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ABSTRACT

CONVERGENT EVOLUTION OF PRIMATE TESTIS TRANSCRIPTOMES
IN RESPONSE TO MATING STRATEGY DIFFERENCES

Yapar, Etka
M.S., Biology

Supervisor: Assoc. Prof. Dr. Mehmet Somel

February 2021, 71 pages

In independent mammalian lineages where females mate with multiple males (multi-
male mating strategies), males have evolved larger testicles relative to those lineages
where females mate with fewer males (single-male mating strategies). This conver-
gent evolution of relative testis size is attributed to the sexual selection acting as the
immense sperm competition between males of multi-male mating lineages. Here I an-
alyze bulk testis transcriptomes of humans, chimpanzees, gorillas, rhesus macaques,
mice and rats in attempt to detect traces of convergent evolution of gene expression
and find that bulk testis transcriptomes also appear to be convergently evolved. Then,
using deconvolution I compare the relative (postmeiotic + meiotic) versus (premeiotic
+ somatic) cell type ratios (or testis tissue composition) among testes of the species
analyzed and show that convergent patterns seen in bulk testis transcriptomes are
largely attributable to cell type composition changes among testes of species. How-
ever, analyzing cell type-specific gene expression data from spermatocytes and sper-
matids of humans, rhesus macaques and mice, I show that there is also convergent
evolution at the cell-autonomous level, albeit in modest amounts when compared

with bulk testis convergence. Finally, I analyze testis development data from mouse



and macaque to show that when the adult bulk testis transcriptomes are compared
against testis development of said two species, single-male species like human and
gorilla are paedomorphic relative to bulk testis transcriptome profiles of multi-male
primates, chimpanzee and macaque. This suggests that shifts in the timing or the
rate of testis development could explain convergences in relative testis mass, tissue

composition and bulk transcriptomes.

Keywords: transcriptomics, comparative evolutionary biology, bioinformatics
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0z

PRIMAT TESTIS TRANSKRIPTOMLARININ UREME TiPi FARKLARINA
CEVABEN YAKINSAK EVRIMI

Yapar, Etka
Yiiksek Lisans, Biyoloji
Tez Yoneticisi: Dog. Dr. Mehmet Somel

Subat 2021 , 71 sayfa

Disi bireylerin birden ¢ok erkek bireyle ¢iftlestigi birbirinden bagimsiz memeli tiir-
lerinde erkek bireyler, disi bireylerin daha az erkekle c¢iftlestigi tiirlere kargilastiril-
diginda daha biiyiik testisler evrimlestirmislerdir.Viicut biiyiikliigiine oranla biiyiik
testislerin gelistigi bu yakinsak evrim daha 6nce sperm rekabeti olarak isimlendirilen
ve ¢ok erkekli iireyen tiirlerin erkek bireyleri tizerine etkiyen bir ¢esit eseysel se¢ilim
baskisina atfedilmistir. Bu tezde, testis anatomisi iizerinde etkili ve yukarida bahse-
dilen yakinsak evrimin gen ifadesi diizeyinde de gdzlemlenebilir olup olmadigini test
etmek amaciyla insan, sempanze, goril ve makak tiim testis transkriptom verisi analiz
edilmis olup tiim doku gen ifadesi diizeyinde de bu yakinsak evrim izlerinin sapta-
nabilecegi gosterilmistir. Daha sonra, uygun istatistiki metodlar kullanilarak mayoz
sonrasi ve mayoz geciren hiicrelerin mayoz oncesi ve somatik hiicrelerin goreli mik-
tarlar1 analiz edilen tiirlerin tiim testis gen ifadesi diizeylerinden c¢ikarsama yoluyla
saptanmis ve tiim testis diizeyinde gen ifadesinin yakinsak evriminin biiyiik oranda
bahsi gegen hiicre tiplerinin testis dokusundaki goreli miktarlarinin degisimiyle agik-

lanabilecegi gosterilmistir. Buna karsin, insan, makak ve fare spermatosit ve sper-

vii



matid hiicre tiplerine 6zgii gen ifadesi verisinin analiz edilmesi sonucunda, hiicre i¢i
gen ifadesi degisimlerinin de testis doku bilesimi kadar giiclii bir etkiye sahip olma-
salar da anlaml etkileri oldugu goriimiistiir. Son olarak, bahsi gecen tiim testis gen
ifadesi verilerinin makak fare testis gelisimi gen ifadesi verisi ile karsilastirmali ana-
liz edilmesiyle insan ve goril testislerinin tiim doku gen ifadesi diizeyleri acisindan
bakildiginda makak ve sempanze testislerine gore pedomorfik durumda oldugu, yani
erigkin insan ve goril testislerinin ergen veya ¢ocuk makak veya sempanze testisle-
rine daha benzer oldugu gozlenmistir. Bu bulgu, testis gelisimi sirasindaki zamanlama
degisimlerinin potansiyel olarak yukarida bahsi gecen anatomik ve gen ifadesi diize-
yinde testis yakinsak evrimi Oriintiilerini agiklayabilecek gelisimsel ana mekanizma

olabilegini gdstermesi acisindan 6nem arzetmektedir.

