene regulation. Interestingtiile amount of
the genome that is differentially expressed can be substantial, evenii@pmoductive tissue€haracterizing biases in gene
expression is central to understanding-sp&cific physiology and sexual dimorphism. However, identifyingtsased expression is
complicated by lack of a standard mapping protocol fodisdoed genes and the challenges of gametologoutirdeed sequences.
The X and Y chromosomes were once homologous autosomes that could undergo recombination, howeveo chiéniaticec
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 expetappatignis
will routinely occur between these two chromosomes, artificially affecting estimateslofieekgene transcriptionk-or this reason
we tested alternative alignment scenarios on RNAseq samples from brain, blood, heart, liver, and kidney tissues iicfimalgene
(46. XY) and five genetic female (46, XX). We show how inferences of differential gene expression patterns change depeding o
reference genome.
Reference mapping biasThe GENCODE reference genome was obtained in addition to our creativo efuivalent reference
genomes: one without the Y chromosome, and one with the PARs masked in the Y chromosome. We hypothesized that there woul
reference mapping bias when we aligned genetic females (46,XX) to the reference with the Y chromossméearsie mapped
the samples to the reference without the Y chromosome. STAR read aligner was used to map transcript reads to eacaruiethe refe
genomes, which was followed by running CuffDiff to determine the differential expression between sampled toahe original
reference genome versus the modified reference genomes. The preliminary results from the brain samples indicateeatd there ar
more genes being called as differentially expressed when the genetic female samples were mappést¢acbenithout the Y
chromosome and the genetic males were mapped to the reference without the Y PARs. Of the 33 additionally called geees that we
differentially expressed, some were mapped to regions in the X chromosome, Y chromosome, as welleaautosomes,
indicating that more than just the pseudoautosomal region wasapiging when aligning both genetic males and genetic females to
the standard reference genome that includes the X and Y chromosome. The implication of reference mappisdinbiaguastion



the common practice of using of one standard reference genome for both sexes in a study. Our goal is to make our nef@esice ge
and pipeline publically available on GitHub so that researchers can use it in their studies to limitaefeneping bias,
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Re-evaluating the target of selection within FOXP2 suggests functional divergence among diverse human populations
Elizabeth Atkinson 1*, Gregory Smith 1, Amanda Audesse 2, Ashley Webb 3, Sohini Ramachandran 4, Brenna Henn'?
1Ecology and Evolution, Stony Brook University, Stony Brook, 2Neuroscience, 3Molecular Biology, Cell Biology and
Biochemistry, 4Ecology and Evolutionary Biology and Center for Computational Molecular Biology, Brown University,

Providence, United States

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 Tajimad B 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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Comparative genomics of Plasmodium parasites using the web-based CoGe platform
Andreina Castillo Siri1*, Eric Lyons!

1University of Arizona, Tucson, United States

Abstract: CoGe is a publicly available online platform that provides a suite of tools for the analysis, visualization, and storage of

genomic dad. 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 develmakd specic

genomiccomponent s. Here, we demonstrate CoGebs capabilities fo
We focused on Plasmodium due to their medical relevance, widespread distribution, and unique evolutionary history.draigdsequ
and annotied Plasmodium genomes, aswellasftiearmp | et e genome assemblies, are incl

capabilities. The example analyses we present include:

9 A characterization of general trends of GC content variation and amino acid usage across the genus.

9 An exploration of the origin and location of structural genomic evolutionary events (inversion, deletions, and fissicavamn&n
that changed genararchitecture.

1 The identification of variations in the strength and direction of natural selection across the length of genomes.
9 An examination of the evolutionary dynamics of specific genetic elements via the analysis of syntenic regions.
9 Unraveling the evolutionary history of highly variable multigene families at the intraspecific level.

The webbased CoGe platform is a highly efficient system in the study of Plasmodium genomes and other eukaryotic parasites. Co(
is freely available online at tpis://genomevolution.org/coge/. An-dtepth 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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Using genealogical properties to identify selective sweeps in the human thousand genomes
Martina Rauscher 1, Johannes Wirtz 1, Thomas Wiehe 1~

1University of Cologne, Institute for Genetics, Cologne, Germany

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 evoluticshamyognaphic forces, such as
genetic drift in small populations or population substructure. To detect candidate loci of selective sweeps we takpgreexhn a
which considers genealogical relationships among individuals and the topological propehemfdrred coalescent tree.

Since selective sweeps can produce highly unbalanced coalescent tree topologies in regions close to a selective swesgesite, w
devised a statistic, called T3, to detect bias in tree balance. Under neutral evolutionraixispa3 is approximately standard
normally distributed, while selective sweep genealogies lead to negatively biased T3 values. Since this property ialsthavited
subsamples, iterated sgsampling and réesting provides a means to increase powéne 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 tasdintmele
human 1000 genomes project.
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clade-based annotations in ensembl

Konstantinos Billis 1*, Carlos Garcia Gir6n!, Leanne Haggerty !, Thibaut Hourlier!, Osagie lzuogu !, Daniel N. Murphy 1,
Rishi Nag !, Fergal J. Martin, Paul Flicek 1, Bronwen Aken1

1European Molecular Biology Laboratory, European Bioinformatics Institute, Wellcome Genome Campus, Hinxton, United
Kingdom

Abstract: Numerous largescale genome sequencing irfiti@s 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 consistentlythaemgsagag

within these assemblies, will be crucial to eeafleaningful studies of the species they represent.

In response, we have rebuilt the Ensembl gene annotation system, using our eHive pipeline management framework. Oig approa
based on a combination of RNgeq alignments, annotation projection via lehgenome alignments and protétngenome
alignments using selected UniProt proteins. These new pipelines reduce the gene calling process from deysfghite
continuing to provide the highuality gene annotations associated with Ensembl.

We are curently using our new system to annotate rodents and primates, with more clades planned in the near future. Annotating
cladebased manner will ensure maximal consistency and efficiency in terms of gene annotations and comparative genomics analy
The annotated assemblies of several rodent and primate species will be available in Ensembil later this year, in addéted to upd
gene sets for several of our key species. Where available, annotated genomes will incluskeqRId#fa, which can be viewed tbe
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.

Jaime Huerta-Cepas®

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 EQgNOG
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, Jai me, Fran-o0is Serra, and PAnaysis, 80 Viskalizatbh®of 6 .
Phyl ogen o miokeculbrd@8iblagy and Evolution 33 (6): 1635i 38.

[2] Huerta-Cepas, Jaime, Damian Szklarczyk, Kristoffer Forslund, Helen Cook, Davide Heller, Mathias C. Walter, Thomas
Rattei, et al . &8 dd&chicafiCetiglpdy Gr@énmedarkswnith Improved Functional Annotations for
Eukaryotic, Pr ok ar y ot NucleiciAcid$ Regearctad4d (DE)eDP86i9B.c e s . 0O

[3] Huerta-Cepas, Jaime, Kristoffer Forslund, Damian Szklarczyk, Lars Juhl Jensen, Christian von Mering, and Peer Bork.

2016. nFasWideGunctianah Annotation through Orthology Assignment by eggNOG-Ma p p eioRXid.
doi:10.1101/076331.
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Phylogenetic inference is affected by closure, and non-closure, of substitution models.
Jeremy Sumner !, Michael Charleston 1*, Michael Woodhams 1, Barbara Holland *

1University of Tasmania, Hobart, Australia

Abstract: In phylogenetics, time reversible (TR) DNA mutation models have been popular for decades. A more recent development

the hierarchy of LieMarkov (LM) models, whose defining property is that their Markov matrices are closed under multiplication. This
closure poperty means that two consecutive LM processes can be represented as another LM process (in the sérbetmuomis!)

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 havehosen a set of LM models from the many permitted by thidviaekov property, constructed using sensible
symmetries arising from biology. In particular, we allow transitions to behave differently from transversions, but irsisitdins

be on an eqal 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 torobghgérta

We generated sequence data on trees under a range of substitution models both with and without multiplicative closuge, where
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, thenMerkov 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.

Daniel Jeffares 1~

1Biology, University of York, York, United Kingdom

Abstract: Summary: Genome scale data polymorphism can be used to detect selective sweeps that have occurred in the recent pa

But without any 66pohseirtei wa Idomtlrwaly ssebe doubt about the effi
a positive control data set, by evolving yeast populations in laboratory culture until sweeps occur (detected by pontathseqte
released to contests) and sequencing haplotypes (which are released to conteRarits)ale: Simplistic sweeps can be modelled
computationally, but many aspects of genomes, populations and the genetic architecture of traits are not sufficiertiyrvtell kn
simulate. ler 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. Bhthaebalt i
detection of recent adaptive evolution from real data, while supported models, is frequently carried out without a ceaxseioiy

the sensitivity or accuracy of the meth@ddEv ol veat hon | 0 c Bomagsistthe devetopment of mgthoosiatéct

selective sweeps, | propose to run a competition where contestants detect selective sweeps. | suggest Evolveathorsti@dd proc
follows.

We will:

1. Culture populations of haploid fission yeast strains in the laboratory. Such populatvags ahow large changes in allele
frequencies due to selection (preliminary data confirms this). Cultures will undergone cycles of mitotic growth intenstersed
meiotic recombinatior2. Sequence population pools at various time points to confirm gendteechanges in allele frequency
(which will detect sweeps at later time points with high sensitively and accuBa8&g@quence individual strains (haplotypes) from
pools at various time points where changes in allele frequency are detectable totdiffgreas. Strains will be made available at the
end of the competitiorl. 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 theauracy 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 toGet in touchDownload 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 o
guantative traits (1). Strains show strong intri trosStucturale pr o
variants are characterised and known to influence traits and reproductive isolation2. Sequences will be at least 5@xg(@atdrbl

for pools. We will sequence at least 40 strains for each time point, to at least 5x (probably greater).

| 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, 12381 (2015).
2. Jeffares et al. Nat Commu8, 14061 (2017).
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Sexual selection gives rise to non-parallel evolution

Ana Marija Jaksic 12*, Neda Barghi !, F r aMaflaodit, ¥iola Nolte 1, Kathrin Otte 1, Christian Schlétterer !

I nstitut fdr Popul at i o mdienearGeaduatéd Schod ef Papelatian IGenetiesi, \eetmadani Vienna,

Vienna, Austria

Abstract: Sexual selection represents one of the strongest directional evolutionasy feitbea diverse set of traits being affected. In

Drosophilathe 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 ndmpbemtial 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 irD. simulans Starting from the same founder, d@pulations independently evolved for 100 generations. For each
population, RNASeq was performed in three replicates to identify genes with differential expression between the 10 independently
evolved populations. We classified 924 expressed reprodsives 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°). Consistent with the previously reported evideneeséxual selection, many genes directly involved in sperm

competition (66%), including ACPs (50%) and SFPs (66%) were among the differentially expressed genes. We concludegtnat the
number of genes that can be targeted by sexual selection resembéagitative 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 exprexsi@s differ
rather than amino acid replacements.
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I wanna be like you: The prevalence of molecular convergence in closely related organisms
Lucy Holloway 1*, Martin Hughes 2, Mark Wilkinson 2, Davide Pisani!

1Palaeobiology, University of Bristol, Bristol, 2Natural History Museum, London, United Kingdom

Abstract ¢ KS Of 2aSad GKAy3a ¢S OdNNByidte KIFIgS (2 WwWilga 27
homoplasy is less prevalent in molecular than morphological data, atdhdmaoplasy is more common among
organisms that are closely relate@his study aims to test and formalise these concepts by comparing molecular data
from organisms across the tree of lif®ata types tested include nucleotide and amino acid sequenceglaas protein
families and preseneabsence data for protein domaingrevious work using the same method of analysis on
morphological data has demonstrated that morphological convergence is more likely to occur among more closely
related organismsPreliminary 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 morphologicalida@rticular, homoplasy of protein
domains within Metazoa is more likely be observed among more closely related taxa.
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Sex-limited polymorphisms through repeated but unique changes to pdm3

Emily Delaney 1, Artyom Kopp*

1Evolution & Ecology, University of California-Davis, Davis, United States

Abstract: Sexually dimorphic traits are ultimately the product of sexually dimorphic gene expression. Although the molecular

changes responsible for transitions between monomorphidieriphic 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. T
determine what types of genetic changes are involved irrifia of sexually dimorphic alleles (e.g. gaining or losing of activating or
silencingcis-regulatory elements), we analyzed the genetic basis of a convergent-fiemtald color polymorphism irsix species

from theDrosophila montiunsubgroup (a cladeithin themelanogastespecies group). In each species, females have dimorphic
light or dark abdominal pigmentation whereas males have only monomorphic pigmentation (light or dark, but always aos)ngle col
We repeatedly mapped dimorphic female pigméortatio a locus containing the gepem3 but to different intronic and intergenic
regions, suggesting independent changgsltn3 We are now resequencing this locus in wild and admixed populations to identify the
precise nucleotides associated with fenmdgnentation, and are testing how these nucleotidespalteBexpression using transgenic
reporter assays and immunohistochemistry. In addition to comparing fémiésl alleles among species with femdilaited color
polymorphisms, we also compare théo orthologous alleles from sexually monomorphic species imtiumsubgroup and td.
melanogastera close relative that lacks femdilmited color polymorphism. Our extensive comparative genetic and developmental
analysis of a convergent set okdimited alleles will reveal whether parallel genetic changes are necessary for sexually dimorphic
expression.
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All roads lead to adaptation: Genomic signatures of parallel evolution in Drosophila simulans

Neda Barghi1*, Raymond Tobler 2, Viola Nolte 1, Christian Schlotterer !

I nstitut fur Popul ati ons g e rraustralian Centre formAecint DNA, Schodl ef Biolagical Au st r i

Sciences, University of Adelaide, Adelaide, Australia

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 genetistcaints, resulting in different mutations in the same genes
or pathways. Little is known about the reproducibility of adaptation from standing variation in sexual eukaryotes, wingre star
frequency, effective population size, and reservoir of mutationge into play. Furthermore, the adaptive traits are likely to be more
complex than for microorganisms. We used the most highly replicated E&R stDdgsophilato study parallel evolution. The

analysis of 10 replicat®Brosophila simulangopulations adating 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 regiony|rieawesting
clusters were selected in all replicates and mosiash increased in frequency only isbIeplicates. Consistent with genetic drift

being a major factor determining the heterogeneity among replicates, we found a strong positive correlation betweiag the start
frequency of the selected clusters and tielper 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 nesitesacch
transmembrane transporter, triglycerigebe, and endopeptidase activities. Moreover, all evolved replicates had a higher fecundity
and metabolic rate than their ancestral populations. We conclude that Batsimllangpopulations harbor sufficient standing

variation to fuel parallel evolutioof fithess and metabolism despite low parallelism on the gene level.
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Rebecca J Richter 34, Nathan L Clark?

1Department of Computational and Systems Biology, University Of Pittsburgh, Pittsburgh, PA, 2Wetland and Aquatic
Research Center, U.S. Geological Survey, Gainesville, FL, 3Department of Genome Sciences, 4Department of Medicine,
University of Washington, Seattle, WA, 5Pittsburgh Zoo and PPG Aquarium, éDietrich School of Arts and Sciences,
University Of Pittsburgh, Pittsburgh, PA, United States

Abstract: Convergent evolution, the independent acquisition of similar traits across multiple evolutionary lineages, provides a mean

of investigating the genes and phenotypes underbfitagtation. 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 moleculangbs associated with, and potentially underlying, these phenotypic
changes, we identified genes with unique patterns of evolution specifically on marine branches of the mammalian phyéogeny. On
such gene had been pseudogenized only in marine lineage4; AR®IDL-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 assleifis whether
in diet, cholesterol levels, or oxidative environmentmayka contri buted to PON1l6s | oss, we
gene sets involved in these processes. In addition to its metabolic role, PONL1 is also the primary line of defense aganostxic
effects of organophosphate pesticides. Itemetoss therefore suggests that manatees may experience negative consequences in the
presence of agricultural runoff and increasing pestiidai de u
manatees and the dugong and further rolgdcompensatory 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 mg
mammals, likely due to changes in lipid ededlism, has resulted in increased risk for organophosjtdueed neurotoxicity in

manatees.

Expanded summary*: Summary

This project uses evolutionary analyses to investigate the causes of a striking pattern of loss across marine mamneatslef/atge
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 Hallmabitat of s
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 experiendftsl ishevolutionary 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, fee searched
frameshifts and premature stop codons in all codiggeseces included in the analysis. We then used the software BayesTraits [2,3]
to test for an association of the presence or abseWece of g
identified over 100 significantly associated gerend an enrichment of genes with functions related to lipid metabolism. This
category includes PONL1, 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 evolutiateacovariation [5] with genes involved in
betaoxidation 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 marinehdiegges in HDL and/or LDL cholesterol levels in the
bloodstream, and changes in oxidative environment due to submersion. We investigated these by choosing gene setethat might b
similarly affected by each of these selective shifts and determining witledliireevolutionary rates shifted in association with the loss

of PONL1.



I n addition to investigating potenti al f acupamalgsesstaprediacdthen di ng
consequences of this loss in manatees, the spatchighest 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 iA@N1 was lost in sirensTo determine whether this gene loss led to

uncompensated loss of organophosphate catalytic ability in the bloodstream, we tested biochemical activity of manaagaipkstsma
chlorpyrifos, paraoxon, and diazoxon. We found thist dletivity 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 broadeaching implications for both the studf/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 envipbeament im
that investigating how marine species acquire, process, amdligids will be critical in understanding their adaptation to a novel
environment. PON1 provides a key example of molecular changes whose fithess consequences depend upon their environment;
ancestral marine mammals experienced a drastic reductionstraiohat 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 shiaurdel inform f
conservation efforts and recommendations regarding accefaabls of organophosphate use near manatee habitats.
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Peto's Paradox and Beyond: The Evolution of Cancer Suppression across Mammals
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Abstract: Large body size has evolved at least 11 times immals, 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 evalation in

organism containing 100 to 1000X more cells than a huiMawever, zoo necropsy data reveals elephants have orbya 1

probability of death from cancer compared te26R6 for humans. We find elephant genomes harbor up to 40 alleles of the tumor
suppressor gene TP53, and at least some TP53 retrogene copiassarébed 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 whalesvesequenced and assembled the genome of the humpback
whale Megaptera novaeanglideWe find that cancer suppression in cetaceans is associated with positive selection cequitistgin
genes involved in cell signaling, cell proliferation, apoptosisyell as cancer. Our findings suggest independent evolution towards
gigantism during the mammalian radiation was accompanied by divergent cancer suppression mechanisms, expanding our knowle
of Anatureds toolkito in fighting tumorigenesi s.
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Accelerated Gene Turnover and Parallel Gene Family Expansions and Contractions in Marine Mammal Lineages
Claudio Casola!*, Tomasz Koralewski?!, Michelle Lawing !
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Abstract: Colonization of marine environments has independently occurred in three ofdesnmals. Comparative genomic

studies have shown evidence of both parallel possilection 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
as well in adaptation to a marine lifestyle for thesemmalian 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, includi
sequences from four marine mammals: two cetasékiller whale and bottlenose dolphin), one carnivore (walrus) and one sirenian
(West Indian manatee). Using a maxintikelihood approach to estimate ancestral states of gene family size implemented in the
CAFE program, we found that marine mammaldiges 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 famii@s3oaodrre

1.7 times more often than in terrestrial sispecies, 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 @ 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. Eléameniligene

that expanded in marimaammals 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. dAfiadoli
considering pairsfanarine mammal species, we found 617 gene families with convergent gene duplications or losses. These finding
underscore the significant role of gene family size evolution in the emergence of convergent phenotypes.
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Using mutation rate and convergence toward specific mutations to estimate selection and predict evolution of resistance
to cancer therapy
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Abstract: Cells within many of our tissues are independently converging towards mechanisms that

confer higher ¢ ellular fitness & a 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 & and selection intensity for & different 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 fithess 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 fithess advantage.
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Genomics of Rapid Divergence in Lake Malawi cichlids
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Abstract: Systems that have experienceglicated convergent evolution provide powerful models to understand
genetic basis of complex phenotypes. Cichlid fishes have long been recognized as models providing insight i
convergent evolution. Howeremost 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 recer
diverged species rich genus of Lake Malawi rdekelling cichlids the genuslaylandia Two ectomorphs

differing in theircolor pattern, body shape, aggressiveness, and habitat prefeasedeeen identified in this
genusA preliminary phylogenyased on RABseq data supports the independent evolution of barred @and no
barred ectomorphs. Thus these ectomorphs are a valuable system to investigate the genetic basis of a comp
phenotype that includes behavioral, morphological, and ecological characteristics. We are interested in the
origin and organization of allelesmmibuting 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 issie hybridization. We will also
examine the organization of genes contributing to these phenotypes to assess whether linkage disequilibriun
could have facilitated the rapid and repeated divergence of the ectomorphs. Furthermore, QTL influencing
many ofthese 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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Signatures of convergent evolution in chloroplast genes in C4 plants
Tomasz Koralewski®*, Claudio Casola*

1Department of Ecosystem Science and Management, Texas A&M University, College Station, United States

Abstract: Convergence at the phenotypic level has been well documented. Nevertheless, investigations of convergent evolution at

DNA and amino acid levels are fairly recent. In plants, the process of molecula@rgenee is particularly intriguing in the case of

C4 photosynthesis because the C4 pathway has independently evolved multiple times in various lineages of angiospected We sele
30 species from grass family, representing both the C3 and C4 photosytythesjsind 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 asveat diffe 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 anceststruto rec
ancestral DNA sequences, we used a published phylogeny and thesgaskage PAMLWe summarized the cases of convergence
and divergence at each amino acid site for each pair of species, and further analyzed the three classpedbEmtmmparisons:

C3-C3, C3C4 and C4C4. Particularly strong signal of convergeiité€4 plants came from ribulosk5-bisphosphate
carboxylase/oxygenase (RuBisCo), a key enzyme in the photosynthesis process. We found signatures of convergg&hce in C4
pairwise comparisons also in two other genes: RNA polymerase beta' subunit andalleden S18. These preliminary results
provide evidence of molecular convergence in multiple chloroplast genes in C4 plants.
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A hierarchical Bayesian model for detecting convergent rate changes of noncoding elements on phylogenetic trees
Zhirui Hut*, Jun S. Liu2, Tim Sackton?2, Scott V. Edwards 2
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Abstract: Variation of DNA substittion rates among lineages may indicate gain or loss of function DNA elements. Previous methods

estimating brancispecific substitution rates, either by counting the number of substitutions or computing the likelihood ratio betweer
a constantate versus v@ablerate 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 conseexathicaglements (CNEES) that can

handle multiple loses and gains of conservation during evolution. The model assumes a latent state for each branch on the tree, wt
can either be neutral, conserved or accelerated, estimates substitution rates for each CNEE, and detects changesiwfatitg by e

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 theptecifi

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 CNEEssn flightl
birds (ratites, Palaeognathae), we identified thousands of CNEEs with increases in substitution rates in one or rboitentites

other birds, and by identifying branches on which losses of conservation occur demonstrate that these elemelytfogttaticion

in different ratite lineages independently. This method is widely applicable to any set of conserved elements wherehenidigde

in constraint are expected across the tree.
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Utilising Sequence Similarity Networks (SSNs) to Analyse Microbial Evolution by Gene Fusion
in Different Species

Yaging Ou 1~
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Abstract: Traditional phylogenetic trees have been using as an effective tool in evolutionary studies for more than a century, althou

they are only appropriate in describing treelike (divergent) relationships rather than convergent eventgesecfuamns. More

recently, sequence similarity networks (SSNs) have been used to analyze divergences and reticulations and to proadd a visual
analytical framework for detecting sequence recombination. In a diverse dataset used in this prtgeof, 141,538 genes were
retrieved from public databases. This dataset consisted of the proteomes of 37 eukaryotes, 90 bacteria, 56 archaasesnd 79 vir
According to the results of allersusall BLAST and using a software program to identify moggines, 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 assodistexhgegnes function and plant

lineages. Also, composite genes are likely to generate new functions with enzymes or biosynthesis. To some degregsour findin
supported the irreplaceable place of SSNs in the future evolutionary analysis of gene origin.

Expanded summary* Dur i ng the AfAbuildingd of genes and I|Iife in the e

part. In gene fusion or fission study, two related or unrelated sequences were observed being involved in a convevge event
genes merge to one as well as one gene splits into two genes in a divergent event. However, relying on conventioratyevolution
analysis approaches, such as phylogenetic trees, mosaic events will be ignored. In this project, we utilised nevietenanadg

SSNis to investigate gene fusion phenomenon on earth. Adaade 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 43.66f%ctethas

composite genes, 56.69% genes detecting as component genes as well as 93.51% species taking part in mosaic evergenkloreove
fusion happened in every species among three domain of life apart from viruses.

Gene fusions have been provedttividespread occurred in all of prokaryotic, eukaryotic, viral and plasmid genome. Moreover, it was
estimated that mukiomain genes constituted approximately 40% of the prokaryotic genes and over 67% of eukaryotic genes, whict
is promising as the resslbf 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 1,1134s888ence dataset) were fused genes.

The extensive existing of mosaic genes ig/\Viely 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 attriliotiicyg antib
resistance genes in bacteria. Fromghespective 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 functithas rather

simply additional functions from th@omponent sequences. What is more, according to the comparison of gene functions between
intact dataset and genes in Aoansitive triplets, composite genes operated in most aspects, especially in enzyme activity,
biosynthesis process and signalling path 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 weretbimd gene families having rearranged domainBiiasophilaclade,

which considerably influenced theggsalling and development process. Also, Green et al. proved that HGT and fused genes facilitatec
biosynthesis of polyamine enzymea&lenosylmethionine decarboxylase, aminopropyl transferaseand histidine.

In addition, there are a wide range of reasonsritaning to gene fusions: HGT, recombination between species, paralogs sequences
communication, intron retrohoming, allopolyploid formation, fractional-ncthologous alternation, various modular operon
construction as a result of novel genetic assemmfievel transposons families, sgtfverning and incomplete lineagerting 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 deiaassapiensanked as the first place

and there were four members



pertaining to algae and plants. To some degree, this finding suggested the connection between photosynthetic lineeiges and for
composite proteins. The results of Nakamura, Itoh and Martin investietethe 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 whiffiettis in improving the capability of oxidative
pressure. Those S genes were derived from plasmid endosymbiont and formed the original composite genes by plantae eukaryote!
Even though only the 17 viruses have not been detected taking part in fusedendrile genetic elements, for example, viruses and
plasmids, still are considered as crucial parts ofimamologous recombination. Apart from the precious example of S genes from
plasmids, Jachiet Jachiet et al. illustrated that in a dataset of threens of life and mobile genetic elements, there werditihe
composite genes generating from pieces of viruses and plasmids.

Networksbased 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 node
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 estiwolasity n

will break down when encountering giant connected component (GCC), due to the fact that GCC is too dense to visualisewith Gep
In conclusion, utilising the new reticular model SSNs can depict complete biological evolutionary relationship, notventictte
inheritance but also introgression or gene fusions. In total, there were 262 species from three domains of life reciondtreicted
dataset in this project, containing more than 1 million genes. Afteeedlsall BLAST searching and compasigenes identification,
there were 529,088 genes defined as fused genes, accounting for 47.60%, in which 371,759 genes beloxigetsitivedniplets.
Furthermore, those fused genes distributed among all species of eukaryotes and prokaryotesvandesdstthis dataset. It seems,
then, that SSNs, despite having difficult in painting GCCs, will most probably continue to spread and develop as adftiesancetti
technologies of investigating life evolutionary, especially for the extensive exisiegeeae fusions, in the foreseeable future.
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Inference of changes of fitness landscape from sequence data with single-position resolution
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1IRAS, IITP RAS, 2Lomonosov MSU, Moscow, Russian Federation

Abstract: Site-specific protein fithess landscape is variable, so that an amino acid at a specific position of a protein confers different

fitness values in different speciékhis 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 mdasated i
mutagenesis expenents. However, to our knowledge, no method can detect changes of fithess 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 amaxhacid a

site, that tis 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 hunulyezls or
speciesand 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 implicttde important in fields ranging from studies of speciation to prediction of the

effect of pathogenic alleles in humans. In my PhD project, | analyze sequence data together with phylogenetic treesdb study
changes. Using a huge phylogenetic tremibbchondrial proteins that includes 4350 species of animals and fungi, | have shown that
parallel substitutions that repeatedly give rise to the same amino acid at a particular protein position tend to caelyrrielated

species, while divergent Bstitutions occur in more distantly related species. This implies that the fithess of different amino acids
relative to each other changes in the course of evolution. In a fajostudy, | ask how such changes have affected the lineage
leadingtoourowrs peci es . I show that not only the Anormal 6 amino a
associated with disease in human mitochondrial genes are more likely to arise in parallel in closely related specagzesytieas

in more distantly related species such as fruit flies. This implies that even though a variant is deleterious in humahsjatés stil
benign than other variants that are observed in distantly related species, but probably are lethal for humans.

While such reults, as well as results of others, shed light on the mechanisms of evolution, they are based on pooled analysis of larg
datasets, and tell us little about individual variants. To predict the effects of individual mutations, it is necestearguolitionary
changes of fithess conferred by different variants for individual amino acid sites, and the large available amount efdsquenc
allows us to do this. | have developed an approach to study changes of fithess landscape at a single amitioraofcagostein,

and show that the amino acids pathogenic in humans change the fitness conferred by them particularly fast. Such charsges may b
methods used to predict effects of mutations by comparative genomics, and should be accounted for.
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Dissecting the molecular evolution of toxin insensitivity: insights into the constraints on adaptation.

