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Abstract

The study of genetic and phenotypic variation in the natural world is one of the
cornerstones of biological research and is the founding basis of many subfields. Despite centuries
of research, there still remains questions that are not fully answered. For example, 1. What are
the underlying genetic causes for phenotypic variation?; 2. How does the environment shape life
history traits?; 3. How does the environment introduce novel genetic variation? To address these
questions, I used two of the most common animal models are Macaca and Drosophila. For the
first question I used genomic data from the underrepresented M. arctoides to look for genetic
signatures responsible for its novel phenotypes. For the last chapters I focused on the nutritional
environment to investigate how it affects the phenotypic and genetic variation using Drosophila.
Specifically, to look at phenotypic variation (life history) I used the under researched, D.
pseudoobscura. For genetic variation I used the model D. melanogaster to look at how diet

affects recombination rate.
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Chapter 1: Introduction
Variation as a Natural Force

Understanding phenotypic and genetic variation in natural populations is a fundamental
goal of biology. Entire fields within the realms of biological research explore the origins of
variation (e.g., genetics, evolution, developmental biology, etc.). In addition, other fields explore
the consequence of variation (e.g., ecology, behavior, biomedical sciences). The presence of
heritable traits that vary within a population are essential for evolution by natural selection.
Without variation, there is no substrate for natural selection to act and drive adaptation'~.
Variation is generally categorized into genetic and phenotypic variation. Genotypic variation
represents variation in alleles at one or more loci for a given population. Phenotypic variation
represents variation in the physical characteristics and responses of an individual. Phenotypic
variation can largely be attributed to differences in genotype but it is important to note that the
environment can also cause in shifts in an organisms’ phenotype®*. Moreover, if we consider that
understanding of evolution by natural selection is a central paradigm for biological research* we
can infer that understanding and exploring the origins of variation are also key to improving our
understanding of biology (in general) and major fields like genetics, developmental biology. and
life history evolution.

When introducing variation and specifically genetic variation to the novice biologist (e.g.,
early career undergraduates) we commonly describe the ultimate source of genetic variation as
mutation. A mutation causes a change to a gene or chromosome that changes the sequence of
DNA. There are multiple types of mutations including base pair substitutions, insertions and
deletions, and frameshift mutations®. While mutations are one contributor to gene changes, there
are also other mechanisms for new changes in DNA sequences. We know that novel
combinations of genes result from meiotic recombination®. Additionally, transposable elements
can introduce genetic variation by producing copies that move places within the genome and
sometimes carry other nearby genes from where they had been to new locations’.

As identified previously, variation is key to a population’s ability to respond and survive
ever-changing environments through natural selection. Thus, improving our understanding of
causes of variation is important especially given the pressures of climate change, pollution, and
other human mediated factors®®. The environment itself can be a source of phenotypic variation.

Organisms with the same genetic sequences can have drastically different phenotypes depending



on the environment. These types of responses can be observed in a wide variety of plants and
animals. Within Animalia, the environmental responses are particularly well described in insects.
For example, the density of locusts, estimated through tactile, visual, and olfactory stimuli, can
lead to shifts in behavior and morphology that lead solitary orthopterans into gregarious
swarming pests'®. Diet also can lead to shifts in phenotype. One of the best documented
examples of shifts in the body size phenotype in insects is the Onthophagus “dung” beetles
where size and quality of dung ball (diet) affects larval growth and in adult size and shape!! Diet
in animals in general is known to play a significant role in affecting a wide variety of phenotypes
including age of reproduction, reproductive effort, lifespan aging, etc*'2. These, and other,
similar characteristics are known as life history traits.

Life history traits include factors such as longevity, fecundity, offspring size, and age at
several developmental milestones. Often populations experience trade-offs between various life
history traits. For example, D. melanogaster selected for increased longevity experience lower
early fecundity'®. Variation in life history strategies (i.e. which trade-offs are made) may be
influenced by the environment, especially as habitat and life history have been correlated'*!>.
Thus, shifts in life history due to environment are useful for understanding how species adjust to
variation in their surroundings. For example environmental factors such as seasonality!®!7,
climate'®, and nutrition'” have been shown to affect life history traits both in the long and short-

term of species’ evolution.

Bevyond Variation

Although Charles Darwin initially looked at variation between species as one of the key
drivers of their divergence, when combined with Mendelian genetics in the “modern synthesis,”
variation comes to explain not only differences between species but also within species?’.
Biologists have strived to explain how and why variation is generated and maintained®' ">, Early
studies of evolution originally focused on phenotypic variation. For example, Darwin recognized
that on the Galapagos there was a great variety of beak shape size within finches. He linked this
phenotypic variation with divergence in ecological niche, specifically, what a given species of
finch was eating®*. Similarly, Alfred Russell Wallace came to conclusions about speciation while
studying Swallowtail butterflies in Malaysia.

Later, there was a focus on allelic variation and the genetic basis of evolution. This

started with Gregor Mendel showing patterns of inheritance with pea plants®. Using



mathematical modeling in the early 1900s, R.A. Fisher showed how variation at multiple genetic
loci both supported Mendelian genetics and could explain variation (evolution) seen and
proposed by Darwin and Wallace?* 2%, Additionally, in 1937, Theodosius Dobzhansky combined
the new field of genetics with natural history to explain how speciation occurred. His explanation
of this used two fruit fly populations each of which experienced a different mutation that would
become pervasive within its given population overtime thus making them diverge from different
populations to different species?®).

To keep up with the changes in data size and the time and power needed to analyze
genomic data as compared to phenotypic data, technology and tools have also had to evolve.
Before the discovery of DNA and development of sequencing technology, all data for population
geneticists was provided by phenotypic observations. Protein electrophoresis, not developed until
the 1960s was the first way to characterize alleles biochemically. The next big advancement
came 20 years later with the combination of polymerase chain reaction (PCR) and Sanger
sequencing which allowed for DNA sequences to be generated. With the development of tools to
characterize genetic variation, analyses of the data generated has also evolved. Sewall Wright
and Fisher developed the Wright-Fisher model to describe genetic drift and compare expectation
vs. observed. Wright later also developed Fsr, a measure to quantify allele frequency differences
between populations®-°. Other measures such as dxy, 7, and © were also developed to help

3135 Increased computing power and improvement of

describe and measure population genetics
Sanger sequencing in combination has lowered the cost and effort required to more completely
explore the genetic and molecular origins of variation and has brought the modern synthesis full
circle by combining modern understanding of genetics with traits that have only been previously
characterized phenotypically. For example, the gene BMP4, has been shown to be correlated
with Darwin’s finches’ beak variation®.
Questions
My dissertation explores variation of phenotypic, life history, and genetic traits and

addresses the following questions:

1. What are the underlying genetic causes for phenotypic variation?

2. How does the environment (e.g., diet) shape life history traits?

3. How does the environment (e.g., diet) introduce novel genetic variation?

10



My dissertation uses two model systems and various techniques to move the field of
evolutionary biology forward by providing insight into the causes and consequences of variation
in the phenotype and genome and life history traits. Further insight into the impacts of this work
is given in my final chapter. Here, I will provide a brief introduction to each of the three projects
to provide context to the major contributions to the field of biology of this dissertation.

Model Systems

Throughout my dissertation I used two very different genera, Macaca and Drosophila.
Both of these genera have a large amount of genetic resources (publicly available genomes, long
history of research, large, captive-bred populations) which makes them ideal models for many
evolutionary and ecological questions for select species in these genera. Other species within
each group are understudied and lacking in similar resources as their model sister species
counterparts.

Macaca is the most speciose primate taxa and is the most wide-spread non-human
primate genus. The focus, however, has been on the rhesus macaque, Macaca mulatta. These
monkeys have been used in studies since before 1940 when rhesus macaques were used to
identify the rh factor in blood®”. In 2007 the rhesus macaque became the first monkey to have its
genome sequenced’®. However, both ecological and evolutionary studies have been performed
on species across the genus®*!. M. arctoides (the bear macaque) may be the most distinctive
species in Macaca. Most of the other macaque species (>10) found on mainland Asia look
relatively similar. However, M. arctoides has a suite of unique phenotypes for unknown
ecological or evolutionary reasons. For example, M. arctoides has the largest baculum (penis
bone) of any macaque species, which is twice as large as the species with next largest baculum.
In our recent study, we found 67 population genetic outliers that may act as candidate genes
responsible for baculum size and shape variation in this species*’. In addition, the skin is patchy
and red compared to other species whose skin is often solid pink or black. The infants of M.
arctoides are also the only infants in this genus to have ontogenetic fur coloration and an off-
putting odor (which is described as similar to rotting fruit)*. These unique phenotypes along
with genetic resources (three publicly available genomes and tens of genomes from sister

species), made M. arctoides ideal for addressing my first question looking for genetic signatures

of its unique phenotypes.
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Another species sister to a model but understudied is D. pseudoobscura. Similar to
Macaca, Drosophila have been used for over 110 years to answer a wealth of scientific
questions*. Although there are over 2000 species in this genus, D. melanogaster has been the
main focus in research. This model species has been used to look at the effects of various
environmental factors on life history and genetic traits*>*. Specifically, nutrition has become an
environmental factor of interest with D. melanogaster being used in both caloric restriction and
macronutrient studies.*> 3. However, though other key environmental factors have investigated
for their effect on recombination rate, nutrition has been understudied with no one looking at the
effects of caloric density. Because of the wide variety of stocks available and the literature on
caloric density in D. melanogaster, they were ideal for addressing my last question of how the
environment affects the generation of novel genetic variation.

Unlike Drosophila melanogaster, comparatively little work in life-history has been done
in its 2,000 sister taxa. Therefore, I used the well- studied D. pseudoobscura which also has a
sequenced genome and many lab-bred strains to look at how the environmental factor, caloric
density, affects this species’ life history in three different lab-bred stocks. This was the first study
to look at how caloric density affects life history traits in D. pseudoobscura and addressed my
second question “How does environment shape life history.”

1. What are the underlying genetic causes for known phenotypic variation?

Genotype to phenotype mapping, which is linking a particular phenotype to the
underlying genetic causes, has been a major area of study since the modern synthesis. This work
is especially difficult in charismatic megafauna because of logistical constraints with sample
sizes and permits. Moreover, this area of research can be complicated by a myriad of technical
factors such as complex traits, which may not be associated with a single locus* or use of non-
model organisms whose genomes are not as well annotated (if at all)*°. These limitations often
result in phenotypic variation being noted (ex. Stalk-eyed flies’!; damselflies>?) but minimal
exploration of the genetic causes. Thus, exploration of species-specific traits within natural
populations often lacks knowledge of the genotypic factors, especially those connecting
genotype to phenotype.

One reason expansion of this research is necessary is the importance of the evolution of
novelty. Novelty is important in both an ecological and human context. On an ecological level,

novelty has been a focus of many evolutionary biologists including Ernst Mayr, one of the
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fathers of the modernization of the evolutionary biology field>. Without the introduction of new
traits species become stagnant. Natural and sexual selection can act upon beneficial novel traits
introduced by processes such as mutation or recombination. This leads to these traits’ persistence
or pervasiveness within a population or species. Some of these traits can then become the
defining characteristic of taxa (i.e. delineates species) which provides framework for studying
evolutionary history. For example, hair in mammals and lack of marsupial bones in placental
mammals>*are novel traits which evolved and are cornerstones of how we define species within
those taxa. In the context of human benefit, several novel plants have been discovered in rare
biomes (ex. Amazon rainforest) which have had medicinal or antimicrobial factors not found
elsewhere®® Additionally, study of individual organisms with novel traits can act as a model for
others. These models can then be used as the basis for studies in other systems or can be utilized
to make inferences about organisms that are not as easily studied (cryptic, endangered, isolated
location, etc.). Here we look at the occurrence of novel phenotypes in Macaca arctoides and try
to elucidate responsible genes and gene pathways in multiple novel phenotypes (e.g., fur color
and development)

As previously stated, M. arctoides has a host of unique phenotypes which make it ideal
to explore novel phenotypes and their genomics. Despite these unique phenotypes, little genomic
work has been done with this species and no work has been done to elucidate the connection of
the phenotypic variation from other macaques to their genomes. This led me to the first research
question of my dissertation. Is there a genetic signature of the bear macaque’s phenotypic
variation? 1 hypothesized that genes in pathways associated with M. arctoides’ unique
phenotypes, such as WNT-signaling and hedgehog signaling (development), olfactory, and
melanin (coloration) pathways, would show population genetic signatures of selection and
divergence.

For this project I used a suite of population genetic tools to look at genes under selection
within M. arctoides or that had diverged from other macaque species. Additionally, using tools
like String and KEGG, I searched for genetic pathways related to M. arctoides unique
phenotypes (ex. melanogenesis for coat color) to address my hypothesis. This work is the first to
look at genotype to phenotype associations in the endangered, M. arctoides. Additionally, it
highlights possible candidate genes that may explain variation of skin and coat color between

macaque species. Genes responsible for within and between primate taxa color variation have
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still not been identified — with genes responsible in many other mammalian taxa being ruled
out>®>’. Thus, this work provides candidate genes for not only macaque coloration, but primate
coloration as a whole.

2. How does the environment (e.g., diet) shape life history traits?

Life history traits are a particular class of phenotypic traits that are key to understanding a
species’ reproduction and survival. These traits are found to be affected by a variety of
environmental factors at both a population and individual level. Thus, factors such as nutrition,
influence how long and how many offspring an individual has but also the patterns of these traits
within a given population.>*4

More recently the greater importance of macronutrient content, especially protein, of
food has been highlighted*®%>, Although nutritional geometry, the effects of the ratio of two or
more nutrients, has become the focus of nutrition research because of its larger effect on
physiological factors, research regarding calories is still informative®®S!. Patterns, such as
increased longevity and decreased fecundity with decreased amounts of calories, match those of

t%. However, the basic

seen in distantly related taxa such as mice®?, macaques®, and yeas
question of the effect of calories has been largely ignored in sister taxa such as D.
pseudoobscura. This led to the second question of my dissertation. How does the caloric
environment effect life history traits in D. pseudoobscura? Specifically, this work asks if the
physiological responses to dietary shifts are similar to the patterns seen in the model species D.
melanogaster.

One limitation of previous work in D. melanogaster is the lack of studies that look at
both low and high calorie diets together. Additionally, few studies compare results across strains
to determine if their results are limited to a specific strain or representative of the species as a
whole. My work addresses these challenges and as a result allowed me to investigate variation in
life history in response to diet more comprehensively and at both the species and population
level. This work furthers knowledge of how a major environmental factor, diet, affects organisms
and highlights the need for more species to be studied. This work also expands our knowledge of
the interaction between various life history traits (fecundity and longevity) and the environment.
3. How does the environment (e.g., diet) introduce novel genetic variation?

One of the first fruit fly genetics experiments was performed by Thomas Hunt Morgan.

He crossed a male, mutant, white-eyed fly to wildtype females and then backcrossed it to his F;
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daughters, phenotypic distribution closely followed Mendelian genetics®. Further crosses
showed that novel variation could remain heritable and persist within a population without
leading to a distinct species. Genetic and genomic research has since evolved from the discovery
of DNA to genotype-phenotype associations, and now to mechanisms beyond that affect the
route from nucleic acid to phenotype. Recent research has shown that development and the
environment can shape how alleles are expressed via mechanisms such as epigenetics,
transposable elements, and meiotic recombination®. My final chapter focused on the last of these
factors.

Recombination, also called “crossing over,” occurs during meiosis. This mixing up of
alleles allows for novel combinations of alleles at different loci. Recombination rate has been
shown to be plastic under different environmental conditions such as temperature®’,
desiccation®, seasonality®, and others. In general, extreme environments increase recombination
rate. A key factor in any organisms’ environment is nutrition. Although early (1941)
recombination research found that starvation increased recombination rate in D. melanogaster’®,
further work of nutrition’s effects on recombination have been limited’!’?. This set the stage for
the first question of my final dissertation chapter which addresses two questions. 1. How does
caloric density affect recombination rate plasticity in D. melanogaster? For this I hypothesized,
based on previous work of other environmental factors, that both extremes would increase
recombination rate.

Aside from environment, an organism’s genetic background affects recombination rate
plasticity®®’!. A study in mice last year showed that three different strains of mice experienced
different changes in recombination rate when exposed to two different diets (“undernourished”
and “maintenance’). There were significant differences between all three strains, leading the
authors to describe the strains as either resistant or susceptible to nutritional stress based on their
findings’!. A study in D. melanogaster compared recombination rate plasticity between flies
collected from the wild and flies collected from the same location but bred in the lab and selected
for tolerance to desiccation. This study found that flies selected to be desiccation-tolerant did not
experience a significant increase in recombination when exposed to desiccation while the
sensitive individuals did. Thus, the second question of this study, 2. How does susceptibility to
(nutritional) stress affect plasticity? 1 hypothesized that a starvation susceptible stock would

have a more plastic response to caloric variation than a starvation tolerant stock.
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To answer this, I used a classic cross design for recombination studies in fruit flies.
Because of this cross-design, we were able to phenotypically assess recombination rate of four
X-linked genes. Females were exposed to either low, high, or control diet. Further, I used two
different wild-type stocks with varying susceptibility to starvation stress to elucidate how an
organism’s resistance may reduce plasticity of recombination rate. Apart from being the first
investigation into nutrition on recombination in Drosophila in 80 years, this work will be the first

study to look at the effects of high calorie diet on recombination.
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Abstract
When compared to the approximately 18 other macaque species, Macaca arctoides has

many unique phenotypes. These traits fall into various phenotypic categories, including genitalia,
coloration, mating, and olfactory traits. Here we used a previously identified whole genome set
of 690 outlier genes to look for possible genetic explanations of these unique traits. Of these, 279
genes were annotated miRNAs, which are non-coding. Patterns within the remaining outliers in
coding genes were investigated using GO (n = 370) and String (n = 383) analysis, which showed
many interconnected immune-related genes. Further, we compared the outliers to candidate
pathways associated with M. arcotides’ unique phenotypes, revealing 10/690 outlier genes that
overlapped these four pathways: hedgehog signaling, WNT signaling, olfactory, and
melanogenesis. Of these, genes in all pathways except olfactory had higher Fsr values than the
rest of the genes in the genome based on permutation tests. Overall, our results point to many
genes each having a small impact on phenotype, working in tandem to cause large systemic

changes. Additionally, these results may indicate pleiotropy. This seems to be especially true
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with the development and coloration of M. arctoides. Our results highlight that development,
melanogenesis, immune function, and miRNAs may be heavily involved in M. arctoides’
evolutionary history.

Keywords: evolution, bear macaque, coloration, genetics, bioinformatics

Introduction

Macaca arctoides, also known as the bear macaque, is arguably the most unique of all
macaque species. Novel traits can evolve rapidly, especially when driven by behaviors that affect
life-history traits'. M. arctoides both has unique mating behaviors and is the only in the genus to
have ontogenetic coloration — the evolutionary purpose of neither of these traits has been well
described. Bear macaque infants are white and have a strong odor, and, as they reach the one-
year mark, gain the red skin and brown fur of adults?. Ontogenetic coloration, or color which
changes with development, has been associated with a suite of other changes 3. Aside from
having distinct patchy, red face-color, bear macaque adults also have a larger amount of baldness
compared to other macaque species®. Additionally, bear macaques are known to be less
aggressive than other macaques, having an egalitarian social system, and more affiliation and
reconciliation*>. These old-world monkeys also have unique genital morphology, which includes
the largest baculum to body weight ratio of all primates. Recently, a mix of public and newly
sequenced M. arctoides genomes were used to investigate genital morphology more generally in
the evolution of this unique species ®. This study identified 690 genome-wide outlier genes from
several population genetic metrics.