Anahtar Kelimeler: transkriptom, karsilagstirmali evrimsel biyoloji, biyoenformatik
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CHAPTER 1

INTRODUCTION

1.1 Testis histology

Testis is the male gonad that both produce male gametes, sperms, and the male repro-
ductive hormone, testosterone. It is possible to examine the histology of mammalian
testis in two distinct parts. In the interstitial region, the most commonly found cell
types are Leydig cells and immune cells such as mast cells and macrophages. Leydig
cells are worth mentioning in the context of reproduction in that they produce and
secrete testosterone, which helps the development and maintaining of the secondary
male characteristics. Seminiferous tubules are where spermatogenesis takes place and
host many cell types with particular importance. In addition to their “nurturing ” role
in maintaining spermatogenesis, Sertoli cells are also the first cell type that emerges
during testis differentiation from urogenital ridge during fetal development and assists
the testicular differentiation, in turn, would yield other cell types. Spermatogonia are
the precursor cells that can either produce copies of themselves or spermatocytes,
which will go under meiotic division through spermatogenesis to produce the mature

sperm (Fietz et al., 2017).

1.2 Sexual selection

Despite its ad nauseam referral to explain sexual selection, male peafowls’ ornaments
developed in parallel with female individuals’ selective mate choice behavior is a

textbook case.

In detail, male individuals of this species carry larger tails and ornamental feathers



with colorful eyespots, or ocelli, when compared to the rather dull appearance of the
female individuals. Density, but the not number, of ocelli found in an individual male,
has been shown to be a reliable estimator for increased mating success before, along

with other traits such as train length (Loyau et al., 2005).

This dimorphism may seem not very interesting at the surface, but it paints an absurd
picture from a survivalist standpoint. That is because bizarre traits like the peacock’s
long train and ocelli suggest a reduced survival advantage. However, survival at the
cost of not being able to mate would not bring any evolutionary advantage. Although
this specific peacock trait has been shown not to affect the metabolic cost of free
movement (Thavarajah et al., 2016), the survival versus mating success dilemma still
holds. After all, without passing their genes to their offspring living would mean the

least for the peacocks.

Although this specific example is often regarded as the definitive example of sexual
selection, it only touches upon one specific form of sexual selection, which happens
intersexually -mate choice- and overlooks an equally important form of sexual selec-

tion that happens intrasexually, competition.

In general, sexual selection may refer to any force of natural selection that directly
acts on a species’ reproductive success rather than survival (Darwin, 1896). In the
case of mate choice, as explained above, selective mating of one sex based on sev-
eral phenotypes of the opposite sex creates an immense selection pressure on the sex
that is being selected for their appearance, which the case of peacocks displays an
extreme example. On the other hand, the competition -usually among the males- may
result in the evolution of arguably more interesting behavioral and anatomical traits.
It is possible to further classify intrasexual selection into two complementary steps
as the forces acting on traits related to the points before copulation and those after
copulation. For instance, under female promiscuity, post-copulatory intrasexual se-
lection among males might be the dominant form of sexual selection, whereas under
male promiscuity -or harems- the effect of pre-copulatory male competition would be

more critical in that it will determine the access to a receptive female.



1.3 Sperm competition

Post-copulatory intrasexual selection, which was mentioned in the above section, is
historically referred to as sperm competition. It is of particular importance for topics
covered in the following sections regarding the convergent evolution of testis anatomy

and histology.

1.3.1 Convergent testis size evolution in relation to sexual selection

It has been previously reported that it is possible to explain differences in testis
mass among different species by different mating strategies. In lineages with female
promiscuity (e.g., polygynandry or polyandry), there is profound sperm competition
among individual males. This selection pressure is anticipated to result in ejacu-
lation in higher volumes, higher testis mass, and more frequent copulation (Short,
1979). Almost four decades ago, Harcourt and colleagues showed that differences in
their mating behavior could explain the relative testis weight of species by analyzing
testis and body mass data from approximately 30 primate species. In detail, species
with female promiscuity, or multi-male mating species, generally have higher residual
testis mass than species with less female promiscuity or single-male mating species
(Harcourt et al., 1981). Thus the mechanism behind the testis weight convergence ex-
plained above could be the elevation of this kind of selection pressure in multi-male
lineages like chimpanzee and macaque or the relaxation of it in single-male lineages
such as human and gorilla. Later studies explored this testis mass and mating strategy
relationship with a broader set of mammalian species (Dixson, 2012; Harcourt et al.,
1995; Hosken, 1997; Kenagy et al., 1986; Ramm et al., 2005). See Figure 1.1 for
visualization of compiled testis weight / body weight data taken from (Kenagy et al.,

1986).