Lu Yang !, Santiago Herrera-Alvarez 2, Lucy Cobbs !, Jamie Ding!, Maria Del Pilar Rodriguez 2, Ying Zhen 1, Andrew J
Crawford 23, 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,
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Abstract: Despite the central role of adaptation in evolutionary biology, we remain ignorant about numerous aspects of the process

notabl: What developmental, genetic, physiological and populdgwal factors limit the evolution of new biological traits and the
rate of adaptation?How predictable are adaptive evolution outcofmaaswers to these questions are critical to our understgrafi
evolution and have important practical implications for how we might expect species to respond to anthropogenicretaingyes.

are difficult to address anecdotally, especially when so few traits have been dissected to the molecular leveba®hrisppr
examine fAiconvergent" adaptations across distantly related
speciehave adapted in parallel under a common selective presasgra.case study, | will discuss our-gaing work on

the evolution of toxirinsensitivity of N&,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 emgineering,
have revealed the genetic and mechanistic basis for the convergent evolution of cardiac glycoside insensitivity ingbeaedyrou
identified factors that constrain its evolution. Beyond the insights into this specific adaptation, our work suggesit&ibrzyw
paradigm for studying the adaptive process.
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Genetic basis of local adaptation with gene flow in Arabidopsis lyrata
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Abstract: Differential selection over environments can lead to adaptive divergence when disruptive evolutionary forces have lesser

effect. This happenshen 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 scenaristisieegvelhe,

but less is known abolocal 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 Aegzbjdopsis lyrataFour populations from two altitude gradients at
latitudes @ (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 survivataotiveepr
fitness, consistent with local adaptation. Coalescent simulations using-gdraene resequencing data further indicated that
populations from different altitudes have diverged recently and there are significant, but asymmetric, amounts of getvee@aw b

them. Moreover, sequence data are used for divergence outlier scans to search for loci potentially underlying theiadapttion
separate sites.
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Convergent evolution of red blood cell sickling in human and deer
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Abstract: Si ckl e cell anaemia i s c au-glebihgebey A smallchangg With largeoconsetjuemeest a t i
mutant hemoglobin (HbS) molecules polymerize into tubules upon deoxygemaitiwoing red blood cells into the characteristic
sickle shape that came to the attention of the medieal com

shaped bl ood corpuscleso in a pat isieked erythiodyths hadealveady leeensobsareediOa .
years earlier when Gulliver noticed a range of oddly shaped cells, many in the now familiar sickle form, in the bloectaifedhit

deer Odocoileus virginianus)in this talk, | will describe our eff@stto 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. blobdrne parasites). We determinddé s e q u egloluneogthologs frofn 15 deer species to identify a
set of ceevolving, structurally related residues that distinguish sickling fromanckiing deer and suggest a sickling mechanism
reminiscent of but distinct from the human diseast sRecurrence of sickling and ngitkling genotypes on independent branches

of the deer phylogeny suggest parallel adaptive evolution. | will discuss the role of different evolutionary procestias, inclu
introgression, gene conversion, and hemiplasynderpinning observed patterns of molecular convergence. Our results illuminate
mechanistic, structural, and evolutionary parallels in sickling between primates and cervids, with implications for dimdgetiséan
ecological regimes and genetic architees that favour the evolution of sickling.
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Dynamic convergent evolution drives the passage adaptation across

48 years hi story of H3N2 influenza evolution
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Abstract: Influenza viruses are e 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 datakes, 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 hueravironment 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.rigsiwo 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 seledites 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, whicheséldifficult 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 sequanalysis 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 leve
Given the -toymiedalmapmamy of genotype to phenotype
changes in phenotype itovolve 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 reveetecgexperiments to test the
phenotypic effects of individual substitutions (
beené changes). A key finding is that the fiticnes
background. This contextependence can reduce the probability of molecular parallelism because it reduces tt
number of possible mutations that are unconditionally acceptable in divergent genetic backgrounds. Here |
evaluate the causes of parallel ewllar evolution using experimental data on the molecular basis of
hemoglobin adaptation to hypoxia in highitude animals. The results reveal that intramolecular epistasis and
mutation bias both exert a strong influence on the probability of pardtisiition at the amino acid level.
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Evidence of Positive Selection in Parallel Evolution of Closely Related Gammarus Species Genomes

Valentina Burskaia 1*, Sergey Naumenko 2, Georgii Bazykin 12

1Center for Data-Intensive Biomedicine and Biotechnology, Skolkovo Institute of Science and Technology, 2Institute for

Information Transmission Problems, Moscow, Russian Federation

Abstract: We compared the rate ofgadlel synonymous and nonsynonymous molecular evolution in different systematic groups.
Orthologous groups alignments of closely related gammaridae species were used for this issue, and vertebrates exomatignments
added as a reference dataset. Wheeesame nucleotide substitutions had occurred in more than one lineage, nhonsynonymous
substitutions were found to be more frequent than synonymous ones. The excess of nonsynonymous parallel substitut®ns indicat
prevalent positive selection at sites afgllel evolution in closely related species, and implies the high role of positive selection in
early sympatric divergence.

Disclosure of Interest: None Declared

Keywords: None



SMBE 2017

Convergent evolution

OW-CEG6

Comparative methods offer powerful insights into social evolution in halictid bees
Sarah Kocher 1~

1Lewis-Sigler Institute for Integrative Genomics, Princeton University, Princeton, United States

Abstract: Natural variation can help us understand how ecological and evolutionary dgremajme complex traits. Halictid bees or

6sweatd bees harbor extraordinary variation i n socandl beha
variation among species encapsulates nearly all forms of social structure, frony solamitively eusocial. Importantly, several
species exhibiintraspecificvariation in social behavior on par with that observed between species. In one of these species,
Lasioglossum albipeshese differences have a genetic underpinning. Populzgioetic analyses from multiple social and solitary
populations have identified a number of sequence polymorphisms associated with social behavior in this species. Fagber evide
suggests that the behavioral variation observed albipesappears to bthe result of local adaptation to different environments,
similar in many ways to the variation observed between benthic and limnetic populations of sticklebacks. To identifti¢he gene
factors associated with the evolution of social behavior in thigognoe 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 &e integrat
examination of the link between the proximate mechanisms unagnriation in social behavior and the ecological processes
driving their evolution.
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Parallel evolution of toxin resistance in a predator-prey system

Santiago Herrera-Alvarez 1, Lu Yang 2, Maria Del Pilar Rodriguez-Ordofiez 1, Andrew J. Crawford 1 3, Peter Andolfatto 24
1Department of Biological Sciences, Universidad de los Andes, Bogota, Colombia, 2Dept. of Ecology and Evolutionary
Biology, Princeton University, Princeton, NJ, United States, 3Museo de Historia Natural ANDES , Universidad de los
Andes, Bogota, Colombia, 4Lewis-Sigler Institute for Integrative Genomics, Princeton University, Princeton, NJ, United

States

Abstract: How predictable is genetic elution? Repeated use of the same genetic changes depiegted phenotypic evolutigie.

parallel and convergent evolution) is thought to indicate biases and constraints on the type of mutations that willXeecionge fi

species lineage. Parallel déution of toxin resistance in large assemblages of animal is one of the clearest examples of adaptation an
represents a useful scenario to test for parallel evolution. Here, we study a natural jpregatgstem, that involves the ability of a
variety d vertebrate species to feed on tepiroducing toads (Anura: Bufonidae). Bufadienolides belong to the family of endogenous
cardioactive steroids that can bind to and inhibit the alpha subunit of ti¢'NaT Pase ( ATPU), a protein f
contraction, neural function and the membrane potential of cells generally. Using transcriptome data from a numbsatofgoad
vertebrates, we show that both structural and regulatory changes shape the evolution of toxin resistance and thabhdiptarg ev
trajectories are, to some extent, predictabl e. ATHmRé&steioddl a h
rich diet as shown by repeated amammd substitutions and parallel changes in gene regulation.
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Detecting signatures of convergent adaptation in genomic data

Kristin Lee 1, Jessica Selby 2, John Willis 2, Graham Coop !

1Department of Evolution and Ecology, University Of California, Davis, Davis, 2Department of Biology, Duke University,
Durham, United States

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. |
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. | 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, | 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. | 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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Is specialization driven by loss-of-function? A comparison of chemoreceptor evolution in a generalist/specialist pair of pine
sawflies.

Kim Vertacnik 1*, Catherine Linnen!

1Biology, University of Kentucky, Lexington, United States

Abstract: Oneout of every four species is a plgeeding insect, and most are specialized for particular plant taxa. Because they

determine an insectbés ability to detect host plant iolsipoun
preference evolution. Additionally, a large body of workdnosophilasuggests that diet breadth reductions may be predictably driven
by lossof-function (LOF) mutations in chemosensory genes. However, becaus®raesphilaspecialists are also island endes,

it is difficult to disentangle the contributions of genetic drift and natural selection to chemosensory gene evolutidh srudation
accumulation. Here, we examine the role of chemoreceptor LOF mutations in a pair of pine sawfly speciesitlely alistributed
across eastern North America, but differ in diet breadth. Vilelediprion pinetunis a specialist on white pin@ifius strobu) N.
leconteiis a generalist that feeds on many different pine species, but avoids white pine. We firdtdaesdemonstrating that the
specialist has increased preference, improved oviposition performance, and improved larval feeding performance on White pine.
test the hypothesis that LOF mutations contribute to white pine specialization, we assentbighboies 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 n@ynonymous substitutions were higher in the specialist. Our results etheatalthough host

specialization is a complex trait, haste evolution may be predictable at the level of gene family and gene function.

Expanded summary*: Over one quarter of all described species are {igtting insects. This impressive biodiversg driven by

extensive specialization and adaptation to diverse host taxa. The overall goal of my research is to determine thehiéotetiieto w
genetic mechanisms underlying host adaptation are predictable. Specifically, | focus on-gét®eteangeassociated with two

types of convergence in hesse 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 gertadisis of biodiversity and evolutionary repeatability, | 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 theipimeferred
species. Preference is a behaviptaenotype 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, cavopa@tive
chemoreceptor gene @ution in Drosophilademonstrated that shifts from generalist to specialist lifestyles are accompanied by loss
of-function (LOF) mutations and elevated rates of-sgnonymous substitutions in chemosensory gene families. Although these
findings suggest Ht the genetic basis of specialization may be predictable, they are confounded by demography because the best
studiedDrosophilaspecialists are often island endemics.

To determine if the genetic correlates of specializatidbrimsophilaalso characteze other herbivorous insects, | am exploring
chemosensory gene evolution in an eastern North Ameciede ofNeodiprionsawflies (Hymenoptera). This is a monophyletic

group of 19 pindeeding species with repeated shifts between generalist/speciabsglés 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, | am testimgptitbesis that hostse changes involve predictable
genetic mechanisms, specifically that: (1) reductions in diet breadth are accompanied by LOF mutations andnétisuated d
chemosensory gene familiesnd (2) independent host gains/losses of a pdatitiost are associated with changes at the same loci.
To test these predictions, | am performing two comparisons. The first is between sister taxa that differ in both pretfemdadited
breadth. Whereal. pinetums a white pine specialisP{nus $robug, N. leconteis a generalist on multiple pine species, but avoids
white pine. | have assembled a draft genome for each species and manually annotated chemoreceptor gerdeptar an in
comparison of gene loss, pseudogenization, and signaturesitve selection (¢/ds). The second comparison is across the entire
eastern North AmericaNeodiprionclade. For each species, | am assembling a hybrid genome (refbesscke+ de novo) and

manually annotating the chemoreceptor genes. Due to repedtedosthe same hosts and independent changes in diet breadth, | can



evaluate the repeatability of patterns identifie@msophilaspecialists, and assess genetic convergence associated with the gain and
loss of the same pine hosts.

For this SMBE meetig, | will have data from the tdepth generalist/specialist comparison. | am excited to share this work and get
ideas for a future project identifying signatures of selection accompanying divergence in host use among peythatispecies.

What | cancontribute is my expertise in developing genomic resources femuatel systems, comparative genomics, and the genetic
basis of adaptation. The broad significance of my research is that it addresses fundamental questions about theypoédictabilit
evoluiond specifically mechanisms underlying ecological specializétiamich in turn will improve our understanding of species
formation and biodiversity.
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Population genomics of herbicide resistance and agricultural adaptation in Capsella bursa-pastoris

Julia Kreiner +*, Stephen Wright1, John Stinchcombe *

1Ecology & Evolutionary Biology, University of Toronto, Toronto, Canada

Abstract: Adaptation of ruderal pldrpopulations 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 pigtion bottlenecks and expansions, anddapsella bursgastoris a history of widespread
colonization. Acetolactate synthase resistance has been repordimsapastoris yet we know little about the population

genomics of resistance adaptatiow @emography. To investigate demographic history and population structure, we gdryetype
sequenced 96 individuals from the Canadian Prairies and compared diversity to 261 Eurasian individuals. We found timat Canadia
agricultural populations originate froNorthern Europe, likely through multiple colonization events. Demographic models estimated
a strong genetic bottleneck 6f bursapastorisduring its introduction to Canada. We gauged the frequency and number of resistance
mutations present across tharadian Prairies by pegskquencing 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 wgphgviousl
characterized in experimehtzopulations. Both subgenomes of the tetraplGidhursapastoris,harbored mutations for resistance

By comparing genetic diversity and the population branch statistic between agricultural Canadian and natural Europé&amspopulat
we identified candid® 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 basiatibadapt
shaped ¥ 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 formatioand persistenéeDespite 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 adapgdtion in r
time. Notadly, 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 opportunitzeaodloni
adapt toagronomic conditions, negatively impacting crop harvests and leading to a novel evolutionary arms race with crop protectio
measures This phenomenon has received little attention from molecular and evolutionary biologists, yet is of dire globaldmportan
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 remarkabte/esgentf
phenotypic evolution, with over 450 unique casesutioented 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 acrogsnide ALS
Yet, it remains that we know little abbtlne 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 canasotiea

the relative roles of sofind 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 eesistant w
Resistant weeds havecently 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 widesgad weedsCapsella bursgpastorishas repeatedly been reported as herbicide resi§tahtirsa
pastorisis a selfing, allotetraploid formed approximately 150,000 years ago from the di@loigtandifloraandC. orientaliswhere it

was first introducedo North America in the ITcentury®. To investigate demographic history and population structure, we

compared genotypky-sequence data from 96 individuals across the Canadian Prairies to Eurasian samples. We find that Canadian
agricultural populationsriginate from Northern Europe, likely through multiple colonization events, confirming previou evoak
whole-genome scale. Coalescent models of Canadidwrsapastorissince its split from European populations gives evidence that

the species expenced 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. Wénfl 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 pigviously o
characterizedh experimental populatiofAsResistance 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 yget siz
comparinggenetic 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 agriculatiah addpt
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 gethegraph
nature of these evolutionary processes, laow 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 LondBol Sci,3681610);(2) Neve et al., 200NewPhyt 184(4); (3) Heap 2017.
www.weedscience.coni) Tranel, & Wright 2002Weed S¢i50(6); (5) Douglas et al., 2018£NAS 112(9); (6) Neuffer & Hurka

1999.Mol Ecol, 8(10); (7) Ott et al., 19963 Mol Biol, 2632).
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Convergence and reversion in the presence of gene tree discordance
Matthew Hahn*

Abstract: Phenotypic convergence is often an outcome of adaptiokition, 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, bliadn also s
light on the extent to which molecular evolution is repbbe and predictable. Recent genemwide studies have looked at both
convergence and reversibrwhen a second substitution takes a lineage back to the ancestialestaises a wide range of taxA.

striking pattern uncovered in these studies is that bmtkiergence and reversion diminish over time, with less closely related species
having proportionally fewer such substitutiorghis pattern has been ascribed to intramolecular epistasis constraining the space that
proteins can exploreln this talk | cosider gene tree discordance as an alternative cause of changes in convergence and reversion
over time. | explain how gene tree discordaneither caused by biological or technical factorsan produce similar patterns on its
own, and that the patterns in nyapublished datasets seem to be explained by discordapoesent multiple ways to distinguish true
convergence and reversion from the changes mimicked by discordance, including a likelihood ratio test for individutibeahutitu
interest. These esults highlight the important (but insidious) role gene tree discordance can play in conclusions about molecular
evolution.
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Epigenetic Regulatory Loci of Human Brain Evolution and their role on the susceptibility to neuropsychiatric disorders
Isabel Mendizabal 12, Lei Shi34, Thomas E. Keller!, Genevieve Konopka?s, Todd M. Preuss 6, Tzung-Fu Hsieh7, Enzhi
Hu 89, Zhe Zhang 19, Bing Su8, Soojin V. Yi?

1School of Biological Sciences, Institute of Bioengineering and Bioscience, Georgia Institute of Technology, Atlanta,
United States, 2Department of Genetics, Physical Anthropology and Animal Physiology, University of the Basque Country,
Leioa, Spain, 3State Key Laboratory of Genetic Resources and Evolution, Kunming Institute of Zoology, Chinese
Academy of Sciences, Kunming, China, 4The Molecular & Behavioral Neuroscience Institute,, University of Michigan, Ann
Arbor, sDepartment of Neuroscience, University of Texas Southwestern Medical Center, Dallas, ¢Yerkes National Primate
Research Center, Emory University, Atlanta, “Department of Plant and Microbial Biology and Plants for Human Health
Institute, North Carolina State University, Raleigh, United States, 8State Key Laboratory of Genetic Resources and
Evolution, Kunming Institute of Zoology, Chinese Academy of Sciences, Kunming, °Kunming College of Life Science,
University of Chinese Academy of Sciences, Beijing, *°Kunming Institute of Zoology, Chinese Academy of Sciences,

Kunming, China

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,haightontributed 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 outgrouptonfoemigfijon

potentially human braispecific changes of DNA methylation. Using this method and using fairly conservative criteria, we identified
hundreds of genomic regions that show human br aréntialyspeci fic
met hyl ated regions (DMRs) 6. Axsprcifig DMRB essgtardetetRisep gewaenic aingl bigulétel 3 8
sequencing in an independent panel of 37 individuals from five primate species, and found that our comparative metiwgdaotic ap
reliably identifies potentially humaspecific DMRs. These DMRs show not only DNA methylation changes but also signatures of

hi stone H3K4me3 modification. We also identified s e vaetreal o]
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 spigfietap

changes to the prevalence of some neuropsychiatric diseases.
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Genetic conflict shapes Drosophila telomere biology

Bastien Saint-Leandre 1, Yuh Chwen G. Lee 2, Mia Levine 3*
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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 tslam&iiroDgh
hailed as an exemplary fAgenomic symbiosis, 0 sporadi adcheaccou
transposable element arrays to which they localize implicatedgetnamic conflict. Consistent with a moleculama 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 gérmlieeisely where we expeicttra-genomic conflict

to play out. Moreover, we have documented exceptionally rapid turnover of telspemrialized transposable elements across only a
few million years of Drosophila evolution. This recent and exceptionally rapid evolution of botletel@eatrotransposons and end
protection proteins suggest that, across Drosophila evolution, telomere integrity requires a recumegtiyiaeed truce between host
proteins and telomere lengthening elements. To test this model, we leverage CRISIRQiat®d transgenesis to cleanly swap into

D. melanogastehighly diverged alleles encoded by its close relatives. For one fast evolving telomere end protectite geme
melanogasteallele fully complements the mutant phenotypee observe no cataspbic endto-end chromosome fusions. The same
genotype, however, hypertranscrii®s me | a ntelanarsspeeialifed retrotransposons. This failure to complement transposon
silencing is consistent with an ongoing molecular arms race shaping Drosefiit@ite biology and reveals the genetic determinants
of molecular domestication (and-demestication) over evolutonary time.
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Diversity and evolution of transposable elements in the Arabidopsis lyrata and A. halleri genomes

Sylvain Legrand **, Thibault Caron?, Florian Maumus?, E | é Dumnaadr,&ophie Gallinat, Lucie Huyghe !, Sol
Schvartzman 3, Marc Hanikenne 3, Vincent Castric !
1Evo-Eco-Paleo, University of Lille, Lille, 2URGI, INRA, Versailles, France, 3Department of Life Sciences, University of
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Abstract: Transposable elements constitute the major partast eukaryotigenomes. 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 lyratg1] revealed an important population of recently inserted transposable elements that is not observed in the closely
relatedA. thalianagenome, indicating either more successful recent transpositiénsgyirataor more successful elimination of

recent TE insertions in the predominant seffethaliana The mechanisms that led to this burst remain unclear and magiéncl

either lower efficacy of silencing of TEs and/or lower deleterious effects of TE insertions near génlgsatathan inA. thaliana

To answer these questions, we characterized the dynamics of TEs at an even finevohitionary scale by comgag the TE

contents in two genome assemblies of the sister species of A. lyrata, A. halleri, that diverged less than one millgam Ysimg a

hybrid approach combining long (PacBio) and short (lllumina) reads, we obtaiechatlierigenome assempkomposed of 3,152
scaffolds. Annotation of TEs was performed in parallel in both genomes to avoid ascertainment bias [2], and the dgtiitiltion
families showed that Gypsy, Line, Copia, helitron, and MuDR are predominant in both species. Basturengbaequence

divergence within families, we clearly confirmed tlathallerial so contains the two separate p
or o600l doé insertion hi sAlgrata Itesestinglyahbwever we fdureksy few TEs atortholdgoug d | n
positions, suggesting very rapid turnover. Hence, although the two outcrossing species seem to share a common evalativoary dy
of TEs, which is very different from that in the selferthaliana,the comparison indicates aryeapid process of insertion and

deletion, such that their two populations of TEs have already become largely distinct. We are currently examining thegemgact
density, chromosomal location, TE length, small RNA production and methylation pattetimes @ynamics 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, Chetlg Llark RM, et al. The Arabidopsis lyrata genome sequiemel the basis of rapid
genome size change. Nat. Genet. 2011;43:816

2. Flutre T, Duprat E, Feuillet C, Quesneville H. Considering Transposable Element Diversification in De Novo Annotation
Approaches. PLOS ONE. 2011;6:€16526.
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Behavioral Variation in Primates as a Function of Epigenetic Regulation and Genetic Polymorphism at the Oxytocin
Receptor (OXTR) Gene
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1Lab of Comparative Behavioral Genomics, NIH/NIAAA, Rockville, 2NIDDK, NIH, Bethesda, 3Department of Psychology,
BYU, Provo, 4Laboratory of Comparative Ethology, NIH/NICHD, Bethesda, United States

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 proaegseayabe a conduit for informing offspring of
environmental challenge. In rodents, disruption in maternal care (DMC) influences epigenetic regulationvnlsgessle areas of
brain.Here, we employed ChiBEQ for H3K4me3 (a modified histone whichaa facti ved promoters) toc
environment using archived rhesus macadd@caca mulatta hippocampus from animals that had experienced DMC (Higley). There
was significant variation of H3K4me3 binding at genes critical to behavioeslsstesponse, the most robust being the oxytocin
receptor gene@XTR), at which we observed DM€lated decreases in H3K4me3 binding and a corresponding decrease in RNA
expression. We wanted to determine whether there wereof&imctionOXTRpolymorphisns t hat coul d parti al
DMC behavioral phenotype (archived dataset, Higley). Sequencing the regions encoding amino acid residues known tty be critical
involved in binding of oxytocin to the receptor, we identified a-spnonymous SNP. Thid\® predicted increased responsivity to
exogenously administered intranasal oxytocin, suggesting soéimction role (Suomi).Prior studies show that DMC infants

exhibit higher levels of reactivity to social separation. We demonstrated that DMC icdanyisg thisOXTRallele do not exhibit as

great of a separation response. These data indicate that the oxytocin system is involved in social separation resggese that su
epigenetic dowmmodulation ofOXTRcould contribute to behavioral differezgobserved in DMC animals. To see if such findings
could translate across species, we queried the h@XadiiRgene (UCSC) and found indication of both between species conservation
and regulation o©OXTRby epigenetic processes (both DNad Histonerelatad). These observations suggest that purifying selection
is acting at this region and that there is a potential role for epigenetic processes in determining individual responages.in h
Epigenetic changes @XTRmay represent predictive adaptive resgan@ka, increased sensitivity to environmental challenge or an
insecure attachment style) that could impart readiness to respond to environmental challenge or maintain proximityvir aocéreg
also contribute to behavioral pathology. Our data in maes demonstrate that there is a g#ifunction OXTRpolymorphism that
permits animals to partially overcome the behavioral effects early maternal deprivation, which could have translaticad@binmspli

for human disease and personality disorders.dbossible that epigenetic regulation @dd TRpolymorphism act alone or

interactively to predict specidavel differences in social interactions and stress response, and we are currently working toward
developingn vitro systems to determine molecularehanisms controlling oxytocin receptor function as they persist or differ across
species.
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Genomic landscape of cytosine methylation dependent mutations in Vibrio cholerae
Supriya Khedkar 1*, Mohak Sharda !, Aswin Seshasayee !

INational Centre for Biological Sciences (NCBS), Bangalore, India

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, specificallyfmethylcytosine (5mC), is prone to hydrolytic deamination which leads to C
Y T and GY A transitions. Here, we first study t
and show that bacteria likéibrio choleraemight use motif avoidance asstrategy to minimize the mutational
effect of deamination of methylated cytosine. Second, by performing SNP analysis on whole genome sequen
data fromVibrio choleraepatient isolates we show a) high abundance of cytosine methytimendent

mutations n t he cytosine methyl ation target motif RCC
the coding region lead to neaynonymous substitutions and c¢) many of these transitions are associated with
membrane proteins and are implicated in virulefitels, our SNP analysis ¥ibrio 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 capacisdg maukaryotes and
recently in bacteria (Walsh & Xu, 2006). While the field of eukaryotic epigenomics is dominateché@cytosine (5mC) at CpG
islands (Deaton & Bird, 2011), bacteria show epigenetic variations like 6mA, 4mC and 5mC (BlowG@t6jL. T2aditionally

epigenetic variation in bacteria was known only in the context of bacterial Restriction Modification (RM) systems, Bibgnhcrea
evidence suggests the role of adenine and cytosine methylation in regulating gene expression. Spedifisalé/methylation has

been recently implicated in modulating envelope stress respoNderio cholerag(Chao et al., 2015). However -gpite of the

positive role of cytosine methylation in regulating gene expression, there is a high mutatioasscosstted with methylated
cytosine. This is due to: a) high frequency of spontaneous
transitions (Shen, Rideout & Jones, 1994) and b) absence of dedicated mechanisms to repair thess {iravigitio cholerad

during the stationary phase (the phase that comprises majority of the bacterial life cycle in the wild). Thus, metlodated axe
mutational hotspots that introduce C Y Tftheaffect ofBesd mutationssoa ns i t
bacterial phenotype and genome composition is unknown. To address this, we determined the abundance and predicted the
consequences of cytosine methylation associated mutations Wilirio choleraegenomes.

In Vibrio cholerae cytosine methyltransferase (VchM) methylates the first cytosine within its target motif RCCGGA/@and Y

i C/T). We found that the VchM target motif (RCCGGY) was underrepresentéccholeraggenome as compared to random
expectation. But irspite of this under representation we observed ~2000 instances of the target motif adfosbdleraegenome.
Moreover, our previous analysis had predicted that®87% t hese 5mC Y T transitions within
synonymous substitutions. We found that this prediction was reflected in the whole genome sequentéhdmtaiodleraepatient
isolates (isolated during different cholera pandajni©ur SNP (Single Nucleotide Polymorphism) analysis revealed that 95% of the
identified cytosine methylation based transitions wiMircholeraepatient isolates were nesynonymous and 20% of these were
associated with virulence associated genes. Wefalind 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 environmentend in nich
expansion.

Thus, the genomic | andscape of 5mC Y T transitions describ
within some of the virulence associated genes. Experimental studies on these mutants is called for. Speciallghslecae s a
major disease causing pathogen and one of the leading cause of death worldwide. Importantly, our analysis showed keaaethe pres



ofabmet hyl cyt osine methyltransferase affects bacteria genol
through selection acting towards avoidance of the target motif within the genome. Finally, we think that the bactesial specie
harboring multiple methyltransferaséseficobacterandNeisserig, identified in our analysis (not shown) could act as exctlle

model systems to study the effect of epigenetic modifications on genome composition.
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Long Interspersed Nuclear Elements and Monoallelic expression
Clara Pereiral”, Aoife McLysaght?

1Smurfit Institute of genetics, Trinity College Dublin, University of Dublin, Dublin, Ireland

Abstract: Monoallelic expression (MAE) is an intriguing epigenetic process because it renounces to the advantageyof diplo

thought to have evolved to buffer the effects of mutaticgh¥omosome 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 Intecdparsed Nu
Elements (LINE) across the-2hromosome 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, ictiget and a
LINE elements contribute to the mobilisation of otherwise prone to escdip&eXi 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 elemmenés to pro
mono-allelic silencing. This hypothesis has been proposed before, but despite the subsequent detection-efidemommallelic
expression, it has not been further reported. We have used this new wealth of data and bioinformatic tools to ssayofidor g
evidence of enrichment of LINE and other repeat elements in the vicinity of MAE genes. Our results show a consistergtbut mode
increase in LINE density in the flanking region of autosomal MAE genes. The distribution of LINE elements also stamsethat
families of monoallelic genes may rely on the presence of LINE elements but not others, suggesting different regulatosymmecha
contributing to MAE.

Expanded summary*:

Random autosomal monoallelic expression (MAE) is an epigenetic phenomenoariinals the relative expression of maternal and
paternal alleles in thousands of mammalian genesl. Deispite
establishment and maintenance remain unknownl. Recent work shows thég tfegsees 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 associateditieles. The suggestion that genetic

determinants underlie random monoallelic expression was first proposed upon observati@ngasoxe translocation studies, and
enrichment of Long Interspersed Nuclear elements (LINE) in theesoapee regions ofdlX-chromosomel12,13. Parallels of XCI

and MAE have been long evident, and a significant correlation between MAE and LINE enrichment was drawn14,15. A rae for the:
relics of repetitive transposable elements in establishing or maintenance of autosomalsMAEF et t o be defi ned,
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 agemptinent of MAE is to solve this lingering
guestion of whether LINE elements are enriched in the vicinity of autosomal MAE genes. Our ongoing analysis on the mause, hum
and chimp genomes may help identify distinct groups of MAE genes that are eshbpltlifferent 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 vamialigegase outcomes.

1. Gendr el et al ., fiRandom MonoallelicClExogmessim® nl md c tGiewnats
Dev Biol 56 (2016).

2. Gimelbrant et al ., AWi despread Mon8l8)5858(200¢) Expression o
3. Savova et al ., AfGenes with Monoallelic Expressiont4d8€ontr
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4 . Nag et al., fAChromatin Signature | denti feises 0MdGBo & 1210ell5i)c
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Differences in transposable element expression between sexes in Drosophila
Lauren Gibilisco 1*, Doris Bachtrog !

lintegrative Biology, UC Berkeley, Berkeley, United States

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 fAsink
heterochromatin establishment at repetitive sequences in males compared to females. We are currently performing ChlP-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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Comparative Analysis of DNA Methylation from Whole Genome Bisulfite Sequencing Maps of Hymenopteran Insects
Brandon Smith 1*, Xin Wu, Sogjin Yil

1Georgia Institute of Technology, Atlanta, United States

Abstract: Methylation of nucleotides in a CpG context has been implicated in multiple regulatorysa®aesany 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 signfécantesf between the
genomic methylation patterns of insects and the-stallied mammals is that in the former, DNA methylation is generally limited to a
small portion of the CpGb6s in the whol e gencmeitedwtH repeessedi n m
expression while, in insects, |evels of DNA methylation in
difference suggests that tools that have been developed based upon mammalian patterns canngtdppteddt the analysis of

insect DNA methylation. Thus, the development of new computational and conceptual tools to interpret insect methyldason maps
needed. Specificall y;mewehydiamesd troe gii dbenrstdi f(iyid MiRbiE ggnbrhieybisulfiten s e ¢ t
sequencing (WGBS) data. We identified HMRG6s across sdtwer al
identify most of the methylated CpGo6s i n agleaces whictssuppdifethef o u n
idea that methylation is targeted to transcription units in these genormtke& mt h anal yses of HMRG6és in t
that many HMRO6s overlap exon/intron b o u fatioaofspicsg andouataymative i n g
transcription.
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Epigenetic variance as evolutionary strategy for life in an uncertain world
Oana Carja’, Joshua Plotkin t

1Biology, University of Pennsylvania, Philadelphia, United States

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, | will explore the genetic signatures of this commonplace
yet unpredictable environmental variation. | 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. | 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. | 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. | 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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Recruitment of histone modifications to assist mMRNA dosage maintenance after degeneration of cytosine DNA
methylation in model animals

Andrew Chang !, Ben-Yang Liao1*

INational Health Research Institutes, Zhunan, Miaoli County, Taiwan

Abstract: The dsage of mMRNA is required to be maintained after gene duplication events. In mammals, this process is achieved wi

increased cytosine DNA methylation on promoter regions of duplicated genes to suppress transcriptional initiation. IHonawer, i
animal ineages, the molecular mechanism of cytosine DNA methylation has degenerated. For such species such as worm
(Caenorhabditis elegahsnd fruit fly (Drosophila melanogastgrit is unclear how reduced expression of duplicated genes has been
achieved. Herewe hypothesized that epigenetic mechanisms are important for this process, and for organisms whose cytosine DN/
methylation apparatus and pattern have degenerated over the course of their evolution, this process is achieved tasedgh incre
engagement diistone 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 commonral lineagespecific acting regions of several histone marks that are capable of controlling the mRNA abundance o
coding genes in worm, fruit fly, and moudéus 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 involvedgnra=kist

dosage maintenance in fly and worm were independently recruited during evolution.
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Impact of DNA methylation on the rate and spectrum of mutations in Arabidopsis thaliana

Victoire Baillet1”*, Leandro Quadrana?, Mathilde Etcheverry 1, Thomas Bataillon 2, Jean-Marc Aury 3, Patrick Wincker 3,

Vincent Colot?