Here, we aimed to investigate the genetic origin of the unique traits of the bear macaque.

Therefore, we down-selected the previously identified 690 outlier genes identified based on
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natural selection and nucleotide divergence, which were then used for functional analysis via
Gene Ontology and String network analyses. These outliers are indicative of genes that have
undergone more selection within this species or are more differentiated from other macaque
species than the rest of the genome. Additionally, we analyzed pathways related to some of the
bear macaque’s unique phenotypes to look for evidence of divergence in these pathways from
other macaque species. We provide support for the involvement of the WNT signaling and
melanogenesis pathways, immune function, and miRNAs in the evolution of this distinct
macaque species. Finally, this study emphasizes the need for more genetic samples from this
threatened species, as well as better phenotypic and behavioral characterization across all

macaque species.

Methods
Candidate Outlier Genes from Previous Study

Previously, several measures of divergence and selection were calculated. Briefly, using
scripts from GitHub, the nucleotide divergence measures, F'st, and Dxy, between M. arctoides and
the sinica group as well as between M. arctoides and the fascicularis group, and ©t, a measure of
within-species nucleotide diversity, within M. arctoides were calculated in windows +/- SKB of
each gene. Meanwhile fuv, a measure of allele sharing, was calculated to estimate allele sharing
between M. arctoides and the sinica group or the fascicuaris group. Additionally, dN/dS, a
measure of protein divergence, was calculated for each gene based on previously described
methods 7. Because many of these measures can be correlated with recombination rate, which
can impede the detection of outliers, specifically enriching for outliers in regions of low

recombination rate®’, recombination rate was calculated for the same gene windows. Then, using
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a custom R script, a regression between each metric and recombination was conducted,
extracting outliers via Cook’s distance!’. The resulting outlier genes were genes where the
statistic being evaluated (e.g. F'sr, Dxy) was much higher/lower than expected when considering
the relationship between the statistic and recombination rate. For fuy, because it is a two-tailed
distribution, outliers from both the upper and lower end of the distribution were computed, with
upper outliers having an excess of alleles shared with the fascicularis group, and lower outliers
having an excess of alleles shared with the sinica group. For dN/dS, consistent with prior
findings in humans'!, there was no statistically significant relationship with recombination rate.
Therefore, a 5% cutoff was used for extreme values of this statistic instead of the above outlier
approach (see Table S6 in Stevison 2022). Not reported in that study were the outliers that did
not overlap with a set of selected candidate genes involved in genital morphology. Here, we
investigate the full set of 690 genome-wide outliers.
Functional Annotation of Outlier Genes using SnpEff

To further target our efforts of these outlier genes, we used the tool SnpEff to
functionally annotate the impact of each SNP in selected outlier genes (see below). This tool also
describes the type and potential impact of SNPs. First, we downloaded whole-genome VCF files
from the AUrora database '>. Briefly, the VCFs contained SNP calls from the genomes of 8
macaque species (M. arctoides (n = 3), M. assamensis (n = 2), M. fascicularis (n = 1), M. mulatta
(n=3), M. nemestrina (n = 1) M. thibetana (n = 1), M. tonkeana (n=1) for a total of 12
individuals). [llumina 2000 HiSeq was used to sequence two female samples — one M. arctoides
and one M. assamensis. The other 10 samples were downloaded from the NCBI SRA. These raw

FASTQ files were aligned to the rheMac8 (Mmul 8.0.1) reference genome (NCBI Accession:
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PRINA214746). The genomic analysis for 9 samples is described in Stevison et al. 2022 and the
remaining three samples are described in Bailey et al. 2021.

From these VCEF files, we subset the 690 outlier genes to 199 based on whether they were
outliers in dN/dS (N = 97) or if they were outliers in both Fsrand Dxy (N = 102). Then, BCFtools
(version 1.11) 13 view was used to extract VCFs for these gene regions from the whole-genome
VCFs. These 126 VCFs were combined, and a custom python script was used to extract sites
where one allele is fixed in the three M. arctoides samples, and not present in any other macaque
species, to produce a VCF file containing only these uniquely fixed sites. This file was then
annotated using SnpEff (version 5.0) (Cingolani et al., 2012) to examine the putative impacts of
variants identified within this species. The theMac8 (Mmul_8.0.1) reference genome and gtf

annotation were used to generate a SnpEff database using protocol described on the SnpEff

website (http://pcingola.github.io/SnpEff/se_buildingdb/#add-a-genome-to-the-configuration-
file). These annotations included exons, introns, UTRs and regions 5kb upstream and
downstream of start and end sites for genes to account for possible regulatory factors.
Gene Ontology and String Analysis of Outliers

The 690 outlier genes were used in both Panther Gene Ontology (GO) for gene
classification '4,and String for protein interaction analysis '°. Of the outlier genes, 279 were
miRNAs, leaving 411 genes for GO and String analysis, which only use protein coding genes.
Panther GO recognized 370 of these, while String recognized 383. Panther GO takes a list of
genes splits them into groups such as functional, biological, or molecular functions. It then
shows how these functions are distributed throughout the list using pie or bar charts. String uses
a list of genes or proteins as input and searches for relationships between them via the literature

or expected interactions. These relationships are predicted by looking for GO term enrichment
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and involvement in KEGG pathways. Relationships include co-expression, text-mining, and
protein homology while expected interactions include gene neighborhood, gene fusions, and
gene co-occurrence. For the String analysis, the confidence for minimum required interaction
score used was the strictest, 0.900.

Candidate Pathways

We selected three phenotypes unique in M. arctoides and looked for KEGG pathways
that were likely related. We selected four pathways for further analysis: melanogenesis
(mcc04916), olfactory transduction (mcc04740), hedgehog signaling pathway (mcc04340), and
WNT signaling (mcc04310). Melanogenesis was chosen because of the unique adult skin and
coat coloration as well as the ontogenetic coloration in this species. Olfactory was chosen due to
bear macaque infants’ distinct smell. The final two pathways, hedgehog signaling and WNT
signaling, were chosen because of their involvement in development, which is responsible for
many phenotypic changes, including genitalia (Table 1).

For pathways that included the genome-wide outliers, permutation tests were conducted
to determine if the genes of the pathway were significantly differentiated as compared to all
other genes annotated in rheMac8. These tests examined Fsr between M. arctoides and sinica as
well as between M. arctoides and fascicularis, and fa for these groups. These tests take the
mean difference of a given statistic (e.g. Fst) between the experimental genes (Melanogenesis,
WNT, Hedgehog, or olfactory) and all other genes in the genome for which a value of the
statistic is available, and run 10,000 permutations calculating this same difference. A p-value is
then calculated by reporting the number of permutations that the true mean difference exceeds.
For fau this 1s a two-tailed test but for Fisr this is a one-tailed test, as we expected experimental

genes to exhibit greater divergence than control genes.
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KEGG Pathway Genes

Hedgehog ARRBI1, BCL2L1, BCL2L11, BCL2L14, BCL2L2-
PABPNI1, BOC, CACULI, CCND1, CSNKI1GI,
CULI1, CUL3, DISP1, EFCAB7, EVC, EVC2,
FBXWI11, GLI3, GRK3, GSK3B, HHAT, HHIP,
HHIPL2, IQCE, KIF3A, MEGFS8, MGRNI,
MOSMO, MSMO1, PRKACG, SCUBE2, SMO,
SMOC1, SMOC2, SMOX, SMURF2, SPOP,
SPOPL, SUFU

Melanogenesis ADCY1, ADCY2, ADCY4, ADCY6, ADCY6,
ADCY7, ADCYS, ADCY9, ASIP, CALM2,
CALM3, CALML1, CALML3, CALMLA4,
CALMLS, CALML6, CAM2KA,,CAM2KB,
CAMK2D, CAMK2G, CREBI1, CREB3A,
CREB3L2, CREB3L3, CREB3L3, CREB3L4,
CREBBP, CTNNB2, DCT, DVLI, DVL2, DVLA4,
EDNI, EDNR2, EP300, FZD1, FZD10, FZD2,
FZD3, FZD4, FZD5, FZD7, FZDS, FZD9, GNAII,
GNAI2, GNAI3, GNAO2, GNAQ, GSK3B, HRAS,
KIT, KITLG, KRAS, LEF1, MAP2K2, MAPK2,
MAP2K2, MAPK3, MITF, NRAS, PLCBI,
PLCB2, PLCB3, PLCB4, POMC, PRKCA,
PRKACA, PRKACB, PRKACG, PRKCB, RAF1,
RAF2, TCF7, TCF7L2, TYR, TYPR1, WNTI,
WNT10A, WNT10B, WNT12, WNT16, WNT2,
WNT2B, WNT3, WNT3A, WNT4, WNTS5A,
WNT5B, WNT6, WNT7A, WNT7B, WNTSA,
WNTSB, WNT9A, WNTIB

Olfactory ADCY3, ANO2, ARRB1, ARRB2, CALMI,
CALM2, CALM3, CALML3, CALML5, CALMLS6,
CAMK2G, CNGA3, CNGB1, GNB1, GNG13,
GNG7, GRK2, GRK3, GUCY2D, NCALD,
OR10A7, OR10G2, OR10G3, OR10P1, OR10Q]1,
OR12D2, OR13C3, OR14J1, OR2AT4, OR2B3,
OR2H2, OR2J3, OR2W1, OR2Y1, OR4A7,
OR4E2, OR4F6, OR4K 1, OR4K 13, OR4K17,
OR4K2, OR4K5, OR4M1, OR4N2, OR4Q3,
OR4S2, OR51A4, OR51E2, OR52N4, PDEIC,
PRKACA, PRKACB, PRKACG, PRKG1, PRKG2,
RGS2, RGS20, SLC8AI1

Whnt ACER1, ANAPCI, ANAPC10, ANAPCI5,
ANAPC16, APC2, APCDDIL, AXIN1, CACULI,
CACYBP, CCER1, CCND1, CHCHDS, CHDS,
CPNES, CREBBP, CSNKIE, CSNK2A2,
CTNNB1, CTNNBIP1, CTNND2, CULI1, CXXC4,
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DAAMI, DICER1, DKK2, DVL3, ENKDI,
FBXWI11, FCER1A, FOSLI1, FZD6, GPC4,
GSK3B, INVS, JUNB, LGR6, LRP6, MAP3K7,
MAP3K7CL, MAPK 10, MMP7, MYC, MYCBP2,
MYCBPAP, MYCL, NFATC1, NKDI, NLK,
NLRP6, PLCB2, PORCN, PPARD, PPP3RI,
PRAC2, PRICKLE2, PRKACG, PRKCB, PSENI,
RAC2, RHOA, ROCK2, RSPO2, RUVBLI,
SERPINF1, SFRP4, SKP1, SMAD3, SNAPC3,
SNAPC4, SNAPC5, SOSTDC1, SYTL5, TCF7,
TLE6, TP53BP1,TP53BP2, TP53113, TP53INPI,
TSPAN7, VANGLI, WIF1, WNT11, WNT5A,
WNT7A, ZNRF3

Table 1 The four candidate pathways and their associated genes. These pathways were chosen due to
their relation with unique M. arctoides phenotypes. Bold, red genes were outliers in at least one of the
seven measures.

To visualize these results, Cytoscape (version 3.9.1) was used (Fig 1). First, the pathway
from KEGG was downloaded as an RDF file. Then, this file was imported into Cytoscape along
with a csv formatted file with each gene name and the value for the selected metric (e.g. Fsr). A

color scheme was applied to emphasize the range of values in each pathway.

Arctoides-Sinica Arctoides-Fascicularis

Fst=0 Fer=1

Fig 1 Fgr values were significantly larger in theWnt Signaling pathway compared to the rest of the
genome. A) Fsr between Arctoides and Sinicg in the WNT Signaling pathway, B) Fst between
Arctoides and Fgscicularis in the WNT Signaling pathway.
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miRNAs Orthologs

Because of the vast number of outliers which were miRNAs, we did further investigation
of this set. Using Ensembl'¢, we found the mouse (GRCm28.p6) and human (GRCh38.p12)
orthologs for all miRNAs in our set. To visualize overlap, we then made an Upset plot using R

v.4.0166 (Fig 3)718,

Results
Population Genomics & Gene Characterization

From the previously described analyses ¢ there were 690 genes that were genome-wide
outliers in at least one of the seven population genetics metrics. Of these genes, 279 were
miRNAs. There were 91 outliers in 7, 97 in dN/dS, 87 in fam upper, 154 fav lower, 139 Fsr Arc-
Sin, 94 Fsr Arc-Fas, 204 Dxy Arc-Sin, & 176 Dxy Arc-Fas (Table 2).

Further functional analysis of the SNPs in a subset of 199 outlier genes was conducted
using SnpEff. These results showed a variety of information about the types of SNPs present in
these 126 genes, including types of mutations and the level of impact those mutations are likely
to have.

Additionally, SnpEff showed that there were 123 transcripts across 54 genes with at least
one missense SNP, which the program categorizes as moderate impact SNPs. There were no
genes with the category of high impact SNPs, which would include a premature stop codon for
example and other large-scale changes to the protein. The 10 genes with the highest
concentration of moderate impact SNPs were KRTAP25-1, CFAP100, NDUFV3, BDBPI,

GSDMD, MOK2, ASCI3, BTBD8, NMES, and ARMC4, which are briefly described below.
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Measure dN/dS FsrFas FsrSin DxySin DxyFas T fav upper  fing lower

EszSin 139 50 41 51 7 28
DxySin 204 36 10 19 9
DxxFas. 176 34 5 60
T 91 6 33
[far¢ upper ]7 0
Jasg lower 155

Table 2 Summary of outlier genes in each measure and any 2-way intersection of the 7
different population genetic measures. High values of Fst and dx, show divergence between
either M. arctoides and the Fascicularis group or the Sinica group. dN/dS and reduced & may
indicate adaptation or selection within a population. Extreme values of £ show an excess of

shared variation between the two species groups.

Keratin Associated Protein 25-1 (KRTAP25-1) is a gene coding for keratin-associated
protein on human chromosome 21 with no citations discussing its function °. Cilia And Flagella
Associated Protein 100 (CFAP100) codes for a cilia and flagella associated protein. In a GWAS
study, it was one of 16 genes associated with low oxygen tolerance in golden pompano?.
Interestingly, M. arctoides is found in high altitudes, and genes associated with blood oxygen
levels have previously been shown in macaques to have haplotype patterns consistent with
adaption to high altitude 2!. Additionally, this protein was identified as one of 57 to be associated
with a change in sperm function in roosters. This may lead to a loss of sperm motility?2.
NADH:Ubiquinone Oxidoreductase Subunit V3 (NDUFV3) is a nuclear-encoded mitochondrial
gene that has had one SNP associated with cognitive aging, although the study found several,

stronger, candidate genes for this phenotype?*. B Double Prime 1, Subunit Of RNA Polymerase
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III Transcription Initiation Factor IIIB (BDP1) plays an important role in the cell cycle and
participates in RNA polymerase I1I transcription?*. One mutation within this gene has been
associated with Nonsyndromic Hereditary Hearing Loss?*. Gasdermin D (GSDMD) is part of a
family that regulates epithelial proliferation; this gene specifically is key in regulating pyroptic
cell death?®?”. Polymorphisms have been associated with a change in the inflammatory response
in humans?®. Zinc finger protein 239 (ZNF239 or MOK?2) is part of the MC1R promoter region
and though little color functional work has been done, it is hypothesized it influences coat color
variation at least in sheep®’. Additionally, a SNP in the transcription binding site of this gene has
been associated with variation in milk production traits in Holstein cattle’’. Acid-Sensing
(proton-gated) Ion Channel 3 (ASIC3) is a ligand-gated cation channel. Variation in this gene
has been associated with differences in blood pressure®! and in insulin resistance®? in humans.
Additionally, ASIC3 knockout mice experienced more sensitivity to pain®>. BTBDS is part of a
protein-protein domain. With its initial description, expression was seen in fetal brain and
prostate tissue leading to the hypothesis that it may be related to brain development .
NME/NM23 family member 8§ (NMES) encodes for a Nucleoside Diphosphate Kinases (NDK)
domain. Polymorphisms have been associated with Alzheimer’s and cognitive decline 3>,
Additionally, SNPs in this gene have been associated with risk of osteoarthritis across human
populations®”°. Finally, ARMC4 is heavily associated with ciliary dyskinesia by affecting
ciliary beat ability which leads to chronic airway diseasee**2.
Gene Ontology and String Analysis of Outliers

Panther GO sorts lists of genes or proteins by known functions such as biological or

molecular functions. In the GO analysis, three of the largest biological functions represented by

the gene list submitted (N = 390) were cellular process 29.1% (GO: 0009987), biological
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regulation 27% (GO: 0065007), and metabolic process 31.1% (GO: 0008152). The three
pathways that were most represented were inflammation mediated by chemokine and cytokine
signaling pathway (P00031), T cell activation (P00053), and PDGF signaling (P00047).

String looks for and shows relationships between genes or proteins. Here, the String analysis
showed significantly more connections than expected for a list of the inputted size (N = 383; p =
0.0152). The largest gene network had 8 genes, HLA-DQA1, MAMUDRBI1, MAMU-DRA,
MAMU-DMA, MAMU-DOA, MAMU-DMB, MAMU-DPA, MAMU-DPB which are involved
in immune function. For these 8 genes, connections have been established experimentally and
include co-expression and protein homology. Additionally, there were 15 diodes, 2 trios, and one

network of 4 genes (Figure 2).
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Fig 2 String results showing connected nodes from our 381 outliers that String
software recognized. Colors of nodes are randomly generated by String. Irregular, red
polygon highlights the largest network was the 8 genes in the center which are related

to immune funection.
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For the 279 outlier miRNAs identification of known orthologs was done using the
database, Ensembl. The majority of these miRNAs, 228, had orthologs in the human or mouse
genome, if not both. This left 51 miRNAs that were outliers and not found in either of the other

species (Figure 3).
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Fig 3 Intersection of outlier miRNA orthologs shared between M. arctoides, humans, and mice. It is worth
noting that because this set was selected from macaques, only this group has unique orthologs.

Candidate Pathways

Of the selected four candidate pathways, all four had overlap with the list of 690 genome-
wide outliers (N = 10). Using permutation tests, genes in Hedgehog signaling (Arc-Sinp =0 &
Arc-Fas p =0.01) and WNT signaling (Arc-Sin & Arc-Fas p = 0) pathways each had
significantly higher FST values than the rest of the genome. No pathways exhibited significant
values for f{dM and neither Melanogenesis nor Olfactory genes exhibited significant values for
any statistics.

The outliers which intersected the four candidate pathways were BOC, GSK3B,
OR4K17, OR4K1, OR4K5, OR4K2, OR12D2, OR14J1, RAF1, & TCF7 (red in Table 2).
Biregional cell adhesion molecule-related/down-regulated by oncogenes (Cdon) binding protein

(BOC) was an outlier in dN/dS and is part of the Hedgehog signaling pathway. BOC has been
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shown to be involved in development in various tissues. It is expressed during mouse
embryogenesis*. It has also been shown to work together with growth arrest specific 1 (GASI1)
during murine palatogenesis to regulate cell proliferation**. Additionally, BOC deletion leads to
facial widening and lessens the deformation caused by deletion of a gene called GAS1%.