1.3.2 Testis tissue composition and rate of spermatogenesis

The ratio of seminiferous tubules to connective tissue in humans has been shown to

be close to 1, whereas this ratio is around 2-2.5 for multi-male primate species such

3
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Figure 1.1: (A) Relationship between body weight and combined testes weight of
46 mammals. The plot and the linear model was constructed with both axes log
transformed. (B) Distribution of relative testis size stratified according to different
mating strategies. “Relative testes weight” was calculated as the ratio of actual log
testes weight and fitted log testes weight according to the linear model used in panel
A. Data for both panels and the plot idea for panel B were taken from Kenagy et al.,
1986. See Table 1 and Figure 1 of cited work, respectively.

as chimpanzees or macaques (A. H. Schultz, 1938). It is suggested that strong sperm
competition also selects for faster spermatogenesis (Ramm et al., 2010). Findings re-
lated to convergences of testis mass, histology, and spermatogenesis rates in response
to sexual selection altogether highlight that the histological and anatomical evolution
of testes is a fast process since it is possible to observe this kind of convergence within
a four-species primate phylogeny with closely related species: human, chimpanzee,
gorilla and macaque. Among many factors that allow this rapid evolution, plausible
ones may include the modularity of the testis development organization (Sekido et al.,
2013; Stockley, 2004) and the potent positive selection on reproductive phenotypes
(Dixson, 2012; Short, 1979; Stockley, 2004) of species mentioned above.
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1.4 Transcriptome evolution

Here in this context, transcriptome evolution may refer to any divergent or convergent
changes in gene expression that has occurred between two or more lineages. To study
the evolution of gene expression in a transcriptome-wide manner, high-throughput

methods are needed.

1.4.1 Methods for high-throughput gene expression measurement

As stated above, evolutionary studies on transcriptomes need gene expression data
coming from tens of thousands of genes in parallel. There are two major technologies

that allow the generation of data of such nature.

1.4.1.1 Microarray

Since the first emergence of the photolithographic techniques that made synthesiz-
ing oligonucleotide probes onto glass slides with high precision in 1991 (Fodor et
al., 1991) and the creation of cDNA microarray to be used to hybridize total cellu-
lar mRNA pool from Arabidopsis thaliana as a novel way of measuring gene ex-
pression (Schena et al., 1995), DNA microarray (or DNA chip) technologies allow

high-throughput parallel measurement of gene expression.

The actual quantification step relies on emitted light during the hybridization of mR-
NAs with oligonucleotide probesets engineered specifically for each gene or tran-
script. Aliquots of the source mRNA pool are distributed to micro spots on the chip,
which itself includes a set of ligated oligonucleotide probes specific to one feature.
After hybridization, emitted light from the chip is recorded, and it is possible to quan-
tify gene expression with the raw light intensity data and the metadata of the geomet-

ric coordinates of used probesets and their target features.
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1.4.1.2 RNA Sequencing

In the year 2008, three studies published within two months apart from each other
marked the beginning of a new era in transcriptomics (Lister et al., 2008; Mortazavi
et al., 2008; Nagalakshmi et al., 2008). These were the first examples of using RNA
Sequencing to measure gene expression of Arabidopsis, mammals, and yeast, re-
spectively. RNA Sequencing, or RNA-Seq for short, uses the NGS technology on
cDNA fragments created from pools of isolated mRNA. After obtaining the cDNA
libraries, the process is essentially the same as the DNA sequencing. Although the
exact molecular technology that enables sequencing DNA fragments can change be-
tween different platforms, most technologies rely on punctuated replication of the
isolated fragments and obtain base calls between sequential steps of this controlled

synthesis of DNA inside the respective instruments.

In summary, this process requires a pool of fragmented, amplified, size selected, and
adapter-ligated DNA fragments, or sequencing libraries, to operate. Ligated sequenc-
ing adapters allow the positioning and ligation of DNA fragments to the sequencing
machine’s flow cell for clonal amplification of DNA strands to populate their microen-
vironments on the flow cell surface to form what is called clusters. Amplification of
this sort allows for more precise detection of emitted light by resulting in a larger
surface that will give out the signal during sequencing. Ligated adapters also contain
primer seed sequences needed for the sequencing runs to start. The sequencing step
involves the parallel and sequential amplification of ligated DNA fragments scattered
through the flow cell. In detail, each cycle of sequencing, which refers to a single

nucleotide addition for all the template fragments, consisting of several steps:

1. washing of the flow cell with color tagged dNTPs,

2. consequent incorporation of said tagged dNTPs into growing chains,

3. washing out unbound dNTPs followed by imaging the flow cell surface for base

calls,

4. washing of fluorophore and the bound groups that are preventing elongation by

blocking the 3’-OH group.