U nstitut de Biologie de | 'Ecole Normale Supéri euframce, PSL ReEe
2Bioinformatics Research Centre, Aarhus University, Aarhus, Denmark,3l nst i t ut de Génomi que, Gén

Université d Evry, CNRS, Evry, France

Abstract: DNA methylation is an epigenetic modification that is pivotal in ensuring proper genmetéoh and integrity, notably

through the silencing of transposable elements (TEs). However, as spontaneous deaminatiethpic§tosine (5mC), which can
lead to C>T transitions, is more frequent than that of unmethylated C, DNA methylation is elemilynmutagenic. 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 ircatled CpG islands. Despite this weHaracterized edict of DNA methylation, we still
lack a comprehensive view of its impact on the whole mutation spectrum in any given organism. Here, we predepttan in
assessment of the mutations that have accumulated in a population of epigenetic recombinaimesalfegiRILs) with almost
identical genomes but heritable losses of DNA methylation at multiple TE loci in the flowering\pdidopsis thalianaAs
anticipated, the epiRILs have accumulated numerous transposition events, that yet belong to ohfyaatsonadf the TE families
defined as mobile at the species level. Similarly, although the rate of C>T transitions is lower in the epiRILs thatdhMlassion
Acccumulation (MA) lines, it is at least three times lower than that expected badedreduced number of 5mC in the epiRILs
compared to the MA lines. Along with other hypotheses that are being analyzed, this reduction can be explained byutiercoftrib
transcriptioncoupled 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
deamingion of 5methylcytosine (5mC) occurs at a higher rate than that of unmethylated C and produces thymine, which can result
a C>T transition if not corrected. This higher mutability of 5mC is indeed thought to underlie the depletion in CpG @tleadieot
mammalian genomes which are typically methylated at CG sites exceptafiesth CpG islands; and is further illustrated by the large
number of diseasassociated mutations hotspots found at methylated CpGs in humans.

Despite this welcharacterized effs 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 methylomesl amter or intraspecies DNA polymorphisms, while one would ideally need to alter DNA
methylation patterns in a controlled manner and investigate the mutational consequencesngéeomtes strategy is however

difficult to implement, particularly in mamals where a loss of DNA methylation leads to embryonic lethality. In contrast, in the
flowering plantArabidopsis thalianamost DNA methylation mutants are viable and fertile and loss of DNA methylation can in part
be stably inherited even in the abseotthe inducing mutation.

The population of sealled epigenetic Recombinant Inbred Lines (epiRILs) established in this species by the Colot group (1) provide
an ideal experimental system for the investigation of the impact of DNA methylation on theispecspontaneous mutations

genome wide. This population derives from a cross between aypitdindividual and a neasogenic mutant deficient in DNA
methylation, and analysis of the epiRILs methylomes revealed that parental differences in DNAtimetfngksthylated vs
unmethylated) are stably inherited over >1000 regions across the genome (2). In addition, the epiRILs resemble bysdiesign clas
Mutation Accumulation (MA) lines, thus enabling pertinent comparisons between the rate and type okspgntautations

generated in the two settings.

In order to describe the extent of TE mobilization upon loss of DNA methylation, whole genome sequencing was carriedeout for
100 epiRILs and led to the detection of >1400 new TE insertions, that yeghelonly 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@pd on publi



available MA lines sequences (4), | characterized then comparedlthgeitirum of singldase 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 telérgpinsertions which reflects the extensive TE mobilization, as
these aatally correspond to the genomic footprints that are left upon the excision of a highly mobile DNA transposon. In addition,
while the other types of singlease substitution remain unaffected, the rate of C>T transitionsi8%dower in the epiRILs.
Remakably, this rate is at least three times lower than that as expected based et 3h& rH@luced 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 segjuseaces th
transcriptionally reactivated in this population, these regions may be subjected to transcoiptied DNA repair, leading to an
enhanced repair of deaminatiorduced mismatches. Current work aims at testing this hypothesis along with severaboithers
additional analyses are ongoing to characterize the spectrum obtaigemutations else than transposition events.

This work will provide the first comprehensive assessment at the gewniadevel of the influence of DNA methylation on the
compldge mutation spectrum in Arabidopsis. This includes obtaining a robust estimate of the rate of methgatied C>T

transitions and of its determinants, a key metric for many areas of research ranging from comparative genomics tofttieestudy o
biology of TEs, which have evolved to Gibor sequences in many organisms. In addition, in the framework of the genetic
assimilation theory proposed by Conrad Waddington, it has been suggesteecttmtisb e d fAepi mut ati onso whi
enough to be tgeted by natural selection could ultimately become-aared 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 Gé&5é):e1000530.

2. ColomeTatché M et al (2012) Proc Nat Acad Sci USA 109,16240

3. Gilly A (2014) BMC Bioinformatics 15:377.

4. Ossowski S et al (2010) Science 327(5961%92

Disclosure of Interest: None Declared

Keywords: None



SMBE 2017

Epigenetics and evolution
POA-423
EPIGENETIC VARIATION BETWEEN URBAN AND RURAL POPULATIONS OF DARWIN'S FINCHES

Sabrina McNew”, Daniel Beck, Ingrid Sadler-Riggleman, Sarah Knutie, Jennifer Koop, Michael Skinner, Dale Clayton

Poster: The molecular basis of evolatiary 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 irportant fi
step in evaluating this hypothesigastest for the presence of epigenetic variation between natural populations living under different
environment al conditions. I n the current study we exopelobr ed
the beststudied exampkof adaptive radiation. We tested for morphological, genetic, and epigenetic differences between adjacent
Aurbanod and fArural 6 popul at i o nGeospita faetimmdB. fubginosd,om Santa Grazdsiaedsn o f
the GaldpagosUsing data collected from more than 1000 birds, we found significant morphological differences between population:
of G. fortis, but notG. fuliginosa We did not find large size copy number variation (CNV) genetic differences between populations of
eitherspecies. In contrast, we did find dramatic epigenetic differences between the urban and rural populations of bothsgabcies, ba
on DNA methylation analysis. We explored genomic features and gene associations of the differentially methylated regjpns (DMR
as well as their possible functional significance. In summary, our study documents local population epigenetic variatiesctvitt

two species of Darwinds finches.
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DNA methylation divergence and tissue specialization in the developing mouse placenta

Benjamin Decato 1, Jorge Lopez-Tello 2, Amanda Sferruzzi-Perri 2, Andrew Smith 1, Matthew Dean !

IMolecular & Computational Biology, University of Southern California, Los Angeles, United States, 2Centre for
Trophoblast Research, Dept. of Physiology, Development, and Neuroscience, Cambridge University, Cambridge, United

Kingdom

Abstract: The placental epigenome plays a vital role in regulating maramgtiowth and development. Aberrations in

placental DNA methylation are linked to several disease states, including intrauterine growth restriction and preeclamp:
Studying the evolution and development of the placental epigenome is critical to urdiegsthe 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 individes| @fmci

conducted a study of placental DNA methylation at high resolution in multiple strains and closely related species of hol
mice Mus musculus musculudus m. domesticusndM. spretu$, across developmental timepoints (embryonic days 15

to 18), anl between the labyrinthine transport and junctional endocrine layers. We observed substantial\ggeome
methylation heterogeneity in mouse placenta compared to other differentiated tissues:sppeifiesnethylation

profiles were concentrated in reiensposon subfamilies, specifically RLTR10 and RLTR20 subfamilies. Regulatory
regions such as gene promoters and CpG islands displayeepen$ss conservation, but showed strong differences
between layers and developmental timepoints. Partially mégidythomains 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 antcreposon sequences.
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Human based methyl-capture sequencing for the non-human primate disease models

Jae-Won Huh*, Sang-Je Park 1, Hyeon-Mu Cho !, Young-Hyun Kim 1, Ja-Rang Lee !, Se-Hee Choe !, Sang-Rae Lee?,
Kyu-Tae Chang!

INational Primate Research Center, Korea Research Institute of Bioscience and Biotechnology, Cheongju, Korea,
Republic Of

Abstract: The characterization of genomic or epigenomidatam in human disease models could advance the development of

pathophysiological investigation, disease diagnosis, and research of clinical intervention. In the biomedical reseaacles, Mac
fascicularis (Cynomolgus monkey, CM) and Chlorocebus aethi&fpsgn green monkey, AGM) have long been considered
important animal model, but ndruman primate specific reagents that would evaluate the molecular state of CM and AGM, are
racking. MethylCapture sequencing (M€eq) have costffectiveness and improvelde methylome coverage in large sample sets.
Here, we used the humdnased MGseq to assay DNA methylation in 13 CM and 3 AGM blood DNA. Metagture efficiency was
associated with sequence identity between the htbraaed capture probe and each genseggience of CM and AGM.
Approximately 62% and 56% of the humbased capture probes could be reliable mapped to the CM and AGM genome,
respectively. To improve the accuracy of hurtsed methytapture for CM and AGM methylome profiling, we redesignedetr
region, focused on regulatory regions and intragenic regions. Based on our results, we conclude that thasedmé@seq can be
used as the approach for DNA methylome profiling of CM and AGM using the provided filters. Therefore, use of thbdsenhan
MC-seq methods provides an attractive, @ffgctive approach for the methylome profiling of Human primate disease models in
the singlebase resolution level.

Key words: Methycapture sequencing; Next generation sequencing; DNA methylatiorhiNoan primate; Disease model
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Epigenetics of centromere evolution: Hot insights from gibbon LAVA centromeres.

Mariam Okhovat 1*, Kimberly A. Nevonen 1, Thomas J. Meyer 2, Rachel O'Neill 3, Lucia Carbone !

1Knight Cardiovascular Institute, Department of Medicine, 2Division of Bioinformatics and Computational Biology,
Department of Medical Informatics and Clinical Epidemiology, Oregon Health and Science University, Portland, OR,

3Department of Molecular & Cell Biology, University of Connecticut, Storrs, CT, United States

Abstract: Centromeres are crucial for genome stability and chromosome segregation. Despite their conserved function, centromere

are genetially diverse (centromeric paradox). Most centromeres are characterized by repetitive DNA, namely satellite elements anc
retrotransposons. Centromeric epigenetic modifications are necessary for creating a functional centromere, makinyd imperati
undestand 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 apay,Rarticul
theHoolockgenus, most chromosomes exhibit centromere expansion of a gipboific, nOALTR, retrotransposon, called LAVA
(LINE-Alu-VNTR-Aluike). While LAVA is found in all other gibbon genera, its centromeric expansibloddockspecific. Given its
recent centromere reorganization and high koteromosomal diversity, thdoloockgenus is a unique system for studying evolution
of centromeres and the function of centromeric repeats. We used chromatin immunepreeggtptencing to examine binding of
centromere proteins (CENP) A, B, and (Haloockand 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 invaluablgadrisight i
epigenetics of centromeres, and will bring us closer to solving the centromeric paradox.
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Epistasis and Phenotype
Lloyd Brown*

Abstract: There are indiduals who, despite having different parents, share identical, or nearly identical, phendtypesis

currently no explanation for thidt appears to be randon®n further investigation, however, it appears to be connected to epistasis.
Just as eptasis can be responsible for phenotypes like hair color and eye color, it is also responsible for phenotypes that determine
relationshipsbetween featuresThese featureelationships are actually polygenic traits that we have overlodkelividuals wto

share these traits look alike despite the fact that they are not related.

One way to look at it is as followszour overall phenotype is a sonyour inherited traits are the individual notes of the sohige
haplogroup in which your genes come fromuld be the key the song is ifthe relationships between the inherited traits would be
thegenreof the song.We have been studying the notes (inherited traits and traits that result from mutation), and all the different key
but we haven't been payiagtention to genreSongs (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 dneyngesl in the same way

The main genres (aangements) are in the process of being studied and documented, as well as segeraksub

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 impoofthese theories, we devised a test to identify-ldad DS

consistent sites across the genome using familial DNA methylation (DNAmM) data. Two key characteristics of DNAm allowed us to
so. First, DNAm exhibits distinct and widespread changes withvétilenumerous agdifferentially-methylated (aDM) sites across

the genome. Second, many sites show heritable DNAm patterns within families. We extended heritability predictions of $1A and D
to DNAm, predicting that MAconsistent aDM sites will show incréag heritability with age, while DSonsistent sites will show the
opposite. Variance components models were used to test for changing heritability of methylation with age at 48,601 af)d4sites

the genome in 610 individuals from 176 families. 102ss#feowed significant M&onsistent increases in heritability with age, while
2,266 showed significant D&onsistent decreases in heritability. These results suggest that both MA and DS play a role in explaining
aging and agingelated changes, and that \ehihe majority of DNAmM changes observed in aging are consistent with epigenetic drift,
targeted changes exist and may mediate effects efedated genes.

Expanded summary*: The existence of aging remains a fundamental problem in evolutionary biolajggiBal aging, or

senescence, is the functional decline of an organism with age. This familiar process results in decreased fertilityraaseahrisk

of death, and is associated with major decreases in Darwinian fitness. Based on basic evahionarsuch a trait should be

opposed by natural selection. Yet aging is universal in many species, including humans. Aging, therefore, poses a pandtiex. Gi
associated decreases in fithess, why has aging not been more effectively selected abwiissitdt humans age?

Evolutionary theories have proposed both adaptive andadaptive explanations for the existence of aging. The major theories
include: 1) the theory of mutation accumulation (MA), and 2) the theory of antagonistic pleiotropyvtkRthe theory of disposable
soma (DS) as a special case. Past empirical tests of these theories have relied heavily on lifespan as the quantiaiiegiegsu
While | ifespan acts as a proxy foridaeasimdi vhtaamédsi oneonl |
state or biological age throughout life. Methods of testing evolutionary theories of aging using lifespan as the meamsecote

have provided support for portions of each of theory, suggesting thhtesd 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. ddtauredive m
of senescence that are more reflective of aging as a proeggsravide additional information for such investigations.

DNA methylation (DNAm) has been recently suggested as a biomarker of aging. The methylome has been found to be dyna
throughout life, with several studies reporting thousands ofddfgrentially-methylated (aDM) sites across the genome.
Furthermore, many of these sites show heritable DNAmM patterns, where methylation levels are more similar between aelatives t
unrelated individuals. We hypothesize agsociated DNAm changes to be reflectbfethe 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. Assuagsgcged
DNAm changes are reflective of the aging process, MA suggests that the heritability of DNAm will increase with age, while D
suggests the opposite. We used variance components models to testdepaggent changes in the heritability of DNAmaDM

CpG sites across the genome. This allowed us to categorize each site as consistent or not consistent with MA or D8¢eiand to b



understand the relative contribution each theory makes in explaining the existence of aging. We obselepgenadgathanges in

the heritability of methylation that are consistent with both MA and DS, indicating that both theories play a role imgxplenan
aging and agingelated changes. Furthermore, the number of sites found to hawerBStent decreasing haility of methylation

was roughly three times the number of sites found to havecM#sistent increasing heritability of methylation. This suggests that the
majority of the DNAmM changes observed in aging are consistent with DS and epigenetic driftn@u@NAmM changes are consistent
with MA and may mediate the effects of agirgdated genes.

This work utilizes DNAm as a measure of senescence to better clarify the relative importance of the evolutionary thebriesl of
DS, and serves to increase oadarstanding of the DNAm changes we observe in human aging.
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Population scale mapping of transposable element variation in Arabidopsis
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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.
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 intpottain evolution. However, we know little about

the evolutionary forces that shape epigenetic mechanisms of gene regulation across species. Here, we profietigddime
methylation patterns in all six extant species of the baboon drapie (41 14 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 sintkdemes
(200,00Gi 1.4 million years). We used reduced representatisulfiie 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 methylationgstpfites alie
genetic structure. Divergence in DNA methylation begw species is correlated with divergence time (p=3.69xbdt appears to be
faster in one of the major baboon cladeésdynocephalus, kindaandursinug than the otherX. anubis, hamadryasndpapio,

which occupy the northern part of the baboamgey. We detected 150,549 Cpites with differential methylation between baboons
and macaques and 103,63&s at which variation in DNA methylation is significantly explained by species identity \Wistiio

(10% FDR threshold). We also detect spesjecific DNA methylation levels that differ from the rest of the genus for each of the six
taxa withinPapio (ranging from ~2,000 60,000 sites per species). Initial comparative analysis using Ortstiéenbeck models
suggests that at least some of thesenges 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 agast deleterious TE insertions is a potent evolutionary force limiting the selfish increase of TEs, and influencing
the population dynamics of TEs. While the deleterigeiseticeffects of TEs have been widely studied, we focus instead on the less
exploredevolutionary consequences of #gigeneticeffects of TEs. Euchromatic TEs can be epigenetically silenced vialinested
enrichment of repressive epigenetic marks, which can spread to and influence the function of adjacent sequences. We performed
ChIP-Seq with multiple wildderivedD. melanogasteandD. simulansstrains, and provide the first genomée quantification of the
epigenetic effects of individual TE insertion. Over half of the euchromatic TEs show spread of repressive epigenetiai@aabls to
DNA, which can extend up to 20kb. Such effects result in differential epigenetic states and transcript levels of honeiagous g
alleles, which in return leading to selection against TIE&erestingly, compared . melanogastefTEs inD. simulaxsshow

stronger epigenetic effects and should be more strongly selected against, which could explain the lower TE conteri@s.tNéespe
provide evidence that thisbetwesmpeci es di fference in TEG6s epi g almstgenatic factors e c t
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 |

fitness. Despite their detrimental effects, TEs constitute appreciable proportions of virtually all eukaryotic genoneescFayrthe
proportions of host euchromatic genomes that are occupied by TEs are remarkably different between species24.89%2.7%
between 1Drosophilaspecies), and a testable hypothesis for this wide divergence is still lacking. Because of theveepéitae

and deleterious fitness effects of TEs, understanding the causes and consequences of their prevalence and variati@mulaas remai
central question in evolutionary genomics.

Both theoretical and empirical data have established thatisel@gainst 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. Thehe is a ri
understanding of the deleteriogeneticeffects of TEs medtad by physical disruption of functional elements, such as insertion of
TEs into genes. We instead focus on the relatively unexplored evolutionary consequencepigétieticeffects of TEs, and provide
evidence for a novel, empirically testable mechanior the wide divergence in TE content between species.

Active euchromatic TEs can be epigenetically silenced viadiostted enrichment of repressive epigenetic marks. However,
as a side effect, these epigenetic marks can spread to afer@teith the function of adjacent sequences. Our epigenomic study
identifies extensive epigenetic effects of TE®immelanogasteandD. simulanggenomes. Over half of the euchromatic TEs show
spread of repressive epigenetic marks to nearby DNA, wiaistegtend up to 20kb (with an average of 4.5kb). Because ~20% of
euchromatic genes are within 5 kb from at least one TE insertion i timelanogastegenome, these results suggest that the
functional consequence of Tv& indeedethei egigemeticteffects o€ TES resalttinsdifferemtalt b e
epigenetic states and transcript levels of homologous genic alleles, which in return leading to selection against i insertio
Importantly, we found substantial variation in the epigereffiects 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 & modulat
epigenetic silencing could contribute to thisbetwepe i es di fference in TEO®&s epigenetic
content.

Our study demonstrates that the epigenetic effects of TEs, and host genetic environment, play a critical role in theoévolutio
TEs and, more broadly, genom&gcause 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 evolutiorsmaypdause
functional consequences oEWariation across the tree of life.
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Developing maps of fithness consequences for plant genomes to uncover functional elements having adaptive value in
abiotic stress conditions
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Abstract: As sessile organisms, plants priharely 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 reguliatalomains. Thus, we will need to be able to determine the fithess consequences of
manipulating such genomic sequences. Computational approaches to mapping fitness can suffer from poor spatial or temporal
resolution, but recent approaches may achieve fggglte resolution over lineagec al e i ntervals. The Afit
approach is one such example. It classifies a genome relative to shared chromatin states and aggregates these tallyenerate loc
corrected but globally inferred levels @fnstraint using a joint populati@momparative model: INSIGHT. This outputs the probability
that each nucleotide influences organismal fitness (fitCons scores). To calculate these scores, functional genomgedaia are u
cluster genomic locations bymmon 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 aidetetting functional elements in noncoding regions that have
adaptive value under abiotic stress conditions in the rice@rgpa sativaTo generate fitCons maps, we generate functional genomic
tracks from stresgrown rice tissues, which include analyssf gene expression, small RNAs, chromatin states, DNA methylation,
andpolymerase occupancy.

FitCons maps, combined with traditional genetic approaches, could accelerate discovery of functionally and agronomitaily impo
plant genomic elements.
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Abstract: Transposable elements (TES) are selfish genes that often cause deleterious effects to its host by increasing its own copy

number. TEs are believed exert deleterious effects on the host genome by causing physical disruptions to host genes or from ectoy
recombination between TE copies. To counter these detrimental effects, plants such a©itlyzaisativehave evolved epigenetic
mechanisms, i as RNA dependent DNA methylation, to silence TE sequences. However, methylation of a TE can hdfatrade
silencing can also spread beyond the TE sequence and affect neighboring host sequences. To examine the genome dir@ution rest
fromthehost & epi genetic regulation of TEs, we have analyzed tre
rice O. sativassp. japonica. We then conducted a comparative epigenomic study comparing the japonica TE epigenetic profile with
another rice sbpopulation indica and its wild progenit@r 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 angesignificant
expression differences compared to genes further away from TEs. We show that the significant correlation between CHH DNA
methylation, which are enriched within heterochromatiichromatin boundaries, across TE sequences and distance to nearby host
genes mayx®lain the absence of FTlediated 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 ric

Oryza sativa40i1 45% of its ~450Mbp genome is derived from TE related sequences. TEs are generally detrimental to the host by
causing plgsical damage during its integration into the host genome, or by promoting ectopic recombination events. Consequently t
host has evolved mechanisms to silence TE activity and for plants these involve RNA dependent DNA methylation of TE.sequence
Silencing, however, could be a tradéf as it can also spread beyond the TE sequence and affect host gene or regulatory sequences.
Thus, in order to fully understand the THBost 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, thesedndful of studies have indicated that even within monocots, such as maize and rice, have an opposite relationsh
between TE methylation level and TE age, suggesting there are species specific evolutionary dynamic between hostemadidts epig
regulationof 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
regultion on the host genome. Here, to better understand the evolution of TE regulation | examined patterns of TE methitkation anc
affect on the host transcription in two subpopulation® ofativa(japonica and indica). | then compared the TE epigenatitigs of

the domesticate®. sativato its wild progenitoiO. nivara

Among the different TE families | specifically focused on long terminal repeat (LTR) TEs due to its high abundance &0rgza the
genome, and its canonical sequence structure noigkesvoprediction possible. Concordant with previous findings LTS in

japonica were more likely to be methylated if it was longer and younger then average. | further confirmed this in ir@licavana

as well. Further, LTRTEs located in regions diigh recombination rate were more likely to be highly methylated then LTR TEs from
low recombination rates. | then compared the reference genomes of japonica and indica to determine orthologous geroarid region
characterize LTRTEs that were unique ohared between the two genomes. Here, unique-LER were younger, highly methylated,

and interestingly closer to host genes then shared THR These results suggested that highly accessible regions in the genome, suct
as the euchromatin, might be preéetttargets of new LTHE insertions. However, because the physical damage caused by TEs are
deleterious, new TE insertions are strongly repressed through methylation.



Consistent with this hypothesis LTRES near host genes were more highly methylated Thsrfurther away from host genes.

However, the gene expression levels of host genes neaffEBRvere not significantly different from genes further away from L TR
TEs. In addition genes near unique L-TEs did not have any significant gene expressionraiffees compared to orthologous genes
that lacked the LTHE. Thus, silencing of TE may be tightly regulated that nearby host gene expression is unaffected, suggesting a
minimal tradeoff from epigenetically silencing LTRESs.

Lastly the results then pretédd LTRTEs woul d have a higher chance of #Asurvivin
host genes. Concordant with this hypothesis there was a positive correlation betwe€g BfR and distance to host gene, but only

in the wild progenito©. nivara

Thus, in this study | have characterized the evolutionary epigenomics of TE reguldliosativaand found methylation an

important mechanism, possibly with minimal pleiotropic effects on surrounding host genic segences, to silencei@&femtivit

their harmful effects on the host genome. In addition, domestication may have lead to different TE dynamics between the
domesticated and wil@ryzaspecies.
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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. | 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. | 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, | identify 7,500 insertions present at locations not in the reference
genome. | 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. | 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, | then generate predictions of allele frequency conditional
on age. By contrasting empirically measured allele frequencies with those expected from the age of alleles, |
identify selection on individual TE copies, even in a background of predominantly negative selection.

In doing so, | 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. |
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 severaldéogsstispluding the

citrus mealybugsRlanococcus citi. 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 bengfibttocing sons that only
transmit their genetic material to their offspring. However, it is unclear how the paternal genome in males is targetezrfgrasmd
elimination. The recognition of paternal chromosomes in falgtri appears to be reguéat 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 transcsippipresion and germline elimination is
inconclusive.

Here we study the parenf-origin specific epigenetic modifications involved in PGE using molecular and cytogenetic approaches.
Whole genome bisulphite sequencing and immunostaining of histone mbdif&care used to investigate how the parental origins of
chromosomes are recognised, allowing specific elimination of the paternal set in sons. Comparing this data with mptertranscri
data also gives us insights into how these epigenetic marks ec#ydinvolved in gene silencing. Finally, quantitative expression
analyses of the genes involved in evolutionarily conserved pathways of transcription repression (DNMT1, StY@AKR}3P1)

further examines the role these epigenetic modifications plagtablishing 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 genomimGrigypl his process, where expression of one allele

is privileged based on its parental origin, is generally considered exclusive to plants and mammals but was actusdbyviirsddin

an insect group where silencing and elimination of the entiermedty inherited haploid genome occurs in malésus, males can

only transmit maternally inherited alleles to their offsptifigis is called Paternal Genome Elimination (PGE) and has evolved
repeatedly among several insect species, including the citealybugRlanococcus citi. Interestingly, PGE appears to be regulated
by epigenetic mechanisms similar to those involved in mammalian imprinting (DNA methylation and histone modiffcations)
suggesting the existence of an evolutionarily conservedhamésm 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 taypsofaic gro
example, DNA methylation is associated with gsifencing in mammals but is either absent or associated with high gene expression
in insects.

My research focuses on understanding the epigenetic mechanisms that underliePRBEdoccus citrusing molecular and
cytological analyses. The main quiess 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®@sing whole genome bisulphite sequencing of the offspfrrgciprocal crosses between inbred lines with
known SNPs.

2) How do epigenetic marks affect (parenf-origin specific) patterns of gene expression in both sé&x€ombining the bisulphite
sequencing data with gene expression data from the same expaticnesses.

3) When and where are epigenetic marks deposited (in the male or female germline or during fertilizatimm)@nostaining with
antibodies specific to DNA methylation and histone modifications involved in heterochromatinization. Measuragsttrgtional
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 matés@mically manipulate methylatidevels
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 oainthternal
paternal alleles i provide general insights into the epigenetic toolbox of life. Papéatrigin specific gene expression plays an
important role in mammalian embryonic development and this research provides the opportunity to develop a tractabbgeénvertebr
model systm,Planococcus citrifor studying parenbf-origin effects that is currently unavailable to the scientific community (since
Drosophiladoes not exhibit these effects). This will help us broaden our understanding of how these effects govern devetbpment ar
how they can lead to pathologies when disrupted.

1. Gardner & Ross 2014 Ecology Letters 2. Prantera & Bongiorni, 2012 Genet Reg/amdet al 2016PLoS Biol
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A possible link between epigenetic regulation of transduplicated gene fragments and microRNA function in maize.
Damon Lisch 1, Xinyan Xhang !

1Botany and Plant Pathology, Purdue University, West Lafayette, United States

Abstract: Epigenetiaegulation of transposable elements is an essential feature of all eukaryotic pfants, this regulation

involves histone modification, DNA methylation, and a variety of small RN&ise ubiquitous class of small RNAs are those

produced by RNAdirected DNA methylation pathway, which uses an Ri&pendent RNA polymerase to produce dowdtended

RNA that can be cleaved into small interfering RNAs. In maize, this polymerase is encdded biModifier of paramutationL
Interestingly, mutations iviopl, like those in the homologous gene in Arabidopsis, have minimal effects on plant morphology.
However, after multiple generations imeplmutant background, we have observed a wide variety of dominant epimutant
phenotypes, many of which phenocomplvn mutants.One such epimutant exhibits ectopic development of adaxial (inner) leaf
tissue on the abaxial (outer) surface of the |&§€& show that this phenotype is caused by ectopic expression of a familyofFHID
transcription factors, likely duto a reduction in the quantity dfie microRNA miR166.Interestingly, we also find evidence for
hypomethylation and ectopic expression of a set of Helitron transposbese are a form of transposon that transposes via a rolling
circle mechanismThe vast majority of Helitrons in maize are raatonomous, meaning that they lack genes encoding proteins that
make transposition possiblénstead, many neautonomous Helitrons carry captured, or transduplicated, fragments of host gene. We
find that theectopically expressed Helitrons are properly spliced and polyadenylated and all carry the target site for WigR166.
hypothesized that hypomethylation and transcriptional activation of one or more of these Helitromgpiimautant background may
resultin interference with normal microRNA functiorinally, 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
transdplicated genic sequences in maize and many other plant species may have had unexpected and consequential effects on ge
regulation in plants.
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Chromatin state evolution shapes population-level genomic landscapes in Heliconius butterflies
James Lewis 1*, Robert Reed !