GSK3B was an outlier in lower fzs, which have an excess of alleles shared with the
sinica group, and Dxy between M. arctoides and the fascicularis group. It is a part of the WNT
signaling, Hedgehog signaling, and Melanogenesis pathways. Glycogen synthase kinase 3 beta
(GSK3B) has been identified as a regulator of melanogenesis associated transcription factor
(MITF), a key member of the melanogenesis pathway that is key for human pigmentation.
Additionally, it has been shown to be differentially expressed between light and black skin color
in goats. This appears to be driven by variation in its regulator, miR-129-5p*’. Finally, in
inhibition studies, it has led to increased melanogenesis in both mouse melanomas and human
melanocytes®®. In the hedgehog signaling pathway, in tangent with a gene called gliotactin (GLI),
GSK3B acts as a regulator of transcription*’; however, it has not been linked to phenotypic
variation related to this pathway. Within the WNT signaling pathway, GSK3B is activated by a
gene called dishevelled segment polarity protein 1 (DVL1), which leads to activation of the
entire pathway>°, but similar to the hedgehog pathway, there is no literature on WNT signaling-
GSK3B phenotypes.

Of the 10 outlier genes in the candidate pathways, 5 of them overlapped the Olfactory
receptor pathway. Olfactory receptor family 4 subfamily K member 17 (OR4K17) is part of the
Olfactory receptor pathway and was an outlier in both calculations of Dxy. In one study in
humans, a SNP in this gene was associated with differential intake of raw vegetables’!. In a

preprint on bioRxiv of a GWAS study looking at food preferences, the strongest association was
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found between a preference for onions and OR4K 172, Lower methylation of this gene has also
been linked to higher communication skills; the link between olfactory perception and social
connections has been previously established™.

Olfactory receptor family 4 subfamily K member 5 (OR4KY) is part of the Olfactory
pathway and an outlier in Dxy Arc-Fas. Despite being a part of the Olfactory pathway, most
functional associations are not associated with olfaction. For example, OR4KS5 was one of over
30 genes with copy number variations (CNVs) associated with recurrent spontaneous abortion
amongst 44 patients suffering from it>*. Another study looking at CNVs in horses found that
variation in this gene and two others was associated with body size™.

Olfactory receptor family 4 subfamily K member 2 (OR4K2) is also part of the Olfactory
pathway and is an outlier in upper fuv, which have an excess of alleles shared with the
fascicularis group. CNVs in this gene, similar to OR4KS5, were found to affect horse body size
55 In a GWAS study looking at patient outlook on antidepressants, SNPs in OR4K2 were
associated with improved outcomes>®.

Olfactory receptor family 12 subfamily D member 2 (OR12D2) is another olfactory
receptor gene in the Olfactory pathway that was an outlier in upper fuu. In humans, variation in
this gene has been associated with population differences in the perception of the smell of
2—Ethylfenchol®’. However, variation in this gene has also been shown not to affect women’s
attraction to men®.

Olfactory receptor family 14 subfamily J member 1 (OR14J1) is the final olfactory
receptor gene that was part of the Olfactory pathway and was an outlier in  suggesting low
genetic variation consistent with a recent selection event. A SNP in this gene, 1s9257691, was

found to be significantly associated with Type 1 Diabetes™’.
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Raf-1 Proto-Oncogene, Serine/Threonine Kinase (RAF1) was an outlier in upper fi and
is part of the melanogenesis pathway. Decreased phosphorylation of RAF1 led to decreased
pigmentation in human melanocytes®®. Additionally it is upregulated in hypopigmented cells
from human patients with Coles Disease, a hereditary skin disease that leads to discoloration®!
and 1s associated with other pigmentation disorders such as LEOPARD syndrome and Noonan
syndrome®?.

Transcription factor 7 (TCF7), was an outlier in lower fa and is part of the
Melanogenesis and WNT signaling pathways. A regulator of TCF7 and three other
melanogenesis genes, miR-202, is differentially expressed in black vs white mice . Also, TCF7
was identified as a candidate gene in the blue-eyed black lemur, Eulemur flavifrons. Although it
has not been previously associated with iris color, the authors posit it may be a candidate for this

species’ unique eye color®.

Discussion

Here we aimed to discover possible genomic culprits for distinctive characteristics of M.
arctoides. GO and String analyses did not highlight any pathways obviously related to unique M.
arctoides phenotypes. However, the immune function was consistently implicated as important
across GO and String analyses. Additionally, Hedgehog signaling and WNT signaling pathways
had higher Fsr values compared to the rest of the genome, indicating more divergence in these
pathways. Further, in our SNPeff analysis, MOK2, a regulator of the coloration gene, MCIR,
was one of the genes with the most moderate-impact SNPs when corrected for gene size.
Overall, this study points to developmental and coloration pathways, specifically WNT

signaling, hedgehog signaling, and melanogenesis playing key roles in this species. Additionally,
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the number of miRNAs is interesting and deserving of further future investigation (see below).
Also of note, four nuclear-encoded mitochondrial genes were outliers in at least one measure
(MRPL55, MRPS14, NDUFV3, and NDUFBS), with one of these (NDUFV3) exhibiting
missense mutations, which may point to mitonuclear conflict as previously discussed’.
Development of distinct phenotypes

The bear macaque has several phenotypes unique from the other macaque species. These
phenotypes include a distinct infant odor, ontogenetic coloration, redder skin, and patchier fur.
Additionally, they have unique phenotypes directly related to mating success, such as the longest
primate baculum and a single-mount ejaculation. These traits are all developmentally linked —
this study supports that these traits may be differentially affected compared to other macaque
species by the WNT and Hedgehog signaling pathways. Specifically, genes in these two
pathways had significantly higher Fst values than the rest of the genome.

The WNT signaling pathway is one of the major pathways that determine cell fate during
embryonic development. Mutations in genes of this pathway have been associated with a diverse
array of changes in a number of systems including tumor growth and susceptibility®’,
cardiovascular function®, bone growth®’, and embryo development®®.

Due to the number of genes and the wide-ranging effects of this pathway, it may be
surprising that it has undergone differentiation in the bear macaque. Many genes in this pathway
have been previously shown to have pleiotropic effects both during development and beyond ¢~
1 This paired with the broad range of phenotypic differences from other macaque species in M.
arctoides may suggest a broader role for pleiotropy in this system. As stated, genes in this

pathway are associated with a variety of phenotypes which is further support for pleiotropy.
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Pleiotropic effects have been found in genes acting during development and are known to affect
the evolutionary trajectory of species’>">.
Genetics of coloration in the bear macaque

A distinct natal coat is not uncommon amongst primates and is especially common in the
Cercopithecidae family. Despite this trait being pervasive in the family, the bear macaque is the
only member of its genus to show ontogenetic coloration. Infants are white and throughout
adolescence transition to their brown adult pelage. Additionally, adults have unique red skin and
a bald face. Several genes in the melanogenesis pathway, responsible for making melanin, a
major component of skin pigmentation, were identified as outliers. For example, MOK2, a gene
which regulates MCIR and previously hypothesized to be related to sheep coat color variation,
was one of the 10 candidate genes with the most moderate impact SNPs. GSK3B, RAF1, and
TCF7 were outlier genes that are also members of this pathway.

Although the genetics behind ontogenetic coloration are not well understood, the melanin
pathway has been well characterized, making it an obvious pathway to study. Focally, various
forms of melanin are manipulated by genes such as melanocortin 1 receptor (MCI1R) and agouti
signaling protein (ASIP). MC1R upregulates eumelanin, responsible for black and brown colors.
ASIP inhibits this action, increasing production of pheomelanin, responsible for red and yellow
shades. White coloration is common in mammals; however, the mechanism appears to be

species-specific. Dogs’™, tigers’>, and horses’®”’

all have white phenotypes with different genetic
causes. Surprisingly, identification of genes responsible for coat and skin color variation within

and between nonhuman primate species has been difficult with key genes in other taxa, such as

ASIP & MCIR, being ruled out’®”. Therefore, the genes (and miRNAs, see below) identified
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here present novel gene candidates that could be studied for coloration more generally in
nonhuman primates.
Highly undescribed microRNAs

MicroRNAs are small, non-coding RNAs with a length of about 22 nucleotides. Although
they are non-coding, they play a large role in the regulation of genetic expression®. Several
studies have shown that miRNAs are not only highly conserved between species, and more
specifically in primate species. Specifically 92% of miRNAs were shown to be conserved across
primate taxa®!, but have also been shown to occur in regions with lower SNP densities as
compared to regions of the genome not containing miRNAs®?.

Additionally, miRNAs have been associated with variation in coat color in several non-
primate species. In both alpacas and goats, MiR-19 3b has been shown to vary with coat color.
Recently, a possible mechanism was discovered in which it targets WNT10A and GNAI2, the
latter a gene in the melanogenesis pathway **. Another miRNA, MiR-27a, has been found to
differentially regulate the melanogenesis genes WNT3A and KITLG expression in goats with
different color coats . Both of these miRNAs have orthologs in macaques and mice but not
humans. As previously discussed, miR-129-5p, regulates coloration genes such as TYR, FZD6,
and an outlier gene in this study, GSK3B. It has been shown to vary with goat skin color and
affect the expression levels of the aforementioned genes *’. There are macaque, human, and mice
orthologs of miR-129-5p. This may mean that they have similar effects in macaques and other
species.

The 279 genes that were microRNAs here did not include those previously found to be
variant in primates. However, the majority, 228, did have known orthologs in humans or mice

which may indicate similar function between the species. Although miRNAs are highly
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conserved between primate taxa, those with extremely low expression have been shown to
diverge rapidly at least between human and macaques. Therefore, having ~18% of miRNAs
without orthologs that were identified as outliers may not be surprising®. It is worth noting that
the human and macaque share ~8.7x more miRNA outlier orthologs than macaque and mice,
which is higher than expected based on their 3x difference in split times (25 and 70 million years
respectively ®). This may suggest a skew towards more recent miRNAs. Still, without specific
annotation of these genes in the genome, it is challenging to put these proportions into context
with the proportion in the genome as a whole.

Interestingly, mutations in miRNAs have been shown to have impacts on phenotypic
traits®’. Those previously characterized in other studies are related to neuronal processes®!, and
skin and coat color variation*’#*84 Because previously uncharacterized miRNAs have been
associated with skin and coat color variation, this may further support melanogenesis having a
role in M. arctoides’ evolution and current phenotype and present novel miRNA candidates for
further inquiry in primates more broadly.

Future directions

Although our work sets the stage for future research on this species and the evolution of
distinct traits in general, there were some challenges that future work can attempt to overcome.
Firstly, we only had three M. arctoides samples, two of which are second-degree relatives. While
there have been two additional samples added to NCBI recently, five genomes is still a relatively
small sample size. Further sequencing of samples from this species may prove difficult as it is
threatened and there are no captive individuals in the United States, making samples challenging
to obtain. Another challenge is that M. arctoides diverged from other macaque species

approximately 3 mya. Because of the length of time since divergence, many clues as to key traits
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in the initial speciation process may be masked by more recent evolution within this species.
Finally, to better understand M. arctoides, more research on sinica group members should be
done. For instance, M. arctoides is often used as a representative for the group, despite its
complicated evolutionary history. Even though its single mount mating style is cited as unique in
some studies where it is the only sinica species, others using M. radiata have shown that this

may be normal within this species group.

40



Macaque Gene Mouse Gene Human Gene

Macaque EnsID Name Mouse ensID Name Human ensID Name
ENSMMUG00000033111.2 ~ mml-mir-494 ENSMUSG00000070141  Mir494 ENSG00000194717 MIR494
ENSMMUG00000027026.2 ~ mml-mir-323a ENSMUSG00000065617  Mir323 ENSG00000199069 MIR323A
ENSMMUG00000027049.3 MIR411 NA NA ENSG00000199109 MIR411
ENSMMUG00000044150.1  RF00019 NA NA ENSG00000199201 RF00019
ENSMMUG00000025790.2  RF00026 ENSMUSG00000088018 Gm23390 ENSG00000199289 RNU6-502P
ENSMMUG00000042718.1  RF00019 NA NA ENSG00000199332 RF00019
ENSMMUG00000027682.2 RF00026 NA NA ENSG00000199360 RNU6-1115P
ENSMMUG00000024659.2  RF00026 ENSMUSG00000089381 Gm24678 ENSG00000199385 RNU6-369P
ENSMMUG00000024659.2  RF00026 ENSMUSG00000096848 Gm23379 ENSG00000199385 RNU6-369P
ENSMMUG00000042342.1  RF00019 NA NA ENSG00000199565 RF00019
ENSMMUG00000045037.1  RF00026 ENSMUSG00000088748 Gm23219 ENSG00000199645 RNU6-1330P
ENSMMUG00000026615.2  RF00019 NA NA ENSG00000199716 RF00019
ENSMMUG00000035383.2  RF00026 NA NA ENSG00000199739 RNU6-552P
ENSMMUG00000046105.1  RF00026 NA NA ENSG00000199765 RNU6-363P
ENSMMUG00000034757.2  RF00026 NA NA ENSG00000200213 RNU6-992P
ENSMMUG00000025017.2  RF00012 NA NA ENSG00000200222 RF00012
ENSMMUG00000024537.2  RF00443 NA NA ENSG00000200235 RF00443
ENSMMUG00000046726.1  RF00019 NA NA ENSG00000200391 RF00019
ENSMMUG00000033131.2  RF00012 NA NA ENSG00000200492 RF00012
ENSMMUG00000048228.1  RF00026 ENSMUSG00000088668 Gm25335 ENSG00000200571 RNUB6-1284P
ENSMMUG00000045045.1  RF00019 NA NA ENSG00000200630 RF00019
ENSMMUG00000045130.1  RF00026 NA NA ENSG00000200645 RNU6-1210P
ENSMMUG00000041843.1  RF00108 NA NA ENSG00000200661 SNORD116-10
ENSMMUG00000026263.2  RF00100 NA NA ENSG00000200674 RN7SKP160
ENSMMUG00000024639.2  RF00026 NA NA ENSG00000200703 RNU6-873P
ENSMMUG00000041966.1  RF00105 NA NA ENSG00000200757 SNORD115-16
ENSMMUG00000025918.2  RF00428 ENSMUSG00000064853 Gm23442 ENSG00000200816 SNORA38
ENSMMUG00000034213.2  RF00100 ENSMUSG00000084501 Gm25319 ENSG00000200867 RN7SKP36
ENSMMUG00000026062.2 RF00218 ENSMUSG00000064751 Gm26330 ENSG00000200913 SNORD46
ENSMMUG00000041276.1  RF00019 NA NA ENSG00000200982 RF00019
ENSMMUG00000032904.2  RF00026 ENSMUSG00000096704 Gm24805 ENSG00000201001 RNU6-270P
ENSMMUG00000046784.1  RF00019 NA NA ENSG00000201277 RF00019
ENSMMUG00000045982.1  RF00026 NA NA ENSG00000201288 RNUG6-1047P
ENSMMUG00000026241.2  RF00003 NA NA ENSG00000201291 RNU1-34P
ENSMMUG00000024653.2  RF00019 NA NA ENSG00000201365 RF00019
ENSMMUG00000034769.2  RF00019 NA NA ENSG00000201370 RF00019
ENSMMUG00000026335.2 RF00342 ENSMUSG00000064797 Gm24357 ENSG00000201410 RF00342
ENSMMUG00000024345.2  RF00019 NA NA ENSG00000201464 RF00019
ENSMMUG00000026552.2  RF00100 NA NA ENSG00000201510 RN7SKP217
ENSMMUG00000041287.1  RF00105 NA NA ENSG00000201679 SNORD115-15
ENSMMUG00000043610.1  RF00105 NA NA ENSG00000201679 SNORD115-15
ENSMMUG00000025070.3  RF00100 NA NA ENSG00000201715 RN7SKP133
ENSMMUG00000025679.2  RF00026 NA NA ENSG00000201746 RNU6-828P
ENSMMUG00000028469.2  RF00026 NA NA ENSG00000201752 RNU6-119P
ENSMMUG00000035173.2  RF00026 NA NA ENSG00000201761 RNU6-336P
ENSMMUG00000025513.2  RF00026 ENSMUSG00000064468 Gm25081 ENSG00000201815 RNU6-526P
ENSMMUG00000034527.2  RF00100 NA NA ENSG00000201896 RN7SKP153
ENSMMUG00000026480.2  RF00100 NA NA ENSG00000201901 RN7SKP48
ENSMMUG00000048366.1  RF00105 NA NA ENSG00000201943 SNORD115-10
ENSMMUG00000028472.2  RF00019 NA NA ENSG00000202001 RF00019
ENSMMUG00000025232.2  RF00026 NA N ENSG00000202025 RNU6-1240P
ENSMMUG00000026127.2  RF00212 ENSMUSG00000065680  Snord38a ENSG00000202031 SNORD38A
ENSMMUG00000026240.3 RF00019 NA NA ENSG00000202041 RF00019
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https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000070141
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000194717
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000065617
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000199069
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000199109
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000199201
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000088018
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000199289
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000199332
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000199360
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000089381
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000199385
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000096848
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000199385
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000199565
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000088748
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000199645
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000199716
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000199739
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000199765
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000200213
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000200222
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000200235
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000200391
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000200492
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000088668
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000200571
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000200630
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000200645
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000200661
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000200674
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000200703
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000200757
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000064853
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000200816
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000084501
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000200867
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000064751
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000200913
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000200982
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000096704
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000201001
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000201277
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000201288
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000201291
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000201365
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000201370
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000064797
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000201410
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000201464
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000201510
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000201679
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000201679
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000201715
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000201746
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000201752
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000201761
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000064468
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000201815
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000201896
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000201901
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000201943
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000202001
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000202025
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000065680
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000202031
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000202041