This strictly controlled sequencing progression is also called “Cyclic reversible ter-
mination,” which refers to the added blocking groups and fluorophores attached to the

dNTPs (Goodwin et al., 2016).

The obtained short NGS reads are then aligned to a reference genome and/or tran-

scriptome and hits per feature are counted to have a measure of gene expression.

1.4.1.3 Comparison of two technologies

There are differences in resolution and accuracy of the two platforms’ measurements
of annotated genes’ expression. First, RNA-Seq performs better on genes with ex-
tremely low or high expression in terms of sensitivity and accuracy compared to
microarray (Zhao et al., 2014). Additionally, being a sequencing-based platform,
RNA-Seq is not affected by limitations related to hybridization-based experiments
such as signal saturation, background light noise, or biases resulting from differences

in hybridization efficiencies of different probes (Goodwin et al., 2016).

It is essential to acknowledge that the raw data generated by the two platforms differ
in their nature and what they actually represent. While the light intensity data from
microarray experiments can be a direct measure of gene expression, the raw data for
RNA-Seq experiments is simply a text file with nucleotide sequences of DNA frag-
ments found in sequencing libraries. Thus, by nature, RNA-Seq data can reveal addi-
tional biological information that microarray data cannot. For instance, it is possible
to identify novel transcripts of a gene with RNA-Seq data, whereas the microarray
data is limited to the probesets used in the hybridization of mRNA pools at the time
of the experiment. Additionally, although not of direct importance in gene expression
studies, it is also possible to identify single nucleotide variants (SNVs) for the coding

regions of the genomes using RNA-Seq data (Zhao et al., 2014).

Both microarray and RNA-Seq platforms have their limitations regarding raw data
pre-processing that stem from the respective platforms’ method of operation. It is
faster to computationally pre-process the raw data to obtain a gene expression matrix
for microarray data. In contrast, for RNA-Seq data, this process usually takes hours

with legacy software (Bray et al., 2016). This difference stems from the sequence

7



alignment step usually required for pre-processing the raw RNA-Seq data. It is also
worth mentioning that the RNASeq platform produces raw data that is substantially

larger in file size than microarrays (Zhao et al., 2014).

1.4.2 Previous studies on testis transcriptome evolution

There are several research articles that are worth mentioning in terms of -sometimes

indirect- findings regarding primate testis transcriptome evolution.

Using microarray technology, Khaitovich and colleagues showed that there is sub-
stantially higher gene expression divergence between humans and chimpanzees and
low within-species divergence in bulk testis transcriptomes relative to brain and liver
transcriptomes (Khaitovich et al., 2005, 2006b). In addition to this observation, it is
also reported that genes expressed in testis display faster evolution of protein-coding
sequences than other genes (Khaitovich et al., 2006a, 2005). Brawand and others cor-
roborated this unique feature of testis among other organs in that it shows the highest
pace of evolution among six tissues at the transcriptome level, utilizing bulk RNA-Seq
technology (Brawand et al., 2011). Even though that convergence is not quantified,
it was also noted in the same study that the human bulk testis transcriptome appears

more similar to the gorilla than to the chimpanzee.

Unfortunately, comparative aspects of molecular mechanisms of primate testis de-
velopment have yet received meager attention. One exception is a recent study by
Cardoso-Moreira and colleagues, in which gene expression from numerous organs
was studied across different species’ development (Cardoso-Moreira et al., 2019).
The authors noted that testis is among the tissues with the highest number of genes
with signs of positive selection and also has the highest number of trajectory changes,
that is having the highest number of newly acquired gene expression patterns across
different mammals throughout organ development. They continue with underlining
that even though the testis is one of the fastest evolving organs among mammals,
humans have slower evolving testes than more promiscuous species like mice, rats,
or rabbits. Though not common at the whole organ level, the authors also reported
the existence of heterochronic patterns, that is, changes in the rate of development, in

different organs with sub-groups of genes, particularly in testis regarding the onset of



meiosis.