1Cornell University, Ithaca, United States

Abstract: cis-Regulatory evolution is a key mechanism of biological diversification. Surpridiittigyis known, however, about

patterns of regulatory variation between intraspecific populations, and the extent to which such variation drives loal genom
adaptation. We use functional assays for chromatin accessibility and two histone modifteagjetisg active promoter and enhancer
elements to test the hypothesis that intraspecific genomic divergence is linked to regulatory variation between phgmiisyipiciall
populations of Heliconius butterflies. We show that populaliwel variabilityin both chromatin accessibility and gisgulatory

activity, determined via active histone marks, is common within the Heliconius genome. We further demonstrate thatglifference
cisregulatory activity between populations do not require associatedioaria chromatin accessibility, illustrating that these gene
regulatory mechanisms can be evolutionarily decoupled. Importantly, we find that patterns of regulatory variation depautrftbm
expectations, suggesting that selection underlies mucte aftiberved regulatory divergence between populations. Supporting this,
genomic regions with high Fst are highly enriched for variable regulatory elements, and half of all differentially exerssdadve
variable promoterssociated regulatory elemen®ar 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 divengt subspecies of Heliconius butterflies, waibwn for their adaptive
mimicry rings, to address three fundamental questions on the nature@fuiatory evolution and diversification between both
parapatric and allopatric populations of Helionius éxdiies: We 1) Investigate the degree to which kpepulation variation in cis
regulatory elements drives evolutionary divergence between populations, 2) Assess the biological mechanisms underlying cis
regulatory divergence, and 3) Determine the adapiiyeificance of cigegulatory divergence with respect to genome sequence
composition (nucleotide divergence) and gene expression profiles (MRNA divergence). This work provides an important benchmar
for future investigations into the role of gisgulatey variation as a driving force behind population diversification and speciation.

Disclosure of Interest: None Declared

Keywords: None



SMBE 2017

Epigenetics and evolution

POA-54

Single-cell omics and Exploring the Evolutionary Impact of Germline-Soma Distinctions in Diverse Microbial Eukaryotes
Xyrus Maurer-Alcalat2*

10rganismic and Evolutionary Biology, University of Massachusetts, Amherst, 2Biology, Smith College, Northampton,
United States

Abstract:

Separate germline and somatic genomesamamon 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 manyespuiteyot
somatic genome contains #ike 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 diagkeused
cell Tomics techiques to explore the evolutionary impact of germline genome architecture and the epigenetically guided processing
that occurs in the ciliat€hilodonella uncinataWe find that dramatic changes in local composition (GC content) are likely

reinforcing thestrength of epigenetic mechanisms that delineate somatic and germline genomes and that extensive genome proces
(e.g. massive DNA elimination, genome fragmentation and chromosome amplification) is associated with relatively in@saded rat
protein ewlution 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 distingt tilEsuses (e
animals and fungi) oas distinct nuclei sharing common cytoplasm (e.g. ciliates and foraminifera). A substantial amount of discussiol
exists, outlining the potential evolutionary origins of gerntsoena distinctions, which are often tied directly to genome conflict
wheresomt i ¢ qui escent germlines reduce the mobility of O6sel fi
two-fold: 1) to address this concept of the evolutionary importance/origins of germline genomes in the context of ciligbeofa grou
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, | have found that emerging siatjileechnologies aremazingly apt at circumscribing the
traditional laborious tasks of mass cultures, albeit at a cost of assembly sizedsihggehniques produce smaller and more
fragmented assemblies). However, the benefits of these techniques vastly outweighdhearaes. As the evolution of germline

soma distinctions are tied to the fundament asbmagwletertinann: 6H

increasingly broad diversity of eukaryotes can provide a better fundamental undegstdraolutionary origin/impact of germline

soma than the current reliance on few édmodel 6 organi sms al
Incidentally, my work orChilodonella uncinatda nonmo d e | protist) shows how strongl )

has evoled to better reinforce the epigenetic mechanisms that guide the formation of the somatic genome after sex. Similarly, thest
data show remarkable similarity across large phylogenetic distances in ciliates (present among clades > 500 MYA apdicasnd im
the i mportance of O6controlledd genome rearrangementsiegari s

These data provide better insight into the strong relationship between epigenetically guided developoeasaspand the
evolutionary significance of the separation of germline and soma. Our data also highlights the emerging importancelandfeasib
single-cell i omics techniques in improving our ability to address fundamental questions in evoluticnlagg by focusing beyond
the |imited use of Omodel &8 eukaryotes.
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Genetic and Epigenetic Mechanisms for Gene Expression and Evolutionary Novelty in Plant Polyploids
Z. Jeffrey Chen*

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 mechanismsgetyagtukive. Here we report
genetic and epigenetic consequences of polyploidsabidopsisand cotton. We generated a series of resynthesizgaldopsis
tetraploids that containi@ copies ofArabidopsis thalianandArabidopsis arenosgenomes and wrestigated ploidy and hybridity
effects on gene expression. Allelic expression can be defined as dosage dependent (expression levels correlate witbageispme do
or otherwise as dosage independent. Here, we show that many-depagelent genes contribub cell cycle, photosynthesis, and
metabolism, whereas dosaigelependent genes are enriched in biotic and abiotic stress responses. Interestinghd efresadgnt
genes tend to be preserved in ancient biochemical pathways present in both plant@adtrepecies, whereas many dosage
independent genes belong to ptapecific pathways. Fok. thalianaloci, the dosagelependent alleles are devoid of TEs and tend to
correlate with H3K9ac, H3K4me3, and CG DNA methylation, whereas the majority of diosiegpendent alleles are enriched with
TEs and correspond to H3K27mel, H3K27me3, and CHG (H= A, T, or C) methylation. Furthermore, there isa-paggnteffect

on nonadditively expressed genes in the reciprocal allotetraploids especiallAwdremaais used as the pollen donor, leading to
metabolic and morphological changes. In cotton allotetraploids, histone modifications contribute to-gat®mgression bias of A
and D homoeologs. Our experimental evidence suggests that dosage, epigeriftiatinog, and cytoplasminuclear 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, @s swdagéndependent expression that can
facilitate functional divergence between homeologs (subfunctionalization and/or neofunctionalization).

Disclosure of Interest: None Declared

Keywords: None



SMBE 2017

Epigenetics and evolution

POA-58

Moderate rate of temperature increase leads to transgenerational differences in metabolic and reproduction pathways in a
coral reef fish

Moises Bernal 17, Jennifer Donelson 2, Heather Veilleux 2, Taewoo Ryu 3, Philip Munday 2, Timothy Ravasi?
1Biological and Environmental Sciences and Engineering, KAUST , Thuwal , Saudi Arabia, 2College of Marine and
Environmental Sciences, James Cook University, Townsville, Australia, SAPEC Climate Center , Busan , Korea, Republic
of

Abstract: Human induced climate chaeds 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 discades. In t
study, we used the spiny daelfssh (Acanthochromis polyacanthuas a model to understand the effects-eflidentury temperatures
may have on coral reef fishes. The main objective of this study was to determine if there are differences in acclimatienawhan
gradual increasmm temperatures across generations. The experimental setup allowed us to compargesemation individuals

from a |ineage that reproduced and developed at +1.faBongé 6i n
alsoincluéd a group of fishes that developed at +3. 0Q@urrebults t hei
indicate that 6step6 individuals cope better than iodematedr ol
significant differences betweensecemee ner ati on &6stepd, obéintermediated and O6hig

reproduction and signal transduction. Overall this study suggests that transgenerational effects differ accordingatwhehate
individuals are subjected to temperature changes. This system represents an example of how transgenerational adaptiations may
certain species to cope with the impending raise in sea surface temperature.
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An Evolutionary Understanding of DNA Methylation Patterns in Nonhuman Primate Skeletal Tissues

Genevieve Housman 1 2*, Ellen Quillen 3, Anne Stone 12

1School of Human Evolution and Social Change, 2Center for Evolution and Medicine, Arizona State University, Tempe,

3Department of Genetics, Texas Biomedical Research Institute, San Antonio, United States

Abstract: Epigenetic mechanisms play crucial roles in the expression of diverse phenotypesmdtbetween 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 studly @xsuch exploratory work by
assessing the evolutionary relationship of methylation in novel skeletal tissues from NHPs and examining how this elatigitm r
aspects of bone development and maintenance. Methylation patterns were assessedrabggular bone from baboons (n=74),
macaques (n=10), vervets (n=10), chimpanzees (n=4), and marmosets (n=6) using lllumina Infinium MethylationEPIC arrays.
Baboons included skeletally healthy adults (n=28), adults with osteoarthritis (n=28), and jusaitilgs (n=18). Within baboons, we
identified several differentially methylated positions (DMPs) significantly associated with aging (37.68% of 191,63hdsttes) a
occurrence of osteoarthritis (0.20% of 191,570 sites). These results reveal thesfelatietween methylation and bone development
and maintenance, and while some of these babpenific patterns are conserved with those known in humans, others are not. Among
NHPs, out of 39,808ites examined, we found that 1.63% stsp&ciesspecific nethylation patterns in baboons, 0.65%nacaques,
1.61%in vervets, 7.02%n chimpanzees, and 34.62fbmarmosets. Additionally, the global changes in methylation among species
reflect known phylogenetic relationships and provide a phylogenetic contextderstanding variation known in hominin species.
Overall, these findings reveal several DMPs within and among NHPs which begin to inform our evolutionary understanging of thi
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 impenance of g
regulation for primate phenotypic diversity was originally noted &yd has gained credibility as teetent of genetic similarity

among phenotypically distinct primate taxa has been clarified. Here we assess this relationship between phenotypicetind epigen
variation to evaluate the magnitude to which epigenetic mechanisms affect phenotypic divesityiman primates (NHPs).

Within the epigenome, DNA methylation is one mechanism of gene regulation that has the potential to impact phenotyjmn.express
General changes to mammalian epigenomes have been exgraimkdmong NHPs, DNA methylation feahs have been associated
with phylogenetic, behavioral, and diseastated phenotypé$. However, this research has primarily focused on soft tissues. The
current study expands on such exploratory work by assessing methylation patterns in novetiskettdrom 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 evalyatioatef skeletal systems.

Al so, examination of bone pathologies, such as osteorrthri
and maintenandé?. Methylation likely has similar roles in NHPs; however, this has not been exarinedesearch initiates this
exportation by assessing the evolutionary relationship of methylation in bone from NHPs and how this variation relaies tuf asp
bone development and maintenance.

Methods
NHP samples come from captive colonies of ctamgees (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)ltaavith OA (n=28), and healthy juveniles (n=18). Femora were



opportunistically collected at routine necropsy and storedfC freezers. No animals were sacrificed and no living animals were
used in this study.

For all NHPs samples, trabecular booees were collected from the medial condyle of the right distal femur. Cortical bone was
removed, and the remaining bone was pulverized. DNA was exttdaad methylation patterns were assessed using lllumina
Infinium MethylationEPIC arrays.

Methylation data were normaliz&#7, and probes with poor detection levels were removed from downstream analyses. We
additionally filtered out croseeactive probes, probes containing SNPs at the CpG site, probes detecting SNP information, probes
detecting methytion at norCpG sites, probes targeting sites within the sex chromosathés probes nospecific to each NHP
genomé?®®. Methylation values for the remaining sites were calculated as the ratio of methylated probe signal intensity to the sum of
both nethylated and unmethylated probe signal intensities.

To identify sites that were significantly differentially methylated positions (DMPs) for the effect of age, diseaserdtataspmic
grouping, we designed and tested generalized linear mixed n{@lN&Vs) 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, wiiightgriwen
batch effects, and unknown latent variafié&

Results

For age, significant DMPs were interrogated from 191,632 sites, and 72,213 DMPs were identified with over half hypedriathylate
adults as compared to juveniles. These were associated with several genes, a subset of which overlap with thosa identified a
differentially methylated in human aging studies. In particular, methylation levels of KCNQ1DN have been found to increase in
humans with respect to ageand this same pattern is observed in baboons.

For disease status, significant DMPs were inteated 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. tBbse genes that overlapped, some showed identical methylation pattern, while
others showed opposing patterns. In particular, HOXA9 and HOXDS8 displayed similar OA hypermethylation patterns in baboons ar
human8. Conversely, LEPR was hypermethylated in R&boons and hypomethyled in OA hum#ns

For taxonomic groupings, significant DMPs were interrogated from 39,802 sites. The global changes in methylation betesen spec
were calculated using Euclidean distances and used to construct species trepetifesizgd, these topologies reflect known
phylogenetic relationships between taxa. Similar pairwise comparisons also identified-speciés DMPs 650 in baboons, 257 in
macaques, 639 in vervets, 2796 in chimpanzees, and 13,778 in marfinoba&ts ae 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 intsiselesafrom NHPs and examine

how this variation relates to aspects of bone development and maintenance. Overall, we successfully identified seveithiddMPs w
and among NHPs. In particular, the differential methylation observed between adult and paleodas, as well as healthy and OA

adult baboons, reveals the relationship between methylation and bone development and maintenance, and while somaref patterns
conserved with those known in humans, others are not. Additionally, among NHPs, thetihfferethylation observed reveals

several molecular differences between taxonomic groups which provide possible clues regarding how diverse epigenoteds are rela
to phenotypic variation.

This work is significant because it is an interdisciplinary itigasion that merges biological anthropology and epigenetics fields to
assess skeletal epigenetics in primates and describe how such features have evolved within this lineage and conteiboitygoi¢o ph
diversity. Biological anthropologists use variatiorprimate skeletal anatomy to reconstruct extinct primate species and to support
theories on primate phylogenetic and evolutionary history. However, the mechanisms contributing to these hard tissuesphenotyp
especially epigenetic factors, are still lgas. The present study is the first to assess methylation variation in hard skeletal tissues fron
several NHP species, and such explorations are crucial for fully clarifying aspects of primate evolution.
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Accurate and consistent DNA methylation age prediction in diverse human populations
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Abstract: Changes in DNA methylation patterns have recently become recognized for their potential to serve as biomarkers of agin

in humans. Hundreds of individual CpG sites (cytoghesphatgguanine 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 t@hundreds
CpG sites can be used to construct age prediction modelsgrave 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 tarbmely 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 certai
ancestries. The reasons for this bias are not fully understobid i$alear that this particular age prediction algorithm does not
perform consistently across all human populations and genetic backgrounds. Here, we present a new DNA methylationoage predict
based on genomaide DNA methylation data of whole blooddgaliva from Europeans, Hispasiiatinos and Africans. Our model
considers a larger set of CpG sites, incorporates meQTLs, and expands the applicability of epigenetic age predicsen to diver
ethnicities.
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Role of gene body methylation in coral adaptation and acclimatization

Groves Dixon*, Line Bay, Mikhail Matz

Abstract: Gene body methylation is a highly conserved epigenetic mark found in plantsiaradsaget its adaptive function remains

uncertain. Here we present evidence GBM plays a role in modulating gene expression plasticitybuifdhegfcoral. Clonal

fragments ofAcropora milleporawere reciprocally transplanted between environmentadiyndt habitats. After three months, the
fragments were assayed for gene expression$€gy) DNA methylation (MBBseq) to test for associations between GBM, gene
expression, and fithess. GBM appears to have a stabilizing effect on transcription. Gélnidageketweerpopulation differences in

GBM showed samsign differences in transcription, suggesting these genes were stably set do different transcriptional states betwe
the populations. Environmental shifts in GBM were subtle, but positively atereivith transcriptional shifts and with fitness. We
suggest that GBM modulates phenotypic plasticity in a positive feedback manner, slowly accumulating in consistentlyedpregulat
genes genes, and stabilizing their upregulated state.
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Epigenetics and local adaptation in Arabiodopsis lyrata
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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 re@ipaeretic variation may also play

role in local adaptationln this research, we studied the epigenetic regulation in perennial and outcrossidgdigdmpsis lyrata.
Populations from Germany (Plech) and Norway (high altitude Spiterstulen and lower altitude Lom) were grown ayggzhgna
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 fithess than
introduced ones. Whole genome sequencing, whole genome bisulfite sequencing and RNA sequencing was performed to investige
the role of methylation signatures in differential gene expression and local adaptation. Populations showed differainmethyla
patern and expression profile for different environments. Methylation levélsabidopsis lyratavere different for CpG, CHG and

CHH contexts. The common garden experiment in model perennial plant, Arabidopsis lyrata, made it feasible to disseutafobrt te
long term adaptive responses to the changing environment.
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Past, present, and future approaches to the molecular evolution of the first neurons
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University of Texas at Austin, Austin, United States

Abstract: Nervous syems are one of the most spectacular products of evolution. Their provenance and evolution have been an are

of interest and often intense debate for over a hundred years. The genomics era has provided researchers with aglsewibt of to
which to stug 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 bemptgxes

in deep evolutionary time. This has been born out in a debate about whether neurons evolved once or twice in early animal evolutio
I'll talk about the current state of hypotheses about how and when the first neurons originated and about new metkodcs prot

and systems biology of nemodel organisms that will pave the way forward.
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THE ROLE OF TELOMERES IN THE EVOLUTION OF EXCEPTIONAL LONGEVITY IN BATS

Nicole Foley*, Graham Hughes, Zixia Huang, Michael Clarke, David Jebb, Conor Whelan, Eric Petit, F r é Toazalih,c

Olivier Farcy, Gareth Jones, Roger Ransome, Mary O'Connell, Gerald Kerth, Hugo Rebelo, Luisa Rodrigues, Sébasti e

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 senesceatlee Bats a
longestlived 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 @1 ringing studies from 4 wild populations of long livedsb@=448), we

show that telomeres shorten with ag&ininolophus ferrumequinu(d-24 years) anliniopterus schreibersi0-17 years). The
genusMyotisis enriched with the longest lived species among bats and interestingly, we discovered that therdgmftcant
relationship between telomere length and age in elithenyotis(0-6+ years) oM. bechsteini(1-16 years). A comparative analysis

of telomerase expression in blood transcriptomes revealed that, like humans, telomerase is not exptessedighlood. Instead,
results from tests of positive and divergent selection on 225 telomere maintenance genes derived from 51 eutherian ggesmals su
ATM and SETX, which also function to repair and prevent DNA damage, are potential mediators efdaitaimtenance iMyotis
Furthermore, we show 21 telomere maintenance genes are significantly differentially exprésgetisii4 of which directly

interact and are enriched for pathways and processes associated with DNA repair. These adaptetéohis deteg livedyotisbats
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 perafgade, th
of onset of age related degenerative diseases appears stationary (e.g. 77% of age related cancers occur over 5Q years of age)
Therefore, we urgently need to better understand the mechanisms of the ageing process with a view to alleviatingat in order
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 divisioni ng t o t he 6éend replication probl
machinery cannot replicate to the end of the chromosome. As such, telomere shortening with age is recognised as athallmark of
ageing process and has been observed in a widesitljvef animal populations. Bats are the longes&td mammals relative to their

body size but it is unknown if telomere shortening occurs in bats. Uniquely, drawing on more than 60 yearteohloinging

studies from 4 wild populations of long livedtls (n=448), we show that telomeres shorten with agdinolophus ferrumequinu(d

1 24 years) antliniopterus schreibersif01 17 years). The genidyotisis enriched with the longest lived species among bats and
interestingly, we discovered that thevas no significant relationship between telomere length and age iniditheyotis(07 6+

years) oM. bechsteini(11 16 years).

Telomerase is a reverse transcriptase capable of restoring repeats to telomere ends and is the mediator of telorarce mainte
germ, stem and cancer cells. A comparative analysis of telomerase expression in blood transcriptomes revealed thais like huma
telomerase is not expressedvin myotisblood and as such is unlikely to be involved in telomere maintenance irsffexses. This

result, derived from nexgeneratiorsequencing technologies, contrasts with findings from previous studies which have detected
telomerase expression in cell cultures of related species.

To further explore the genetic bases potentiallpined in telomere maintenanceMyotiswe identified 225 target genes using GO
terms associated with telomere maintenance and literature searches. Coding sequences from our targeted gene set evarg@Imined fr
publically available eutherian mammal genomesluding 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, wa
designed to optimise data mining from poorly antetayenomes. 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 brartobes of

the branch leading to: 1) all bats, 2) tenusMyotis 3) R. ferrumequinum) Miniopterus natalensiand 5) the naked maolet.

CodeML selection tests were automated using a custom built workflow calle8INMP OptimisedHigh-throughputSNakemake
Automation ofPAML). Of particular interest ouresults show that ATM and SETX are evolving under divergent selection in the
genusMyotis In addition to the role of these genes in telomere maintenance they also function to repair and prevent DNA damage ¢
as such are identified as potential mediatdrelomere maintenance Myotis

Further support for this result is derived from a mtitsue comparative transcriptome analysis which showed 21 of these targeted
telomere maintenance genes, including ATM and SETX, are significantly differentialkyssepr irvlyotiscompared to other

mammal species. A proteprotein 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 telomeeseaismp~90% of human cancers,
therapeutic interventions aimed at enhancing telomere maintenance in the absence of telomerase are desirable. Agisnsh, adapta
detected in long livedlyotisbats acting on axes intersecting DNA repair and telomere emainte 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 telomengithynamics
age in four popul@ns of long lived bats, representing an unprecedented >60 years of field data. Using a combination of comparativ
genomics and transcriptomics we begin to unravel the genomic bases potentially underlying telomere maintenance irotiegdlgxcepti
long lived genudMyotisand 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 #t custom bu
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.
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A novel female reproductive organ - the bursa copulatrix - as a dynamic interface for male-female coevolution

Camille Meslin1, Melissa Plakke 2, Tamara Cherwin 2, Brandon Small 2, Nathan Morehouse 3, Nathan Clark 4~

linstitute of Ecology and Environmental Sciences, INRA, Versailles, France, 2Biological Sciences, University of Pittsburgh,
Pittsburgh, 3Biology, University of Cincinnati, Cincinnati, “Computational and Systems Biology, University of Pittsburgh,
Pittsburgh, United States

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 etcaghd in a

outer enelope, 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 {apesifec organ provides a unique opportunity to
detemine the genetic mechanisms by which novel physiological functions arise, and to investigate the evolutionary forses, such a
sexual conflict and cooperation, that are thought to have shaped this highly specializéshmabldenteraction. We have emplalye
transcriptomics and mass spectrometry of 11 male and female tissues along with protein biochemistry and comparativesgenomics
address these questions in our model, the Cabbage white butéefig (apag. We determined the male spermatophore is aseg

of two distinct protein sets that separately form the outer envelope and the inner matrix. These sets are transfeiiedly seqguegnt
mating, with the first forming the envelope via covalent citzgsng of two lepidopterarspecific, prolinerich proteins. In an

apparent case of evolutionary convergence, their sequences and amino acid composition resemble unrelated structsuahpasteins
collagen and spider silk. To counter this substantial barrier to digestion, the female bursa has eleostyedl musculature that is

derived from reproductive tract muscle. Furthermore, many species have evolved a diverse array of hard tools insid thekarsa
carve or chew a hole in the spermatophore envelope. Furthermore, the bursa secretesfagraigages and enzymes to aid in
digestion, many of which were coopted from the actual digestive system rather than from the reproductive tract. Using in vitr
digestion experiments coupled with mass spectrometry, we demonstrate that these proteasespaatific set of spermatophore
substrates. These proteases are also associated with divergence between subspecies in terms of spermatophore digastion rate i
Finally, we reveal that bursspecific genes that contribute to these novel functiomseatively rare. Instead, most new functionality

is provided by genes coopted from other organ systems. This observation stands in contrast to the male reproductigh tsact, wh
dominated by tissuspecific proteins. However, male and female proteinkis reproductive system do share the common
characteristic of evolving at rapid rates. Overall, the bapsamatophore interaction presents contrasting mechanisms by which novel
functionalities can arise in reproductive tissues. While males prodedermpimantly tissuspecific proteins to form the

spermatophore, the female bursa borrowed and continues to share proteins wihradactive organs. These observations suggest
that the evolution of complex orgdevel phenotypes may initially be enableglchanges in expression patterns that allow expression
of existing genes in novel contexts. Subsequent evolution may then lead to gene duplication and further specializatonsundwev
steps are apparently not required.
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The role of adenylate cyclases in the evolution of tanning regulation.

Ellen Quillen1*, Anne Sheldrake t, Jaydee Foster!, Nina Jablonski2, Mark Shriver 2
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College, United States

Abstract: Facultative pigmentation, the result of impermanent changes in skin color in response to ultraviolet radiation (UVR) from

the sun, isn 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 lecklsnrmeasur
nonUVR exposed regions of the skin. While basal melanin production is one adaptation to UVR exposure which has evolved sevel
times over human evolution, populati@vel 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 Mexisan Americ
with Indigenous American and European ancestayti€pants received controlled UVR exposures on naive skin to measure response
and persistence following a single exposure at a UVA/UVB ratio equivalent to equatorial sunlight. Measures of melanat content
exposed hand and unexposed underarm were cethpaassess the cumulative impact of daily exposure to UVR.

Persistence was calculated as a proportion of facultative melanin (eXxposegposed) at 28 days/7 days following exposure.
Persistence was measured at three levels of UVR exposure. Assogiéti@350 candidate SNPs within and upstream of KEGG
defined melanogenesis pathway genes was assessed in PLINK while controlling for basal pigmentation and biogeographic ancestr
calculated in FRAPPE. All tests were treated as independent, yieldinger&uinf o r r e ¢ t e d® SNPsdnfeighi gebes Wede
associated with persistence, including two members of the ubiquitous adenylate cyclase family found on the surfaceyiémelanoc
(ADCY8andADCY9 andGNAI1which regulates adenylate cyclase activitype growth factorsHGF10, FGF12,andMAP2K2);

and transcription factcCREBBP

Associated SNP rs378200 (C > T) is an eQTLADCY9in unexposed skin based on data from the Genelygsie Expression

(GTEX) Consortiumgg = 0.0022) with the minor allelassociated with a reduction in gene expression. Our previously published data
on selection at pigmentation loci in Indigenous American populations indicates that seleafidY&@occurred after the split

between East Asian and American populations dmuting 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 bette
understand this potential source of convergent evolatsosarly humans faced the old challenge of UVR in hew environments.

This work was support by a PeBhD Research Grant to E. Quillen from The Wern@een Foundation for Anthropological

Research.
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Evolution of alkaloid resistance in poison frogs revealed by comparative phylogenetics

Rebecca Tarvin1*, Juan Santos 2, Cecilia Borghese 1, Wiebke Sachs 13, Lauren O'Connell 4, Adron Harris 1, Harold Zakon
1, David Cannatella*
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Abstract: Chemically defended organisms must resist tbein defenses. Poison frogs (Dendrobatidae) acquire hundreds of

chemicals (alkaloids) from their diet as an gredator defense. The sheer diversity of alkaloids found in poison frogs (>20 classes,
>800 compounds) contrasts substantially with prior stdf 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 aty égportun
employ comparative approaches to reveal padtenderlying 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 geneticiohanges in
channels where alkaloids bind, i.e., targig 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 itargbsathels

by poison frog alkaloids in twelvepscies of poison frogs to identify candidate amino acid sites involved in alkaloid resistance. In
voltagegated sodium channels and nicotinic acetylcholine receptors we found amino acid substitutions that evolved convergently ir
alkaloid-defended lineagesuggesting 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 incluitiimeg epibat
pumiliotoxins, histriontotoxins, and batrachotoxins. Moreover, the evolutionary patterns of these substitutions indicate that resistan
has evolved multiple times and is an evolutionarily dynamic trait. The level of and potential physiological cost of relsistaicice

may bioadly shape dendrobatid alkaloid profiles, either facilitating or constraining diversification of defenses. Our study dldwance
understanding of how organisms adapt to wield potent toxins and contributes to the body of knowledge regarding thie tfanslatio
genotype to complex phenotype.
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Unraveling the molecular mechanisms of larval competence, a complex trait that determines dispersal in the sea
Marie Strader 1*, Phillip Cleves 2, John Pringle 2, Mikhail Matz *
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Abstract: Dispersal of the majority of large benthic marine invertebrates m@ti@splanktonic phase of the life cycle dispersed by

ocean currents. Patterns and spatial scales of larval dispersal drive biogeographic distributions, genetic connedpitaiEoma p

and community dynamics. The onset and length of competence, liheatharvae to metamorphose in response to a specific
environmental cue, drives dispersal patterns in the sea. We profiled competence, fluorescence andigergene expression in
embryos and larvae of a relefiilding coralAcropora milleporathrougtout thirteen days poértilization, 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 transuoigptesponse to the natural settlement cue, confirming that
mature cor al |l arvae are fAprimedo for settl ementreguldlonsefe of ¢
sensory and signal transduction genes such as ion channels, genegliitvoleuropeptide signaling, andp®tein 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 complexityg this important biological trait and reveals receptors

and pathways that, if altered by changing environments, could affect dispersal capabilitiedoildéef corals.
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DEVELOPMENT OF WHOLE GENOME REGULATOR MUTATION LIBRARY IN ESCHERICHIA COLI PROVIDES A
PLATFORM BENEFICIAL MUTATIONS TO DIVERSE STRESSES

Alaksh Choudhury 1*, Zhiwen Wang 2, Joel Kaar 1, Ryan Gill 1

1University Of Colorado, Boulder, Boulder, United States, 2Tianjin University , Tianjin, China

Poster: Multiple strains ofE coli have been engineered for bioproduction, bioremediation, drug delivery and biosensing. However, in

such modifications, redistribution of cellular resouraed norideal growth environments create stresses, which compromises
cellular fitness. Platforms are required for expedited identification of fithess conferring mutations. Analysis of datalfigm

stress tolerance studies, we observed enrichmentitaitions in genes involved in regulation of protein expression. However, much
of the regulatory mutational space remains unexplored due to limitations in previous approaches. Recently developef@rtspr En
Trackable (CREATE) genome Engineering is a toanable development of highroughput site saturation mutagenesis libraries
targeting multiple loci across the genome, which can be tracked using unique barcodes. Using, CREATE, we aim to dewslop libra
with ~178,000 mutations with site saturationtagenesis of functional sites on regulatory proteins acro$s ¢bé 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 mutagithat improve fitness for diverse stresses including growth in isobutanol, high salt
concentration, nomeutral pH and presence of antibiotics. We also propose to use this library as a platform for studying evolutionary
importance of regulatory mutatians
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Development of craniofacial features in both mice and rats.

Derek Caetano-Anolles®, Sven Kiinzel, 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 canreee tdaptations in
response to environmental changes. Here we focus on identifying genes responsible for developing the morphologicéltfeatures o
skull and mandible of the mouse (Mus musculus), while comparing these morphological effects to tiwge fatuRattus

norvegicus). Previous Quantitative Trait Locus (QTL) studies have advanced the identification of the genetic basisdaiatranio
shape in mice have shown that the phenotype is controlled by genes in several genomic regions. Radéafdtg, genes involved in
naturally occurring craniofacial shape variation were identified in natural hybrid mice using gesteressociation studies

(GWAS). As these were natural hybrids obtained from wild caught mice, the genes identified coutdelmr¢fie genes being acted
upon by natural selection and affecting craniofacial shape evolution, leading to our use of knockout mice for thesegearatidate
being used to confirm their genetic effects on mouse facial development.
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Evolution of wing development in the Natal long-fingered bat, Miniopterus natalensis

Nicola llling 1*, Stephen Schlebusch !, Mandy Mason?, Zoe Gill 1, Ash Parker 1, Dorit Hockman 1, Walter Eckalbar 2, Nadav
Ahituv 2

IMolecular and Cell Biology, University of Cape Town, Rondebosch, South Africa, 2Institute of Human Genetics,

University of California, San Francisco, San Francisco, United States

Abstract: The bat wing, wth its strikingly elongated and webbed fingers contrasting a smaktdeekfoot, is used as a model system

to study the evolution of morphological variation in vertebrate limbs. We have built up resources for performing devedlapthenta
genetic studiesn the Natal londingered batMiniopterus natalensjsa populous and gregarious species with a wide distribution in
southern and east Africa. This includes a genome assembly (Mnat.v1l) of an adbft. matalensisat 77X coverage that forms the
referance for RNAseq, ChlPseq (H3K27ac, H3K27me3), ATASeq and comparative genomic analyses.