ENSMMUG00000034491.2  RF00015 NA NA ENSG00000202069 RNU4-66P
ENSMMUG00000042424.1  RF00026 NA NA ENSG00000202082 RNU6-290P
ENSMMUG00000037444.2  RF00181 ENSMUSG00000088587  Gm22962 ENSG00000202191 SNORD113-1
ENSMMUG00000024161.2  RF00092 NA NA ENSG00000202449 RF00092
ENSMMUG00000044985.1  RF00019 NA NA ENSG00000202459 RF00019
ENSMMUG00000037380.2  RF00026 NA NA ENSG00000202490 RNUG6-597P
ENSMMUG00000034712.2  RF00026 NA NA ENSG00000202528 RNUG6-650P
ENSMMUG00000043524.1  RF00026 NA NA ENSG00000206601 RNUG6-431P
ENSMMUG00000046370.1  RF00108 NA NA ENSG00000206609 SNORD116-11
ENSMMUG00000039776.1  RF00108 NA NA ENSG00000206621 SNORD116-14
ENSMMUG00000040369.1  RF00108 NA NA ENSG00000206656 SNORD116-17
ENSMMUG00000044301.1  RF00108 NA NA ENSG00000206688 SNORD116-18
ENSMMUG00000037561.1  RF00019 NA NA ENSG00000206721 RF00019
ENSMMUG00000024121.2  RF00019 NA NA ENSG00000206728 RF00019
ENSMMUG00000038432.1  RF00026 NA NA ENSG00000206729 RNUG6-1126P
ENSMMUG00000038616.1  RF00003 NA NA ENSG00000206737 RNVU1-18
ENSMMUG00000024448.2  RF00421 NA NA ENSG00000206776 RF00421
ENSMMUG00000027767.2  RF00421 NA NA ENSG00000206799 SNORAS32
ENSMMUG00000044719.1  RF00019 NA NA ENSG00000206840 RF00019
ENSMMUG00000040104.1  RF00026 ENSMUSG00000070175 Gm24162 ENSG00000206857 RNU6-214P
ENSMMUG00000034204.2  RF00026 NA NA ENSG00000206870 RNUG6-398P
ENSMMUG00000027395.2  RF00026 NA NA ENSG00000206939 RNU6-281P
ENSMMUG00000045344.1  RF00026 NA NA ENSG00000206960 RNUG6-793P
ENSMMUG00000046213.1  RF00108 ENSMUSG00000093802 Gm23619 ENSG00000207001 SNORD116-2
ENSMMUG00000039936.1  RF00108 ENSMUSG00000093802 Gm23619 ENSG00000207014 SNORD116-3
ENSMMUG00000027898.2  RF00026 NA NA ENSG00000207058 RNUG6-784P
ENSMMUG00000049179.1  RF00108 ENSMUSG00000093802  Gm23619 ENSG00000207063 SNORD116-1
ENSMMUG00000045795.1  RF00108 ENSMUSG00000093802  Gm23619 ENSG00000207093 SNORD116-8
ENSMMUG00000027866.2  RF00399 ENSMUSG00000065634  Gm24252 ENSG00000207130 RF00399
ENSMMUG00000037645.1  RF00108 ENSMUSG00000093802  Gm23619 ENSG00000207133 SNORD116-7
ENSMMUG00000025340.2  RF00108 NA NA ENSG00000207137 SNORD116-13
ENSMMUG00000042937.1  RF00026 ENSMUSG00000088149  Gm24716 ENSG00000207162 RNUG6-549P
ENSMMUG00000038279.1  RF00398 ENSMUSG00000093413  Snora15 ENSG00000207168 SNORA15
ENSMMUG00000042488.1  RF00108 NA NA ENSG00000207174 SNORD116-15
ENSMMUG00000038954.1  RF00108 NA NA ENSG00000207191 SNORD116-5
ENSMMUG00000026582.2  RF00108 NA NA ENSG00000207197 SNORD116-12
ENSMMUG00000047380.1  RF00108 NA NA ENSG00000207263 SNORD116-16
ENSMMUG00000023971.2  RF00026 ENSMUSG00000089476  Gm25364 ENSG00000207333 RNUG6-680P
ENSMMUG00000043827.1  RF00019 NA NA ENSG00000207370 RF00019
ENSMMUG00000046979.1  RF00019 NA NA ENSG00000207403 RF00019
ENSMMUG00000025599.2  RF00272 NA NA ENSG00000207419 RF00272
ENSMMUG00000025160.2  RF00476 NA NA ENSG00000207421 SNORD38B
ENSMMUG00000024585.2  RF00019 NA NA ENSG00000207439 RF00019
ENSMMUG00000038666.1  RF00108 ENSMUSG00000093802 Gm23619 ENSG00000207442 SNORD116-6
ENSMMUG00000040006.1  RF00026 NA NA ENSG00000207454 RNUG6-1104P
ENSMMUG00000028242.2  RF00026 ENSMUSG00000070214  Gm23058 ENSG00000207459 RNU6-1311P
ENSMMUG00000024837.2  RF00413 ENSMUSG00000095097  Gm23658 ENSG00000207468 SNORA19
ENSMMUG00000024837.2  RF00413 ENSMUSG00000095530  Snora19 ENSG00000207468 SNORA19
ENSMMUG00000036610.2  RF00026 ENSMUSG00000064590  Gm22301 ENSG00000207505 RNU6-1105P
ENSMMUG00000027025.2  mml-mir-218-1 ENSMUSG00000065603  Mir218-1 ENSG00000207732 MIR218-1
ENSMMUG00000027207.2  mml-mir-590 NA NA ENSG00000207741 MIR590
ENSMMUG00000032688.2  mml-mir-299 ENSMUSG00000106653  Mir299a ENSG00000207749 MIR299
ENSMMUG00000027156.2  mml-mir-577 NA NA ENSG00000207931 MIR577
ENSMMUG00000032795.2  mml-mir-579 NA NA ENSG00000207956 MIR579
ENSMMUG00000026912.2  mml-mir-106b ENSMUSG00000065514  Mir106b ENSG00000208036 MIR106B
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https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000202069
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000202082
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000088587
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000202191
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000202449
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000202459
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000202490
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000202528
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000206601
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000206609
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000206621
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000206656
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000206688
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000206721
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000206728
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000206729
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000206737
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000206776
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000206799
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000206840
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000070175
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000206857
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000206870
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000206939
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000206960
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000093802
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000207001
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000093802
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000207014
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000207058
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000093802
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000207063
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000093802
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000207093
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000065634
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000207130
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000093802
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000207133
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000207137
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000088149
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000207162
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000093413
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000207168
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000207174
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000207191
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000207197
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000207263
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000089476
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000207333
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000207370
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000207403
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000207419
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000207421
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000207439
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000093802
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000207442
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000207454
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000070214
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000207459
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000095097
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000207468
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000095530
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000207468
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000064590
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000207505
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000065603
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000207732
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000207741
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000106653
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000207749
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000207931
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000207956
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000065514
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000208036

ENSMMUG00000033055.2  RF00026 ENSMUSG00000088553  Gm22101 ENSG00000212221 RNU6-220P
ENSMMUG00000025859.2  RF00026 NA NA ENSG00000212260 RNUG6-724P
ENSMMUG00000036342.2  RF00026 ENSMUSG00000088914  Gm22605 ENSG00000212282 RNUG6-578P
ENSMMUG00000033233.2  RF00026 ENSMUSG00000065384  Gm23093 ENSG00000212407 RNUG6-663P
ENSMMUG00000040435.1  RF00026 NA NA ENSG00000212442 RNUG6-243P
ENSMMUG00000033050.2  RF00574 ENSMUSG00000077212  Snord69 ENSG00000212452 SNORD69
ENSMMUG00000037127.2  RF00026 ENSMUSG00000088597  Gm24584 ENSG00000212457 RNUG6-644P
ENSMMUG00000032872.2  RF00569 ENSMUSG00000077797  Snord19 ENSG00000212493 SNORD19
ENSMMUG00000026540.2  RF00026 NA NA ENSG00000212568 RNUB-1254P
ENSMMUG00000032928.2  RF00568 ENSMUSG00000077274  Gm22786 ENSG00000212588 SNORA26
ENSMMUG00000034569.2  RF00151 ENSMUSG00000064871  Snord58b ENSG00000212615 RF00151
ENSMMUG00000033908.2  MIR1193 NA NA ENSG00000221036 MIR1193
ENSMMUG00000033704.2  RF00012 NA NA ENSG00000221332 RF00012
ENSMMUG00000035409.2  RF00026 NA NA ENSG00000222266 RNUG6-757P
ENSMMUG00000034385.2  RF00004 ENSMUSG00000088991 Gm22768 ENSG00000222357 RNU2-20P
ENSMMUG00000032848.2  RF00413 NA NA ENSG00000222588 RF00413
ENSMMUG00000035387.2  RF00100 NA NA ENSG00000222589 RN7SKP159
ENSMMUG00000035142.2  RF00100 NA NA ENSG00000222755 RN7SKP206
ENSMMUG00000034250.2  RF00100 NA NA ENSG00000222764 RN7SKP106
ENSMMUG00000034154.2  RF00015 NA NA ENSG00000222790 RNU4-14P
ENSMMUG00000036216.2  RF00004 ENSMUSG00000064398 Gm23628 ENSG00000222800 RNU2-62P
ENSMMUG00000036266.2  RF00026 ENSMUSG00000089581  Gm23341 ENSG00000222870 RNUG6-1328P
ENSMMUG00000036054.2  RF00026 NA NA ENSG00000222895 RNU6-1133P
ENSMMUG00000034344.2  RF00100 ENSMUSG00000084536  Gm25844 ENSG00000222931 RN7SKP205
ENSMMUG00000027346.2  RF00019 NA NA ENSG00000222997 RF00019
ENSMMUG00000028494.2  RF00026 ENSMUSG00000064590  Gm22301 ENSG00000223037 RNUG6-284P
ENSMMUG00000034207.2  RF00100 ENSMUSG00000089618  Gm23776 ENSG00000223281 RN7SKP85
ENSMMUG00000035836.2  RF00026 ENSMUSG00000065667  Gm22576 ENSG00000223335 RNU6-603P
ENSMMUG00000044041.1  RF01210 NA NA ENSG00000238311 SNORD13E
ENSMMUG00000037001.2  RF00066 NA NA ENSG00000238750 RNU7-27P
ENSMMUG00000037073.2  RF01183 ENSMUSG00000087912  Gm24916 ENSG00000238862 SNORD19B
ENSMMUG00000037299.2  RF00066 NA NA ENSG00000238924 RNU7-82P
ENSMMUG00000038318.1  RF00017 ENSMUSG00000092875  Gm22649 ENSG00000239211 RN7SL563P
ENSMMUG00000037505.1  RF00017 NA NA ENSG00000239984 RN7SL420P
ENSMMUG00000039907.1  RF00017 NA NA ENSG00000240116 RN7SL303P
ENSMMUG00000041622.1  RF00017 NA NA ENSG00000240470 RN7SL346P
ENSMMUG00000047337.1  RF00017 NA NA ENSG00000240936 RN7SL554P
ENSMMUG00000045178.1  RF00017 ENSMUSG00000092875  Gm22649 ENSG00000241550 RN7SL41P
ENSMMUG00000047744.1  RF00017 NA NA ENSG00000241745 RN7SL788P
ENSMMUG00000045063.1  RF00017 NA NA ENSG00000241868 RN7SL434P
ENSMMUG00000044578.1  RF00017 NA NA ENSG00000241963 RN7SL655P
ENSMMUG00000041073.1  RF00017 NA NA ENSG00000241964 RN7SL135P
ENSMMUG00000042052.1  RF00017 NA NA ENSG00000242341 RN7SL646P
ENSMMUG00000042929.1  RF00017 NA NA ENSG00000242764 RN7SL824P
ENSMMUG00000044246.1  RF00017 NA NA ENSG00000242794 RN7SL299P
ENSMMUG00000046386.1  RF00017 ENSMUSG00000092875 Gm22649 ENSG00000242928 RN7SL868P
ENSMMUG00000045268.1  RF00017 NA NA ENSG00000243339 RN7SL738P
ENSMMUG00000048742.1  RF00017 ENSMUSG00000093191  Gm22876 ENSG00000243871 RN7SL487P
ENSMMUG00000039543.1  RF00017 NA NA ENSG00000244066 RN7SL148P
ENSMMUG00000048837.1  RF00017 NA NA ENSG00000244544 RN7SL446P
ENSMMUG00000041607.1  RF00017 NA NA ENSG00000244568 RN7SL654P
ENSMMUG00000035831.2  RF00100 NA NA ENSG00000251714 RN7SKP67
ENSMMUG00000035540.2  RF00066 NA NA ENSG00000251724 RNU7-175P
ENSMMUG00000038401.1  RF00066 NA NA ENSG00000251726 RNU7-41P
ENSMMUG00000033217.2  RF00334 ENSMUSG00000065016  Snora3 ENSG00000251778 RF00334
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https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000088553
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000212221
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000212260
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000088914
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000212282
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000065384
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000212407
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000212442
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000077212
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000212452
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000088597
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000212457
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000077797
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000212493
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000212568
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000077274
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000212588
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000064871
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000212615
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000221036
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000221332
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000222266
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000088991
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000222357
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000222588
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000222589
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000222755
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000222764
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000222790
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000064398
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000222800
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000089581
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000222870
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000222895
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000084536
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000222931
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000222997
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000064590
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000223037
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000089618
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000223281
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000065667
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000223335
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000238311
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000238750
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000087912
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000238862
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000238924
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000092875
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000239211
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000239984
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000240116
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000240470
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000240936
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000092875
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000241550
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000241745
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000241868
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000241963
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000241964
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000242341
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000242764
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000242794
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000092875
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000242928
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000243339
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000093191
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000243871
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000244066
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000244544
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000244568
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000251714
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000251724
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000251726
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000065016
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000251778

ENSMMUG00000036057.2  RF00015 ENSMUSG00000084583  Gm25177 ENSG00000251789 RNU4-57P
ENSMMUG00000037161.2  RF00026 NA NA ENSG00000251882 RNUG6-475P
ENSMMUG00000035787.2  RF00402 NA NA ENSG00000252011 RF00402
ENSMMUG00000047607.1  RF00026 NA NA ENSG00000252037 RNUB-162P
ENSMMUG00000041165.1  RF00003 ENSMUSG00000077347  Gm24671 ENSG00000252105 RNU1-143P
ENSMMUG00000036048.2  RF00492 ENSMUSG00000098750  Gm27653 ENSG00000252190 RF00492
ENSMMUG00000035813.2  RF00322 ENSMUSG00000087791  Gm25969 ENSG00000252337 RF00322
ENSMMUG00000037423.2  RF00424 NA NA ENSG00000252404 RF00424
ENSMMUG00000036878.2  RF00026 ENSMUSG00000088918  Gm22612 ENSG00000252460 RNUG6-635P
ENSMMUG00000036773.2  RF00273 NA NA ENSG00000252517 RF00273
ENSMMUG00000037311.2  RF00026 NA NA ENSG00000252562 RNUG6-922P
ENSMMUG00000036216.3  RF00005 NA NA ENSG00000252604 RNU2-44P
ENSMMUG00000035687.2  RF00283 ENSMUSG00000088689  Scarna17 ENSG00000252691 RF00283
ENSMMUG00000036728.2  RF00424 NA NA ENSG00000252765 RF00424
ENSMMUG00000035716.2  RF00554 NA NA ENSG00000252774 RF00554
ENSMMUG00000045091.1  RF00569 NA NA ENSG00000252787 RF00569
ENSMMUG00000027785.2  RF00026 ENSMUSG00000064793  Gm24356 ENSG00000252937 RNUG6-1270P
ENSMMUG00000035609.2  RF00026 NA NA ENSG00000252953 RNUG6-232P
ENSMMUG00000036148.2  RF00026 NA NA ENSG00000253003 RNU6-1261P
ENSMMUG00000037402.2  RF00561 NA NA ENSG00000253065 RF00561
ENSMMUG00000044625.1  RF00157 ENSMUSG00000092680  Snord55 ENSG00000264294 SNORD55
ENSMMUG00000044412.1  RF00017 NA NA ENSG00000264706 RN7SL217P
ENSMMUG00000031187.2  RF00017 ENSMUSG00000092986  Gm25574 ENSG00000265882 RN7SL73P
ENSMMUG00000043636.1  RF00026 ENSMUSG00000095393 Gm25619 ENSG00000271819 RNUG6-94P
ENSMMUG00000035895.2  RF00066 NA NA ENSG00000271841 RNU7-10P
ENSMMUG00000047717.1  RF00017 NA NA ENSG00000272536 RN7SL840P
ENSMMUG00000041165.2  RF00004 NA NA ENSG00000273516 RF00003
ENSMMUG00000035917.2  RF00100 ENSMUSG00000065095 Gm23679 ENSG00000273591 RF00100
ENSMMUG00000046422.1  RF02219 ENSMUSG00000099232  Gm27884 ENSG00000273767 RF02219
ENSMMUG00000041772.1  RF00017 NA NA ENSG00000273886 RF00017
ENSMMUG00000040060.1  RF02271 ENSMUSG00000098956  Gm27855 ENSG00000274420 RF02271
ENSMMUG00000043222.1  RF00017 NA NA ENSG00000274656 RN7SL625P
ENSMMUG00000044707.1  RF00017 NA NA ENSG00000274963 RN7SL600P
ENSMMUG00000027786.2  RF00278 ENSMUSG00000094179  Snord50b ENSG00000275072 SNORD50B
ENSMMUG00000041165.3  RF00005 NA NA ENSG00000275229 RNU1-68P
ENSMMUG00000040615.1  RF02179 ENSMUSG00000098767  Gm27755 ENSG00000275359 RF02179
ENSMMUG00000047223.1  RF00108 ENSMUSG00000093802  Gm23619 ENSG00000275529 SNORD116-4
ENSMMUG00000041774.1  RF02116 ENSMUSG00000098670  Gm27818 ENSG00000275693 RF02116
ENSMMUG00000045120.1  RF00017 NA NA ENSG00000276123 RF00017
ENSMMUG00000035046.2  RF00100 NA NA ENSG00000276309 RN7SKP251
ENSMMUG00000044265.1  RF00017 NA NA ENSG00000276645 RF00017
ENSMMUG00000041135.1  RF00017 NA NA ENSG00000276955 RF00017
ENSMMUG00000048145.1  RF00017 NA NA ENSG00000276955 RF00017
ENSMMUG00000042053.1  RF00017 NA NA ENSG00000277452 RN7SL473P
ENSMMUG00000046859.1  RF02180 ENSMUSG00000098567  Gm27762 ENSG00000277583 RF02180
ENSMMUG00000045515.1  RF00026 NA NA ENSG00000277613 RF00026
ENSMMUG00000041165.4  RF00006 NA NA ENSG00000277678 RF00003
ENSMMUG00000040821.1  RF00012 NA NA ENSG00000277754 RF00012
ENSMMUG00000047961.1  RF02218 NA NA ENSG00000278104 RF02218
ENSMMUG00000047542.1  RF00015 ENSMUSG00000088409 Gm25882 ENSG00000278374 RF00015
ENSMMUG00000038077.1  RF00017 NA NA ENSG00000278785 RF00017
ENSMMUG00000035848.2 RF01183 NA NA ENSG00000280904 RF01183
ENSMMUG00000049141.1  RF00212 NA NA ENSG00000281859 SNORD38B
ENSMMUG00000036088.2  RF00026 NA NA ENSG00000283136 RF00026
ENSMMUG00000024319.2  RF00026 NA NA ENSG00000283290 RF00026
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https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000084583
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000251789
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000251882
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000252011
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000252037
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000077347
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000252105
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000098750
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000252190
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000087791
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000252337
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000252404
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000088918
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000252460
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000252517
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000252562
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000252604
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000088689
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000252691
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000252765
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000252774
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000252787
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000064793
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000252937
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000252953
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000253003
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000253065
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000092680
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000264294
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000264706
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000092986
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000265882
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000095393
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000271819
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000271841
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000272536
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000273516
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000065095
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000273591
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000099232
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000273767
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000273886
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000098956
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000274420
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000274656
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000274963
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000094179
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000275072
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000275229
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000098767
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000275359
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000093802
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000275529
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000098670
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000275693
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000276123
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000276309
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000276645
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000276955
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000276955
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000277452
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000098567
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000277583
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000277613
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000277678
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000277754
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000278104
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000088409
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000278374
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000278785
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000280904
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000281859
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000283136
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000283290