Another example is a new study, Wang et al., 2020, which presents essential find-
ings about evolutionary mechanisms by which gene expression is regulated at the
transcriptome and translatome (sample universe of mRNAs that are actively being
translated) layers by using RNA-Seq data from the brain, liver, and testis across six
species. They also mention some unique features of testis gene expression. First, they
report that the translatome layer generally shows similar or greater gene expression
variation than the transcriptome layer for the brain and liver. This trend is reversed for
testis transcriptome and translatome layers of four out of six species included in the
study. The authors attempt to explain this reverse trend in the testis by attributing it to
an inverse relationship between transcript abundance and respective translational ef-
ficiencies of said transcripts, or anticorrelations. This is strengthened by the observa-
tion that four species with reduced translatome expression variation are the same four
species that show the strongest anticorrelations. They further hypothesize that these
anticorrelations that are unique to testis could stem from strong translational repres-
sion of genes that are mainly expressed in meiotic and post-meiotic cell types, which
mature testis include in great abundance relative to other cell types. When the respec-
tive rates of evolution are compared between translatome and transcriptome layers,
the number of genes with faster transcriptome evolution are consistently higher for all
three organs. However, when the relative numbers of genes with faster translatome
versus transcriptome evolution compared across organs, testis has the highest ratio.
Moreover, when the distributions of relative paces of translatome versus transcrip-

tome evolution among organs are compared, testis has the biggest contrast.

1.5 Motivation of this study

A previous master’s thesis from our research group was presented three years ago
(Saglican, 2018). That work already visited some of the research questions discussed
here. In summary, Ekin aimed to show that the anatomical testis convergent evolu-
tion is also paralleled by human, chimpanzee, gorilla, and macaque bulk testis tran-
scriptomes and also showed possible developmental and histological mechanisms by

which the said bulk testis gene expression convergence could be explained. The main
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findings of the said work can be summarized in four major points:

1. In the scope of genes separating human and chimpanzee bulk testis transcrip-
tomes, testes of multi-male mammalian species such as macaques, mice and
rat show significantly higher correlation to chimpanzee than human, and the

single-male gorilla shows an opposite trend.

2. When the gene expression profiles of individual cell types from mouse testis
are used and summarized as premeiotic/somatic (PRE) and postmeiotic/meiotic
(POST) cells, it has been seen that single-male species such as human and
gorilla display significantly lower POST:PRE ratios when compared to multi-

male species included in the analyses.

3. When the adult bulk testis samples of human, chimpanzee, gorilla, and macaque
are compared to mouse and macaque testis developmental time points at the
transcriptome level, single-male primate species display the most similarity to
earlier time points of macaque and mouse testis development than multi-male
species do. In other words, human and gorilla have paedomorphic testicles

when compared to chimpanzee and macaque.

4. Clustering genes common for macaque and mouse testis development and adult
bulk testis samples of four primate species; It is possible to obtain two clusters
such that genes belong to one cluster display overall increase throughout testis
development and show a multi-male overexpression for the adult bulk testis
samples, whereas the other cluster having the opposite pattern. Moreover, the
former cluster also shows enrichment in Gene Ontology Biological Process

categories related to reproduction.

However, it is also worth mentioning what Ekin suggested as future work and limita-

tions in her thesis to improve that comprehensive analysis:

1. The gene expression convergence in bulk testis transcriptomes of primate species
was not methodologically tested for each gene. Instead, differential transcriptome-
wide correlations to human and chimpanzee were used as a proxy for measuring

the overall convergence that can be detected using gene expression data.
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2. The analyses listed were only performed in testis, without a tissue control,

which would show the patterns discovered are unique to the testis.

3. Although there is apparent convergence of POST/PRE ratios of single-male and
multi-male species testes, the relative contribution of cell-autonomous effects

to the convergence seen in bulk testis transcriptomes remains to be answered.

1.5.1 Novel contributions of this study

Here, I analyzed a superset of the data that was used in Ekin’s thesis, aiming to address
several limitations listed above by re-analyzing the data with improved methods and
including additional data from adult primate brain transcriptome with the same four
species, a human testis development dataset and a cell type-specific gene expression
data of spermatocytes and spermatids from human, macaque, and mouse. Below I

explain these novel contributions.