Over 7,000 genes and several IncRNAs, includihg5aslandHottip, were differentially expressed between forelimb and hindlimb
autopods at three sequential stagfesat development (CS16S17); a critical embryonic period when the bat forelimb diverges
morphologically from the hindlimln situ hybridization confirmed the differential expression of 5hé HandHDxAgenes, which

are known to be essential fortfganing the tetrapod autopod. Pathway analysis of RRd data predicted the suppression of the
Whnt/b-catenin pathway. This was supported by peanut agglutinin staining, showing larger fields of condensing mesenchymal cells i
bat forelimb autopods at tliest stages of digit development. In contrast, W@P signaling, which maintains the polarity of

proliferating chondrocytes in the growth plate, was more active and may set the foundation for extended digit growjuahsubse
stages of digit developmen

ChlIP-seq identified thousands of regions that are differentially modified in forelimb versus hindlimb autopods. These date] combin
with comparative genomics was used to pinpoint 2,79&beglerated regions (BARS). Testing five of these BARSs fars@o

enhancer activity found all of them to be limb enhancer tmde 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 changestbat led t
evolution of flight in bats 50 million years ago. The challenge is to link these candidate BARs to differentially expnesseuhd

map out the genetic events that led to the evolution of the bat wing.
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Condition-dependent gene expression in the weaponry of Trypoxylus dichotomus

Robert Zinnal*, Doug Emlen2, Laura Lavine 3, lan Dworkin 4
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Missoula, 3Department of Entomology, Washington State University, Pullman, United States, “Department of Biology,
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Abstract: One of the most dramatic examplesekual 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 partsadind their g
tends to be unusually sensitive to thertioihal 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 mmechanism
responsible for exaggerated growattid 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 beetiles and comp
them to norexaggerated traits, priwling an objective screen for differentially transcribed genes associated with a sexually dimorphic
and exquisitely conditiogensitive pair of horns in the Japanese rhinoceros beetle. Our results indicate that while genes are
differentially expressedaocr di ng to a traitobés degree of condition depende
the other hand, sexually dimorphic expression of weaponry involvesdagaie changes in gene expression, especially relative to

other traits.
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Suppression of ancestral mucosal inflammatory response enabled the evolution of extended pregnancy in Eutherian
mammals

Arun Chavan 1*, Oliver Griffith 1, Jamie Maziarz 1, Athanasia Tzika 2, Michel Milinkovitch 2, Gunter Wagner !
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Abstract: Pregnancy in Eutherian (Placental) mammals is characterized by its extematohdand ancestrally invasive placentation.

Together, these characteristics pose serious immunological challenges to maintenance of pregnancy. The placentasiith its inv
nature can incite an inflammatory reaction in the uterus; and with geneticcconb ut i on fr om t he f-adlhfed , b
the maternal immune system. Evolving mechanisms to avert these immune complications was central to the evolution of eutherian
pregnancy. Here we use comparative transcriptomics efjreorid and gavid uteri of three eutherians; armadil@asypus

novemcinctus tenrec Echinops telfairj, mouse [lus musculus and one marsupial outgroup; opossioiodelphis domestigdo

study the evolution of immune regulation of eutherian pregnancy. Our dat that pregnancy in the viviparous therian ancestor

(i.e. the most recent common ancestor of marsupials and eutherians) evoked a combinatieh7ofmygptype2 immune responses in

the uterus. Typd7 is a prenflammatory immune response typicallypli@yed in the mucosal surfaces, while types an anti

inflammatory immune response focused on wound healing. The eutherian lineages sampled are, however, characterized by
suppression of typ&7 immune response while maintaining an active-@pesponséile conclude that eutherians evolved

mechanisms to suppress mucosal t¥@anflammatory response at the fetaaternal interface, thus enabling maintenance of

extended gestation. Using in vitro experiments, we show that this suppression was broughyt atesirte decidual stromal cellsan
evolutionarily novel cell type in eutherian mammals, and by acquisition of novel functions by progesterone in euthggan linea

Expanded summary*: Question:Pregnancy in eutherian mammals (i.e. placental mammalsjgif two aspects to the ancestral

therian (eutherian and marsupial) or the typical marsupial pregnancy. First, an invasive mode of placentation, whetw ¢datesta
endometrial epithelium and contacts maternal vasculature, evolved in the euttemdinsage. Second, eutherians have an extended
pregnancy, i.e. pregnhancy extending far beyond the estrous cycle duration. Together, these characteristics pose uniggeahmuno
challenges to pregnancyiz. (i) uterus is profoundly wounded for an extied period, which can cause inflammation (ii) the invading
placentaissera | | ogenisel ¢ dmdémti ve to mother, which can cause i m
eutherian immune response evolved to tolerate pregnancy despiehiadisnges.

Methods:We addressed the above question with a comparative transcriptomic approach. We collectstRisita from the uteri of
four therian species in ngegregnant and migestation stages. These include three eutherians: ndusarfusculg), armadillo

(Dasypus novemcinctygenrec Echinops telfairj; and one marsupial: opossuMdnodelphis domestig¢aThese taxa bracket the
eutherian phylogeny, and include an outgroup, allowing inference of ancestral eutherian characters. We prdapmsistianec
explanations for the observed patterns of evolution of immune regulation, and tested them with in vitro experiments withduma
opossum cells.

Resultsinflammation is suppressed in mjgkstation uteri of all species sampled, by a{¥p@muneresponse, an anmflammatory
response mediated by interleukif. The key difference between opossum and eutherians is that a potelif igpaune response is
activated in opossum, while it is completely absent in eutherians:T§jgea prenflammabry immune response mediated by
interleukin17 and typically deployed in mucosal surfaces. Since-typis the default immune response in endometrium (a mucosal
surface), and is phylogenetically older than pregnancy, we infer that thé Tysponse ige ancestral therian inflammatory
response to viviparity. It was ancestrally compensated by simultaneously activatinegarégpense. However, eutherians evolved
mechanisms to turn off typE7 inflammation, while leaving the astiflammatory type2 response intact. This resolves the challenge
of not only inflammation but also antigenic incompatibility, to some degree, sinearaifens are not rejected without an
accompanying inflammatory response. Using experimental manipulations of human andnogelissand measurements of immune
response in vitro, we identify two mechanisms that contributed to the suppression of mucosal inflammatory responsetosignaling
immune cells by uterine decidual stromal cells, a novel cell type in eutherian mammalsgaisition of antinflammatory

functions by progesterone hormone in eutherian lineage.



Broad SignificanceThe ability to switch to an anihflammatory state after the pioflammatory implantation phase is essential for
sustaining extended pregnancyeimtherians, and thus understanding the evolution of inflammatory response is central to
understanding the evolution of eutherian pregnancy. Evolution of these specialized reproductive strategies may haeel tontebut
eutherian radiation at Creatacsdaleogene 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+ble of type
inflammation in pregnancyrhis study ado identifies the role of decidual stromal cells in regulating mucosal inflammation, a potential
selective force in the origin of this novel cgpe.

Disclosure of Interest: None Declared

Keywords: None



SMBE 2017

Evolution of complex traits

OW-EC4

The genomic basis of sex change in fish
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Abstract: Most plants and animals irreversibly differentiate becoming either male or female. In many fishes, sex is not only extreme

plastic, but sex change is a natural and adaptive part of the life cycle. Sex change comigiggted 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 experirmehtedig to switch sex (New
Zealand spottyotolabrus celiodotysand bluehead wras3dalassoma bifasciatugtogether with transcriptomic analyses and
comparative genomic approaches, we are elucidating the genetic cascade underlying protogynotsdfEnsabe reversal. We
present RNAseq differential expression data from gonadal samples representing the complstrigsef sex change. We find that
this process involves progressive downregulation of ferspéeific gene expression, prior to expresgoofiles becoming
increasingly masculinised. We also identify a single ferpaliaway gene whose immediate downregulation is consistent with the
switch initiating protogynous sex change, and develop a hypothetical molecular mechanism that may silgee thitrigger 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 cuebhamging 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 plasticalmé sex
is a natural and adaptive part of the life cycle. Sex change involves coordinated changes in behaviour, neuroendoctinology an
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 Zealandodplattyus celiodotysand
bluehead wrassghalassoma bifasciatugtogether with transcriptomic (RN#eq) analyses and comparative genomic approaches,
we areelucidating the genetic cascade underlying protogynous (femalie) 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 cascadéd collapse
femalke-specific gene expression and replacement by-séeific pathways. We also identify a single ferqad¢hway gene whose
immediate downregulation is consistent with the switch initiating protogynous sex change.

We are now investigating the role of epigénéactors in triggering this switch and regulating sex reversal. Our work couples
genomewide DNA methylation analysis with manipulations of methylation state to establish how methylation alters during sex
change and how manipulating methylation affelis process. These experiments will advance our knowledge of hepodenitial
expression network can be differentially regulated to control sexual fate, and will begin to address the boarder qubstioer of

and how, epigenetic reprogramming is cected with developmental plasticity.

Our work is providing novel insights into the flexibility of sex determination networks, the mechanisms through whichnakaviglop
plasticity can arise, and the degree to which these mechanisms are conserved evglubondindings also have potential practical
application in aquaculture and medical research. Many commercially farmed fish change sex and there is considerabhle interest
controlling sexual fate in aquaculture settings. Sexual gene networks aredughkérved in vertebrates and their 4fionctioning

leads to various disorders of sex development (DSDs) in humansh8eging fish present a unique opportunity to understand the
mechanisms through which DSDs arise.
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Dissecting Historical Changes of Selective Pressures in the Evolution of Human Pigmentation
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Abstract: Human pigmentatiorsia highly diverse trait among populations, and has drawn particular attention from both academic

and noracademic investigators for thousands of years. To explain the diversity of human pigmentation, researchers have proposec
that human pigmentation is @gted 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 histireal select
pressures on pigmentatigenes 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 selectivenmessures i
multiple population modddy 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 sugget) that a significant historical increase of selective pressure on light pigmentation shared by all non
Africans at the early stage of the aftAfrica event (1.78 x 1®per generation); (2) that diversifying selection, instead of the
relaxation of seletive 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 pigmentationthe color of the skin, hair, and eye one of the most déerse traits among

populations. Its obvious diversity has attracted particular attention from both academic @awdhdemic investigators for thousands

of years, as noted by Charles Darwin one century ago and as noticed by ancient Egyptians more yeansA8§0. 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, ardrlifgt efficiently

producing vitamin D. Dark skin may protect individuals against sunburn and skin cancer in low latitude areas with highildVR, w
light skin may prevent rickets in infants in high latitude areas with low UVR. A better understandimg n&tural 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 pigemestation
These genes encode different proteins, such as signal regulators, possible enhancers, important enzymes, and putats/e exchang
Although previous studies have been devoted to understanding the evolution of separate pigmentation genes geWwavetudi
examined how multiple genes contributed to the evolution of human pigmentation. Moreover, none have quantitativelyeidvestigat
the historical selective pressures of pigmentation genes during different epochs, and thoroughly compared thes diffeeteutese
pressures between different populations.

In the present study, we developed a new method to dissect historical changes of selective pressures for differentpeaods of
evolution. Our results showed not only independent selective pesssuEuropeans and Asians, but also a significant historical
increase of selective pressure on light pigmentation in allAfdoans at the early stage of the eftAfrica event. Further, our

results excluded the relaxation of selective pressuresaandefd diversifying selection as a single explanation for the cause of light
pigmentation in low UVR areas, a lostanding puzzle in the evolution of human pigmentation. Finally, our results indicate epistasis
plays important roles in the evolution of hampigmentation, partially explaining diversifying selection on human pigmentation
among populations.
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Gene network rewiring of convergent evolution of innovative anal fin pigmentation patterns in cichlid fishes
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2, Walter Salzburger 1

1Basel University, Basel, Switzerland, 2Southwest University, Chongging, China

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. Besitl@se e mechanisms behind
the different evolvability of novelties also need to be investigated. The repeated evolution of innovative pigmentatisropétie

anal fin in East African cichlid fish is an ideal model to study these questions. Heraimlg focus on two such patterns) €gg

spots, i.e. circular markings on the anal fin with different numbers, sizes and colours in the mostispdiieage, haplochromine
lineage. ii) the anal fin blotch with ildefined boundary found in anothedependent ectodini lineage. Unlike egmpts, the blotch

shows almost no variation among species. Instead of focusing on individual genes, based on comparative transcriptoomgcand gen
analysis across the phylogeny, followed by a series of data apalyidi as positive selection detection, transcription factors binding
prediction, and functional assays includingsitu hybridization and transgene, our results proposed that compare to the blotch, egg
spots might evolve a much more independent geneonletinom the ancestral anal fin, thus providing a clue for its higher

evolvability.
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Investigating cis-regulatory evolution and sexual selection in Peromyscus mice
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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 developntbist study, we examine two sister species of deer mice
(Peromyscus maniculat@sdPeromyscus polionotysvhich exhibit dramatic differences in mating strategy, and consequently
display an adaptive divergence in male reproductive timing. We have characterized differences in the timing of maléweproduct
devdopment in these species and find thaPimaniculatuswhere females are highly promiscuous, sexual maturity is reached much
earlier than irP. polionotuswhere females mate monogamously. We posit that this divergence has emerged as an adapt&e respon:s
to differing levels of competition for females, allowiRg maniculatusnales to compete for females from an early age. To investigate
the contribution otis-regulatory evolution on this phenotypic divergence, we performed gene expression profikisgjtisisue

from P. maniculatus P. polionotug=1 hybrids at ten time points across reproductive development. Analysis of allele specific
expression profiles reveals spespecific calcium channel subunit, CatsperD, as a compelling candidate gene iffeosetial
expression may contribute to the divergence in reproductive timing. Ultimately, we aim to identify the molecular mechaisim by
differential CatsperD expression has evolved, as well as the consequences of this change for male rephedotyipespand 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 featuregarticular, species with promiscuowsrfales those that
mate with multiple male partnersend 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 spedistesf deer mice
(Peromyscus maniculat@ndPeromyscus polionotysvhich exhibit dramatic differences in mating strategy, and consequently
display an adaptive divergence in male reproductive timing [1].

Like most mammals?. maniculatugemales ardighly promiscuous, mating with multiple males within short time frames. In
contrastP. polionotufemales are strictly monogamous, and males of this species lack certain features of sperm competition (e.g.
larger testes and longer sperm) observdel. maniculatug2]. Much less studied are the differences in reproductive timing between
these specie®. maniculatusnales reach reproductive maturity at a faster rate hgolionotusmales, a divergence which we
hypothesize has emerged as an adaptsgorese to differing levels of competition for females, allowgnaniculatusnales 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 significanediffeagyec
to reproductive maturity between these species, Rittmaniculatusnales reaching all reproductive benchmarks soonarRha
polionotus.

To identify candidate genes underlying developmental differences, gene expression profiling is a powerful approachhbowever t
major divergence in the rates of testes development makes betpegias comparisons difficult to interphethis case. We
therefore took advantage of these s pespecific gebe eappession, with the gmal 6f o r m
identifying signatures dfis-regulatory evolution without any confounding effects of changes in dievedntal rates or cell type
abundances. To assess aligtecific expression, we performed RMAq on testes samples from hybrid mice at ten time points
spanning reproductive development. We found hundreds of genes that are differentially regulatedtbettweespecies, and

identified a spermspecific 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 methgnigich 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 miceyéeesomaniculatus)J.
Comp. Physiol. Psychol.95, p. 8895.

[2] Linzey, A. V., and J. N. Layne. 1969. Comparative morphology of the male reproductive tract in the rodeRegemyscus
(Muridae). American Museum Novitates 23557 .
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The tammar wallaby has a eutherian-like placenta that evolved as a molecular tradeoff between lactation and placentation
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Abstract: Therian (livebearing) mammals nourish their developing young through both placentation and lactation, yet these

processes are highly diverse between spedibs variation is partidarly magnified when comparing marsupial and eutherian
lineages, where the marsupial has a morphologically simple placenta and complex lactation while the eutherian ha#ly structura
complex placenta and less dynamic lactati8s.both processes are caitin nourishing offspring, it has been suggested that
marsupials compensate for their simple placenta by expanding their lactation potéoti@ver, despite the lack of morphological
complexity, the marsupial placenta functions to maintain pregnamtgmbryonic development, indicating that the simple structure
contains all of the capabilities of the more complex eutherian otgathis study we demonstrate that, despite its anatomical
simplicity, the tammar wallabyMacropus eugenjiplacenta expises 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 emtbryonic gro
factors have moved freely between placental and mammarg gidintypes 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 sequergin the tammar wallaby to provide evidence that the classification of

therian mammals into eutherian (placental) and marsupial (fowela r i ng) based upon having a Ot
that the tammar yolk sac, often argued to be theategof 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 fm@ essential
eutherian placentation to distinct cell layef¢he tammar placenta. This striking molecular conservation suggests that although the
mar supi al pl acenta is morphologically simple, it represent
Once we solidify that the tammar wallaiges indeed have a eutheride placenta, we examine the evolution of placentation and
lactation as strategies for nourishing youdgrsupial biologists have hypothesized that these processes are involved in an
evolutionary tradeoff and, as a resulnsupials 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 lactatianeamaltion

have been shared,-opted and xchanged during evolution. These genetic programs have been shifted in both directions: from
lactation to placentation and from placentation to lactat@werall, the recycling of genetic programs to optimize nourishment
strategies in each species iscael 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 stadgariofy num
ways to achieve this goal. Hewe demonstrate that, despite this diversity, conserved molecular programs are utilized to facilitate fete
survival. This example underlies a general hypothesis that molecular programs underlying important organismal functiome may m
freely between dferent 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 diverksty hdyee dhat

this work will correct widespread misinformation about the most fundamental of biological classifi¢atah®f our own closest
relatives.
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Observational evidence of directional and stabilizing selection in a contemporary human population
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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 mod@isurgesied and unmeasurddedical genetic datasets
may allow us to address this problem because they can be used to directly study natural selection in contemporary.Weulations
leveraged the UK Biobank, a prospective cohort study of over 500,000typed 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 succes$siesatggic data alone, suggestive of directional
selection. The evidence also suggests that weak stabilizing selection is common. In general, it appears that stattilzirig esle
intense in humans than in other natural populations, but still mag baportant factor shaping the genetic architecture of complex
human traits. The evidence of directional selection is further supported by statistically significant estimates of gariaticeo
between reproductive success and certain phenotypedbiiareate linear mixed modeling approach. Finally, we show that finding
similar genetic evidence for stabilizing selection is a difficult problem that appears intractable with current datasetiscaisd
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New regions underlying pigmentation of skin, hair, and iris using quantitative phenotypic traits in individuals of European
ancestry
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Abstract: A moderate number of genes have been associated with human pigmentary traitsigsking 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 toteaptnderlying quantitative distribution

of these traits. We performed a GWAS of pigmentary traits in 575 individuals of European ancestry. All traits were evithhuated
guantitative methods: skin and hair pigmentation were measured with a reflect@meéteye color was measured from high
resolution photographs using the ClELab col-EhmicGlghaldrmy The s
(MEGA), and untyped genotypes were imputed using as a reference the Phase 3 samples of teoh0€ [isoject. We identified
signals within weHestablished genes associated with pigmentation of skin, hair, or iris, SiRIFda®CA2,andHERC2 We also
identified new regions associated with these phenotypes. For skin pigmentation, we identiieégile signals (p<5x16) within

or near the gene&/ASF1/CDC4@ndEGFR For hair pigmentation, genorwéde signals were identified within or near the genes
PRKAAZ FHIT, MATN2 KCNT1andDENNDS5RB For eye color, we observed a very strong signal withengeneHERC2 which has

been extensively associated with blue iris color. This region also shows gandensignificance for central heterochromia. We are
currently carrying out replication analyses in independent European samples to confirm the gegiomsddentified 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 developmegngaldiolog
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 diversificatioeref eges. H
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 forrtetti@tan ver
was not expressed in Nautilus. Furthermore, many downstream target genes of six3/6 including crystallin genes angatesnlens
related genes were not expressed in Nautilus. As six3/6 and its controlling pathways are widely conserved amongtheolthacs
Nautilus, the present data suggest that deregulation of the six3/6 pathway led to the pinhole eye evolution in Nantjltise Duri
transcriptomic study, we also found that there are alternative splicing variants of Pax6 genes in pygmytsgaitke th known to be
important for eye formation. Previous studies have reported that the developmental processes of vertebrate eyes dreyciontrolle
Pax6 splicing variants, each modulating different downstream genes, whereas those of insestepe®led by duplicated Pax6
genes. In the splicing variants, the splicing patterns were produced by the combination of two additional exons tatharatbné
jettisoned exon containing most of the Homeobox domain (HD). These five variantspsimiesnporally patterns of gene

expression during development in the squid. Our study suggests that cephalopods acquired Pax6 splicing variants infdiaosedent o
in vertebrates and that these variants were similarly utilized in the developmentqiitheys.
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Abstract: Studying the origin and evolution of vertebrate organs is difficult because many have ancient origins and have only evolve

once in the history of vertebrates. The placenta is a great model to stedphhigon of novel organs because it has evolved
repeatedly in many vertebrate clades, it has evolved relatively recently in some lineages, and exists in intermediaexfantns i

taxa. By studying a range of vertebrates we investigated the evolfitioaternalfetal interactions in the placenta. In terrestrial
vertebrates, placentas form following the interactions of two distinct tissues, the luminal surface of the uterus, ahelitide ep
surface of an embryonic membrane. Using transcriptomidseafiterus 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 expregstors for the hormones and signalling molecules produced by
the chorioallantoic membrane. We argue that the novel apposition of uterine tissues with embryonic membranes is suffieient fo
generation of novel maternfdtal signalling networksin asecond 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 erabryeic tiss
argue that the interaction of placental tissues, is notlynereonsequence 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 becaasg 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 orgaitshascause
evolved repeatedly in many vertebrate clades, it has evolved relatively recently itire@ages, 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 fronettegposition

of maternal and feral tissues. In terrestrial vertebratasgntas 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 southetkirdcagseoviparous Australian
common garden skink, and both an oviparous and vVviviparous
membranes are ancestrally endocrine organs. We then show using transcriptomics from oviparoysaaoaisvékinks that the

uterus expresses genes that encode receptors for the produced hormones and signalling molecules are present initig uterus. Us
these data, we show that the signalling networks present in viviparous skinks, would also existou®egiiaks, if the egg was

retained inutero and the egg shell lost. Therefore, the processes that occur during the evolution of viviparity (egg retentioofand loss
eggshell) are sufficient for the evolution of matesfedhl signalling. We argue thate novel apposition of uterine tissues with
embryonic membranes is sufficient for the generation of novel matitiahkignalling networks.

In a second example, we show that key components of implantation in eutherian mammals are the result ob#ip ancestr
inflammatory reaction of the uterus to the apposed embryonic tissue. One key example of this is the production of pndstagland
(PTGEZ2). Using transcriptomics and immunohistochemistry, we show that the uterus expresses the firdiraitthgatazyme in
prostaglandin synthesis (PTGS2), but that the final enzyme (PTGES) in PTGE2 synthesis, is expressed only in embryaiic placent
tissues. Therefore, the synthesis of this enzyme for regulating placental inflammation occurs only when thesieglissriateract.

We argue that the interaction of placental tissues, is not merely a consequence of placenta formation, but that thesactowes i

form the basis of new placental regulatory networks, functions, and patterning mechafiismpspos that the novel apposition of
tissues generally is an important process for deriving the unique set of interactions required to support the originrgiaa.new
Significance: We present a new model for understanding the evolution of new organs iratestdthrough investigating the

evolution of novel placental interactions we show that these interactions arise following the novel apposition of shgéntgioies, a
phenomena that could occur elsewhere in an organism following structural rearratggdihis is a significant contribution to this

field, because it presents a new model to understand the origin of organs in vertebrates and presents an importardlesystement

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 cel

type identity is established by theigation 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 cethgype is

decidual stromal cell (DSCX 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 BESF, but thes
cells do not differentiate intDSC. We reconstructed the core GRN of human DSC via the integration of three distinct datasets:
ATAC-seq, RNAseq and transcription factor binding site matrices. This model is consistent with many known features of human
DSC and predicts additional membeaf 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 cAV
opossum ESF express and pahslatigally regulate the FOXO1 protein, which is a key post translationadjulated transcription

factor driving differentiation of DSC in humans. Based on these comparative data we propose a model that predicts wdgdh chang
the core GRN likely were necesy 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 binspired robotic simulation framework that mimics the nested architecture of the biological

evolutionary process to study biological complexitirough 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 reprodecartiechl

and complex structure and context that observe in biological evolution. Furthermore, our approach suggests a possible model to
explain how evolutionary systems might overcome the fRIEosts
organized modular patterns at ditfet 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 thenergence 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.
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Sequence properties of enhancers are conserved across mammals
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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 investigatiag this see
contadiction by quantifying the conservation of sequence patterns underlying histokeefined enhancers across six diverse
mammals (human, macaque, mouse, dog, cow, and opossum). In each species, we found thdeamastgreassifiers 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 targetdipatigsthat the
underlying sequence properties of enhancers are largely conserved. We observed similar conservation with enhancéns validated
transgenic reporter assays. Supporting the biological relevance of the learned features, the sequence pattedictive s

enhancers in each species matched a common set of TF motifs that were enriched for expression in relevant tissuekis These resu
suggest that, though the genomic regions with enhancer activity change rapidly between species, short Dadl#cauti§senhancer
activity have been maintained across more than 180 million years of mammalian evolution.

To explore the conservation of highander regulatory sequence properties, such as cooperative binding of TFs, we are integrating
deep neural netwks into our crosspecies prediction framework. These models are capable of capturing more complex interactions
between sequence elements and have shownddtate performance in regulatory sequence predictions. We will report preliminary
results on theonservation of complex TF interactions found in enhancers across species.
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Functional dissection of a marine-freshwater adaptive locus that drives lateral line expression in three-spine sticklebacks
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Abstract: Regulatory differences in gene egpsion 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 evolutio
Threespine sticklebacks provide a compagjisystem 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 frealatied ecotypes. Moreover,
whole-genome sequencing of multiple magifreshwater population pairs has revealed the predominance of adaptive loci underlying
marinefreshwater divergence that potentially involve regulatory changes. Hence, | use transgenic reporter assays in a resgrse gen
approach to characterise thguéatory potential of several adaptive loci. Here, | 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. Neueomasts ar
mechanoreceptors that@l 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 toulagir partic
ecology. This small 500bggion also falls within a QTL spanning multiple Mb that was identified in a previousdsalution

mapping study for lateral line variation. Currently, further functional dissection using quantitative reporter assaysraacdiimg

is being carried duo identify the minimal neuromaspecific regulatory element and understand its effects on lateral line phenotype.
Ultimately, | aim to elucidate the gene targets of this regulatory element to bridge the gap between genotype and phenotype i
adaptivelydiverging natural populations.
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Abstract: It is now reported that a number of genes have undergone adaptive evolutions  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 AMHSs.
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Abstract: Promoters and enhansecooperate to modulate gene expression, thexialying animportant role in all biological

processes. Whilgraditionally categorized separately, both primarily serve as binding sites for various transtaigitosmand might

be considered differeffitavours ofthe sameype of regulatory region. To tease apart potediiférences between them, we analyzed
sequence characteristics that distinguishdadr o a d ' regions (activé@&narcromw® madito mpd e(
see whethethey were different between promoters and enhancers. In a machine learning framewddngsbguences {(fers)
accurately predictedroadly activepromoters and enhancersnters with high GC Content were highly weighted in both promoter

and enhancetlassifiers. However, in promoters, but not enhancers, CpG dinucleotides were independently associated with regulatc
function and wider activity. We tested the ability of classifiers trained on one type of region to distinguish the ofbanchtitht
enhancetrained classifiersvere 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 characteristicenot present
promoters. We tested the most informativenérs for similarity to transcription factor (TF) binding motifs, and found that promoter

and enhancer classifiers emphasize different families of broadly activ®tFanalyses suggest theltile promoters ad enhancers

share some key sequence features, enhancers have a layer of complexity that promoter classifiers fail to idagtfigtaad

connection between TF motif and expression patterns that difiénsen the two.
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Effects of promoter architecture on gene expression variation
due to new mutation
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Abstract: Mutations occurring randomly throughout the genome have the potential to haxendom effects on phetypes based

on the regulatory steps required to translate genotypes into phenatygbs, genotypghenotype map. Differences in the structure

of the genotypghenotype map among phenotypes may bias the phenotypic effects of new mutations, shaairgditreavailable

for evolutionary changeFor the phenotype of gene expression, an example of this is the observation that a canonical TATA box
motif in a geneds promoter predicts higher malevalttionamlareatey a r i
polymorphism and divergence. Distinguishing the origin of patterns in phenotypic variation in natural populations thass requir
separating the biases introducednytationalone from the effects of processes like selection aiftd The Wittkopp lab has

previously described the spectrum of new mutations influencing expression of the gene TDH3 and shown that, even wehin a sing
gene, local¢is) and distal trans) mutations exhibit opposite biases in the magnitude of expredsanges they induceis TDH3
mutations show larger magnitude decreases while trans mutations show larger magnitude increases in expression. Hotesier, the e
to which these patterns are generalizable across genes with different promoter architedtevetugionary histories remains an open
guestion. We will present results from mutagenesis of yeast promoters differing in expression noise, canonical TATA box statu
number of predicted regulators, and nucleosome positioning to test hypothesesabouoséguences 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 traslating 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 mutatiarisgnfluen
expresan of the gene TDH3 and shown that, even within a single gene, ¢ig)arfd distal tans) mutations exhibit opposite biases

in the magnitude of expression changes they indtis@DH3 mutations show larger magnitude decreases while trans mutations
shaw larger magnitude increases in expression (Gruber et al 2012, Metzger et al 2016). These patterns are likely toatitiagubst
among promoters due both to the features of cis regulatory sequence and the structure of upstream regulatory néatveoscs that
with it. While a number of groups are studying the impact of cis changes on gene expression by systematically mutating transcripti
factor binding sites, promoters, or enhancers in regulatory sequences local to the gene of interest, matatismsady be

particularly likely to produce changes in gene expression due to a larger potential target size alone. By investigapiact thieriew
mutations on promoters differing in properties including expression noise, canonical TATA box statiier 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 propertas comshplify

variation will help us to better interpret the role of forces like natural selection in shaping the patterns of variatied @rsong and
between extant species.
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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 , Ellen Pritham *
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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 attraeticemaitring 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 bindintnditesabsence of recent
examples, this model has remained largely unexplored. We identify a young (~25my edghedifit transposase fusion gene,
KRABINER that acts as a transcriptional repressor in reporter asdp8INERis the product of a confgte marinertransposase
fusion to the KRAB domain of a preexisting KRAB-P. We observe th'®#RABINERIis under purifying selection across nine species
of bats, and is expressed in at least three spdCiBsA B | NfeEnBtidrel domains, KRAB and TE DBD, atemplete and required

for repression upon binding to intaotriners These data suggest tikRABINERis maintained to targeharinersfor silencing.
KRAB-mediated repression frequently results in DNA methylation,nazidnersare methylated in the baégome. This suggests
KRABINERmight function to repress theactivity. Our reporter assays indicate that genes meainerscan also be repressed,
suggesting thatRABINERmay regulate host genes. Domain analysis of tetrapod genes indicates thatteRgiBsase fusions
occurred no less than 25 times across 20 different lineKGEBINERthus affords an unprecedented opportunity to study a
widespread, novel mechanism of genome defense and TF birth.