ENSMMUG00000034878.2 MIR1469 NA NA ENSG00000283888 MIR1469
ENSMMUG00000026847.2  mml-mir-29b-2 ENSMUSG00000065412  Mir29b-2 ENSG00000284203 MIR29B2
ENSMMUG00000045196.1  MIR4800 NA NA ENSG00000284276 MIR4800
ENSMMUG00000026853.2  mml-mir-124a-2 ENSMUSG00000065597  Mir124a-1 ENSG00000284321 MIR124-1
ENSMMUG00000027217.2  mml-mir-631 NA NA ENSG00000284343 MIR631
ENSMMUG00000026022.2  RF00026 NA NA ENSGGOG00000043222  RF00026
ENSMMUG00000044014.1  RF00017 NA NA ENSPANG00000018443 RF00017
ENSMMUG00000023904.2  RF00322 ENSMUSG00000064652  Gm24165 NA NA
ENSMMUG00000037057.2  RF00003 ENSMUSG00000064802  Gm24036 NA NA
ENSMMUG00000048123.1  RF00003 ENSMUSG00000064802  Gm24036 NA NA
ENSMMUG00000028048.2  RF00001 ENSMUSG00000064906  n-R5s204 NA NA
ENSMMUG00000037922.1  RF00003 ENSMUSG00000077347  Gm24671 NA NA
ENSMMUG00000034050.2  RF00619 ENSMUSG00000080413  Gm26473 NA NA
ENSMMUG00000035432.2  RF00001 ENSMUSG00000084498  n-R5s98 NA NA
ENSMMUG00000036684.2  RF00026 ENSMUSG00000084575 Gm23656 NA NA
ENSMMUG00000034257.2  RF00001 ENSMUSG00000087913  Gm24915 NA NA
ENSMMUG00000036794.2  RF00001 ENSMUSG00000088091  Gm23667 NA NA
ENSMMUG00000024287.2  RF00015 ENSMUSG00000088250 Gm26393 NA NA
ENSMMUG00000024417.2  RF00026 ENSMUSG00000088668 Gm25335 NA NA
ENSMMUG00000028048.2  RF00001 ENSMUSG00000088814  Gm22385 NA NA
ENSMMUG00000023957.2  RF00001 NA NA NA NA
ENSMMUG00000024186.2  RF00003 NA NA NA NA
ENSMMUG00000024425.2  RF00026 NA NA NA NA
ENSMMUG00000024922.2  RF00093 NA NA NA NA
ENSMMUG00000025001.3  RF00019 NA NA NA NA
ENSMMUG00000025105.2  RF00019 NA NA NA NA
ENSMMUG00000025267.2  RF00190 NA NA NA NA
ENSMMUG00000025352.2  RF00026 NA NA NA NA
ENSMMUG00000025492.2  RF00019 NA NA NA NA
ENSMMUG00000026199.2  RF00001 NA NA NA NA
ENSMMUG00000026452.3  RF00019 NA NA NA NA
ENSMMUG00000026650.2  RF00001 NA NA NA NA
ENSMMUG00000027247.2  mml-mir-567 NA NA NA NA
ENSMMUG00000032664.2  mml-mir-492 NA NA NA NA
ENSMMUG00000032806.2  mml-mir-329-1 NA NA NA NA
ENSMMUG00000032859.2  mml-mir-380 NA NA NA NA
ENSMMUG00000032862.2  mml-mir-379 NA NA NA NA
ENSMMUG00000032875.2  mml-mir-543 NA NA NA NA
ENSMMUG00000032999.2  mml-mir-758 NA NA NA NA
ENSMMUG00000033093.2 ~ mml-mir-329-2 NA NA NA NA
ENSMMUG00000033162.2  RF00001 NA NA NA NA
ENSMMUG00000034402.2  RF00001 NA NA NA NA
ENSMMUG00000034849.2  RF00015 NA NA NA NA
ENSMMUG00000035392.2  RF00001 NA NA NA NA
ENSMMUG00000035935.2  RF00026 NA NA NA NA
ENSMMUG00000035975.2  RF00020 NA NA NA NA
ENSMMUG00000036030.2  RF00001 NA NA NA NA
ENSMMUG00000036221.2  RF00019 NA NA NA NA
ENSMMUG00000036567.2  RF00438 NA NA NA NA
ENSMMUG00000036576.2  RF00026 NA NA NA NA
ENSMMUG00000036922.2  RF00066 NA NA NA NA
ENSMMUG00000037524.1  RF00003 NA NA NA NA
ENSMMUG00000037809.1  RF00066 NA NA NA NA
ENSMMUG00000038128.1  RF01210 NA NA NA NA
ENSMMUG00000039368.1  RF00026 NA NA NA NA
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https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000283888
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000065412
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000284203
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000284276
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000065597
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000284321
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000284343
https://jul2019.archive.ensembl.org/Gorilla_gorilla/Gene/Summary?g=ENSGGOG00000043222
https://jul2019.archive.ensembl.org/Papio_anubis/Gene/Summary?g=ENSPANG00000018443
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000064652
https://jul2019.archive.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000252337
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000064802
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000064802
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000064906
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000077347
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000080413
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000084498
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000084575
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000087913
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000088091
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000088250
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000088668
https://jul2019.archive.ensembl.org/Mus_musculus/Gene/Summary?g=ENSMUSG00000088814

ENSMMUG00000039827.1  RF00105 NA NA NA NA

ENSMMUG00000040412.1  RF00017 NA NA NA NA
ENSMMUG00000040443.1  RF00026 NA NA NA NA
ENSMMUG00000041111.1  RF00019 NA NA NA NA
ENSMMUG00000041602.1  RF00017 NA NA NA NA
ENSMMUG00000041781.1  RF00181 NA NA NA NA
ENSMMUG00000041995.1  RF00003 NA NA NA NA
ENSMMUG00000043457.1  RF00017 NA NA NA NA
ENSMMUG00000044147.1  RF00003 NA NA NA NA
ENSMMUG00000044420.1  RF00017 NA NA NA NA
ENSMMUG00000045360.1  RF00017 NA NA NA NA
ENSMMUG00000045577.1  RF00105 NA NA NA NA
ENSMMUG00000045610.1  RF00108 NA NA NA NA
ENSMMUG00000046131.1  RF00026 NA NA NA NA
ENSMMUG00000047264.1  RF00003 NA NA NA NA
ENSMMUG00000048979.1  RF00026 NA NA NA NA

Supplementary Table 1. Gene names and ensemble IDs of the miRNAs that were found
to be outliers along with mouse and human ortholog IDs and names.

46




References

1. Zuk, M., Bastiaans, E., Langkilde, T. & Swanger, E. The role of behaviour in the establishment of novel
traits. Animal Behaviour 92, 333-344 (2014).

2. Fooden, J. The bear macaque, Macaca arctoides : a systematic review. Journal of Human Evolution 19,
607-686 (1990).

3. Wilson, D., Heinsohn, R. & Endler, J. The adaptive significance of ontogenetic colour change in a tropical
python. Biology letters 3, 40-3 (2007).

4. Waal, F. B. M. D. & Luttrell, L. M. Toward a comparative socioecology of the genus Macaca: Different
dominance styles in rhesus and stumptail monkeys. American Journal of Primatology 19, 83—109 (1989).

5. Matsumura, S. The evolution of “egalitarian” and “despotic” social systems among macaques. undefined

/paper/The-evolution-of-%E2%80%9Cegalitarian%E2%80%9D-and-%E2%80%9Cdespotic%E2%80%9D-among-
Matsumura/245b8848cb61cecec683dede2b50ef44289fac70/figure/2 (2007).

6. Stevison, L. ef al. Evolution of genes involved in the unusual genitals of the bear macaque, Macaca
arctoides. 2020.05.18.102251 Preprint at https://doi.org/10.1101/2020.05.18.102251 (2022).

7. Bailey, N. P. & Stevison, L. S. Mitonuclear conflict in a macaque species exhibiting phylogenomic
discordance. Journal of Evolutionary Biology 34, 1568—1579 (2021).

8. Wolf, J. B. W. & Ellegren, H. Making sense of genomic islands of differentiation in light of speciation. Nat
Rev Genet 18, 87-100 (2017).

9. Stevison, L. S. & McGaugh, S. E. It’s time to stop sweeping recombination rate under the genome scan rug.

Molecular Ecology 29, 42494253 (2020).
10. Cook, R. D. & Weisberg, S. Residuals and Influence in Regression. (New York: Chapman and Hall, 1982).

11. Coop, G. & Przeworski, M. An evolutionary view of human recombination. Nat. Rev. Genet. 8, 23-34
(2007).

12. Stevison, L. et al. VCF files associated with Macaca arctoides hybridization analysis. (2021).

13. Li, J. et al. Phylogeny of the macaques (Cercopithecidae: Macaca) based on Alu elements. Gene 448, 242—
249 (2009).

14. Mi, H. et al. PANTHER version 16: a revised family classification, tree-based classification tool, enhancer
regions and extensive API. Nucleic Acids Research 49, D394-D403 (2021).

15. Jensen, L. J. et al. STRING 8--a global view on proteins and their functional interactions in 630 organisms.

Nucleic Acids Res 37, D412-416 (2009).

16. Cunningham, F. e al. Ensembl 2022. Nucleic Acids Research 50, D988—D995 (2022).

17. Conway, J. & Gehlenborg, N. UpSetR: A More Scalable Alternative to Venn and Euler Diagrams for
Visualizing Intersecting Sets. (2019).

18. UpSet: Visualization of Intersecting Sets | IEEE Journals & Magazine | IEEE Xplore.
https://ieeexplore.ieee.org/abstract/document/6876017.

19. Hattori, M. et al. The DNA sequence of human chromosome 21. Nature 405, 311-319 (2000).

20. San, L.-Z. et al. Genome-wide association study reveals multiple novel SNPs and putative candidate genes
associated with low oxygen tolerance in golden pompano Trachinotus ovatus (Linnaeus 1758). Aquaculture 544,
737098 (2021).

21. Szpiech, Z. A., Novak, T. E., Bailey, N. P. & Stevison, L. S. Application of a novel haplotype-based scan
for local adaptation to study high-altitude adaptation in rhesus macaques. Evol Lett 5, 408-421 (2021).

22. Vitorino Carvalho, A. et al. Proteomic Changes Associated With Sperm Fertilizing Ability in Meat-Type
Roosters. Frontiers in Cell and Developmental Biology 9, (2021).

23. Harris, S. E. et al. A genetic association analysis of cognitive ability and cognitive ageing using 325
markers for 109 genes associated with oxidative stress or cognition. BMC Genet 8, 43 (2007).

24. Hu, P., Samudre, K., Wu, S., Sun, Y. & Hernandez, N. CK2 phosphorylation of Bdpl executes cell cycle-
specific RNA polymerase I1I transcription repression. Mol Cell 16, 81-92 (2004).

25. Girotto, G. et al. Linkage Study and Exome Sequencing Identify a BDP1 Mutation Associated with
Hereditary Hearing Loss. PLoS One 8, ¢80323 (2013).

26. Cheng, J. P. X. et al. Caspase cleavage of the Golgi stacking factor GRASP65 is required for Fas/CD95-
mediated apoptosis. Cell Death Dis 1, €82 (2010).

27. Shi, J. et al. Cleavage of GSDMD by inflammatory caspases determines pyroptotic cell death. Nature 526,
660-665 (2015).

47



28. Rathkey, J. K., Xiao, T. S. & Abbott, D. W. Human polymorphisms in GSDMD alter the inflammatory
response. Journal of Biological Chemistry 295, 3228-3238 (2020).

29. Muhaghegh, M. & Habibizad, J. Sequence Characterization of Promoter Region at the Melanocortin-1
Receptor MCIR Gene in Karakul Sheep Breed. Journal of Agricultural Science and Technology 16, (2014).
30. Mao, Y. ef al. Polymorphisms in the promoter region of the bovine lactoferrin gene influence milk somatic

cell score and milk production traits in Chinese Holstein cows. Research in Veterinary Science 103, 107-112
(2015).

31. Ko, Y.-L. et al. Genetic variation in the ASIC3 gene influences blood pressure levels in Taiwanese. Journal
of Hypertension 26, 2154-2160 (2008).

32. Wu, S. et al. Association between an ASIC3 gene variant and insulin resistance in Taiwanese. Clin Chim
Acta 411, 1132-1136 (2010).

33. Chen, C.-C. et al. A role for ASIC3 in the modulation of high-intensity pain stimuli. Proc Natl Acad Sci U
S 499, 8992-8997 (2002).

34, Xu, J. et al. Molecular cloning and characterization of a novel human BTBD8 gene containing double

BTB/POZ domains. International Journal of Molecular Medicine 13, 193—197 (2004).

35. Liu, S.-L. et al. NMES rs2718058 polymorphism with Alzheimer’s disease risk: a replication and meta-
analysis. Oncotarget 7, 36014-36020 (2016).

36. Association between NMES8 Locus Polymorphism and Cognitive Decline, Cerebrospinal Fluid and
Neuroimaging Biomarkers in Alzheimer’s Disease - PMC.
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4259473/.

37. Mabhr, S. et al. Cis- and Trans-Acting Gene Regulation Is Associated with Osteoarthritis. Am J Hum Genet
78, 793-803 (2006).

38. Loughlin, J. et al. Genetic Association Analysis of RHOB and TXNDC3 in Osteoarthritis. Am J Hum
Genet 80, 383-386 (2007).

39. Shi, D. et al. Association of single-nucleotide polymorphisms in RHOB and TXNDC3 with knee
osteoarthritis susceptibility: two case-control studies in East Asian populations and a meta-analysis. Arthritis Res
Ther 10, R54 (2008).

40. Hjeij, R. et al. ARMC4 Mutations Cause Primary Ciliary Dyskinesia with Randomization of Left/Right
Body Asymmetry. Am J Hum Genet 93, 357-367 (2013).

41. Onoufriadis, A. et al. Combined exome and whole-genome sequencing identifies mutations in ARMC4 as a
cause of primary ciliary dyskinesia with defects in the outer dynein arm. J Med Genet 51, 61-67 (2014).
42. Raidt, J. et al. Ciliary beat pattern and frequency in genetic variants of primary ciliary dyskinesia.

European Respiratory Journal 44, 15791588 (2014).

43. Mulieri, P. J., Kang, J.-S., Sassoon, D. A. & Krauss, R. S. Expression of the boc gene during murine
embryogenesis. Dev Dyn 223, 379-388 (2002).

44, Xavier, G. M., Seppala, M., Papageorgiou, S. N., Fan, C.-M. & Cobourne, M. T. Genetic interactions
between the hedgehog co-receptors Gasl and Boc regulate cell proliferation during murine palatogenesis.
Oncotarget 7, 79233-79246 (2016).

45. Echevarria-Andino, M. L. & Allen, B. L. The hedgehog co-receptor BOC differentially regulates SHH
signaling during craniofacial development. Development 147, dev189076 (2020).

46. Samuelov, L. ef al. Topobiology of Human Pigmentation: P-Cadherin Selectively Stimulates Hair Follicle
Melanogenesis. Journal of Investigative Dermatology 133, 1591-1600 (2013).

47. Li, J. et al. The expression of miR-129-5p and its target genes in the skin of goats. Animal Biotechnology
32, 573-579 (2021).

48. Bellei, B., Flori, E., Izzo, E., Maresca, V. & Picardo, M. GSK3beta inhibition promotes melanogenesis in
mouse B16 melanoma cells and normal human melanocytes. Cell Signal 20, 1750-1761 (2008).

49. Bhateja, P., Cherian, M., Majumder, S. & Ramaswamy, B. The Hedgehog Signaling Pathway: A Viable
Target in Breast Cancer? Cancers 11, 1126 (2019).

50. Yavropoulou, M. & Yovos, J. The role of the Wnt signaling pathway in osteoblast commitment and
differentiation. HJ 6, 279-294 (2007).

51. Cole, J. B, Florez, J. C. & Hirschhorn, J. N. Comprehensive genomic analysis of dietary habits in UK
Biobank identifies hundreds of genetic associations. Nat Commun 11, 1467 (2020).

52. May-Wilson, S. et al. Large-scale genome-wide association study of food liking reveals genetic
determinants and genetic correlations with distinct neurophysiological traits. 2021.07.28.454120 Preprint at
https://doi.org/10.1101/2021.07.28.454120 (2021).

48



53. Naumova, O. Y. et al. Effects of early social deprivation on epigenetic statuses and adaptive behavior of
young children: A study based on a cohort of institutionalized infants and toddlers. PLOS ONE 14, 0214285
(2019).

54. Karim, S. ef al. Genomic answers for recurrent spontaneous abortion in Saudi Arabia: An array
comparative genomic hybridization approach. Reproductive Biology 17, 133—143 (2017).

55. Metzger, J. et al. Analysis of copy number variants by three detection algorithms and their association with
body size in horses. BMC Genomics 14, 487 (2013).

56. Fabbri, C. ef al. New insights into the pharmacogenomics of antidepressant response from the GENDEP
and STAR*D studies: rare variant analysis and high-density imputation. Pharmacogenomics J 18, 413—421 (2018).
57. Trimmer, C. et al. Genetic variation across the human olfactory receptor repertoire alters odor perception.
Proceedings of the National Academy of Sciences 116, 9475-9480 (2019).

58. Thompson, E. E. et al. Sequence variations at the human leukocyte antigen—linked olfactory receptor
cluster do not influence female preferences for male odors. Human Immunology 71, 100-103 (2010).

59. Jahromi, M. M. Haplotype specific alteration of diabetes MHC risk by olfactory receptor gene
polymorphism. Autoimmunity Reviews 12,270-274 (2012).

60. Dhillon, A. S., Meikle, S., Yazici, Z., Eulitz, M. & Kolch, W. Regulation of Raf-1 activation and signalling
by dephosphorylation. EMBO J 21, 64—71 (2002).

61. Chourabi, M. et al. ENPP1 Mutation Causes Recessive Cole Disease by Altering Melanogenesis. Journal
of Investigative Dermatology 138, 291-300 (2018).

62. Baxter, L. L. & Pavan, W. J. The etiology and molecular genetics of human pigmentation disorders. Wiley
Interdiscip Rev Dev Biol 2,379-392 (2013).

63. Qu, L., Li, J., Zhao, Z., Jiang, H. & Zhang, Q. Differential Expression of miR-202 and Validation of
Predicted Target Genes in the Skin Tissue of C57BL/6 Black Mice and BALB/c White Mice. DNA and Cell Biology
36, 443450 (2017).

64. Meyer, W. K. et al. Evolutionary history inferred from the de novo assembly of a nonmodel organism, the
blue-eyed black lemur. Molecular Ecology 24, 4392-4405 (2015).

65. Taciak, B., Pruszynska, 1., Kiraga, L., Bialasek, M. & Krol, M. Wnt signaling pathway in development and
cancer. Journal of physiology and pharmacology : an official journal of the Polish Physiological Society 69, (2018).
66. Rao, T. P. & Kiihl, M. An Updated Overview on Wnt Signaling Pathways. Circulation Research 106,
1798-1806 (2010).

67. Wang, Y. ef al. Wnt and the Wnt signaling pathway in bone development and disease. Front Biosci
(Landmark Ed) 19, 379-407 (2014).
68. Huelsken, J. & Birchmeier, W. New aspects of Wnt signaling pathways in higher vertebrates. Current

Opinion in Genetics & Development 11, 547-553 (2001).
69. De Jaime-Soguero, A., Abreu de Oliveira, W. A. & Lluis, F. The Pleiotropic Effects of the Canonical Wnt
Pathway in Early Development and Pluripotency. Genes 9, 93 (2018).

70. Miao, Y. et al. Next-Generation Surrogate Wnts Support Organoid Growth and Deconvolute Frizzled
Pleiotropy In Vivo. Cell Stem Cell 27, 840-851.e6 (2020).

71. Tanha, H. M. & Nyholt, D. R. Genetic analyses identify pleiotropy and causality for blood proteins and
highlight Wnt/B-catenin signalling in migraine. Nat Commun 13, 2593 (2022).

72. Pavlicev, M. & Wagner, G. P. A model of developmental evolution: selection, pleiotropy and
compensation. Trends in Ecology & Evolution 27,316-322 (2012).

73. Schmeisser, K. & Parker, J. A. Pleiotropic Effects of mTOR and Autophagy During Development and
Aging. Frontiers in Cell and Developmental Biology 7, (2019).

74. Bennett, A. & Hayssen, V. Measuring cortisol in hair and saliva from dogs: coat color and pigment

differences. Domestic Animal Endocrinology 39, 171-180 (2010).

75. Xu, X. et al. The Genetic Basis of White Tigers. Current Biology 23, 1031-1035 (2013).

76. Marklund, S., Moller, M., Sandberg, K. & Andersson, L. Close association between sequence
polymorphism in the KIT gene and the roan coat color in horses. Mammalian Genome 10, 283-288 (1999).

77. Haase, B. ef al. Seven novel KIT mutations in horses with white coat colour phenotypes. Animal Genetics
40, 623-629 (2009).