First, I used a probabilistic framework, the EVE model (Rohlfs et al., 2015) (see Sec-
tion 2.3.2 for detail), to model convergent gene expression changes using the human,
chimpanzee, gorilla and macaque bulk testis data. This new method allows me to test
individual genes for convergent evolution and infer the strength of transcriptome-wide
convergence using the proportion of genes that display convergent evolution. Second,
for the transcriptome-wide convergence and developmental analyses I utilized a pre-
frontal cortex RNA-Seq data as a tissue control. Third, I used the above-mentioned
spermatocyte and spermatid data from human, macaque and mouse to detect possi-
ble cell-autonomous gene expression convergence and later compared this effect with
the cell type ratio differences. Lastly, I improved the methodology for gene cluster-
ing, functional annotation and transcription factor binding site analyses by including
a human testis development dataset and using more recent and robust databases and
statistical methods for these analyses. With the improved version of these analyses,

we submitted the findings discussed here as a research article to the journal Evolution.
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CHAPTER 2

MATERIAL AND METHOD

2.1 Raw data used and preprocessing

2.1.1 Creating custom transcriptome annotation

Measuring gene expression from RNA-Seq data involves aligning NGS reads to a
reference genome and/or transcriptome and then counting the hits per gene and/or
transcript. This process relies on normalization according to the total number of reads
per library (read depth) and lengths of corresponding genes. Thus, it is highly sen-
sitive to differences between lengths of annotated genes or coding sequences. Tak-
ing this problem into account becomes even more crucial when one is dealing with
cross-species data since the completeness of genome annotation can differ substan-
tially among species. To overcome this problem, different studies employed similar
approaches where a custom transcriptome annotation was created to only include
perfectly alignable, 1:1 orthologous exon sets among the all the species involved in
a particular analysis (Brawand et al., 2011; Saglican, 2018). In particular, I used the
same approach taken in (Saglican, 2018) whenever I processed a raw RNA-Seq data
to be included in this study, and used raw RNA-Seq data preprocessed into FKPM
gene expression matrices created by the author, where I was using data from that

particular study.

The specific preprocessing approach as it is implemented in (Saglican, 2018) is sum-

marized below.

Two sets of custom GTF files were created to include only 1:1 orthologous and

alignable exons:
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e GTF A: Content of this transcriptome annotation is limited to 1:1 orthologous

and alignable exons of only the primate species analyzed

e GTF B: Content of this transcriptome annotation is limited to 1:1 orthologous

and alignable exons of all the mammalian species analyzed.

In any case depicted above, the process of creating the final annotation is the same
except the scope of species the annotation includes. In detail, the 1:1 orthologous
gene set information was downloaded from Ensembl version 83 (Cunningham et al.,
2015; Yates et al., 2020) using the Biomart tool of the website. Then, for each ortholo-
gous gene set, exonic sequences for each species downloaded again through Ensembl.
The longest coding sequence was selected and used for genes with multiple coding
transcripts. TBA software (Blanchette et al., 2004) was used to align sequences of
species inside one gene set using multiple sequence alignment approach. Finally, a
custom Python script is used to filter and cut the Ensembl GTFs for species utiliz-
ing the MSA information so that only exonic sequences that were fully alignable for
all species were included in the final output. The exact script can be accessed from
the Appendix of the related thesis (Saglican, 2018). Moreover, gaps encountered in
one or more species were removed from the output. There was a final filtering step
based on the resulting length of coding sequences so that only genes with total length

>100bp were retained.

2.1.2 Common pre-processing steps for all RNA-Seq data

RNA-Seq reads were mapped to Ensembl version 83 genomes and transcriptomes
using TopHat2 software (Kim et al., 2013). For the reported hits, maximum of
I mismatch between read and the reference and 2 multi-hits total in the genome/-
transcriptome were allowed, alignment search was limited to known splice juctions
(-no-novel-juncs), and maximum and minimum intron length parameters were
changed to 1Mb and 40bp respectively. Using the optional fields which are spe-
cific for the aligner, resulting alignments were filtered to contain unique mappers
only. Retained alignments were quantified as FPKM gene expression per gene us-
ing Cuff1links software (Trapnell et al., 2010), using the appropriate custom GTF

file (see the previous section). Finally, resulting FPKM values were transformed as
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log, (FPKM + 1) and then quantile normalized with preprocessCore R pack-
age (Bolstad, 2019; Gautier et al., 2004).

In Tables 2.1 and 2.2, I listed the accession codes for data used here and the organi-

zation of combined datasets I created from those data sources, respectively.

Table 2.1: Accession numbers

Description Accession code
(Brawand et al., 2011) GSE30352
(Khaitovich et al., 2005) E-AFMX-11
(Chalmel et al., 2007) E-TABM-130
(Namekawa et al., 2006) GSE4193
(Lesch et al., 2016) GSE68507
(Cardoso-Moreira et al., 2019) | E-MTAB-6814

2.2 Creation of combined datasets

2.2.1 Primate / Mammal bulk testis / brain

For both the adult primate and mammal bulk testis combined datasets, [ used a revised
normalization approach which leverages the fact that both data sources included hu-
man and chimpanzee samples when merging the main two data sources (Brawand
et al., 2011; Khaitovich et al., 2005), adopted from (Saglican, 2018). The process in

detail explained below.