Expanded summary*: Transcription factors (TFs) are cdél 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 twoptibn of
transposable elements (TESs), especiallyanutpaste DNA TEs. In order to mobilize, DNA TEncode DNAbinding domains

(DBDs) that target their own sequences, which are dispersed throughout the genome. Thus, DNA THaidreqanees of DBDs

and their cognate binding sequences. If fused to a itaimat 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. Identifyingiyger TEderived 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, th
model has remained largely unexplored.

To revisit ths model, | examinede-novotranscriptomes of vesper bats for transposes fused to other protein domains. In doing so, |
identified a novel, lineagspecific transposase fusion geKRABINER as a baspecific isoform of a Kruppehssociated box ziAc

finger protein (KRABZFP) geneZNF112 otherwise conserved in eutheriaKRABINERconsists of a completdimarl mariner
transposase fused in frame to a KRAB domain, resulting from the insertion and subsequent exonizitioradf element into the

last intion of theZNF112gene. KRABZFPs are the largest TF family in mammals, and are known to regulate both developmental
processes and TE activity via their repressive KRAB domain. Rébpand gPCR confirmed both isoforms are expressed in fibroblast
cell linesof at least three bats, and tkiémarl insertion responsible for this fusion is orthologous in at least nine species, indicating
thatKRABINERIis young (~25 million years old). Selection analysis of these orthologs indicat&$RABINERhas evolved under
purifying selection since its inceptiodN/dS= 0.3, p < 0.001 LRT).

Given the robust repressive activity of the KRAB domain and its fusion to aniinéitter DBD, | hypothesized that KRABINER
functions as a transcriptional repressor by binding to Mitnelements in vesper bat genonies test ifKRABINERis capable of
repression, | performed dukiciferase reporter assays in both human and bat cells. Specifically, | compared luminescence of cells
transfected with luciferase driven by either an intacicramblednarinerin the presence of either overexpressed KRABINER or an
empty vector. Across three independent experiments in human cells, | determined that KRABINER does repress transcription of
luciferase in the presence of an intadriner (MEAN: 2.1% of empty vector; SEM: +/007%,n=15) but not in the presence of a
scramblednariner(MEAN: 91% of empty vector; SEM: +0.7%,n=15), indicating that its repressive ability is dependent upon



transposase binding. | observed a similar effect in bl dedken together, these data indicate that KRABINER is a transcriptional
repressor. Whether or not it binlBmarl elements in bat genomes remains unknown, and-€&dRexperiments to test this are
currently underway. Nevertheless, the heavily methylstatlis oMImarl elements in bat genomes suggests they are repressed by
some mechanism. Additionally, if genes newarinersare repressed, as the reporter assays suggeskR#ABINERcould function

as a novel TF in bat cells. To test if KRABansposas fusions could be a widespread mechanism for TF birth, | examined the domain
structure of annotated tetrapod genes. In doing so, | determined that-K&#dgposase fusions occurred no less than 25 times across
20 different lineageKRABINERthus affordsan unprecedented opportunity to study a widespread, novel possible mechanism of
genome defense and TF birth.
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Gene conversion synchronizes expression patterns of paralogous genes
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Abstract: Interlocus gene conversion homogenized the sequences of paralogous genes, which led to concerted evaration of g

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, whitd allows us
infer whether gene conversion occurred and duration of concerted evolutitins study, we developed a progressive method to

detect gene conversion and to estimate duration of concerted evolution by analyzing the phylogenetic relationships@nd sequen
divergence of ohnologs from multiple species with different divergence times. Based on analysis of 547 ohnologs frommghe budd
yeastSaccharomyces cerevisiaad their orthologs from seven closely related species, we found that up to 32% of ohnologs
underwent gene conversioilowever, the durations of concerted evolution differ substantially among these ohnologs. The genes wit
longest durations of concerted evolution are highly enriched in the group of forming macromolecular complexes, suchak riboso
proteins. The similarity of gene expression patterns across many experimental conditions between onologous pairgyis positivel
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 beenloawenteaty, our

results suggested that gene conversion not only preserves sequencing similarity of paralogous genes but also synahronizes the
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 rooding elements in shared developmental loci

Some of the fastest evolvinggiens of the human genome are conservedauating elements with many humapecific DNA

substitutions. These Human Accelerated Regions (HARS) are enriched nearby regulatory genes, and many function as developme|
enhancers. To investigate if this evadutary 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 apptiealcthis app
simultaneously to the genomeskfive apes: human, chimp, gorilla, orangutan, and gibbon and find roughly similar numbers and
genomic distributions of lineag&pecific accelerated regions (linARs) in all five apes. In particular, apes share an enrichment of
linARs in the distal regiomof chromosome arms and in rooding DNA nearby genes involved in development, especially
transcription factors and other regulators. Many developmental loci harbor clusters of distinct linARs from multipleggpssnhgu

that accelerated evolution magve affected similar developmental pathways across species. Our statistical tests distinguish betweer
GC-biased and unbiased accelerated substitution rates, allowing us to assess the roles of different evolutionary foiogs in creat
linARs. We find evignce of GGhiased gene conversion in each ape, but signatures consistent with selection are more common in a
five lineages. It therefore appears that similar evolutionary processes created independent accelerated regions irstbé genome
different apesand there is a remarkable clustering of these linspgeific elements in a shared set of developmental loci.
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Selection at the pathway level drives the evolution of gene-specific transcriptional noise
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Abstract: Biochemical reactions within individual cells often result from ithteractions 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 syrtitesis of
from its encoding gene. As a result, isogenic cell populatismay phenotypic variability even in homogeneous environments. The
extent and consequences of this stochastic gene expression have only recently been assessed enidegscalmdn particular

owing to the advent of single cell transcriptomics. €helutionary forces shaping this stochasticity have yet to be unraveled. We
took advantage of three recently published data sets of the-s&lgteanscriptome of the domestic moldas musculug order to
characterize the effect of natural selectiorgenespecific 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 thetobsgleved
levels of transcriptional noide 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 propagame with
networks. Transcripdnal noise is under widespread selection and therefore constitutes an important component of the phenotype.
Differences in expression varianc@ot only in mean expression leviepotentially constitute a mechanism of adaptation and should
be consideredly 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 processesatemetise 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 hended slepend on gene function. We investigated this

hypothesis using three publicly available datasets of the mouse-séigleanscriptome.

Currently available measures of expression noise have the drawback of being correlated with the mean exjgesssoi bfs can

lead to spurious associations between noise and other functional and/or evolutionary variables if these are corrdiatateaith t
expression level. To sort this out, we fit a linear model on thérdogsformed means and variances baahilable genes in order to
estimate the coefficientssandb of the resulting power law regression. We used these coefficients to define a new measure of noise &
the ratio of the observed variance, and the variance predicted by the linear model:

F*=(0%/a &)

By construction, F* is independent of the mean expression level, and therefore is a suitable noise metric for invéstigating t
evolutionary forces driving expression noise.

Using the set of genes at both ends of the F* spectrum (i.e., \g@&hdhe 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 b#quegthways and ontologies linked to transcription or translation). This
result is in line with theoretical predictions that noise should be reducedlievemenes to avoid deleterious propagation down to
other networks. On the other hand, the noisiestes 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 environmentals)otivty

may not have been active in the dataf 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 protietnsode level, we showed that the more
connections a protein has, the less stochastic is the expression of its encoding gene. Interestingly, proteins withesichilar F

avoid connecting to each other, which may represent another mechanisnutoase propagation inside the network. Likewise, at

the wholenetwork level, pathways whose proteins are more central display lower transcriptional noise, taken as an average among
constitutive genes.

Finally, we used the first axis of the princigalmponent 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. Wetbsnbined



variable with the Ka / Ks ratio of each geascomputed using the human ortholog, as well as the phylostratigraphic gene age, to
perform | inear model selection with F* as a responsahbasalari a
explanatory variables with a sigrufint 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 natorafaelecti
reduced noise in genes tleatde for central proteins.

Transcriptional noi se is an essential component of aetual or ga
sequence and structure of the encoded proteins. The study of gene expression must considén duogsgyan addition to changes in
mean expression level, as a putative explanation for adaptation. Our new measure of noise should prove useful to tieisvamd. Mo
the main factor setting the upper threshold in expression noise is the positioteaipinside pathways. That is, central genes are

more constrained in order to avoid deleterious noise propagation. Combined, these results should provide insight funkfthate w
further investigates the architecture of noise and how it influeneeméitabolism of cells under conditions where high noise could be
favored (e.g., stimulated immune cells). Given the fundamental nature of biochemical networks, our conclusions shontthbke exte

to a wide range of organisms and therefore have a broaxtinmpthe field.
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Inferences of ongoing and resolved sexually antagonistic selection from population genomic data in the flour beetle
Tribolium castaneum
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Abstract: We estimate the degree of ongoing sexually antagoniséctg®i in flour beetles by comparing sex biased gene expression

to differences in allele frequency between the segiganisms with separate sexes often experience selection for different optimal
phenotypes in males and femal&is sexually antagonistselection results in sexually dimorphic phenotypes, which are ultimately
mediated by sekiased gene expressioWhat remains less clear is whether the extensivégesed gene expression observed in
many organisms is a signature of ongoing sexualtggonistic selection or it reflects antagonism that is already resolveetent
genomewide scale analysis in humans and flies reported a "twin peaks pattern” where genes with intermediate levsbsetisex
expression show a stronger signature @fang sexual antagonisms (as indicated by higher Fst between sexes) than genes with no
sexbias, or extreme sesex bias.Our study takes a similar approadiVe use whole genome sequences of individual male and
femaleTribolium castaneunfflour beetle) fom 4 populations to calculate Fst between sexes and compare teggholae

expression data from gonad tissues and wholty.
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Primate iPSCs provide insights into the evolution of adipocyte metabolism
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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 uniguely human traits
however, has previously been hamperedhaylimited access to samples from fmrman primates and an

inability to perform experiments on these precious samples. The development of induced pluripotent stem ce
(IPSC) lines from multiple primate species has recently allowed for renewable @caessiety of cell types,
control of genetic effects, reduced environmental variability, and the ability to carry out experimental

mani pul ati ons. Combining i PSCs with sever al 60 0 mi
understand the elution 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 reservdwibaody 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 gemodeegene expression and perform regulatgment
segquencing. Together, this allows for the identification of adipespecific differences in molecular, cellular,

and metabolic traits. Our results demonstrate the utilitfP&Cs for providing insights into the evolution of

key metabolic traits that disguish 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
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Abstract: In many organisms, mating induces a multitude of changes in female behavior, physiology and transcriptome. Studi

have shown that interactions between female and male genotype lead to variatiorcopptabry phenotypes and reproductive

sweeess. In this study, we use the model sydbeasophila melanogastdo 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 ufedmelanogastembred lines derived from five geographically dispersed populations. Females
from each line were singly mated to males from each of the same five inbred linessd@Nias done on whole mated and virgin
females to detect transcriptome chasgeident at five to six hours after mating. We fitted linear models to assess whether female
genotype, male genotype, or their interaction affected-mpasing gene expression changes. In addition, we assayed reproductive
output and receptivity.

We find large differences in pastating phenotypes due to interactions between female and male genotype. On the level of th
transcriptome, there are few effects of female and male genotypes separately, which suggestsmniaingogene expression
changes areobust across the genetically diverse inbred lines used here. On the other hand, we find that several groups of ge
respond strongly to mating only in particular combinations of females and males. These genes are enriched for immune respc
genes, odordrbinding genes and genes expressed exclusively in the head. In some cases, variation in gene expression is corre
with reproductive output. The transcriptional variation found in specific functional classes of genes might beut oédeimale x

male compatibility at a molecular level, and it will be interesting to determine the exact roles these genes play in thims$émale
mating response.
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Genetic control of gene expression in Drosophila: taking eQTL to the next level
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Abstract: Gene expressn is not only an intermediate step linking genotypic variation to higrar phenotypic variation, it is a

complex trait that offers unique opportunities to study the regulation of phenotypic variation. To date, key limitatross il

studies hae been small sample sizes, the use of inbred lines, and a skewed allele frequency spectrum. This has limited the power t
detect genetic associations. We have addressed these limitations by creatingradoypbmant outbred population Bfosophila
mehknogaster 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, iMlizidually.
used a genotypdy-sequencing approach to obtain SNP data, and developed a new method (TagSeq) to obtain gene expression da
a fraction of the cost of existing methods. SNP and RNAseq data was obtained for 5000 individual flies; this resulteckigntepr
statistical power and resolution to detect both cis and trans eQTL, going far beyond previous studies. Our results ssbw the m
complete picture of transcriptional regulation in Drosophila, and offer a new perspective on gene regulation ilirfkieg lgenetic

to phenotypic variation at the individual level.

Expanded summary*: Phenotypic robustness, understood as the regulation of phenotypic variance is a fundamental characteristic ¢

living organisms. This assures a relative stability of phgredtyeven when organisms are exposed to stressful internal or external
environments. However, it has been extensively documented that stressful conditions decrease organismal robustné@ssnresulting
increase of phenotypic variance at the population leMéhough ubiquitous in biology, the underlying genetic factors driving such
shift in variance are poorly understood. My research directly addresses this question: how is phenotypic robustnesstréngulated
genomic level.

| use flies Drosophila melangaste) 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 phenotyp& afanterest
expression. Not only igene expression an intermediate step linking genotypic variation to tdghear phenotypic variation, but it is,
per se, a complex phenotype. It has been documented that the variance around a mean gene expression valuelé&pgadetype
Therefore, eme 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 oneghi®ntrolling
trait urder stress? | explore this questions by mapping expressionQTL (eQTL) and va@hicéw-eQTL)! in two different
environments: standard fly food, and higiigar diet that represents an stress for the flies.

Previous eQTL studies in Drosophila have usdded 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¢@Tiap We have addressed
these limitations by creating a hypercombinant outbred population Bfosophila melanogastei his 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 thsands of individual flies by a fraction of the cost of existing methods. In short, we have
developed a genotygsy-sequencing method, and RNAseq protocol based on Tn5 (TagSeq) that allowed us to screen 5000 flies in t
control environment and 5000 fligsthe highsugar environment.

The first part of the project, the one | have submitted to present at the SMBE conference, focuses on mapping the genomic loc
regulating gene expression (eQTL) in the control environment. Given the differences in the exfagdiesign between this project
and previous Drosophila studies, our results have unprecedented statistical power and resolution to detect both oeQAnd trans
going far beyond previous studies. We have generated the most complete picture dptiaredaregulation 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 varianania @xpression {€QTL) in the control

environment. The eQTL andeQTL maps will be defined for the higlugar environment. The comparison between control and
stress conditions is the ultimate goal of this research. It will allow us to reveal crypticg@mi@nts only relevant under stress, and

to explore how stress disturbs theegression networks present in normal conditions. The analysis of this data will reveal the



genomic loci associated with variation in transcriptional robustness betweeiduads, and will ultimately offer a deeper
evolutionary and medical understanding of phenotypic robustness.
Lv-eQTL are loci whose allelic state predicts the amount of variability around the expected mean.
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Re-shaping the map of adaptation in great apes.
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Abstract: Adaptive changesicis-regulatory elements are an important component of evolution by natural selection. Several

statistical methods (e.g. branstie and branclonly tests) have been developed to survey ancient events of adaptive evolution along
promoter regions and nexoding elements in apes and other mammals. An important challenge in detection of positive selection is th
identification of appropriate and representative neutrally evolving sequences. Differences in mutation rate caused Iphilemogra
events may influerethe significance of the signatures of adaptive selection for a given DNA element. In other words, faster
neutrallyevolving genomic regions may obscure elements evolving by positive selection, while slow evolving neutral regions may
overestimate the sigfitance 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 aligmésese geno
with more accuracyA major remaining challenge, however, is identifying sufficient neutral proxy sequences lying outside of known
functional elements. Here, we used functional genomics data sets (88@Grom primate brains and fibroblasts to identify putative
regulatory éements. We then mask all known functional elements, drawing on data from the ENCODE and GTEx\M®ject.

measure the effect of estimating selection by sampling the remaining putatively neutrally evolving alignments at bdikl tredglo

local level. Moe specifically, we compared each ogdgmomatin site against a random genemige alignment of putatively nen

functional regions evolving at an average rate, and against at least 20 flanking alignments within 10Kb, 40Kb and 10@ib windo
using likelihood aproaches. 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 reggdniglthat a
masked for exonsntrons 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), reguilght 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 comparavapproaches, 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 initsrain circu
devoted to this behavioaJso 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 vocalieeamngrs (
songbirds, paots, and hummingbirds), and not present in their vocalleaming relatives (hahuman primates, doves, and fowl).
Given that convergent evolution of behavior is associated with convergent specializations in gene expression, we scoght to di
whetherthis 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 specializedrpgtelireused multiple
sequence alignments to map a set of ~60,000 known the brain enhancers to the genomes of 100 different vertebratthepecies. In
orthologous enhancers of chimpanzee, macaque, and zebra finch, we estimated enhancer activityPuSetyf@han associated
chromatin modification (H3K27ac) in two brain regions, the cortex and the striatum. We found strong conservation ofsortical
striatal enhancer specificity between humans andhumnan primates. Surprisingly, this cortical vsiagal enhancer activity also
showed conservation between human and zebra finch, despite the extensive nucleotide turnover occurring over the >3&drsnillion
of evolutionary distance between birds and mammals.

Using this framework, we next identifietilgancers 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 enhancévitg 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 massivepoparallel
assay foiin vivouse.

In sum, our work demonstrates that the convergence in behavior, neuroanatomy, and gene expression also extends toinonvergenc
the epigenetic domain, supporting enhancers as a prime candidate for driving the evolution of complex behavior.
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Male x Female postcopulatory interactions and the evolution of gametic incompatibility
Yasir Ahmed-Braimah 1*, Andrew Clark !

IMolecular Biology and Genetics, Cornell University, Ithaca, United States

Abstract: The genetic basis of postcopulatory sexual selection is poorly understood, even though gametic interactions are essentia

reproductive fitness. Importantly, postcopulatory sexual selection processesvegioigmation of new species by establishing
barriers to fertilization. Here we use theosophila virilissubgroup as a model to investigate the genetic basis of gametic
incompatibilities between species. First, using R8eY of adult male reproductivegamns, we identify candidate genes that are part of
the seminal fluid secretions. Seminal fluid proteins (SFPs) are know to affect a variety-wigpiost responses in the female, and are
the main paternal effectors in giertilization gametic interactian 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 spedies. Se
we examine the regulatory response in female mated tcandrheterospecific males to identify genes that show abnormal
postmating responses. We find that heterospecific males transfesspestiic RNAs, and induce abnormal upregulation of several
serineprotease inhibitors in the reproductive tract of femaldahke first 6 hours after mating. Although we find that the majority of
femalespecific reproductive genes do not evolve rapidly, one of the misregulated, reproductigperdiit transcripts evolves
rapidly, and resides within a region that contrilsute gametic incompatibility in interspecific crosses. We are currently using
CRISPRCas9 knoclouts to examine the functions of these candidate genes, in addition to usitgggEe sperm to understand the
functional roles these genes play.

Expanded summary*: Postcopulatory sexual selection is a potent evolutionary fhetecan drive rapid divergence of reproductive

genes. In polyandrous spedewhere a female can store sperm from multiple ndakb® opportunity exists for either sperm

competition amongival 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 muclef what is known about postcopulatory processes in many taxa, little is known about the molecular genetic
mechanisms that control these processes. With the advent ehhiglyhput sequencing, shgtin proteomics, and accessible

molecular tools for nommodel 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 eyalytiangics of postcopulatory
interactions between males and females. In particular, my goal is to identify important genes that mediate postcoptdatiopsnt
how these genes are affected by variation within species, the consequences of divétheseegenes between species, and the
postcopulatory functions of these genes. To accomplish this, | use the virilis gioupsophilaas a model because this species
group rapidly evolves interspecific gametic incompatibilities that deem heterosgpeifin incapable of fertilization. Thus, this
model system allows detailed investigation of the genetic mechanisms that cause gameti®disgkdiknown as postmating
prezygotic reproductive isolati@nand provides an ideal system to characterize thetigdyasis of postcopulatory sexual selection
processes within species.
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Exploring the Evolution of Hermaphroditism in Two Species of Gobiid Fish using Whole Transcriptome Sequencing and
Gene Coexpression Networks

Jessica Maxfield®, Kathleen Cole !

1Biology, University of Hawaii Manoa, Honolulu, United States

Abstract: Functional hermaphroditism describes the ability to transition between ova andpspduttion at some point in adult life,

and has evolved independently numerous times across a broad range of teleost fish taxa. While many aspects of heseaparoditic
lability have been explored, we know very little about the gene networks thatteefyuetional 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 sistehich to explore both the evolution and
development of sexual lability. This taxon is the second largest vertebrate family, and it has been hypothesized thatdigsmaph
has arisen independently as many as five times within this group. This gamines shifts in sexual function from ova to sperm
production in the marine gobieBSyiota epiphaneandLythrypnus dalli from both a morphological and a molecular perspective. We
have performed whole transcriptome sequencing on the gonads of thesadishey 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 rbijtdate these :
when they are being upregulated, and the levels of gene exprddsése. 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 headies.

Expanded summary*: Mechanisms responsible for the development of specific sexual phenotypes (i.e. male, female, hermaphrodit

show remarkable diversity throughout the anikiagdom.Variation in factors important in the development of sexuahptypes

can be a major driver of speciatidfor example, in many animal tagaong positive selection has been found for numerous sex

related genes, which also undergo accelerated rates of evolDéspite the central importance of sexual phenotypasimals,

studies of the underlying mechanisms associated with sexual development haserifieexd 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 elucidatr ipettéetns and

innovations in sexual development.

Teleost fishes show the greatest diversity and flexibility in sexual systems and sexual expression among vertebrateas. Functi
hermaphroditism in which individuals produce both ova and sperm at soméuiimg 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 anothgrihieclud
gene networks that regulate this transition however, are nbtinggrstood.

My dissertation research goals are to develop a genetic model for sex reallocation using next generation sequencing in
hermaphroditic gobiid specietythrypnus dalliand Eviota epiphanesThese species represent two gobiid lineages whieh
proposed to have independendgrived 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 lauer 40 mi
years ago, and there are many intervening lineages efi@naphroditic species between them.

The process of sex reallocation will be characterized in these two goby species by comparing concurrent changes in go
morphology and gene expression asividuals transition between ova and sperm productionexpoession networks will be
generated from RNAseq data for each species and compared, to determine to what extend they exhibit differences inogene fun
and gene interaction associated with gen@oduction. 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 differtogyregula
processes will support a hypothesfdivergence in underlying regulatory mechanisms

This study will establish a methodology for future studies on sexual development of both fish and other vertebrateslTews/er

of this study is the use of a comparative approach to address quastionmding the evolution of novelty and speciation, through
the examination of reproductive processes associated with repeated shifts in sexual function. Hypotheses regardingrhef evolut
hermaphroditism have been proposed for fishes, but have Inesertested 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 hyestingsis
approaches in other taxa.
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pPiRNA diversity and abundance is dependent on transposable element dynamics in mammals

Mike Vandewege !, Neal Platt?, Aliceanne Szeliga 2, David Ray, Federico Hoffmann 3~

1Dept. of Biological Sciences, Texas Tech University, Lubbock, 2Dept. of Biology, Harvey Mudd College, Claremont,
3Dept. of Biochemistry and Molecular Biology , Mississippi State University, Mississippi State, United States

Abstract: PIWI proteins and PIWI interacting RNAs (piRNASs) 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 amplificati omolngop ckyrcd ven aHse rteh e wep icrognpar
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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Modeling the evolution of coding sequence A-to-I RNA-editing

Mengyi Sun 1, Jianzhi Zhang?

1Ecology and Evolutionary Biology, University of Michigan, Ann Arbor, United States

Abstract: A-to-l editing refers to the cellular process that enzymaticaiyverts 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 enicaded prote
Previous transcriptome studies revealed diverse patterndaf éditing across species. In humans, the frequency of nonsynonymous
editing relative to that of synonymous editikgufFs) is lower than 1, and the median level of nonsynonymous editing relative to that
of synonymous editing{/Ls) is also lower than 1. Imgsiid and fruit fly,Fn/Fs < 1 butlLy/Ls > 1. InFusariumfungi, Fn/Fs andLn/Ls

both exceed 1. To understand Wiy Fs andLy/Ls vary substantially among species, we modeled the evolution of RNA editing by
considering the editing level of a site as a gitiatite 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 differentespeaies. W

that positive selection for RNA editj has to be invoked to expldfin/Fs > 1; the same is true faui/Ls > 1. Nevertheless, we also

found that unbiasedly estimatikg/Fs andLn/Ls can be difficult because of potential mutational biases in creating editing substrates.
These results catiorvelutionary interpretations din/Fs andLy/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-l editing refers to a cellular prose that converts adenosine to inosine in RNA moleciBesause

translational mechanisms interpret the inosine as guanine;&iNidg in the coding region could alter the codon and lead to amino
acid changes in the encoded protein. This feature enalglasisms to use different isoforms of proteins in different tissues and
different developmental stages, which adds a dimension to gene regulation. Moreovexd®RhBAIn a particular site is generally not
100%, and one gene could harbor multiple R&EAing sites. Thus, RNAditing potentially could produce a large number of
isoforms from the same gene. Together with alternative splicing,-8dt#g might contribute to proteome diversity and organismal
complexity. Given that RNAediting has taken part imany important cellular processes, it is not surprising thatregjslation of
RNA-editing has been reported to cause diseases. For instance, loss-efdRiNg in a glutamatgated channel gene leads to
abnormal behavior in mouse. Recent work on cacektines and fly development implies RN&diting may play important roles in
carcinogenesis and developmental processes.

The fast development of highroughput RNAsequencing now allows us to profile RNAliting genome widely. Previous studies of
genomewide RNA-editing in several species reported drastically different patterns measurgt-bithe frequency of
nonsynonymous editing relative to that of synonymous editing)_atid (the median level of nonsynonymous editing relative to that
of synonymais 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 recapitulatedvkee obse
patterns quéatively. More over, we found that positive selection is necessary for either measure to be larger than 1, provided that tl
estimation of-n/FsandLn/Lsis unbiased. We also dicuss the conditons that might lead to biased estim&tidifsaihd Ln/Ls.

Our result might also provide some insights to phenotypic evolution. For instance, we found that the variation of effedétierpo
size (Ne) does not contribute to the variationFaf/FsandLn/Ls, which is unexpected based on the dbdtrier hypothds. This result
indicates that the generalization of the conclusions from molecular evolution to phenotypic evolution should be more cautious
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Integrated analysis of open chromatin and gene expression data identifies gene regulation changes in decidual cell
evolution

Cong Liang 12, Arun Chavan 13, Eric Erkenbrack 13, Gunter Wagner 13
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3Department of Ecology and Evolutionary biology, Yale University, New Haven, United States

Abstract: Evolution of gene regulation plays an important role in the origin of novel cell types. However, gdagaegliscoveries

are mostly built upon single gene perturbations, which are difficult to implement on a geimterngcale. The development of the
assay for transposasecessible chromatin using sequencing (AT#€g)) provides an opportunity to infer opehromatin with a

small amount of starting material in a single experiment. Open chromatin regions identified bys&fjAasually hundreds of base
pairs, are available for transcription factor (TF) binding. But the sequencing signal suffers from lo\aredeuat single base pair
resolution to accurately predict specific TF binding footprints. We introduce an integrated method utilizing open chatafrtmd
ATAC-seq, gene expression data from REEY], as well as the known binding site informationdemtify 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 fimdingean 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 decidualizatiatioeguNe confirmed these findings
with perturbation experiments. This research integrates multiple data resources to infer gene regulatory change beglveen two c
states, also proposed and tested a hypothesis for how these states have evolvedtsnesssulimportant mechanisms for
understanding cell type evolution.
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Meta-analysis reveals details about the environmental stress response in budding yeast.
Keffy Kehrli1*, Joshua Rest?

1Ecology and Evolution, Stony Brook University, Stony Brook, United States

Abstract: Changes in gene expression patterns across environments are essential to regulate cellular processes, especially in sing

celled organisms that are in direct contact with environmental conditions. The yeast environmental stress response (E8R) is a set
characteristic gene expression changes after exposure to various environmental stressors, such as heat shock, e@adive stres
osmotic stress.

Existing microarray data has been frequently carried out with few biological replicates, limiting the statistical pogse cddtlts.

Here, we usenetaanalysis and meteegression to combine many transcriptomic datasets intstallis robust ways to find consistent
patterns across studies, account for variables such as study design and batch effects, and weight studies accopbmgtatitbir
variance We used metanalysis to evaluate the consistency of ESR genes acrogsstogies, 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 woulceahlyybe evid
greatly increasing statistical power.

The metaanalysis was conducted 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 expressiorabaem¢en tre
conditions in low expressiogenes that were not identified in any individual study. We also determined transcriptional responses that
are specific to differences in how stresses were appkadlting in a more tightly defined general ESR. Finally, we identified
differences in the &R 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 shtesss responses are key to organisms adjusting to and surviving changing
environmental conditions. In yeast, the environmental stress response is a generalized response that is enteredangesitoresp
different stressess. cerevisia¢hat has beeaxposed 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 adayg to chang
environments and survive environmdrgeocesses that they have not previously experienced.

Micro-array data has been frequently carried out with few biological replicates, limiting the statistical power of thesd igsults. |
therefore difficult to determine exactly how much of the datacicurate, especially when individual experiments have conflicting
results. Experiments to probe gene expression changes during stress responses in yeast have implicatedhietrlgftiie
genome in individual experiments, but not all genes inqdeements. Metanalysis and meteegression methods provide a
statistically robust method to determine which genes have differential gene expression during stress responses in yeast.

Metaanalysis and meteegression is also broadly applicable to méeray data from other organisms. Previous work applying-neta
analysis to gene expression data has contributed to understanding of water stralsglopsisand can be applied to microarray data
from a number of other organisms, including wild isolateS.acerevisia@nd related species of yeast. This can provide insight into
the evolution of stress responses, including the ESR, which has been f@&iredipvisia@andS. pombéfirst described irS.

cerevisiag, but not inC. 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 coempalgorithms and is an invaluable tool in experimental

evolution. For decades, it has helped uncover selective pressures and evolutionary processes that would otherwigebe difficul
impossible to observe in a wide range of fields, including ecologmeahfehavior, microbiology and neuroscience. However, the
guestions we can address using evolutionary computation are constrained by the choice of software and its geneticompresentat
which often limits the investigation to a high level of abstractidne subject that has been particularly challenging is the evolution of
the gene regulatory networks responsible for cell decisiaking. We will introduce a new digital evolution platform built upon a
mechanistic model of gene regulation and protejnrsia | i ng, that permits studying t-he ev
making and its underlying gene regulatory and signaling netwalleswill discuss how this platform is being used to investigate the
evolution of homeostasis and circadianthimgs in prokaryotes, and how we can apply it to eukaryotic organisms and address
guestions related to the evolution of multicellularity.
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Investigating the potential roles of long non-coding RNAs as splicing modulators through RNA:RNA interactions
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Abstract: Long non coding RNAs (IncRNAS) constitute a large group of transcripts that are over 200 nucleotides, without protein

coding capacity. They have been shown to play important roles in vai@agital processes and, in particular, they function as
regulators of gene expression, both during the act of transcription artigyestriptionally. They are also implicated in a number of
human diseases, especially cancers. However, the functiorssbfmaRNAs remain unclear. Still little is known about their
engagement in gene expression regulation through IncRNA:RNA interactions. By hybridizing with other transcripts, IncRNAs coul
be involved in at least several regulatory mechanisms, includinglattn of splicing, triggering RNA editing events, guiding
proteincoding transcripts to degradation in a Statfeediated decay pathway, and abrogation of miRNa#uced repression by

masking miRNA target sites.