78. Mundy, N. I. & Kelly, J. Evolution of a pigmentation gene, the melanocortin-1 receptor, in primates.
American Journal of Physical Anthropology 121, 67-80 (2003).

79. Mundy, N. I. & Kelly, J. Investigation of the role of the agouti signaling protein gene (ASIP) in coat color
evolution in primates. Mamm Genome 17, 12051213 (2006).

80. Ha, M. & Kim, V. N. Regulation of microRNA biogenesis. Nat Rev Mol Cell Biol 15, 509-524 (2014).

49



81. McCreight, J. C., Schneider, S. E., Wilburn, D. B. & Swanson, W. J. Evolution of microRNA in primates.
PLOS ONE 12, 0176596 (2017).

82. Omariba, G. ef al. Genome-Wide Analysis of MicroRNA-related Single Nucleotide Polymorphisms (SNPs)
in Mouse Genome. Scientific Reports 10, 5789 (2020).

83. Xiang, ba et al. MiR-19 3b regulated the formation of coat colors by targeting WNT10A and GNAI2 in
Cashmere goats. Animal Biotechnology 0, 1-9 (2021).

84. Wu, S. et al. MiR-27a regulates WNT3A and KITLG expression in Cashmere goats with different coat
colors. Animal Biotechnology 32, 205-212 (2021).

85. Liang, H. & Li, W.-H. Lowly Expressed Human MicroRNA Genes Evolve Rapidly. Molecular Biology
and Evolution 26, 1195-1198 (2009).

86. Disotell, T. R. & Tosi, A. J. The monkey’s perspective. Genome Biol 8,226 (2007).

87. Niwa, R. & Slack, F. J. The evolution of animal microRNA function. Current Opinion in Genetics &
Development 17, 145-150 (2007).

50



Chapter 3: Response of fruit fly (Drosophila pseudoobscura) to diet manipulation of nutrient
density
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Abstract

Caloric intake can greatly affect many aspects of an organism’s life. A deficiency of
calories can lead to stress resulting in decreased fecundity, insufficient calories to maintain
tissues, and increased lifespan. Conversely, increases in calories tend to increase fecundity and
decrease lifespan. Despite decades of work exploring food quality and quantity on physiology in
the model species Drosophila melanogaster, relatively little work explores the physiological
responses to diet manipulation in other Drosophila groups such as the obscura species group.
Here we looked at the effects of five different caloric densities on food intake, body weight, body
fat, fecundity, and longevity in D. pseudoobscura. Comparing longevity and fecundity across
diets, we found that heavy caloric concentration (3.0x) decreases lifespan and that calorie
restriction (0.5x and 0.75x) led to significant decreases in fecundity and body weight. However,
calorie concentration did not significantly increase D. pseudoobscura body fat. By expanding our
understanding of the physiological responses to diet stress to D. pseudoobscura, we establish the
framework for comparative work across Drosophila species. With this information, we can then
identify which physiological responses to diet manipulation might be most conserved and

comparable across species.

Keywords: Body size, fat content, fecundity, life history, reproduction

Introduction

The effects of diet on the physiology and reproductive investment of organisms are
common. The most common model organisms used to explore the effects of diet manipulation
and test hypotheses include: rats!, mice?, macaques®, Caenorhabditis elegans*, and yeast®. More
recently, additional insect models have been used, such as grasshoppers®, silkworms’, house

flies®, and stick insects’. Across these works and species, there are some consistent patterns to
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responses to diet manipulation. For example, caloric restriction, or limiting caloric intake, tends
to increase lifespan, frequently at the cost of reproductive outputs; while increases in calories
typically have the inverse effect'® 2. Despite a wide breadth of work on diet, physiology, and
reproduction, relatively less work compares responses across species in the same genus.

Previously the fruit fly, Drosophila melanogaster has been used as a nutritional model to
look at the effects of diet, specifically caloric density and macronutrient ratio, on a multitude of
factors such as activity level, longevity, and reproduction'®!3!4 These studies also highlight D.
melanogaster will modulate their food intake in response to variation in the carbohydrate:protein
ratio'?, but do not modulate intake based on caloric density '*!>!. Thus, diet manipulation
studies in D. melanogaster, can assume the flies are eating the set calories of each treatment. In
addition, longevity in D. melanogaster has been shown to decrease with increasing caloric
concentration while body weight and number of eggs per female increase!’. A positive
relationship between caloric concentration and fecundity, and a negative relationship between
caloric concentration and lifespan is consistent across D. melanogaster strains'®!>.

In recent years, nutritional geometry, or the ratio of nutrients, has become the focus of
nutrition research. This is because often when controlling for calories, factors such as
protein:carbohydrate ratio (P:C), influence physiology. These effects had previously been solely
linked to differences in caloric density!>!*!6!7 In studies modulating P:C, high protein diets have
similar effects to high calorie diets while low protein diets are similar to low calorie diets. Thus,
protein generally increases fecundity while decreasing longevity. These findings have been

1819 primates®®?!, birds??,

conserved across multiple distantly related species such as Drosophila
and other animals®>**, Additionally, studies have begun to look at the effects of nutrional
geometry in closely related species of Drosophila. Although, sugar (i.e. carbohydrate) to protein
ratios consistently affect survival and metabolism, species differences were noted (especially
between generalists and specialists)!’. This may be due to differences in species’ response to
carbohydrates?’.

Beyond D. melanogaster, the responses of Drosophila (e.g., body size or reproduction) to
shifts in caloric density is not commonly examined within the genus. A notable exception is D.
suzukii, an agricultural pest with a growing global distribution. However, these studies have

mostly been limited in scope to the effectiveness of diet manipulation on pest control'®. The next

most logical choice for investigation is D. pseudoobscura due to the ease of manipulation and the
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comparable genomic and stock resources (e.g., a sequenced genome and a variety of stocks at
Drosophila stock centers) to D. melanogaster. Additionally, D. melanogaster and D.
pseudoobscura diverged approximately 25 million years ago and through time may have
accumulated changes in response to shifts in diet*®. The fruit fly, D. melanogaster is a human
commensal that followed us out of Africa about 15,000 thousand years ago and has since lost
some of its wild behaviors?”?®, In contrast, D. pseudoobscura is range-restricted, inhabiting the
Western United States and parts of Mexico and Central America®®. Thus, differences in niche
may also contribute to differences in how the species are likely to respond to a diet shift. More
work is needed to compare the diet responses between Drosophila species. Building baseline
data on the variation in physiological responses to diet manipulations in this genus can improve
our ability to evaluate the robustness of conclusions drawn from diet manipulations in other taxa
where only a single species has been studied.

Here we address how D. pseudoobscura responds to variation in caloric concentrations. To
better address how robust the conclusions drawn from diet manipulation studies in D.
melanogaster are, we used multiple low-calorie and high-calorie treatments. To examine the
physiological response at multiple levels and the potential trade-offs in reproduction, we
measured body weight, body fat, female fecundity, and both sexes’ longevity. Body weight and
fat are overall strong indicators of individual quality and important factors influencing
reproductive potential*®. Additionally, feed intake was collected to confirm whether D.
pseudoobscura modulates intake in response to caloric density of food. Finally, we collected data
across three strains of D. pseudoobscura to ascertain how different strains might respond to diet
manipulations. This study explores how diet manipulation affects an additional Drosophila
species for comparison to the more commonly use D. melanogaster. To our knowledge, our
study is first to document the physiological response of D. pseudoobscura to diet manipulation
and the first study to add data to a genus with an already represented species. This work lays the

groundwork for future comparative nutritional physiology research.
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Methods

Fly Stocks and dietary conditions

The flies were maintained in an incubator (Percival DR41-VL) at 25 °C and 70%
humidity with a 12-hour light-dark cycle. We used the wild-type D. pseudoobscura strain, MV2-
25 for this experiment. Because some response variables’ trends differed than previously
reported in D. melanogaster, we repeated all measures (except for intake) using two additional
strains, FS14 and TL265. This helped determine whether results were indicative of D.
pseudoobscura. The methodologies used to compare responses across strain were nearly
identical to those used MV2-25 with the following exceptions: the number of treatments was
reduced to three (0.5x, 1.0x, and 3.0x) and adjustments to sample size [fecundity (n =5
flies/strain/treatment), longevity (n = 25 flies/sex/strain/treatment), dry weight and body fat (n =
5 flies/sex/strain/treatment)].

The experimental diets were dilutions or concentrations of the media used for stock
maintenance within our lab which is based on the Bloomington Stock Center diet*!*?. The
control diet (1.0x) contains 500 mL deionized water, 8.4 g brewer’s yeast, 4.9 g soy flour, 35.6 g
cornmeal, 3.1 g agar, 35 g corn syrup solids, 10.4 mL propionic acid and 1.1 g methylparaben in
11 mL of 95% ethanol. The diet treatments for MV2-25 were 0.5x, 0.75x, 1.0x, 1.5x, and 3.0x
calories. The diet treatment for FS14 and TL265 were 0.5x, 1.0x, and 3.0x. The proportion of
agar, propionic acid, and methylparaben in ethanol were not varied across diets to maintain food
consistency with agar and to prevent mold with the latter two ingredients serving as
preservatives. To manipulate the caloric concentration for treatments, all other ingredients were
adjusted as necessary. This adjustment maintained the ratio of ingredients to each other so the
only factor that changed was the ratio of calorie-having ingredients to zero-calorie ingredients.
This was done so that the proportion of macronutrients was maintained. Their proportion relative
to each other was not changed so as not to affect the ratio of macronutrients (for ingredients and
their proportions see Supp. Table 1.)

Intake, body weight, and body fat

To examine how diet manipulation affects intake we used the MV2-25 strain. To measure
intake, ten newly eclosed flies of each sex were used for each treatment including two different
controls. For the first control, flies were starved on agar for four hours and the second control

where the flies were fed 1.0x diet without dye for four hours. The amount of food consumed was
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measured by quantifying the amount of uptake of blue dye which was added to the food using
spectrophotometry (Synergy H1 Hybrid plate reader, BioTek, Winooski, VT) with a
methodology used in previous studies of D. melanogaster'®*?. Food coloring (McCormick Blue)
was added to each of the treatment diets (0.5% of the mixture). The flies were homogenized via
mortar and pestle in 1% PBS. The amount of food ingested was measured. Background
absorbance was controlled by comparing the treatment flies to control flies (1.0x non-dyed) as
well as subtracting the spectrophotometry values of agar-starved flies.

To quantify how diet manipulation affected D. pseudoobscura body size, we use ten-day
old flies (n = 50 flies/treatment/sex). Flies were euthanized and then dried in an oven at 60 °C for
48 hours. Subsequently body mass was measured using an ultra-microbalance (VWR-2.1U;
Schueler Scientific Engelwood, CO, USA) with a 0.1 pg readability to obtain weight for each
individual fly. Once dried and weighed, the flies were submerged into 0.3 pL of diethyl ether to
estimate body fat. After soaking flies, they were dried at 60°C for 24 hours, and weighed again

on the microscale (see above). This second weight was subtracted from the initial dry weight to

Dry mass—Lean mass

calculate the amount of body fat'® ( = Proportion Fat M ass).

Dry mass
Longevity

For the collection of lifespan data, six virgin individuals were housed in polypropylene
vials with approximately 5 mL of food and there were eight single-sex vials per sex (n= 48
flies/treatment/sex). The vials were checked for new deaths every seven days. Flies were then
transferred to fresh food of the appropriate treatment.
Fecundity

To measure adult fecundity, male-female pairs were housed individually in
polypropylene vials with approximately 5 mL of food (n = 10 pairs/treatment). Females were
transferred every three days onto fresh food for 15 days before being euthanized. These vials
were checked for eclosing adults and offspring starting at day 12 post-egg laying. Once offspring
started eclosing, they were counted for 14 days.
Statistical analysis

All analyses were completed using R v.4.0166. Using the 1.0x diet as a control, we
compared each response variable across treatment with an ANOVA. To compare the effect of
caloric density on intake, body weight, body fat, and longevity, caloric density and sex were

analyzed separately as response variables, with caloric density, sex, and an interaction between
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the two as fixed effects (e.g., Body Weight ~ Treatment*Sex). If the model showed no
significant effect of for either sex or the interaction, we used only caloric density as a fixed
effect. For the strain analysis we added strain type to the model as an additional fixed effect (e.g.
Body Weight ~ Treatment*Sex*Strain). For models with a significant treatment effect, we then
conducted a post-hoc Tukey’s HSD to determine significance between each combination of
model variables. Raw data and code can be found on the GitHub repository (https://github.
com/StevisonLab/Fly-Caloric-Density; DOI: 10.5281/zenodo.7439127). Figures were plotted
using the R package ggplot2.

Results A MV2-25 Intake B MV2-25 Body Fat
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Figure 4. MV2-25 intake and body fat in response to caloric density. 1A. Caloric density had a significant
effect on intake. Flies fed the highest calorie diet (3.0x) ate significantly more than the low calorie-fed flies
and the control. 1B. Caloric density did not affect MV2-25 body fat despite increasing body weight.

based on diet (p <
0.001). Specifically,
the MV2-25 stock was significantly different for flies fed 3.0x calories compared to the control
(p =0.003; df = 4). Flies fed the 3.0x diet ate five-fold more than the control flies (Fig. 1A).
Additionally, there was a significant effect of sex on intake with males eating less than females
(p<0.001; df=1).
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+31 Mg), Figure 5. The response of body weight in response to shifts in caloric density. 2A. Caloric density had a

significant effect on female MV2-25 body weight with 0.75x-fed flies weighing the least. 2B. Across strain,

while males

sex (p < 0.001) and strain (p < 0.03) had a significant effect on female body weight, but caloric density did

not (p = 0.46). 2C. Caloric density did not affect male MV2-25 body weight (p= 0.097). 2D. Across strain,

on average
weighed 266 ng (SE + 14 pg). The 3.0x flies weighed
significantly more than the two low calorie treatment flies
(Fig. 2). The control female flies had an average of 16.7%
body fat (SE + 4.3%) while males had an average of 4.9%
body fat (SE £ 1.1%). Fly body fat was not significantly
different between treatments (p = 0.11; df = 4) (Fig. 1B).

To compare the results above across strains the

neither caloric density (p= 0.86) not strain (p=0.32) had a significant effect on male body weight.

Factor Df p-va
Treatment 4 0.11
Sex 2 <0.01
Treatment:Sex 4 0.32

Table 4. Model table of MV2-25 body fat.

p-val N

Factor Df
Treatment 4 <0.01
Sex 2 <0.01
Treatment:Sex 4 <0.01

experiment was repeated with three treatments instead of

five (see Methods). When looking at all three strains,

Table 5. Model table of MV2-25 body weight.
Bolded values are statistically significant.

there was a significant effect of strain (p = 0.04; df = 2) and sex (p <0.01; df = 1) on body

weight (Fig. 2A). There was not a significant effect of sex by strain (p = 0.30; df = 5) or

treatment (p = 0.47; df = 2) on body weight. Looking at only female body weight data there was

a marginal effect of strain (p = 0.0585; df = 2). Neither treatment (p = 0.79; df = 2) nor strain (p
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= 0.56) had a significant effect on male body weight. However, the Tukey’s HSD showed only a
significant difference between TL265 and FS14 strains (p = 0.02; df = 1). For the male flies,
there was no effect of diet on body weight (p = 0.62; df =1).

When looking at body fat across all three strains, Factor Df p-val

only caloric density had a significant effect (p = 0.016; df Treatment 2 0.47
Sex 1 <0.01

= 2). The flies fed 3.0x calories had 30% more body fat Strain 2 0.04
than flies fed the control (p = 0.009). There was no effect Treatment:Sex 2 0.55
Treatment:Strain 4 0.54

of sex nor a sex-by-strain interaction on body fat (p = Sex:Strain 2 0.3
0.33). Treatment:Sex:Strain 4 0.65

. . . Table 6. Model table for body weight across strains.
Fecundity reduced on low calorie diets compared to ywel

control, with increased variation on high calorie diets

Caloric density had a significant effect on MV2-25 female fecundity (p < 0.001; df = 4).
Females fed a control diet had an average of 205 adult offspring (SE £ 14 offspring). Both low
calorie diets decreased fecundity compared to the control and high calorie diets. Both of the low-
calorie diets resulted in females, on average, having <100 adult offspring. The high calorie diets
did not significantly increase fecundity; however, there was increased standard error within these
two diets (Fig. 3A). Although, of note that results may be skewed since fecundity was measured
only as number of the offspring that survived to adulthood and not total egg legging by the
female. Preadult survival does tend to be lower in low calorie diets***°. However, fecundity was
measured this way due to both previous studies and the greater ecological impact this would

have in natural conditions. Eggs do not contribute to the next generation, but adult offspring do.
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Figure 6. The response of D. pseudoobscura fecundity and lifespan in response to caloric density. 3A. MV2-25
fecundity generally increased with caloric density. 3B Fecundity across strains also increased with caloric density (p
<0.001). 3C. MV2-25 flies had shorter lifespan on increased amounts of calories. 3D. Caloric density significantly
than the control affected lifespan across all three strains. However, unlike in the MV2-25-only data (Fig. 3C) both the low and high
calorie diets decreased lifespan.

more offspring

or low calorie-
fed flies. Although not as severe as in MV2-25, the other two strains also had the greatest
variability in fecundity on the high calorie treatment.

Of note, the opposite diets had a significant effect on

0 D D d
fecundity between the single-strain and multi-strain Treatment > 2. 40E-06
studies. When looking at the MV2-25 data only, low Strain 2 0.18

Treatment:Strain 4 0.81

calorie diets decreased fecundity while looking at the
Table 7. Model table for fecundity across strains.
data from all three strains, high calorie diets increased

fecundity. The variability within the highest calorie diet was consistent between both datasets.
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Longevity inversely proportional to caloric density

Longevity was significantly different between
treatments (p < 0.001; df = 4) and the sexes (p = 0.001; df
=2) in MV2-25. Females fed a control diet lived for an

average of 61.0 days (SE + 4.2) while control males
lived for an average 30.8 days (SE + 2.2). Additionally,

there was a significant effect of the interaction between

sex and treatment (p < 0.01). The 0.75x fed flies lived

significantly longer than flies fed the high calorie diet.

The flies fed 3.0x lived significantly shorter than control

flies. The flies fed 0.5x were not significantly different

from the control or 0.75x fed flies (Fig. 3C).

Factor Df p-val J

Treatment 2 2.00E-16
Strain 2 <0.01
Treatment:Strain 4 3.72E-09

Table 8. Model table for MV2-25 longevity.
Bolded values are statistically significant.

Factor Df p-val
Treatment 2 2.04E-07
Sex 1 <0.01
Strain 2 0.14
Treatment:Sex 2 0.03
Treatment:Strain 4 0.28
Sex:Strain 2 0.03
Treatment:Sex:Strain 4 0.3

Table 9. Model table of longevity across strains.
Bolded values are statistically significant.

When looking at longevity across all three strains, caloric density (p < 0.001; df =2) and

sex (p = 0.001) significantly affected lifespan (Table 1). However, strain did not affect longevity

(p =0.14; df = 2). Both the low and high calorie-fed flies had shorter lifespans than the control

(Fig. 3D). Interestingly, when examined
alone, the

0.5x and the 1.0x diets were not
significantly different in a post-hoc
comparison (Fig. 3C), however, when
examining the strain data, the 0.5x diet

was significantly lower than the control

Treatment diff lwr upr p adj
1.0x-0.5x 16.9 9.0 24.8 <0.01
3.0x-0.5x 0.9 -8.0 9.8 1.0
3.0x-1.0x -16.0 -24.5 -7.5 <0.01

M-F -9.0 -14.7 -3.4 < 0.01

Table 10. Post-hoc (Tukey’s HSD) of the longevity results within the
strains data. The effect of strain was not included in post-hoc analysis as
it was not significant. Both the 0.5x and 3.0x had significantly lower
lifespans than the control. Males also lived a shorter time compared to
females.

and this result was consistent across strains (Fig. 3D).