1. First I merged two data based on common genes between them and recorded
the average gene expression per gene per data source but only using the same
number of human and chimpanzee samples (two humans and two chimpanzees
for both data sources). This value was later used in the last step of the normal-
ization and created as a way to preserve the relationship among genes before

normalization.
2. Then, I calculated the average and standard deviation of gene expression of
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human and chimpanzee samples per gene per data source. These value I denote
e and o .. I maintained the balance of human/chimpanzee sample sizes
within each dataset by discarding a random human individual from (Khaitovich

et al., 2005) data.

3. After obtaining the . and oy, . values per data source, I scaled two data
sources separately by subtracting each data source’s uy, . from gene expression

values and dividing this result by respective oy, . values.

4. As a last step, I added the value calculated in step 1 to the scaled matrix. This

way I preserve the information regarding relative expression among genes.

2.2.2 Mouse cell types

This combined dataset was created in a similar way explained above for combined
bulk testis datasets since both mouse cell type data sources included samples from

spermatid and spermatogonium cells.

2.2.3 Human, macaque and mouse testis development

This combined dataset was used for input in k-means clustering for profiling gene
expression among three species’ testis development (see Section 2.3.7). To create the
combined testis development dataset, I first scaled each gene’s expression values to
mean = 0 and sd=1 for three matrices separately. Then I simply joined all data sources

together using common genes.

2.3 Statistical analyses

All basic statistical analyses and data visualization were done in R v3.6.3 (R Core
Team, 2020). All species icon illustrations were downloaded as royalty free vector
images from various websites such as freepik.com, vectorstock.com, and vecteezy.com.
Mann-Whitney U (MWU) test was used to assess significance of group differences
and in particular to identify differentially expressed genes (DEGs). For all applica-
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tions of multiple testing correction, Benjamini-Hochberg (BH) method was used to

adjust the nominal p-values into g-values and 0.1 was used as a threshold.

2.3.1 Transcriptome-wide correlations of adult bulk testis data

For checking the relative overall correlations of bulk testis transcriptomes of the go-
rilla, macaque, mouse and rat to human versus chimpanzee, 1 first identified differ-
entially expressed genes between human and chimpanzee samples in the combined
adult primate bulk testis dataset using the MWU test. This yielded n=4,295 DEGs.
Then using only those genes, I calculated the Spearman correlation between pairs
of (i) aforementioned four species and (ii) human versus (iii) chimpanzee, using the
average gene expression across samples when there is more than one sample for the
species in the set (i). Then, I checked the difference between human versus chim-
panzee correlation coefficients for each species separately to see if any species show

significantly more similarity to human or chimpanzee using two approaches:

1. directly using the two-sided MWU test p-value.

2. with a permutation test approach by permuting the human/chimpanzee labels
for N = 10° iterations to obtain a null distribution and then calculating an
empirical p-value comparing the obtained U value from the MWU test against

the null distribution of U values created by permutation.

2.3.2 Using EVE for tests of convergent evolution across species

Here my goal was to test genes in the adult primate bulk testis data for convergent
evolution among the four primate species according to their different mating systems.
Using this phylogeny, which consists of closely related four-species such that the
neighboring pairs do not share the same mating system (Figure 2.1), allows for a

high-resolution setting in which the convergence tests can be conducted.

To test for convergent gene expression patterns, I used the Expression Variance and
Evolution (EVE) model (Rohlfs et al., 2015), which is also implemented as an R
package (Gillard et al., 2020). EVE relies on the Ornstein-Uhlenbeck (OU) process to
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model the phenotypic evolution, while accounting for within species variance in gene
expression. In summary, EVE tests two alternative probabilistic models per gene,
representing (i) the null model of stabilizing selection towards a common optimum for
gene expression level among all species, and (i1) the alternative model of convergent
evolution towards two different optima separating species that are determined a priori
for testing to be in the same group. Here in this context, the optima to which the gene
expression is pulled towards is also called theta (#). To sum up, I test each gene and

obtain a likelihood ratio test statistic (LRT) value of two competing models:

L MO . emulti—male = esingle—male

L MA . emulti—male ?é esingle—male

LRT values approximate chi-square distribution with one degree of freedom (x?).
This, therefore, means that it is possible to obtain a p-value to assess the significance
of each gene’s convergent expression. EVE analysis described above for the bulk
testis convergence is also employed with different datasets in this study targeting

different hypotheses. A summary list of all EVE tests employed is given below.