Our goal is to investigate splicirassocated functions of INCRNAs that are exerted in the context of RNA:RNA duplexes. Recently,
based orin silico predictions of INCRNA:RNA baspairings across the human transcriptome, we discovered that there is a great
potential for INCRNAs to play a role gplicing modulators. This could be achieved by masking splice sites and other splicing signals.
We are now focusing on possible roles of INcRNAs in splicing modulation that results in a shift in coding capacity s.avéeript
have selected our candidatescording to transcripts biotype, protein coding capacity of genes and IncRNA:RNA interaction regions.
We have chosenncRNAs detected at higher level in the nucleus than in the cytoplasm, based on bioinformatics analyses. At tl
moment, we are experimetlly testing the most promising candidates. The first experiments involve cell fractionation afidrReal

PCR in HEK293 cell lines to confirm our bioinformatics predictions. Then, silencing of nuclear IncRNAs will be perfornedigend

on splicing of ptentially regulated genes will be determined. Our study should add up to better understanding of INncCRNA biology ar
help decipher their functions in the context of RNA:RNA interactions.
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Fitness contributions and in vivo function of the tandem glycine riboswitch in Bacillus subtilis
Arianne Babinal”*, Nicholas Lea!, Michelle Meyer 1
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Abstract: In many bacterial species, the glycine riboswitch is comprised of two homologous RNA: ligmliinly domains (aptamers)

that each bind glycine and act together to regulate expression of genes involved in glycine metabolism. While thersdructure a
molecular gnamics of the tandem glycine riboswitch have been the subject of nunerous studies, the purpose and selective
advantages of the dual aptamer architecture anith thigo behavior of the riboswitch remain unclear. To examine the proposed
models otandem glycine riboswitch function in a biologically relevant context, we characterized the regulatory activity of mutations
to the riboswitch structure using beajalactosidase reporter assay8atillus subtilis To assess the impact disruptions to silitch
function have on cell fitness, we introduced these mutations into the native locus of the tandem glycine riboswitcle ®ithin th
subtilisgenome and assayed the mutant strains under a variety of conditions. We find that mutations to {iekkrakiak-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 descritaatiorie contribute to

tandem glycine riboswitch regulatiam vivo and that both aptamers are required for proper riboswitch function and maximal gene
expression. IB. subtilis expression of the glycine riboswitcbgulatedycvToperon is necessary foomplex cell behaviors in high
glycine conditions. Our experimental approach offers a novel way to explore the physiological roles of riboswitcheseveibmtext

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: Dosagesensitve 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 depletégoigtuman
copy number variantsub 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 aegutsnce v
that influence th expression level of one or more genes within various tissues. Contrary to our expectation thetethefgegenes
should be depleted for eQTLs, we find that they are in fact enriched for this variation and that these eQTLs are bidsdhtivgar
narrow tissue specificity. Dosagensitive genes have fewer eQaffected tissues than dosaigsensitive genes, as their eQTLs are
more tissuespecific 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-afféldted tissues compared to random ohnolog pairs
suggesting a shared constraint between real pairs likely imposed by-thadagee. These patterns suggest that desegsivity

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 rediambouring sequence variants that influence

the expression level of one or more genes [1]. A range of eQTL effect sizes, both increasing and decreasing exprdssoredre o
and can occur across a humber of tissues or, more typically, in agj@sciéc 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 turricphenotyp
variation and complex disease. The majority of the genome, therefosebenable to tolerate some amount of mMRNA level change
without apparent deleterious consequences. However, in combination with gesmbergssociation studies, eQTLs have been used to
elucidate further the pathophysiology of many disease phenotypestel @@ Ls have been associated with human diseases
including ast hma, aut oi mmune disorder s, di abet es, nulime r ou s
ref [1]). Therefore, the effect of eQTLs on gene expression and associgtioimportant traits makes them worthy of study

especially in the context of genes with known expression constraints.

Dosagesensitive genes are often seen to be refractory to variation. In human, ohnologs, paralogs retained after whole genome
duplicaton events at the base of the vertebrate lineage have been shown to be depleted on control and benign copy number variar
(CNVs) but enriched among genes on pathogenic variants [3, 4, 5]. Likewise, similar trends are observed for genes without gen
duplicdion 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 asrcNV or
thatcauses a deleterious aberration in expression level, the variant will experience purifying selection and be removed from the
population. Therefore we expect that dosagssitive genes are affected less by eQTLs and that the human genome and its
segregatig variants should contain the hallmarks of this selection.

Here, we investigated the patterns of eQTLs affecting desagsitive genes. Contrary to our expectation that ohnologs and other
categories of dosaggensitive genes should be depleted for thisation, we found that these genes are enriched for eQTLs.

However, they have fewer eQTdffected tissues than dosaigeensitive genes, as the eQTLs that affect these genes are more tissue
specific. Furthermore, controlling for gene age, we still firat hnologs have more constrained eQTL patterns compared to
nonohnologs of the same age. Dosagasitive genes are depleted for brtiadue breadth eQTLs, likely because brtiague

breadth eQTLs will conflict with constraints more often, giving risdefeterious expression levels. We found that eQTLs that affect
multiple genes have graduated constraint increasing with larger proportions of-desaij@e genes affected. While most eQTLs

affect a single gene, it is noteworthy that the inclusion shgesensitive genes as part the group of genes influenced bygenki

eQTLs has consequences on the variation affecting dossgpesitive genes. However, ohnologs are disproportionately more
constrained than nonohnologs when affected by the same garig 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 dosagasitivity shapes the evolution of eQTLs influending expression of these genes whereby
deleterious variants in conflict with constraints experience purifying selection. Patterns of selection acting on eelys due to
functional constraints and have important implications for the identificatioarafidate diseasgausing variants that affect dosage
sensitive genes.

[1] Albert, F. W. & Kruglyak, L. The role of regulatory variation in complex traits and disease. Nat. Rev. Geneti 28 21(2D15).

[2] Gerrits, A. et al. Expression quantitativeitiaci 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, 92v9274 (2010).

[4] Makino, T., McLysaght, A. & Kawata, M. Genonveide 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. Pracabtlasci. U.S.A. 111, 361
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
Raghavendran Partha’, Maria Chikina, Nathan Clark

Abstract: A recent explosion of genorseale efforts has ahtified a wealth of active regulatory elements in the mammalian genome.

However, assigning higher level functional roles for these elements remains a major ch&lemgeitational tools learning patterns

of convergent evolution based on comparative geos 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 prote@inding gene as a result of adaptation to similar environmental pressures.

Here, we present a novel evolutionary rdtased approach that detects convergent changes-abdimng regions associated with
phenotypic adaptationsAs an initial application, we studydtconvergent adaptation of four mammals to the subterranean
environment. Based on the accelerated rates of evolution on the subterranean branches, we demonstrate that our métiyd success
identifies enhancers controlling the expression of the trangurifactor Pax6 in eye amidst neye enhancers and other

uncharacterized negenic regions.

We performed benchmarking analysis using simulations to identify the most powerful variant of our method that consistgstly de
convergent shifts in rates. Sitation conditions were varied across several parameters, including the number of convergent
adaptations.

We finally validate our best performing method on lasgale datasets including i. predicting epecific enhancers in the VISTA
enhancer databasedatihe ENCODE project; ii. prioritizing candidate regulatory elements near eye development genes. Our method
detects a strong enrichment of convergence near annotatsgesific elements, and further reveals multiple uncharacterized

elements showing strgrconvergence. 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 undentgiatpeydisorders.
Overall, our aalyses showcase the potential of convergent evoliiased tools to provide functional annotation for regulatory

regions in the mammalian genome.

Expanded summary*:

Significance

Phenotypic and genotypic variation between species are the result ohsitif experiments performed by nature. Technological
advancements over the past two decades have paved the way for rapid generation and assimilatiafiroénsidthal data that hold

the key to a more comprehensive understanding of why and how thasiasraidrose. On the other hand, the availability of this new
wealth of data poses a much more challenging probletaveloping tools that can successfully unlock the association between
variation at the phenotypic level to that at the level of the genofypeevelop effective solutions for a problem of this scale, there is

a need for intedisciplinary efforts that combine insights from complementary fields of research.

The survival of a species is contingent on its successful adaptation to the spediinges in its environment. The rich diversity of
species in nature has provided countless examples of multiple unrelated lineages showing phenotypic adaptation to sin
environmental challenges. This opens up the opportunity to develop evolutlmasad/ approaches aimed at inferring the changes at
the genetic level underlying said instances of phenotypic convergence. Alternatively, genetic elements showing convgeein cha
species characterized by phenotypic convergence are thus strong canftidatefinctional role in the phenotype. Successful
applications of these approaches on whole genomes can therefore generate accurate hypotheses for the specific funofional ro
large numbers of genetic elements.

Results

The independent transitions ® subterranean lifestyle of four mammals present one such example of convergent phenotypi
adaptation. Application of our evolutionary ratessed approach on a set of mammalian genomes reveals large humbers of gene
convergently accelerated in these sufteean mammals. Genes showing strong rate acceleration in these mammals are highl
enriched for function in visual perception. This effect is the result of a relaxation of constraint on the visual pathivass in
mammals in their dirlight underground mvironment, thus leading to regression of-specific genetic elements. We also developed



a novel variant of our ratdsased method to test if n@oding regions show convergent regression in the subterranean mammals. By
applying this new method on conged noncoding regions nedPax6,we demonstrate that eygpecific enhancers d?ax6 show
convergent rate acceleration in the subterranean mammals in comparisorctmdimgnregions with no eyspecific annotation. The
example illustration of the power @fur method in detecting eyspecific enhancers d?ax6 shows the promise of extending our
approach to perform genoméde scans for candidate naoding elements involved in ocular development. We expect the results of
our scans to reveal prime candidapésnterest for biomedical researchers experimentally investigating genetic elements associate
with eyerelated developmental disorders.

Future work

We strive to make our methods more broadly applicable, outside of just-uédéded elements. In ordéo test the power of our
method to identify convergent rate shifts underlying phenotypic adaptation across a range of evolutionary scenariogmwe perfc
benchmarking analyses using simulations. We identify the most optimally performing variant of oul en&rib&s conditions with
varying parameters, including the number of convergent adaptations. Examples of other traits that we are currentlyngpvestiga
include lifespan in mammals, hindlimb presence/absence etc.

Impact

Ultimately, we seek to distributeur tools as publicly available software, useful for the general research community to perform
genomewide scans for candidate regions underlying specific phenotypic adaptations. Researchers will be able to investigéte their
of interest and identifigenomic regions showing correlated rates of evolution with their trait based on genomic sequences of €
mammalian species. Following future developments, the tools will further become applicabletamaoralian evolutionary lineages
such as fungi, nemales etc. As more genomes are sequenced, we anticipate a concordant increase in the interest generated by
the power of computational efforts learning from patterns of evolution to reveal gene regulatory changes underlying tonverg
phenotypes.
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Evolutionary dynamics of alternative splicing regulation in mammalian development

Pavel Mazin1*, Margarida Cardoso-Moreira 2, Philipp Khaitovich 1, Henrik Kaessmann 2

1Center for Data-Intensive Biomedicine, Skolkovo Institute of Science and Technology, Moscow, Russian Federation,

2Center for Molecular Biology, Heidelberg University, Heidelberg, Germany

Abstract: Alternative splicing (AS) is one of the majorechanisms 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 eviden
functionality of AS, interspecies comparisons régdan 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 mambieds and a
(red jungle fowl) based on RNA sequencing dataa total of approximately 2,000 samples. Our results show that developmental AS
changes are highly tisstgpecific and mostly occur in brain, heart, and adult testis. Interestingly, we discovered two distinct brain
specific regulatory programs that agecific to preand posiatal stages, respectively. In most cases, we observed twe tissue
specific patterns: the first one corresponds to tispgeific exon inclusion, the second one to tisgpecific exclusion. Strikingly,

inclusion patterns are agsated with substantially more regulatory elements than exclusion patterns. In brain and heart these mirrore
patterns also exhibit mirrored positioning (relatively to the exon) of regulatory elementsmiRpAs. We discovered an overall

strong evolutioary 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 kndindiRilAroteins.
Analysisofspeiess peci fic AS revealed two sources for alternative e
which is most pronounced in brain, and the birth of new exons, which are more abundant in testis. We speculate thegdhe mirro
patterns dscribed 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, ielgeled that 99% of human mukixon genes undergo AS. Numerous studies
have shown its crucial involvement in normal development, stress response, and disease. Contrary to known functionadgraf AS
studies have shown rapid evolution of AS with irdpecies differences exceeding irdiesue ones. Studies focused on specific genes
have shown the role of AS in cell differentiation but most of geratde studies of AS were focused on adult tissues oreitst
development. Thus, the role of AS in enydinic development is mostly unknown. To address these issues we used about two
thousands polyA RNASeq samples obtained from seven tissues (cerebral cortex, cerebellum, heart, liver, testis, ovary, and kidney)
dissected from seven species (human, macamoese, rat, rabbit, opossum, and chicken) of different ages ranging from early stages
of embryonic development to sexual maturation. Our data allowed us to investigatspissifie differentiation of AS from very

early stages when tissues are mosttlistinguishable 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 patisow/erec in

all species independentl€omparison of similar patterns across species revealed that in most cases they encompass orthologous
exons. Thus, we discovered strong conservation of AS developmental regulatory programs. Mostgfd@upatterns were found

in two versions: theiffst one corresponds to tissapecific exon inclusion, the second one to tisgpecific exclusion. These mirrored
patterns are differ in many properties: inclusion patterns are usually more conserved, more abundant and have more regulatory
sequences indjacent introns. Additionally, in brain and heart these mirrored patterns also exhibit mirrored positioning (relatively to
the exon) of regulatory elements in pr&RNAs. We compared different species and discovered two major directions of AS evolution:
Aal ternificationodo of constitutive exons which i s mondant pr o
in testis. We speculate that the former mostly contribute to the exclusion patterns while the second produce exmtduEiothe
patterns. The differences in ancestral sequence background can partially explain the differences observed betweeyppbesd two t
AS patterns. Taking together we prove the conservation of developmental AS patterns and suggest evoluti@rasynrmech
responsible for appearance of the two types of the AS patterns.
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Evolution of regulators or targets?

- Evolution of twin microRNAs sheds light on miRNA regulatory roles

Yixin Zhao 1*, Pei Lin1, Zhonggi Liufu?l, Hao Yang?, Xu Shen?!, Chung-l Wu12, Tian Tang!

1School of Life Sciences, Sun Yat-sen University, GuangZhou, China, 2Department of Ecology and Evolution, University of
Chicago, Chicago, United States

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 tiet eviétie toward fewer but more
strongly repressed targets. To test this hypothesis, we studied miRNAs that produce two mature miRs from the sametigqpin pre
These twinmiRs usually regulate neoverlapping sets of targets. Therefore, selectionrdyia reduction in target pool size, if it

exists, should reduce these loci to soiliiRs making twinmiRs evolutionarily transient and uncommon. We conducted a systematic
survey of 45 small RNA libraries from several tissueBafsophila melanogasteWe filtered the data sets to identify high

confidence twirmiRs and studied their evolutionary persistence and regulation. To our surprise, we found that one thidd of the
melanogastemiRNAs are twinmiRs, with both precursor arms nearly equally expressedme tissues. These twiniRNAs are
common in both phylogenetically old and young sets of miRNAs and are functional, conserved, and exhibit expression patterns
comparable to solmiRs. Our results suggest that miRNAs may not be driven by selectiordtavganaller target pool. We propose
that miRNAmediated 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 genabasitazoan cells. Since the top 50 miRNA genes
contribute nearly as many transcripts as all mMRNA genes combined, they are arguably the dominant regulatory molecules in
stoichiometric terms.

The central conundrum about the regulatory role of miRNAsdtamoans is their diffuse actioneach miRNA represses more than

100 target genes, but only weaklx.common hypothesis is that the regulatanrgets relationship would coevolve to become stronger.
Presumably, the lesser repressed targets would dremafhe remaining targets would become more strongly repressed. However,
this prediction is not supported by observatibtiarget number does not decrease with the age of miRNAs (Shomron, et al. 2009;
Nozawa, et al. 2016). A possible explanation is thatselective advantage of dropping one target gene out of several hundreds may
be too small.

Here, we test the coevolution hypothesis by examining the regulators them$xves.miRNAs are expressed as twiiRs with a

major and minor form derived fnro the same hairpin precursor. If the coevolution hypothesis is correct, selection should have driven
the evolution toward solmiRs, which produce only a single mature miRNA from the precursor. By extensively analyzing the
MiRNA expression data in Drosojdiwe find the ceevolution hypothesis to be untenable.

In this study, we experimentally demonstrated that both mature products derived fromiRgiact to repress target transcript®in
melanogasterWe also analyzed expression and evolution pattef these miRs, contrasting them to the whHracterized solo

miRs. If the coevolution hypothesis is correct, we would expect that twin miRNAs represent an evolutionary stage whehNAsw miR
optimize their expression by choosing one arm as the donpnaahtict. Such transitions would be more consequential thansingle
target elimination and thus should leave clear evolutionarydaots. Our analyses of miRNA arm usagdinmelanogastedo not
support the notion that twin miRNAs are evolutionarilyngignt 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 throwgh millions
years of evolution. Moreover, minor miRs are often evoharily constrained and, when moderately expressed, can be shown to
repress target transcripts. It thus appears that the production ehtiRiis a normal aspect of miRNA biology.



The conclusion is that the diffuse repression by miRNAs is not evoartly transient. It is in fact evolutionarily conserved. The

result hence lends strong support to the alternative view that miRNAs stabilize gene regulatory networks by broadlybut weakl
repressing large number of target genes.

Disclosure of Interest: None Declared

Keywords: None



SMBE 2017

Evolution of gene regulation

POA-275

First depleted, then enriched: the evolution of transposable element regulatory function

Corinne Simonti!, Mihaela Pavlicev 2, John A. Capra3*
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Cincinnati, 3Biological Sciences, Vanderbilt University, Nashville, United States

Abstract: Transposable elements (TEs) make up more than half of the hiemameg. Since TEs contain regulatory sequences that

promote their transcription and amplification, they provide a fertile landscape of potential gene regulatory elements on whic
evolution can act. Indeed, many classes of TE contribute to the evolutien®fegulation in different lineages throughogtion
into alternative gene promoters, enhancers, and even insulators. However, the current understandiageaf feiviring of gene
regulatory programs comes from a small number of examples, largely imtiune and reproductive systems.

We comprehensively evaluated the prevalence and evolutionary dynamics ofoggoooof TEs into gene regulatory enhancer and
promoter elements across 112 cell lines and primary tissues from the FANTOM consortiuall, Oks are significantly depleted of
regulatory enhancer activity compared to the genomic backgréund(0001). The degree of depletion varied across contexis (1.5
3x), but it was significant in every cellular context considered. Promoters wereneversignificantly depleted of TEs than
enhancers (2.9x vs. 2.3x overall). Thus, in spite of their regulatory potential, TEs are significantly less active Tliaregans
genomewide. This suggests that cells actively repress the activity of TE sezpjgrerhaps to protect themselves from the mutagenic
properties of active TEs. Nonetheless, we find that enhancers with-$igsciic activity are significantly more likely to be derived
from TEs. Furthermore, the likelihood that a TE has enhancertgdticieases 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 agpedineage
young TEderived enhancers are significantly more likely tdibsuespecific in activity. Nonetheless, we identified a small number
of TE families, most notably the endogenous retroviruses (ERVs), with different dynamics that highlight unique fungéotualdasa
and evolutionary innovations.

Our data suggestriking 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 gainsegulatory function in a tissue, it becomes protected from degradation, and may gain activity in other tissues.
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The gene expression consequences of mammalian regulatory evolution
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Abstract:

How stable gene expression is maintained by rapidly evolving collections of enhancers and promoters is a fundamental questio
evolutionary genetics.

Here, we evaluate the consequences of regulaweojution 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 mamm
species. We confirm largely conserved gene expressvets, and enhanced expression stability for subsets of genes relevant to tissue
physiology. Genes associated with complex regulatory landscapes across species generally exhibit high transcriptitmet levels
remain stable in evolution. Highlgonservedegulatory elements active in most mammals also stabilise gene expression. Conversely
recentlyevolved enhancers are typically weak, consistent with a largely neutral role in gene regulation, yet in large numbdrs can I
to gene expression divergenceidg evolution. These effects are consistently observed across the entire mammalian clade and robt
to potential confounders, such as gene expression level and landscape complexity.

Overall, our results underscore how the evolutionary stability of gemession 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'fediomserous studies have documeriteel

rapid evolution of mammalian regulatory elements, especially enh&fcarsl yet gene expression patterns are often highly stable
between speci€$’. How stable gene expression is maintained by rapidly evolving collections of enhancers and prisn@ters
fundamental question in evolutionary genetics.

To date, comparative approaches to gene regulation have largely focused ondpesfie regulatory innovations, successfully
identifying candidate regions driving lineagpecific gene expressiomfernd & 3 4(reviewed in'%). Our approach systematically
extends these analyses to understand how evolutionarily plastic or stable regulatory elements influence gene expression
representative tissue across the mammalian phylogeny. Evoliijocanserved regulatory elements are thought to play a
predominant role in gene regulattén'? the functional impact and broader role of regulatory elements with low signals of
conservation has been the subject of speculdtion

Here, we rigorously tésd the contributions of both landscape complexity (number of regulatory elements) and conservation ¢
regulatory activity on gene expression evolution, using an integrated dataset of promoter and enhancer histone marks and
expression output from theame liver samples. Our methodology captures regulatory activities that range from essential t
dispensable, and from highbpnserved across mammals to present in only one species (renaitigd). This analysis revealed that
gene expression levels asthbility are reflected by the complexity of their regulatory landscape, both within a single species anc
across mammals. Additionally, regulatory activities higttyserved in placental mammals exert a powerful stabilizing effect,
associating with genexpression levels that are simultaneously high and evolutionarily stable. These discoveries extend previol
reports connecting evolutionary constraint on promoter and enhancer activities with conserved expressitraodtpnésconsistent

with the proposd functional relevance of evolutionarily constrained regulatory eletients

In contrast, recenthgvolved enhancers contribute weakly to gene expression and transcriptional stability, consistent with a mod
whereby a sizable fraction of nevern enhanceelements have a neutral role on gene expression evdfutidowever, we further

have identified a set of genes that recurrently accumulate lirggsegéfic enhancers across species and that display increased
expression divergence, indicating that genéh fiexible expression levels better tolerate regulatory plasticity.

Our results underscore how the evolutionary stability of gene expression is profoundly entwined with both the number a
conservation of surrounding promoters and enhancers. This effear throughout our data, whether considering ashale,



referencefree map of all mammalian regulatory complexity, or investigating subsets of extremely conserved or divergent regulato
elements.
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Abstract: A challenge in molecular evolution is to understand the genetic divergence underlyintypltetioergence between

species. Regulatory elements are thought to be the major source of phenotypic divergence, but we still lack a genendinpdérst
how sequence divergence correlates to expression divergence. Primate adipocytes, cells lipadsstare an exceptional model to
study the relationship between genetind expressicdivergence. To support the energy needs of our large brains, humans have
adapted major changes in lipid metabolism compared to chimpanzees. Abundant evidentigaékistman lipid metabolism is a
positively selected pathway in response to brain size. For instance, as genes involved with lipid metabolism are ujpréguiatesi
compared to chimpanzees. However, we do not know the causal mutations between hdrohimEanzees that mediate differences
in lipid metabolism pathways. Using a hitfiroughput assay to identify regulatory elements, | will measure correlation of regulatory
elements to gene expression to understand if spspisfic elements are morédily to be associated with differential gene
expression than elements shared between spe&ihtionally, | will analyze if speciespecific elements are more likely to be under
selection than elements shared between humans and chimpanzees and déteanmsoeption factor binding motifs predict species
specific regulatory elements. The results of this study will shed light on the relationship between chromatin strudioreegesece
divergence and differential gene expression between species.
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Abstract: DNA sequences around the start codon AUG, also known as translational initiation copiexes, important role in

regulating protein level. However, the evolutionary pattern and driving fofdbese sequences remain uncledo systematically
examine the impact of translational initiation context, we performedthiglughput proteomics and ribosome profiling experiments

in the budding yeassaccharomyces cerevisiaand calculated the silarity of the translational initiation context of each gene to the
consensus sequence in the genome (initiation score heredftefound that the initiation score was strongly correlated with mRNA
level rather than translational efficiencymportantly, a similar pattern was also observed in mouse, fly Aaabidopsis We further
generated 9300 variants GFP with different translational initiation contexts, and found that translational initiation context regulated
the mRNA level ofGFP. 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 mRNével, 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 ismounting evidence that functionally related genes tend to be chromosomally clustered in eukaryotic genomes eve

after the exclusion of genes formed by tandem duplication, but little is known about the benefit of such clustering. 8&¥ehaippo
because @ighboring 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 sraler among
variations han 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 exprisssion rat
misregulatd. To test this hypothesis, we focus on @%L gene cluster that includ&AL1, GAL7 andGAL1Q which are

chromosomally adjacent in the budding yesatcharomyces cerevisiakhe threeGAL genes encode enzymes catalyzing

consecutive reactions in galaséocatabolism, with a cytotoxic intermediate metabolite. The g@alstluster emerged through the
relocations of originally unlinked genes in evolution. To quantify the potential benefit GAhgene clustering, we have used
CRISPR/Cas%ased genome githg techniques to perturb the physical linkage between adj@#&ingenes followed by fitness

essays of the mutant yeast. We are also measuring the @mibfigctuation of the expression ratios betwé&lL1 (or GAL7) and
GAL10for linked and unlinkedlkeles. 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

essentil aspect of gene expression regulation. femmdom genome configurations in eukaryotes offer profound materials for
studying position effect. Among them, clustering of functionally related genes is one of the most intriguing patterheeh has
extensiely 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. Currentlytwo norrmutually exclusive hypotheses for explaining the benefits of gene clustering exist: genetic linkage and co
regulation. The genetic linkage hypothesis claims that clustering preveatlapted genes from separation by recombination. The co
reguldaion hypothesis asserts that divergently transcribed neighboring genes couldelgelated by sharing a bidirectional promoter.
Our hypothesis differs from the above latter hypothesis in that it involves ttegyatation of stochastic expressions ofeadint genes

at the singlecell level rather than the aegulation of mean expressions of a population of cells.

In our project, we study the effects@AL genes clustering on eexpression noise i8. cerevisiaeFirst, we create eis-deletion

diploid mutant with only one intact copy &AL1 (or GAL7) and one intact copy @@AL10on the same chromosome, anileans

deletion diploid mutant with only one intact copy@AL1 (or GAL7) and one intact copy @&&AL10on different chromosomes. By
competing betwen thecis- andtrans-deletion mutants, we will determine whether the physical proximigAif genes enhances cell
growth in galactose medium. Ne@AL genes will be fused with different florescence protein genes in a way that only one copy of
GAL1(or GAL7) and one copy 0BAL1Q on the same or different chromosomes, will be tagged. Consequently, the ratios between
singlecell gene expression levels BAL1 (or GAL7) andGAL10when they are physically linked or unlinked can be monitored by
flow cytomety. 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 indi@aliaenes with insulators, and anticipate
that the dferences in fitness and expression ratio&8il /GAL10(or GAL1/GAL1( betweercis- andtrans-constructs will

diminish. Overall, our findings are expected to provide insights into the molecular basis of the potential benefit abtggimgydh
eukarytic genomes.
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Flip/flop mating-type switching in the methylotrophic yeast Ogataea polymorpha is regulated by an Efgl-Rmel-Stel2
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Abstract: In Ogataea (Hansenula) polymorpla environmental sigl, nitrogen starvation, induces a reversible change in the

physical structure of a chromosome. This process, métpryswitching, involves inverting a 48 DNA region to place either
MATa orMATalpha genes under centromeric repression of transcriptegending on the orientation of the region. Here, we
investigated the genetic pathway that controls switching. We first characterized the transcriptomes of haploid afd diploid
polymorphaby RNAseq in rich and nitrogetieficient media, and found thdietre are no constitutivelyspecific or alphaspecific
genes other than tAT genes themselves. We identified a switching defect in a related specpsgpolymorphastrain DL-1)
and mapped the defect by interspecies bulk segregant analysis teahifaim the transcription fact@FG1, which inCandida
albicansregulates filamentous growth and white/opaque switching. By gene knockout, overexpression and ChiPseq experiments w
established th&EFG1regulatedRME1, which in turn regulateSTE12 All three genes are necessary for matype switching in
response to nitrogen starvation, as well as for mating. Overexpresstdhkffor STE12alone is sufficient to induce switching
without a nitrogen signal. Our results show that the pathway contrslhitghing inO. polymorphais substantially different from
that inS. cerevisiagwhich does not involve an environmental signal, and that it shares some components witlypaisugtching
in Kluyveromyces lactiand with white/opaque phenotypic switety in C. albicans.The downstream mechanism by which the
chromosomal inversion occurs remains unidentified.
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Alu-derived alternative splicing events specific to Macaca lineages in CTSF gene

Sang-Je Park®, Young-Hyun Kim 1, Hyeon-Mu Cho !, Jae-Won Huh!, Sang-Rae Lee !, Kyu-Tae Chang!

INational Primate Research Center, Korea Research Institute of Bioscience and Biotechnology, Cheongju, Korea,
Republic Of

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 elementi AluYRal. The occurrence of AluYRal-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 AluYRal was

only integrated into the genome of Macaca species and this lineage-specific integration led to exonization events by
producing a conserved 306 msgVliVé)eversgenemted bg altarnative splitingoAS) qvdants,v ar i a
including intron retention and alternat iGI8F AuyRad.Amangteems i t e s
V3i V5 transcripts were ubiquitously expressed in all tissues of rhesus monkey and crab-eating monkey, whereas
AluYRal-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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Bioinformatic Analysis of Expression and Regulation of Natural Antisense transcripts by Transposable elements in Human
mMRNA

Sugi Lee ¥, Jaeeun Jung, Kunhyang Park 2, Dae-Soo Kim 3

1University of Science and Technology, 2Core Facility Management Research Center, 3Rare Disease Research Center,
KRIBB, Daejeon, Korea, Republic Of

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. Stilletisegranscriptional mechanisms initiated by NATs
remain incompletely understood. And insertion of transposable element into the promoter region could affect the trapiscription
cellular genes. The main aim of this study was to find NATs in human gethatngerived 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. Wealegdlunspliced 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 thar gglhe expression and 935 NATs without TEs. This
result suggests that genes are regulated by NATs derived from the transposable elements in human genome. These fisdings may
provide understanding of the complex regulation mechanisms and dynamidanaslufeatures during human evolution.
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Identification and characterization of alternative splicing and polymorphic insertion in TSEN54 gene during primate
evolution

Hyeon-Mu Cho*, Jae-Won Huh!, Sang-Je Park 1, Young-Hyun Kim 1, Ja-Rang Lee !, Se-Hee Choe !, Sang-Rae Lee?,
Kyu-Tae Chang!