Discussion

Here we found that the caloric density had a significant effect on D. pseudoobscura body

weight fed 3.0x calories weighing more than the control and low-calorie diets. There was,

however, no effect of caloric density on body fat in MV2-25, nor across strains. These findings

support that physiological responses to shifts in caloric density are similar between two model

fruit fly species (D. melanogaster and D. pseudoobscura). This is one of few Drosophila studies

to look at multiple diets with caloric density lower than the control (of note Chapman et al. 1996
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tested three low nutritional density diets)*®, whereas most prior work largely focuses on multiple
higher caloric densities relative to the control!®!3. This work is also one of the first nutrition
studies in D. pseudoobscura since the 1960s*” and helps to provide a foundation to compare diet
manipulation studies within the genus Drosophila. This work helps fill the evolutionary gap
between the melanogaster and replete groups which have been well studied in regard to diet.

We found intake was significantly affected by caloric density. However, only the 3.0x fed
flies had a significantly larger intake than the other flies. The 3.0x flies were not eating three
times the calories of the controls but were eating more than flies feeding on the other diets. Thus,
our results for 3.0x-fed flies can help make conclusions about consuming an extreme excess of
calories. Consistent with previous work in D. melanogaster'®, we found a significant difference
in body weight for the flies fed a 3.0x diet relative to the control and low-calorie diets. We also
found that the high calorie diet is associated with increased fecundity. This pattern in D.

10,36 and other insect

pseudoobscura females aligns with previous literature in D. melanogaster
taxa>®*°. However, unlike previously published work on longevity in D. melanogaster, we found
that both the 0.5x and 3.0x diets decreased lifespan. Previous work in D. melanogaster has found
that flies fed a reduced caloric density (0.5x) are longer lived than controls'®!®. Similar results as
those seen in D. melanogaster, have been observed in grasshoppers*’. Differences between the
species could be the result of differences in caloric requirements (ex. D. pseudoobscura having a
higher calorie requirement than D. melanogaster) or unknown species differences in
physiological responses to diet stresses. Similarly to D. pseudoobscura, medflies (Ceratitis
capitate) also experienced a decrease in longevity and reproduction when fed low-calorie diets*!.
There are some insect species, such as the silkworm (Bombyx mori), where only longevity has
been observed in response to caloric density so whether the expected trade-offs are present is
unknown’. Both mechanistic studies and a larger number of species is needed to better
understand the differences in response to caloric density between species.

In addition, when examining the data across all three strains, we found a reduction in
lifespan in both flies fed high and low-calorie diets, which is counter to the expectation that
decreased calories increase lifespan at the cost of decreased fecundity!®!3. Although the
generalization has been that this is due to a trade-off between longevity and reproduction across
dietary treatments, several studies have shown that some species, can “have it all” under certain

conditions or experience detriments only under extreme dietary conditions****. For the low-
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calorie D. pseudoobscura flies, the opposite seems to be true where both fecundity and longevity
are reduced with extreme caloric restriction, but the trade-off remains under less severe
conditions (see Fig. 3).

Examining one of the major life history trade-offs, in this case fecundity and lifespan, the
MV2-25 strain experienced a decrease in fecundity while also living longer when fed the low-
calorie diets. All three strains flies fed the 3.0x diet experienced an increase fecundity compared
to all other treatments. However, the variability of fecundity of females fed the 3.0x was high
regardless of strain (ranging from 0 - 450 offspring per female). Treatment also affected
longevity. Generally, when caloric density increased the life span decreased but we also saw a
decrease in longevity in those fed the lowest-caloric density diet. A similar pattern in life span
was found for comparisons of diet and longevity across strains.

One reason for this difference in lifespan response to caloric density between D.
melanogaster and D. pseudoobscura may be the result of differences in the typical “natural”
diets for each species. For example, D. melanogaster, is a human commensal that has spread
across six continents while the latter is restricted to the Western United States and Mexico®. It is
currently hard to test this because of a lack of literature on Drosophila natural diets. For instance,
little is known about D. pseudoobscura natural diets. One study showed that the species both
lays eggs and feeds in slime fluxes from black California oak and white fir, and have also been
found in the slime fluxes of elms*¢. More research on both D. pseudoobscura and other
Drosophila species’ natural diets and ecology needs to be done to further comparative research
of Drosophila species. Additionally, of note is the importance of nutritional geometry (or the
ratio of macronutrients) as it has been shown in D. melanogaster to be more responsible for
physiological responses to diet than calories'*!®. Future work should assess whether this is also
true in D. pseudoobscura. Furthermore, nutrition studies across Drosophila are difficult to
compare due to variation in diet (ex. Bross et. al 2005 used approximately 6x more yeast and
sugar per L than Min et. al 2006). This may account for differences between this study and other
studies in D. melanogaster. Additionally, many studies only provide recipes for their control
diet. In the future, more consistency and clarity in methods would make cross-study comparisons

more robust.
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Chapter 4: Recombination Rate Plasticity in Response to Caloric Density

Abstract

Recombination rate has been shown to be affected by a variety of factors such as age,
desiccation, and temperature. However, there are few studies that have looked at the effects of
variable levels of nutrition. Here we aimed to look at the effects of varying caloric concentration
on recombination rate in individuals of different genetic backgrounds. Using a quadruple mutant
stock of the fruit fly model, Drosophila melanogaster, we measured the rate of recombination
across varying caloric densities. Fecundity was affected by stock (p<0.01) but not treatment with
DGRP217 having more offspring than DGRP42.We found that recombination rate decreased
with both low and high calorie diets in one stock while it increased on low calorie diets in the
other. Across the entire region, the low-calorie decreasing recombination rate by 19.76% and the
high calorie by 15.93% compared to the control (p<0.01) in the stock with the largest effect. This
study shows that both low and high calorie diets affect recombination rate but not in the same
direction. This work also shows greater variation between stocks than previously assayed factors,
such as temperature. This work is the first to show the effects of caloric density, and
recombination and sets the stage for future work to investigate the effects of other dietary factors

on recombination rate.

Introduction

Recombination is one of the major advantages of sexual reproduction. This shuffling of
alleles allows the breakup of deleterious allelic combinations and provides the possibility for
new combinations of alleles that may be advantageous'-2. Recombination rate can be affected by

various factors. This shift in response to the environment is called recombination rate plasticity.
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Many factors that affect recombination rate plasticity also induce a stress response. Variation in
recombination rate in response to stressors has been well documented, especially in the model
Drosophila melanogaster. It has been shown that stressors such as deleterious alleles®,
temperature®, infection’, and starvation® have increased the recombination rate of various regions
of the genome in the species. Despite, a variety of factors’ impact on recombination rate being
investigated, diet has been understudied with less than five papers being published on how diet
affects recombination rate across model systems since 1941.

Nutrition is an essential component of an organism’s environment and has been shown to
have considerable effects on individuals’ physiology and populations’ life-history. Initially
nutrition research focused on caloric density but has since graduated to exploring nutritional
geometry - the ratio of various macronutrients. Through nutritional geometry research,
protein:carbohydrate ratio (P:C) has been shown to have a more significant effect than solely the

amount of energy’*8. However, these diets can be more difficult to formulate. For energy research

11,12 14,15

across model organisms (e.g. fruit flies™!'?, mice'!'2, yeast!?, primates'*!*, etc.), increased
calories have been found to increase fecundity while decreasing longevity with decreased
calories having the inverse effect”!°. This same trade-off is also seen with P:C, such that a larger
proportion of protein results in a similar pattern to high calorie treatments. For both low calorie
and low protein diets increased respiration (RQ) has been shown to help mediate this increase in
lifespan'®!”. However, this trade-off between fecundity and lifespan has made it difficult to
definitively identify diets as stressful and much of the research has been focused on using
animals as models of caloric or protein restriction to make hypotheses about implications for

human health’,

The most recent work done on recombination rate plasticity due to differences in diet in
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D. melanogaster was published in 1941 looking at starvation. In this experiment, Neel (1941)
showed larvae that were completely deprived of food responded with an increased recombination
rate. Further, by comparing to work on thermal stress, he found that the increase in
recombination due to starvation was less than that seen with thermal stress, but the region of the
third chromosome which experienced this increase was greater than seen with temperature
stress®. While there has been no recent work in this area in fruit flies, other systems such as mice
and yeast have made some progress in this area with different results than in D. melanogaster.
For example, recent work done in two different yeast strains for one interval found that glucose
reduction (by 4 times or more) decreased recombination rate. By decreasing glucose, this study
reduced the main source of calories in the media making it comparable to the modern diet
experiments as opposed to strict starvation'®.

Other recent studies on recombination rate plasticity have shown that an organism’s
susceptibility to a stressor or genetic background can influence recombination rate plasticity. For
example, a population of D. melanogaster susceptible to desiccation stress saw an increase in
recombination rate when exposed to the stressor while those tolerant of it did not. More recently
in mice, different genetic stocks have been shown to have variable responses in recombination in
response to diet. Some of the eight strains were not affected by diet while others, namely the
commonly used, C57BL/6 strain, experienced an increase in recombination when on the breeder
diet which had higher protein and energy compared to the control, maintenance diet'>. Although
this study did not look at strain susceptibility to diet stressors, it did show an effect of genetic
background on recombination rate'®.

Here we aimed to address the effects of diet and genetic background on recombination

rate in D. melanogaster. We opted to manipulate caloric density in the food to study the impact
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of diet instead of starvation, including both a low and high calorie treatment. To understand the
impact of genetic background, we examined this in the context of susceptibility to the selected
treatment as was done in the previous desiccation experiments instead of choosing various lab
strains as was done in mice. We selected two stocks with varying susceptibility to starvation
stress as there were no stocks tested for caloric concentration. The Drosophila Genetic Reference
Panel (DGRP) is a panel of hundreds of stocks which have had both had their genomes fully
sequenced and have had various quantitative traits measured to act as resource for Drosophila
researchers. Among those studied for starvation, stock DGRP42 was found to be susceptible to
starvation stress while stock DGRP217 was tolerant (see Fig 8)*°. We compared recombination
rates across three diets with varying caloric concentration, two of which have been shown to
elicit variable stress responses in this species and the other, control, is standard stock
maintenance diet’.

Looking at recombination rate across temperatures, both low and high temperature diets
increase recombination rate, creating a U-shape response curve, where. the bend in the U is
closer to an organism's thermal neutral zone (TNZ) while the arms reach towards both cold and
hot extremes survivable to the organism?!??. Because of the tradeoff that occurs with variation in
caloric density, it is hard to tell which treatment is more “stressful”, making it difficult to predict
whether there will be a significant difference in recombination between these two diets. However
because of their link to detrimental effects to fecundity (low calorie) and longevity (high calorie |
hypothesized that both diets would increase recombination rate)’. Additionally, based on
previous work using desiccation stress in which a susceptible stock experienced greater
recombination rate plasticity?’, I expected that stock DGRP42, which is susceptible to starvation

stress, would experience larger increases in recombination compared to stock DGRP217, which
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1s tolerant of starvation stress.

Methods

Stocks and Crosses

Wild-Type Crossveinless

Wild-Type Vermilion

Wild-Type Forked

Fig 7. Wild type (left) and mutant (right) stocks. In the top picture the red circles are around the cross-veins
which are absent in the mutant stock. Photos courtesy of Natalia Rivera-Rincon.

We used the quadruple, X-linked mutant stock, yellow (v), vermillion (v), cross-veinless
(cv), and forked (f) (Figure 7). This region of the X chromosome (Figure 4A) has been previously
used to examine variation in recombination rate®. Additionally, two wild-type stocks, DGRP42
& DGRP217, were selected for this study. The two wild-type DGRP lines have been shown to be
starvation sensitive (DGRP42) and starvation tolerant (DGRP217). To test for starvation
tolerance, Mackay et al. (2012) put flies of each of DGRP stocks on an agar-water mix and
assessed survival every 8 hours until all flies were dead. We chose these two stocks based on this

data and excluded lines that were Wolbachia-infected as to avoid a confounding factor (Figure
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2)%0.

All stocks were maintained in an incubator (Percival DR41-VL) at 25 °C and 70%
humidity with a 12-hour light-dark cycle. For the initial cross, vials of 10 mutant females and 5
wild-type males were placed on each dietary treatment. Each DGRP-by-diet treatment had at
least 7-21 replicate vials (Table 5). The F; female offspring of these crosses were collected
within 8 hours of emerging from their pupal case, assuring they were virgin for genetic crosses.
They were then held virgin for two to seven days to sexually mature before being backcrossed to

age-matched males from the same wild-type stock used in the previous generation (i.e. Fi

Suscepitbility to Starvation Stress of DGRP Stocks
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Figure 8. DGRP stocks’ resistance to starvation stress. The blue line is stock 42 and the red is stock 217, both selected

for this study.
reat StocH Replicates F1 Females Fecundity (+/- SE) Male Prog: \al BCC
0.5x 42 18 321 25.64 +/- 8.23 7558 16687
1x 42 21 256 13.81 +/- 4.02 5408 11759
2x 42 12 260 19.19 +/- 1.83 3088 7554
0.5x 217 11 283 37.48 +/- 7.31 12867 29531
1x 217 7 133 41.25+/2.13 12171 28975
2x 217 7 251 48.14 +/- 1.57 11628 26382

Table 11 Fecundity by treatment and stock. Overall, 217 stock had more offspring than 42.

females from DGRP217 males were backcrossed to DGRP217 males). The wild-type male was
used for the back-cross to act as a quality control measure because the mutants were all X-linked,

females could not be homozygous for the mutant allele, thus if mutant females were present, they
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were a sign of contamination. To further ensure virginity, the vials females where females were
held prior to mating were kept for one month and checked daily for pupae or larvae. If any were
found, all females originating from that vial would be thrown out. However, in this experiment,
all females were confirmed to be virgin. This resulted in 212 backcrosses. The flies were
transferred to fresh food every two days for eight days to collect eggs partitioned over time (Fig
9).

Dietary Treatments

X N —
' - F1: Cross of 2d-old . X e
y-cvev-f 42 (starvation- individuals on 3 y-cv-v-f 217 (starvation-
sensitive) caloric treatments tolerant)
r““‘lav-.. o Backcross: F1 s x oGy,
o female to DGRP male b S,
1 Female 42 (tarvation- Females were F?I aced F1 Female 217 (starvation-
on one of 3 diets tolerant)

i
sensitive) (0.5x, 1.0x, or 2.0x

., Backcross offspring: o,

Males counted and

- . phenotyped. Females _
esm counted and check for T ¢
mutations — all should be
wildtype.

Figure 9. Cross design. An initial F1 cross led to females who were assayed for
recombination and fecundity.

The initial crosses were placed on one of three diets: 0.5x, 1.0x (the control), or 2.0x (See
Table 3 in Chapter 3). The control diet contained 500 mL deionized water, 8.4 g brewer’s yeast,
4.9 g soy flour, 35.6 g cornmeal, 3.1 g agar, 35 g corn syrup solids, 10.4 mL propionic acid, and
1.1 g Tegosept in 11 mL of 95% ethanol. The proportion of agar, propionic acid, and
methylparaben in ethanol were not varied across diets to maintain food consistency with agar and
to prevent mold and with the latter two ingredients serving as preservatives. To manipulate
caloric concentration (increase or decrease), the proportion of the remaining ingredients were
manipulated.

Recombination

Recombination was measured by phenotyping the male offspring produced by the F;
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stocks for seven days after flies started eclosing from a given vial. Three intervals were measured
between four mutant markers (y-cv, cv-v, and v-f) with expected genetic map distances shown in
Figure 4A. A total of 13 observers were used for these measurements. Lab members with
previous experience with this mutant stock confirmed that their classification of all phenotypes
was in agreement for 100 flies. After this, all other observers were trained until their phenotype
classification was at least 99% congruent with one of the senior lab members before being
allowed to phenotype without supervision.
Fecundity

Fecundity was measured as the number of offspring collected for 10 days, starting with
the first day flies started eclosing from a given vial. This number was added up per vial and
divided by the number of females (6-10) that had laid eggs in that vial to get a measure of adult
offspring per F female parent. When adults were flipped to new vials, if any escaped it was
noted and the calculation for the new vial was based on the new number of females.
Statistical Analysis

Statistical analysis was done using R v.4.2.1. Code can be found on Github (replace with
actual URL — though note this is private right now). Variation in recombination rate between the
control and treatments was analyzed by running a logistic regression model on each interval
which included treatment, stock, age, and day as fixed effects and replicate as a random effect.
For “age” analyses, females were split into old (>4.5 days) and young (</=4.5 days). The

interaction between treatment, day, age, and stock was also included.
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Figure 10. Recombination across intervals. A) The X chromosome map with markers for this study in centimorgans
(cM). B-D) Odds Ratio of recombination rate for stock 42 across all three intervals. E-G) Odds Ratio of recombination
rate for stock 217 across all three intervals.
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Results

Using a quadruple mutant stock and three diets this experiment aimed to discover the
effects of caloric density on recombination rate. Additionally, we were able to test for differences
in recombination rate sensitivity by comparing offspring laid on different days by the same
mothers. Finally, this experiment was conducted on two different stocks to investigate the effects
of genetic background on recombination rate plasticity in response to caloric variation. To assure
that there was a difference in sensitivity between the two stocks, fecundity was also compared
between treatments.
Recombination

Across all treatments a total of 157,223 flies were collected from F; females. Based on
the cross design, only the male progeny (52,720) were used for recombination rate estimation
across the three intervals based on mutant markers on the X chromosome. For the first interval,

y-cv (Table 12), there was a significant effect of diet on recombination rate (p=0.05). Based on

Factor Chisq Df p-value
Treatment 6.00821958 2 0.05
Strain 6.20600443 1 0.01
Day 186.881646 3 2.88E-40
Age 4.81689296 1 0.03
Treatment:Strain 3.51195578 2 0.17
Treatment:Day 39.4186551 6 5.92e-07
Strain:Day 5.19234971 3 0.16
Treatment:Age 13.7701818 2 <0.01
Strain:Age 1.36202351 1 0.24
Day:Age 229376514 3 4.16E-05
Treatment:Strain:Day 30.730638 6 2.85E-05
Treatment:Strain:Age 5.09162582 2 0.08
Treatment:Day:Age 25.5144271 6 <0.01
Strain:Day:Age 5.12880847 3 0.16
Treatment:Strain:Day:Age 39.4953581 6 5.72E-07 |

Figure 12. Model table for recombination at the y-cv interval. Treatment, strain, day and age all had a significant
effect. Bolded values are statistically significant.
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these significant interaction terms, a posthoc emmeans contrast revealed that on days 3-4 for

young stock 42 females there was 23.6% and on days 7-8 a 5.2% difference in recombination

Factor Chisq Df p-value
Treatment 7.95083872 2 0.02
Strain 6.4699671 1 0.01
Day 134.399367 3 6.09E-29
Age 3.22653113 1 0.07
Treatment:Strain 2.44948191 2 0.29
Treatment:Day 29.9622251 6 4.00E-05
Strain:Day 12.6718819 3 0.01
Treatment:Age 13.6895016 2 <0.01
Strain:Age 0.82336619 1 0.36
Day:Age 31.0006634 3 8.50E-07
Treatment:Strain:Day 29.0066699 6 6.07E-05
Treatment:Strain:Age 0.95326716 2 0.62
Treatment:Day:Age 9.86417832 6 0.13
Strain:Day:Age 2.60444593 3 0.46
Treatment:Strain:Day:Age  47.2576316 6 1.66E-08

Table 13. Model table for the cv-v interval. Treatment, strain, and day all were significant along with many interactions. Bolded
values are statistically significant.

rate between the control and high-calorie treatment (p=0.002; Figure 4B). Unlike DGRP42,
DGRP217 had a significant difference on days 1-4 where there was a difference between the
low-calorie and control and the low-calorie and high-calorie (Figure 10E). For old 42 females the
sensitive periods were the opposite time points with a the low-calorie diet exhibiting higher
recombination than both the control (p<0.01) and high-calorie treatment (p=0.03) at days 1-2 and
the low-calorie (p<0.01) and high-calorie (p-value<0.01) treatments being significantly lower
than the control at days 5-6. Meanwhile no timepoints showed sensitivity for old 217 females at
this interval.