INational Primate Research Center, Korea Research Institute of Bioscience and Biotechnology, Cheongju, Korea,
Republic Of

Abstract: TSEN54encodes a subunit of the tRNA splicing endonuclease complex, which catalyzes the identification and cleavage o

introns from precursor tRNAs. Previously, we identifiedfdnSxderived alternative transcript TSEN54o0f cynomolgis monkey.
Reverse transcriptiepolymerase chain reaction (FACR) amplification and SEN54sequence analysis of primate and human
samples identified five novel alternative transcripts, includingMb&xexonized transcript. Additionally, we performedmuarative
expression analysis via RJPCR in various cynomolgus, rhesus monkey, and human tissueg? G amplification revealed
differential expression patterns. Furthermore, genomic PCR amplification and sequencing of primate and human DNA samples
reveded thatAluSxelements were integrated in human and all of the primate samples tested. Intriguingly, in langur genomic DNA, al
additionalAluY element was inserted infduSxof intron eight ofTSEN54 The newAluY element showed polymorphic insertion.
Using standardized nomenclature for Alu repeats, the polymoidhi¢of the languiTSEN54was designated as being of thie'Y117
subfamily. Our results suggest that integration ofAheSxelement inTSEN54contributed to diversity in transcripts and inddc
lineage or speciesspecific evolutionary events such as alternative splicing and polymorphic insertion during primate evolution.
Key words:TESN54gene; Alternative splicingAlu element; Polymorphic insertion; Primate evolution
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Comparison of X chromosome inactivation profiles across mammals suggests a role for gene function in determining
inactivation status

Andrea J. Slavney’, Andrew G. Clark !

IMolecular Biology and Genetics, Cornell University, Ithaca, United States

Abstract: In mammals, X chromosome inactivation (XCI) facilitates dosage compensation between XX females and XY males.

Some genes exhibit partial expression from the inactiven aae termed XCI escapers. Crapecies comparisons of XCI profiles

i.e. which genes escape XCI or are completely inactiviatath help us understand whether XCl escape is primarily driven by
inefficient XCI, or is positively favored for some biologldunction. 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 singtell transcriptoics.

First, we compared XCI profiles from each species, and found limited conservation of XCI status across orthologs. Bespite thi
when we compared gene ontology annotations for XCl escapers-araattk/ated genes in each species, we observedabheaitad
biological processes were shared across species within each XCI category. Next, we compared signatures of selectio@lbetween X
escapers and-¥activated genes within each species. In agreement with previous studies, we observed that humapet€l esca
show a greater degree of conservation thanactivated 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 beirgpéndagiey are
shaped by similar selection pressures.

Expanded summary*: X chromosome inactivation (XCI) escape introduces gene expression variation between females and male

and variable XCI escape inflates variation among females. These differenceavaamportant functional consequences. For
instance, it has been suggested that some human and mouse XCI escapers perforspdeifiainctions, including some that are
disrupted in X aneuploidy syndromes. However, it remains unclear whether XCpesc i s gener al | y ad thatbugo
is, merely a consequence of inefficient XGb r a functi onal Afeatured necessary for
While divergence from the Y chromosome appears to drive evolution of XCI at the gehét isvan imperfect predictor of XCI
status: some genes with functional Y homologs fail to escape XClI, and many genes lacking functional Y homologs do escape.
Physical and evolutionary drivers of XCI escape may vary across genes, with some expriéebeallpifor functional reasons, and
others escaping by based solely on their physical position. Comparing XCI profiles across mammals can provide ingght into th
ancestral XCI status of specific genes, as well as the approximate timing of changéstatXC 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 dpagsisingly, these show that
XCI statuses of orthologous X genes are poorly conserved. For example, of over 160 human XCI escapers with mouse rgthologs, ¢
13 also escape in mouse. But because the murine X showstaigestructural rearrangements setn in other mammals, including
unusually small psuedoautosomal regions, this is not entirely unexpected. With this in mind, we use existing XCI profiles fro
human, mouse, and opossum, and novel horse and dog XCI profiles, in a comparative studgvolXioh.
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Unraveling the regulatory networks of maize leaf and seed development

Jinn-Jy Lin123* Chun-Ping Yu3, Wen-Hsiung Li134

linstitute 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 maykis an important crop and a model C4 plant.. The abundant genomic and transcriptomic data in maize

greatly facilitate largescale studies, such asrge 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 regulatarsaigenome. The aim of this study is to identify maize transcription factors (TFs),
transcription coregulators (TCs), transcription factor binding sites (TFBSs) atatddét gene relationships.

We designed bioinformatics methods to dissect each aspiet mfgulatory 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 miBet4ria talica). We then predicted the TFBSs in the maize genome and
studied the TH'FBS relationships in maize leaf and seed development. Moreover, we developed a method to predict the target gen
of maize TFs and inferred the regulatory networks in maize fehfaed development. Our study provides an efficient workflow from
characterization of TFs and TCs to their target genes and then the inference ofdahgeT Bene relationships in maize leaf and seed
development.
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Abstract: Seveal studies have examined the evolution of gene regulation by characterizing g#ittEmedanges in transcription

factor (TF) binding across species, in some cases also relating these changes to divergence or conservation of genééxpressio
studies hve investigated changes in regulatory activity between orthologous enhancers. Typically, these studies also explore whett
changes in regulatory function are reflected in sequence changes, and are able to attribute functional change at east in par
divergence in transcription factor motif presence. However, the relationship between sequence divergence and regulatory evolut
remains poorly understood, especially at a quantitative level. This is not surprising, given the general inability totdedishe

regulatory logic of enhancers.

We have in the past developed thermodynafhased models of the sequettodunction relationship and used these to accurately
predict readouts of enhancers from their sequence, and to also predict geidem&DNA binding profiles. We believe that such
models can significantly advance our understandingefa@sgul at ory evol ution at the sequen:
changes seen?0) to quantitative gd.lgy ,sddwevnove |l di vamereg dumne
from our recent work in this direction. In one study, we quantitatively examine the extent to which sequence and acckasiipdd,

taken separately or in combination, can predict TF occupancy diargin 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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Genotype x Environment Interactions and the Maintenance of Polygenic Sex Determination
Richard Meisel 1*

1University of Houston, Houston, United States

Abstract: Sex determmation (SD) evolves fast, with master regulators at the top of SD pathways often differing between species anc

even polymorphic within populations. Opposing selection pressures in males and females (intersexual antagonism) oriréag determ
variants or Ihked alleles has been proposed as the only mechanism for the stable maintenance of multiple master regulators of SD
species (polygenic SD). However, spatially and temporally heterogenous environments can produce variable selectiothatessures
main@in other forms of genetic variation, yet heterogeneous selection has received little attention as a way to maintaingislygeni
To address this limitation, we studied the housefly, which segregates for multiple male and female determining vaffiergstat di
frequencies across natural populations. We used a population genetic model to identify fithess paramaters that eaplain the st
maintenance of polygenic SD. Genotype fithess is negatively correlated between males and females in our modielg,thkagges
sexually antagonistic selection is involved in the maintenance of polygenic SD. We also quantified the expression ef a female
determining isoform in the SD pathway, and we found that misexpression in males depends on the male determiningrgenotype
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 ggnretyienment interactions can atfe

the SD pathway, producing heterogenoussmecific selection pressures that maintain polygenic SD.
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Transcriptional changes due to haploid selection
Roy Francis 1, Ghazal Alavioon !, Simone Immler?

1Ecology and Genetics, Uppsala University, Uppsala, Sweden

Abstract: An inescapable consequence of sex in eukaryotes is the evolution of a biphasic life cycle with alternating diploid and

haploid phase The occurrence of selection during both phases has far reaching consequences for fundamental evolutionary proce:
including the rate of adaptation, extent of inbreeding depression and load of deleterious mutations, as well as fesapptiedto
assisted fertilization. It has been a lestgnding 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 fonsgbeetpi®ons using

the zebrafisiDanio rerioas 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 fithess from early life stages into adulthood as thelladult transcriptome

and genome. Our results indicate that selection on sperm has a global effect on the transcriptome. Up to 746 and ca0#l signifi
differentially expressed genes were identified in the Brain and Testes respectively. Gergyamalgses reveal that the

differentially expressed genes are involved in fundamental processes such as metabolic processes, signalling pathways, protei
synthesis, morphogenesis and development. KEGG pathway analyses showed several upregulatetegerielaiive

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 !, Nicholas H. Barton !, Jonathan P. Bollback?2, Calin C. Guet!

1IST Austria, Klosterneuburg, Austria, 2University of Liverpool, Liverpool, United Kingdom

Abstract: Understanding the relation between genotype and phenotype renmaajsrahallenge. 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. Fespesienentally explore the nature of epistasis

in a canonicatis-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 adiggblypderstanding of proteDNA binding,

accurately predicts the sign of epistasis and its environdeggndence. We show that both sign and magnitude of individual
mutation effects are sufficient to predict the sign of epistasis and its dependeheesaironment. Thus the thermodynamic model
offers the correct null prediction for epistasis between mutations within and betweetiDiNAg sites. Our results indicate that a
predictive theory for the effects ofs-regulatory mutations is possible findfirst 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
Florian Massip 1*, Marc Laurent2, Caroline Brossas 2, Marie-N o & IPtiokeau 2, Franck Picard 1, Laurent Duret?
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Abstract: In vertebrate genomes, DNA replication is initiated at precise genomic regions, called replication origins (Oris). Bespite th

critical role of the replication process in maintaining genome integrity,a@hetig features that induce the activity of Oris are not well
understoodT o deci pher sequence features that are essenti al for
origins in mammals and birds.

We detect Oris in chickegenerating the first genonwide map of Oris in a bird, and compare it to human and mouse maps.

We find that despite athrdeo | d di f ference i n JgoaQrievery 80 tesSDKbie similaDin maninalslaach s i t
birds. This suggeststhdate r epl i cati on of genomes i mposes constraints o
associated to transcription start sites (TSSs), CpG islands (CGls)aunadBuplex (G4s). This confirms the importance of these

el ement s ction. Ori sdé f un

Given the importance of replication in ensuring the inheritance of genetic information, one could expect Oris to evosteongder
purifying selection. Although 15% ( 8% resp.) of human Oris are homologous to mouse Oris (to chicken Oribrestimnes more

t han what is expected by chance, we demonstrate that the ¢
addition, we find that Oris present similar sequence conservation than their close neighborhood.

Overall, our reslls 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 spatitemporal program that ensures the faitméglication of genomes atch

cell cycle.In vertebrate genomes, DNA replication initiates at precise genomic regions, called replication origins (Oris). Despite the
critical role of the replication process i n mararotavellni ng ge
understoodWe propose the first investigation of Orisd evolution
Orisé activity.

We map replication origins in chicken, by purifying and sequencing short nascent §8hI&Jsthus generating the first geneme

wide map of Oris in a bird. To compare chicken and mammalian Oris, we reanalyze published SNS sequencing data from human a
mouse genomes. To ensure that the sensitivity of Ori detection is similar in all specsdgsample SNS reads to obtain identical
sequencing depth in each species, and use the samegi@aik methodology to map Oris.

We detect 84250, 55000 and 25900 Oris in human, mouse and chicken respectively. These numbers are proportionalfto the size o
their genome (3.10, 2.72 and 1.05 Gb respectively). Thus, despite daldreédference in genome size, the density in @rane per

Y
n

30to50kbii s similar in mammals and birds, which sugghessthree t hat
genomes, Oris are associated to the same genomic elements, namely transcription start sites (TSSs), CpG islands {CGls) and G
guadruplex (G4). This confirms the importance of these el e

Given the importance of replicatian 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 ratAdéhwegik.

15% (resp. 8%) of huam Oris are homologous to mouse (resp. to chicken) Oris, which is three times higher than what is expected b
chance, we demonstrate that the conservation of the genomic elements to which Oris are associated (TSSs , CGlIs)dully@xpliais 6
conservationln addition, we find that Oris present a level of sequence conservation similar to their neighbimaltyd.TSSs,

CGls and G4s associatemlOris are not more conserved when they overlap an Ori.

Overall, our results suggest that replication origindengo 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?
Rosina Savisaar 1*, Laurence D. Hurst?!
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Abstract: Exon evolution is constrained by the need to maintain interactiohssplice factors, as well as potentially other RNA

binding proteins (RBPSs). Is this pressure a major driver of mammalian exon evolution? We analysed enrichment and constraint o
exonic motifs putatively recognized by RBPs. A subset of the motifs is irsddectively maintained in coding sequence, while

others, notably those recognized by intronic or UTR binders, are actively avoided. The extent of motif enrichment predicts th
evolutionary conservation of the motifs. As constraint is also seen in intsay@ess, not all RBRelated selection in exons is sphice
associated. Overall, we estimate in two independent nucleatitteolled comparisons (mousat and humamacaque) that the net

effect of motif preservation is modest, with an3% reduction in tB 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 experimenéplosgic
studies, which have found a large proportion (up to ~6@Réxonic mutations to disrupt splicing. Why do the two approaches come
to such different conclusions? Among other factor gspliceve s ug
isoforms is a leading explanation.

Expanded summary*: In addition to specifying protein structure, coding exons have to maintain interactions with splice factors and

other RNAbinding proteins (RBPs). That such overlapping signals exist within coding sequence (CDSe&atdihed but the

scale of thee phenomena is unclear. Notably, are functional (i.e. selectively maintained) exonic splice regulatory elements rare,
occurring mainly at a few wellefined positions in hartb-splice exons? Or are our exons filled to the brim with various splice
controlsignals, whose configuration needs to be preserved for correct splicing? Solving this problem will give a clearer thieture of
forces driving exon evolution and will hint at the extent to which alternative splice patterns are functional. It willpapgedict how
frequently coding mutations might lead to potentially diseasesing splice alterations.

To tackle this issue, | have studied hkamers putatively recognized by RBPs evolve in CDSs. Most strikingly, | have discovered that
our CDSs are awstrained not only to maintain necessary RBP interactions but also to avoid inappropriate ones: motifs associated
CDSbinding RBPs tend to be enriched and conserved over expected in CDS, whilst there seems to be active selection against ga
many ofthe motifs putatively recognized by intronic or UTR binders. These conclusions are also valid for intronless genes, implyir
that splice regulation is not the only source of Ri&Bociated constraint on exonic regions.

More quantitatively, in both humaand mouse, it appears that the need to preserve RBP target motifs reduce8%ythe?
synonymous rate of evolution of the median gene. Selectively maintained RBP target sites would therefore either bé rare ot
frequent, then only weakly constrainedtiugh 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 efgsf®els 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, | am currently deterdistiiiytios

of fitness effects for incoming mutans at exonic splice enhancers and within olserers putatively recognized by RBPs. The
results will take us closer to a detailed understanding of howcadimg function shapes exon evolution.
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Social integration influences mitochondrial DNA regulation in rhesus macaques

Reena Debray 1*, Jordan Kohn 2, Mark Wilson 2, Luis Barreiro 3, Noah Snyder-Mackler 1, Jenny Tung!

1Duke University, Durham, 2Emory University, Atlanta, United States, 3University of Montreal, Montreal, Canada

Abstract: In humans and other social mammals, social subordinacy and social isolation have been shown to predict shorter lifespatr

and higher rates of disease, and thushzare 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 hypothegjeshattbiean
mitochondrial genome refation 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 humber) and heteroplasmy in captive
female rhesus macaquédgcacamulattg n=45). We quantified mtDNA copy number in five purified white blood cell populations
using gPCR, and assessed heteroplasmy using$&d4AWe found that dominance rank did not predict either mtDNA copy number
or heteroplasmy rates. In contrast,aagues that groomed more had higher mtDNA copy number (3=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 hetesiteasmic

in a sample (3=0.002, p=0.884). Togethbese results suggest a previously unappreciated contribution of mtDNA copy number in
immune cells to the relationship between social connectedness and individual fithess. These selective pressures @visocial beh
may have contributed to the evolutiof social groups in humans and other social mammals.

Statement: | am currently in my junior year at Duke University. | am majoring in biology with a genomics concentration. This fall, |

will be applying to Ph.D. programs in evolutionary biology and geéosnMy interest in an academic career is motivated by my
research at Duke, which has focused on animal behavior. However, | am interested in changing my research focus irhgi@duate sc
| am interested in studying how aspects of genome structure, suaati;ng system and ploidy, influence adaptation, diversification,
and extinction rates. This is an important area in a time of rapid ecological change, and | hope to conduct researicifiofmt can
conservation efforts.

The SMBE 2017 annual meeting prdes an ideal opportunity for me to learn about methods, current questions, and potential
advisors in this field, before | apply to graduate programs in the fall. Many of the symposia align closely with my irdseasth
including Evolutionary Genomiasf Structural Variation, Polyploidy and Hybridization, and Genomic Mechanisms of Speciation.
Presenting a poster at SMBE 2017 would be a valuable experience for me. | have presented at poster sessions befenegtzert | hav
attended a meeting focusedesfjically on molecular biology and evolution. | 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 isenior thes
by talking with resehers 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 fithess 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=0.081 0.4) 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 thdse ldgatan Accelerated Regions (HARS),
have been tentatively linked to human phenotypes. However, the precise role of thesserifangenomic changes in human
traits remains elusive. This is because we lack two essential tools: the means to otleecgpeeies 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 recenthioirkgeeverse genetic models of
humanspecific 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
Henrik Kaessmann !, Margarida Cardoso Moreira*
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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 othe

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 sequencings@f)ldata for adult organs previously provided initial
insights into mammalian gene expression evolution and its phenotypic implications. However, phenotypic evolution iotheught t
largely founded on developmental regulatory changes, which determine sgetéfic tissue morphologies and thus lay the
foundation for their typical physiological properties. We therefore added the developmental dimension to our endeaenatibg gen
andanalyzing RNAseq data for more than 2,500 pamd postatal developmental samples (ranging from early organogenesis to
adulthood) from various organs (cortex, cerebellum, heart, kidney, lover, testis/ovary, placenta/decidua) across nepresentati
mammads 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 then@nscrip
seveal projects that include protegoding 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-obgdhogegene

expresioni translationi by producing extensive ribosome profiling and matched Ridé 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 (relativagtdrgnscr
adaptive changes driven by positive selection, and regulatory mechanisms underlying evolutionary shifts in traredatwerall,

our new projects provide fundamental novel insights into gene expression evolution and its contribution to the spedifalaggan

of different mammals, including that of our own species. | will present selected highlights of our reearbend
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The effects of background selection in the human genome reveal extensive purifying selection on non-coding regions
David Murphy 1*, Guy Sella?

1Biological Sciences, Columbia University, New York, United States

Abstract: Recent studies of the effects of linked selection have made significantly better quantitative predictions abouvgEnome

diversity levels in humans and other species. (&lgVicker 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%ardd¢he var
on the 1Mb scale. The model also predicts fioale features of the data, such as the depth and width of the trough in mean diversity
within 0.05¢M of coding regions. But perhaps even more interesting is what our inferences tell us about purifying seleetion i
human genome. Notably, they suggdstt more than 80% of deleterious mutations occur inaaaling regions and that the best
predictor of these regions is phylogenetic conservation in primates. Our results further suggest that we are missirgntany rec
selection targets that arose in humamce the common ancestor of apes and that current functional genomic annotations contribute
negligibly to predicting these regions. We estimate that9286 of mutations in selected regions are deleterious, where the range
reflects uncertainty about thiection 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 engshoftb.
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The Evolution of Phenotypically Invariant Genetic Networks

Joshua Schiffman 1, Peter Ralph 23

IMolecular and Computational Biology, University of Southern California, Los Angeles, 2Institute of Ecology and Evolution,

3Department of Mathematics, University of Oregon, Eugene, United States

Abstract: | will outline an analytical theory to study the evolution of biological systems such as gene
regulatory networks, borrowingsight and tools from control engineering, systems identification, and
dynamical systems theory. | will describe a null model of regulatory network evolution by analytically
describing the set of all linear gene networks (of any size) that produceal@h@&notypes- and the
evolutionary paths connecting them. In the idealized case of a perfectly adapted population, constan
selection, and a static environment, we observe neutral evolution as a random walk over the
phenotypicallyinvariant networkspace. Under neutral conditions, this model can provide descriptions
of expected network size and connectivity under mutagedaction equilibrium, estimate the rate of
regulatory rewiring, and the rates at which Dobzhasidkiler incompatibilities arise imeproductively
isolated populations. This analysis provides insight into the mechanisms and parameters important f
understanding developmental systems drift, network rewiring, evolvability, epistasis, and speciation,
well as the tenuous connectionween network architecture and function.
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Detecting stabilizing selection on gene expression level from human genetic and expression variation data

Ziyue Gao 12*, Emily Glassberg 3, Jonathan Pritchard 1 2
1Department of Genetics, Stanford University, 2ZHoward Hughes Medical Institute, 3Department of Biology, Stanford
University, Stanford, United States

Abstract: Comparison of gene expression leveloasrspecies suggests that gene expression is constrained over evolutionary

timescales, implying purifying selection on mutations that modify expression levels. Yet, recent transcriptomic studiesoivaved

large amounts of heritable expression variatod 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 afttévinba

the prevalence and strength of selectarexpression levels. We leverage human diversity data fromdagge transcriptome

sequencing projects such as DGN and GTEXx to perform analyses of expression quantitative trait loci (eQTL)-apddiiiele
expression (ASE). The joint distribution alfele frequency and effect size of identified eQTLs hints at weak selection against
expressioraltering variants and varying strengths of constraint across groups of genes. Howevebas@d hnalyses are limited by

the low power of detecting rare or alreffect 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 noibteargitena
evaluate the impacts rare cisvariants. By combining the GTEx RNgeq and wholgenome sequencing data, we detect a robust
genomewide trend that genes with more upstream heterozygous sites tend to show stronger ASE bias; importantly, on average, a
variant contributesignificantly 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 hetegeneous stabilizing selection on gene expression levels, even over short timescales.
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Evolution of the PIWI/Argonaute gene family in vertebrates

Amanda Black 1*, Michael Vandewege 2, Federico Hoffmann !

1Biochemistry and Molecular Biology, Mississippi State University, Mississippi State, 2Biological Sciences, Texas Tech
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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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Genome-wide enhancer - target gene regulatory maps in two vertebrate genomes
Yves Clement1”, Hugues Roest Crollius !
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Abstract: Enhancers are regulatory regions which drive thedirae regulation of gene expression among tissuekfarstages.

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 genomic
vertebraes. Here, we applied this method to human and zebrafish in two separate analyses and found ~50,000 enhancers targ
~17,000 genes in zebrafish and ~1,300,000 enhancers targeting ~18,000 genes in human. Among these, the core set of ht
zebrafish congeed target genes outlines genes regulated by enhancers dating back to the ancestral vertebrate, and which
associated with development and brain functions. Moreover, we find that enhianaeget gene interaction distances scale
remarkably well with gnome 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 ge
decreases gradually with time, whileetcombined number of enhancers increases with time. Remarkably, both patterns are consiste
with the evolution of gene expression profiles. Finally, both conservation of ancestral enhancers and acquisition ohoers anha
biased towards one genearduplicated 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)ragions that finédune 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. sequen
evolution, epigenetics marks), finding which genes they regulateiis challenging. Most methods either eganplify enhancer

target gene relationships, leading to false predictions, or rely on costly experimental procedures, thus only applicaidéuirod
organisms. We previously developed a method to 1)ifggmitative enhancers in genomes by looking for conserved regions in
multiple alignments and 2) identify their target genes by looking for conserved enhtarget gene associations in multiple species,
which we measure by computing association scémetbis approach, the rationale is that the enhantagget 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 mwodel organi
vertebrate development, during which many enhancers are known to act in a time and tissue specific way. We were afyle to ider
~50,000 enhancers targeting ~17,000 genes in zebrafish and ~1,300,000 enhancers targeting ~18,000 genes in human. In
putative enhancers, coverage by functional features like histone marks (especially marks associated with developmigsit andebra
with embryonic stem cells in human) increases with association scores, indicating our method is able to predict é&nietivre

target gene interactions. We are further validating our predictions with CRT3B® experiments to show that our method correctly
predicts functional interactions.

We then sought to find core set of genes with conserved regulation in versebv@ thus compared enhancer target gene interactions
between human and zebrafish and found a set of conserved interactions involving ~1,500 enhancers and ~450 genes @s,both sp
with genes expressed predominantly during development and in braghighilights functions for conserved gene regulation in
vertebrates. We also found that enhandarget gene interaction distances scales remarkably well with genome size, suggesting th
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 geaaad\Weaf,

while the conservation of regulatory regions between gene duplicates decreases gradually and rapidly over toneitteelr ¢

number of enhancers increases with time. Showing acquisition of new enhancers after duplication. Interestingly, botf patterns
evolution are consistent with patterns of gene expression evolution. We also found that gene duplicates are itbtrepambw

after duplication, both conservation of ancestral enhancers and acquisition of new enhancers is biased towards one gene.
Globally, we provide genomeide enhancer and target gene predictions in two vertebrate genomes. We used these ptedjations

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
Maayan Agron 1, Arie Fridrich 1, Vengamanaidu Modepallit, Reuven Aharoni!, Yehu Moran 1*

1Ecology, Evolution and Behavior, The Hebrew University of Jerusalem, Jerusalem, Israel

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 camlzevigdend i
range of animals, yet their functions were studied almost exclusively in members of the Bilateria such as arthropods, aathatodes
vertebrates. Thus, studying their function in #imlaterian phyla as Cnidaria (sea anemones, corals, hydras and jellyfisingiéd for
understanding the evolution of miRNAs in animals and can provide important insights into their roles in the last comitaorofinces
Cnidaria and Bilateria that lived more than 600 million years ago. Our results indicate that miRNAs in @heigaeiatly have a

nearly perfect match to their messenger RNA targets, resulting in target cleavage (slicing). This mode of action is cplambon to
miRNAs, but very rare in Bilateria. Further, we show that like plant miRNAs, most cnidarian miRNAs &@rymethyl group that
stabilizes them during full complementarity annealing to their target. These findings together with our discovery of cnidaria
homologs of HYL1, a protein involved in miRNA biogenesis in plants, raises the intriguing possilaiithebmiRNA 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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The earliest maize from Tehuacan Mexico: paleogenomic evidence of gradual domestication in a 5,300 year old crop.

Mi g u el \alebuend Estrada’, Isaac Rodriguez-Arevalo !, Sara Garcia-Morales !, Javier Martinez Gonzalez 2, Angel
Garcia Cook 3, Jean-Philippe Vielle-Calzada !, Rafael Montiel

1UGA LANGEBIO, CINVESTAYV, Irapuato, 2Salvamento Arqueologico, 3Estudios Arqueologicos, INAH, Mexico DF,

Mexico

Abstract: A long history of archaeobotaal 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 ke in the early 1960s, we conducted a new exploration of several rockshelters located
in different regions of the Tehuacan valley, uncovering more than 100 nhonmanipulated maize specimens dating from 300 to 1,0
years before present (BP), and allowirnegtic 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 paitiatelomest
diverging from the landraces and contagniancestral allelic variants that are absent from extant maize populations across the genom
particularly at several loci important for domestication. The genomic comparison of three temporally convergé00b53 P

samples indicated that they were snally homozygous and genetically similar, suggesting the earliest maize from San Marcos was
already inbred. Thde novaassembly of their genome revealed unforeseen structuaatasgements as well as insertideletion and
gene variants that are likely 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 perspestioxesifay di
past genetic vaability that could be useful for present or future agricultural conditions.
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Ancient domestication of a viral envelope gene in the mosquito lineage
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Abstract: Hostpathogen interactions drive evolution, selecting for modifications to existing genetic elements that confer a

competitive advantage. Occasionally, hosts $elgly retain integrated pathogen genesppting them for novel host functions. In

the context of an evolutionary struggle for dominance between host and pathogen, an especially striking example tibthis reten
host domestication of viral envelopen{) genes, the very genes that enable a virus to enter the host cedyiritigingenes of

mammals represent an example of such host domestication, in which distigehes have been independently adopted by different
mammalian lineages for placentahction. Envdomestications have also been observed in invertebrates, includiing tpene in
Drosophilaspecies; however, their function is unknown. Here, we report the identification of a domesticategjeale in the
Anophelinae and Culicinaeorsquito lineages. We estimate that this-like gene was acquired at least 100 million years ago, making

it one of the most anciephvdomestications known to date. Its highly conserved open reading frame and high expression in the adul
mosquito indicte thatlris-like may be functional and under purifying selectibiis-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 inemembra
fusogenicity, receptor recognition or immunosuppression. Additionally, we have detected domestigatedther 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 transmittgsl &6 hundre
millions of humans each year. During my tyear tenure as a technician in the laboratory of Leslie Vosshall at Rockefeller

University, we sought to characterize the sensory pathways of the mosgdée aegypthat enable its specialized behaviarsl

contribute to its potency as a vector for human diseases. To achieve this, we established@REBRRhis species and coupled

genetic knockouts with quantitative behavioral assays to determine how specific sensory receptordenabtg/ptto accurately

detect and locate human hosts and appropriatéagiyy locations.

As a firstyear graduate student in the laboratory of Harmit Malik at the University of Washington, | am excited to try to understand
mosquito genetics and the hgstrasite ingraction 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 tatedtntri

the mosqui t o @tgto magha manyHurman pathogans at little or no cost to the mosquito and to integrate sensory cues t
seek out human hosts.

The laboratory of Harmit Malik specializes in gaining new insights into-patsite biology through evolutionary approachesstH
pathogen interactions drive evolution, selecting for modifications to existing genetic elements that confer a compeatitegeadv
Occasionally, hosts selectively retain integrated pathogen gerepting them for novel host functions. By poachgenes 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 especiallgariipteyis host

domestication of viral envelopery) genes, the very genes that enable a virus to enter the host celntigingenes of mammals
represent an example of such host domestication, in which distimgenes have been independently adddiy different

mammalian lineages. In this way, mammals have usurped the fusogenic and immunosuppressive protein functions of viral genes fc
placental formation and function.

Although rarergnvdomestications have also been observed in invertebrat@sg]iimg thelris gene inDrosophilaspecies; however,

their function is unknown. Here, we report the identification of a domesticatearmirgene in the Anophelinae and Culicinae

mosquito lineages. We estimate that this-like gene was acquired atlst 100 million years ago, making it one of the most ancient
envdomestications 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 @res a crucial functioriris-like is predicted to retain the viral



characteristic of a polyprotein that is cleaved into two peptides. Conservation of this cleavage site points towardyratigorisiin
membrane fusogenicity, receptor recognition omumosuppression. Additionally, we have detected domestieatedn other

insects such as moths, ants and aphids, suggesting that such domestication events may be common in arthropods, bnd a potentia
source of gene novelty.
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