For the second interval, cv-v (Table 13), treatment (p=0.02), strain (p=0.01), and day
(p=6.09E-29) all had a significant effect on recombination (Figure 10 C&F). Post hoc analysis

showed significant differences by treatment for young stock 42 on days 3-4 between the low and
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high-calorie treatments with a 4.3% difference (p=0.01). Additionally, days 7-8 were significant
between the low and high calorie (p=0.04) and between the control and high calorie (p=0.04).
However, for DGRP217 there was a peak sensitivity on days 1-2 between low-calorie and high-
calorie treatments (p=1.38E-05; Figure 10F) and control and high-calorie treatments (p=0.04).
Additionally, the was significant differences on days 5-6 between the low and high-calorie
treatments (p=0.01) as well as the low and control treatments (p=0.03). Similar to the y-cv
interval, old 42 females the sensitive periods were the opposite time points with a the low-calorie
diet exhibiting higher recombination than both the control (3.34E-05) and high-calorie treatment
(p<0.01) at days 1-2 and the high-calorie treatment had lower recombination rate than control at
days 5-6 (p=0.04). Again, there were no timepoints with significant differences between
treatments for the 217 old females.

For the final interval, v-f (Table 14), there was a significant effect of treatment (p =0.04)

and day (p<0.001) but not of stock (Figure 4 D&G). There was also a significant effect of

Factor Chisq Df p-value
Treatment 11.0973168 2 <0.01
Strain 0.37106884 1 0.54
Day 65.5742898 3 3.78E-14
Age 7.72301618 1 <0.01
Treatment:Strain 5.77082 2 0.06
Treatment:Day 21.7393772 6 <0.01
Strain:Day 8.25700578 3 0.04
Treatment:Age 8.49463013 2 0.01
Strain:Age 1.65849648 1 0.2
Day:Age 38.507552 3 2.21E-08
Treatment:Strain:Day 28.654902 6 7.07E-05
Treatment:Strain:Age 192918911 2 0.38
Treatment:Day:Age 6.72889386 6 0.35
Strain:Day:Age 22.3365624 3 5.55E-05
Treatment:Strain:Day:Age 26.1402802 6 <0.01 |

are statistically significant.
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dayXstock (p=0.04) and of the interaction of all four variables (p<0.01). For stock 42 there was a
significant effect of treatment at all three of the time points showing sensitivity for days 1-4 and
7-8 while stock 217 only showed differences at days 3-4. Specifically, for stock 42 on days 7-8
there was a 2.2% difference in recombination rate between the high and low-calorie treatment
and a 4.6% difference in recombination rate between the control and the high calorie treatment
(Fig 4C). Across all intervals for DGRP42 at the time period of 57-8 days had a similar pattern
with significance in two of the 3 intervals (Figure 10). For old 42 females, days 3-6 were the
sensitive period. On days 3-4 the low-calorie treatment had higher recombination rate than both
the control (p=4.24E-05) and high-calorie (p= 2.30E-07) treatments. On days 5-6 however, the
low-calorie diet had a significantly lower recombination rate than the control (p=0.02). Old 217

females again had no significant differences in recombination rate by treatment.
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Figure 11. Recombination rate on days 7-8. A) y-cv interval, B) cv-v Interval, & C) v-f Interval. The purple
line is the expected recombination rate for each interval.

78



Fecundity

A total of 157,223 offspring were collected from F; females (Table 5). Strain (p<0.01),
days post mating (p<0.01), treatmentXdays post mating (p<0.01), stockXdays post mating
(p<0.01), and treatmentXstockXdays post mating (p<0.01) were all found to have a significant
effect on the number of offspring each female had survive to adulthood. Mean fecundity on the
control diet for F; females from DGRP42 was 13.8 offspring while DGRP217’s was 41.3 (Table
1). For the low-calorie diets female fecundity was 25.7 and 37.5 respectively and on the high
calorie it was 19.2 and 48.1 (Table 1; Figure 11). Also of note is that some vials produced no
offspring — most of these (124 of 131) were from DGRP42 — which skewed the fecundity results
for this stock. Finally, there was an affect of age (p=0.02). When split by age, the old 42 females
on the high-calorie diet did produce significantly more offspring than those on the low-calorie or

control treatments.

Factor B chisqidd bDf B p-valulé
Treatment 1.397137 2 0.5
Strain 32.29359 1 1.33E-08
Day 1.505967 3 0.68
Age 5.2734 1 0.02
Treatment:Strain 2.35297 2 0.31
Treatment:Day 6.963372 6 0.32
Strain:Day 1.354583 3 0.71
Treatment:Age 2.758508 2 0.25
Strain:Age 0.205892 1 0.65
Day:Age 0.974841 3 0.81
Treatment:Strain:Day 4.889763 6 0.56
Treatment:Strain:Age 9.190206 2 0.01
Treatment:Day:Age 2.162086 6 0.9
Strain:Day:Age 2.240511 3 0.52
Treatment:Strain:Day:Age 2.786847 6 0.84 |

Table 15. Fecundity Model Table. Strain, age, and treatmentXstrainXage were the only significant variables.
Bolded values are statistically significant.
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Figure 12. Fecundity results were not different by treatment however both age
and strain had an effect.

Conclusion

Here we found that caloric density has an effect on recombination rate at two of the three
observed intervals (Tables 7-9). Additionally, we saw that these effects were influenced by
genetic background with DGRP42 having a later sensitive period than DGRP217. However,
stock on its own did not have a significant effect. Also, we observed that fecundity was affected
by both caloric density and genetic background with DGRP217 having more offspring across all
treatments compared to DGRP42. Finally, DGRP42 had a pattern of higher fecundity on high
calorie diet as seen in previous studies™!?, whereas fecundity for DGRP217 did not seem to vary

across diets consistent with its tolerance to starvation seen in previous studies’.
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Nutrition as a Factor for Recombination Rate Plasticity
Although, several factors have previously been shown to have an effect on recombination

2122 and desiccation??, caloric density has never before been studied.

rate, such as temperature
Although starvation has been researched in D. melanogaster® and variable diets have been
studied in other models, a study specifically looking at the effects of caloric density on
recombination rate has not been done!®!°. Here we find that both low and high calories decreased
recombination rate at the y-cv and v-f intervals compared to control fed flies in DGRP42. This
pattern does not match the pattern seen with starved fruit flies® or other stressors in D.
melanogaster’'~>* where recombination rate increased during stress. These results also do not
replicate a pattern seen in a study in yeast which showed caloric restriction to decrease
recombination rate across multiple strains. The authors posited that their results of decreased
recombination with decreased calories may in part be responsible for the increase in lifespan
generally seen with caloric restriction'®. Although we did not collect longevity data here, the low
and high calorie diets used in this study have previously been shown to respectively increase and
decrease longevity, respectively, in D. melanogaster®!°. Thus, recombination rate plasticity may
not be indicative of lifespan variation caused by diet.

Additionally, at the cv-v interval, recombination rate was elevated by the low-calorie diet
in DGRP217. These results are similar to those found previously in D. melanogaster. However,
in Neel’s 1941 study looking at starvation’s effect on the third chromosome, increased
recombination rate was consistent across four intervals. Also, flies which were starved as larvae
had elevated recombination rate compared to controls consistently for up to 26 days post-

eclosion. Despite the low-calorie results being similar to those previously found, the high calorie

treatment did not affect recombination rate as expected. For temperature stress, a u-shaped curve
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is observed in D. melanogaster with both high and low temperatures causing recombination rate
to increase in comparison to the control?!?>?, hence we expected the same with caloric density.
However, we instead observed an inverse U-shaped curve (Figure 10A).
Genetic Background Influences Response to Diet

Here we looked at two different stocks that the DGRP identified as having different
responses to starvation stress (Figure 8). Although we did not look at starvation stress here, it
was the closest phenotypic response for which the DGRP had data®’. By testing two different
stocks we were able to observe, on a small scale, the effects of genetic background on
recombination rate plasticity. Previous studies have found genetic background to play a role in
recombination rate plasticity in response to desiccation?’, diet!®, and Wolbachia infection?*. Here
we saw an effect of stockXtreatment not only in which intervals were affected by the treatment
but also in the pattern of those effects (Figure 11). DGRP42 had an overall decrease in
recombination rate with both the low and high calorie diets with the y-cv and v-f'intervals being
significantly affected. Although this pattern was similar in DGRP217 for the y-cv interval, this
stock did not experience a significant effect of treatment at the v-f'interval. However, the cv-v
interval was also affected but experienced an increase in recombination rate with the low-calorie
treatment and the high calorie was not different from the control.
Sensitive Period

The period during which recombination rate peaks in response to temperature stress has
been studied in both D. melanogaster*' and its sister species, D. pseudoobscura®*. In D.
melanogaster peak plasticity for temperature stress is highest at 4-5 days after mating?®'.
Additionally, for both control-fed and starved flies, recombination rate has been shown to peak

early at 1-2 days post-mating®. Similarly, here we saw that recombination rate peaked the first
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two days of egg-laying, which was days 1-2 after mating in DGRP217. However, DGRP42
seemed to be sensitive later with plasticity peaking at days 5-6 post-mating at the y-cv interval
and days 3-8 at the v-finterval. For DGRP42, the time point 5-6 days post-mating seems to have
a similar trend across all intervals (Figure 11). While this is most prominent in the third interval,
it is worth noting that the overall recombination rate in the region of the chromosome surveyed
showed a 19.76% difference overall between the low-calorie treatment and control, and a
15.93% difference between the high calorie treatment and control with both treatments showing
a lower recombination rate than the control diet.

Overall, we show that recombination rate is responsive to diet manipulation. However,
we documented novel patterns, some of which are contrary to previous work in fruit flies. We
also show an effect of genetic background on recombination rate response to caloric density.
Additionally, this is the first study to find an effect of genetic background on peak plasticity. The
work here highlights the importance of further research of not only caloric density’s effect on
recombination but also diet factors such as nutritional geometry. Future studies should work to
identify when recombination is sensitive to various other factors and whether this is affected by

genetic background.
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Chapter 5: Conclusion
This dissertation aimed to better understand both genotypic and phenotypic variation. I
did this by addressing three major questions:

1. What are the underlying genetic causes for phenotypic variation?
2. How does the environment (e.g., diet) shape life history traits?
3. How does the environment (e.g., diet) introduce novel genetic variation?

What are the underlying genetic causes for phenotypic variation?
In the first chapter, I searched for genetic causes of the unique phenotypic variants that

make up the bear macaque, Macaca arctoides. This species is considered the most unique
species of its genera. However, historical, ecological, and genetic causes of the phenotypes of
this species remain a mystery. As a follow up on a side project investigating the unique genital
morphology from genome wide outliers, I focused on the remaining outlier genes and identified
pathways that may explain some of the phenotypes that make the bear macaque unique.
Through pathway analyses, we provide support for the developmental, WNT signaling
pathway, and the color-related, melanogenesis pathway, being involved in M. arctoides’ unique
phenotypes. Additionally, miRNAs and immune-related genes made up a large proportion of
outlier genes, which may be indicative of their involvement in the differentiation of this species.

This work provides a resource for furthering genotype x phenotype research in this
understudied, endangered species. Although this work focused on looking for genotypic
variation that explained known phenotypic variation in just one species, it sets the stage for
broader associations of these genes with phenotype. For example, color variation within and
between primate species'™ and ontogenetic coloration*® are not well understood. The genetic
cause for primate color variation has eluded scientists for decades. Here, several genes related
to melanogenesis, but not previously linked to color differentiation, were outliers, thus

providing candidate genes for future studies on color variation in primates. For example, using
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both candidate developmental and melanogenesis genes found in my work, and comparing
those between primate species with ontogenetic coloration (examples with publicly available
genomes M. arctoides, Colobus guerza, Trachypithecus francoisi, Eulemur flavus rufus) and
without could lead to the discovery of the gene(s) responsible.

How does the environment (e.g., diet) shape life history traits?
In my second chapter, I looked at the effects of variable caloric densities on Drosophila

pseudoobscura’s life history traits. Despite there being over 2000 species of Drosophila, most
work is done on D. melanogaster, in part due to the large amount genomic and stock resources
this species now has. However, D. pseudoobscura now has many of the same resources,
including a genome sequenced in 2005’and a large breadth of stocks. Because the effects of
caloric density have been looked at across model species® !, but limited work has been done
within genera, this was identified as a key physiological response to look at in another well-
resourced Drosophila species. Using both high- and low-calorie treatments across three strains
of D. pseudoobscura, we found a similar pattern of increased calories increasing fecundity
while decreasing longevity. Additionally, we may have identified the point at which low-calorie
becomes too few calories in this species (0.5x), causing both a decrease in lifespan and
fecundity.

Few studies of how diet affects a particular organism are done across caloric
concentrations or across genetic backgrounds. This study was the first to look at caloric density
in D. pseudoobscura, used five different diets of both high and low caloric density, and three
different strains. Although this work showed some similar results to D. melanogaster, there
were also some key differences. This highlights the need to look at seemingly “basic” factors
across organisms. Additionally, due to the lack of knowledge on natural diets for these model

organisms, it is difficult to identify or even posit potential causes for natural variation between
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species. Hence, future work should expand our knowledge of model organisms’ natural habitats
to give better context of lab results. Finally, the field of nutritional research is moving away
from caloric density and towards nutritional geometry. This is because macronutrient ratio has
been shown to have a larger role in physiological responses to diet'>!3. Although that was the
original plan here, difficulties with diet formulation (large numbers of flies died on the high
protein diets after less than a week) prevented that work from being completed for this
dissertation. Future efforts should be made to look at other Drosophila species’ response to
variation in protein:carbohydrate.

How does the environment (e.g.. diet) introduce novel genetic variation?

My final chapter used Drosophila melanogaster to look at the effects of caloric density
on recombination rate. Recombination rate, a key contributor to genetic variation, has been
shown to be plastic in response to a variety of factors such as desiccation'*, temperature!>!7,
and seasonality'®. In general, recombination rate increases with stressful environments (ex.
recombination increases with both extreme cold and hot conditions, with an organism’s
temperature neutral zone having relatively low recombination rate). Despite diet being a key
part of an organism’s environment, studies on its effects on recombination rate have been
limited. In addition to environment, genetic background has also been shown to have an effect
on recombination rate!*1%-20,

Continuing my experiments in Chapter 3, I performed another study looking at the
effects of stock and diet but this time used Drosophila melanogaster. An additional difference
between these projects is that instead of investigating diets’ effect on physiological or life

history factors, I wanted to know how diet affected the generation of genetic variation (via

recombination rate). To address this, [ compared the effects of caloric density on recombination
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rate in a starvation-sensitive (DGRP42) and -tolerant (DGRP217) line of D. melanogaster. Both
a low and a high calorie diet were used along with a control. The recombination rate between
four different phenotypic markers was measured. We found that recombination rate was
affected by diet with both the low and high calorie diets decreasing recombination rate.
Additionally, stock had an effect on recombination rate and fecundity with DGRP42, the
starvation-sensitive line, having lower fecundity than DGRP217.

The effects of caloric density on recombination rate have never been looked at before
and no study has combined both low and high calorie diets to date. This study showed the
importance of diet as a driver of genetic variation and future studies would do well to look at
the effects macronutrient ratios on recombination rate. This work is also in agreement with
previous studies showing that genetic background plays a role in response to environmental
change!*2!. Thus, identifying genes related to recombination rate plasticity should be an area of
interest for future work. Another area of future research should also include looking at whether
a population’s susceptibility to a factor (ex. starvation stress) influences its recombination rate
plasticity. Although our work and others have looked at susceptible and tolerant stocks'?,
without having multiple representative stocks of each type, it is difficult to identify whether

susceptibility is the main driver of observed trends.

The Study of Biological Variation: Some Concluding Thoughts

Research of how variation is generated and maintained in the natural world started with
the work of Darwin and Wallace showing how small changes in phenotype can lead to larger,
more meaningful changes over time?**}. Around the same time, Mendel’s work on pea plants

showed that phenotypic variation had some form of heritable component®* which almost a
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century later was identified by Watson and Crick (with large contributions by Rosalind Franklin)
to be DNAZ. Throughout the early 20™ century, the work of naturalists and statisticians such as
R.A. Fisher, Sewall Wright?®2’, Haldane?®>°, and Theodosius Dobzhansky*'* combined
Darwin’s theory of natural selection with Mendel’s models of heritability along with the fledging
field of population genetics to create the “modern synthesis”. This modern synthesis helped
explain not only between species differences but also within species variation. Additionally, it
started bridging the gap between genetic and phenotypic variation and the interactions between
the two>*.

In the 21 century another modernization of evolution and the study of variation is
occurring. Researchers such as Gerd Miiller and Massimo Pigliucci have argued the 20™
century’s “modern synthesis” does not account for generation of variation, merely the
maintenance (or lack thereof)*>. This new extended evolutionary synthesis (EES) recognizes that
genetic variation not only comes from mutation but also processes such as recombination or
transposable elements. Additionally, research under the EES framework has a focus on the way
both the environment and a population’s history (i.e. transgenerational effects) influence
genotypic and phenotypic responses. Finally, the EES builds upon the modern synthesis’s
understanding of plasticity (i.e. that a given phenotype is dependent upon
genotypeXenvironment interactions) by acknowledging plasticity itself as a phenotype® 3%

Extending into the Framework of the EES

The research in this dissertation contributes to the fields’ understanding of phenotypic
and genotypic variation using the modern synthesis. My first chapter still calls back to these
early works, looking at genotype to phenotype. Although not enmeshed in the most current

theory (i.e. EES), the basic knowledge of which variation of gene(s) is leading to variation in
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phenotype is needed to understand more complex interactions (such as environment’s effects on
the evolution of a species and the continued maintenance of its phenotypic and genotypic
variation from sister taxa). This knowledgebase is especially critical for endangered species and
organisms that make up their environment as it has been shown to help with conservation and
invasion prevention®”. By identifying key genes associated with development and coloration, the
work of my second chapter can be used to help conservation efforts in a wide variety of taxa,
including primates. Further work linking our candidate genes with known phenotypic variation
also allows the EES to be more concretely applied by looking at how the physical environment
and parental environment affect the expression of these genes.

Both my third and fourth chapters did heavily use the EES framework. The work of both
chapters manipulated the dietary environment, specifically the caloric density, and looked at the
effects of genetic background by using different stocks of the same species. Unlike many
previous studies which focused on how the dietary environment affects life history phenotypes,
my work focused on the intersection of dietary environment, genetic background, and the
resulting phenotypes. While the phenotypic focus of the third chapter was life history traits, the
focus of the fourth was recombination rate plasticity. This fourth chapter most heavily relies
upon the EES framework by looking at plasticity (of recombination rate) as the phenotype and
focusing on genetic variation not just caused by genetic sequence variation. As a whole, this
dissertation builds upon almost 200 years of evolutionary theory while bringing the field forward

by using modern techniques and addressing questions that still remain incompletely answered.
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