1. Bulk testis data for convergent evolution under different mating strategies across
the 4 primates. Testing separation of human and gorilla from chimpanzee and

macaque. [(human-gorilla) vs (chimpanzee-macaque)]

2. Bulk testis data for control of mating strategy tests. [(human-macaque) vs

(chimpanzee-gorilla)]

3. Spermatocyte or spermatid pooled cell transcriptome data for convergent evo-

lution under different mating strategies [(macaque-mouse) vs (human)]

4. Spermatocyte or spermatid pooled cell transcriptome data for control of mating

strategy tests [(human-mouse) vs (macaque)]

5. Primate brain transcriptome data for convergent evolution under different mat-

ing strategies across the 4 primates [see item 1 for species]

6. Primate brain transcriptome data for the control of mating strategy tests. [see

item 2 for species]
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7. Cell type proportion ratios using adult primate bulk testis [see item 1 for species]

8. Cell type proportion ratios using adult mammal bulk testis [(human-gorilla) vs

(chimp-macaque-mouse-rat)]

@ Ssingle-male

B wulti-male Human ﬂ
Chimp
—g@ Goiila Iy
Jll Macaque ¢

Figure 2.1: The adult primate bulk testis phylogeny.

2.3.3 Prediction of cell type proportions

To predict relative contributions of meiotic/postmeiotic (POST) versus somatic/pre-
meiotic (PRE) cells to the adult bulk testis transcriptomes, I used a deconvolution like
approach (Gong et al., 2011). To achieve this, I first created POST and PRE cell type
profiles by simply calculating mean expression per gene across all PRE or all POST
cells in the combined mouse cell type dataset (n=7,315 genes in total), which will be
denoted by Eprr and Epogr, respectively. Out of these genes, 4,724 were common
with the adult mammal bulk testis data and therefore available for following the anal-
ysis. Then, with the gene expression values across bulk testis samples, denoted Epr,

I built a linear regression model:

Epr = a+ bpre * Epre + bpost * Epost + ¢ (2.1)

where bprp and bpogr represent regression coefficients, a is the intercept, and € is the

error. Using these resulting coefficients, I then calculated logs(bposT/bprE) ratios
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per sample to express the relative POST versus PRE cell type contribution to bulk

testis gene expression.

2.3.4 Assessing the role of cell type composition shifts in convergence of bulk

testis transcriptomes

To test how well cell type ratio shifts explain convergence seen in bulk testis level, I
incorporated adult primate bulk testis and combined mouse cell type datasets. Using
common genes between two datasets, I calculated two effect sizes to compare, using

Cohen’s D with pooled variance for each gene.

e PRE versus POST effect size calculated on combined mouse cell type dataset,

denoted Eprp_post

e Single-male versus multi-male effect size on adult primate bulk testis dataset,

denoted ESM—]\/[M-

Spearman correlation was used to check the relationship between these two measures.
Additionally, I compared the magnitude of cell type effect size (absolute value of
Epre_post) for genes that show convergent evolution according to EVE and for

those who do not.

2.3.5 Bulk testis versus cell-autonomous convergent patterns

To compare the relative importance of bulk testis versus cell-autonomous effects of
convergent evolution, I used two alternative approaches, which are explained in the

following sections.

2.3.5.1 Studied using multiple regression

In this analysis, I used multiple regression to quantify relative importances of two
effects. In particular, I built three different linear regression models with the same

set of explanatory variables and three different estimates: (a) human-macaque effect
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size in bulk testis data [FEjsq—mmisr)], (b) human-chimpanzee effect size in bulk
testis data [Ej,sq—pir(7)], and (c) gorilla-chimpanzee effect size in bulk testis data
[Eygo—ptr(BT)]. FOr €ach model, the same three explanatory variables were used to es-
timate the effect sizes in the bulk testis data: (i) human-macaque effect size in sperma-
tocytes [bpsa—mmi(ps)], (1) human-macaque effect size in spermatids [by,sq—mmi(ps) ],
and (c) PRE-POST effect size in combined mouse cell type dataset [bprr_posT]-

Three models listed in the following:

Ehsa—mml(BT) = @+bhsa—mml(PS) * Ehsa—mml(PS)+

bhsa—mmi(RS) * Ehsa—mmi(rs) T bPrRE-POST * EPRE_POST + €

(2.2)

Ehsa—ptr(BT) = a+bhsa—mml(PS) * Ehsa—mml(PS)+

bhsafmml(RS) * Ehsafmml(RS) + bpre—PosT * EprE—POST + €
(2.3)

Eggo—ptr(BT) = a+bhsa—mml(PS) * Ehsa—mml(PS)+

bhsa—mmi(RS) * Ehsa—mmi(rs) + OPrE—POST * EPRE_POST + €

(2.4)

2.3.5.2 Studied using branch-length correlations

The second comparative way in which I tested the relative importance of bulk testis
vs cell-autonomous convergence was through correlations of single-male primate
branch-lengths between two datasets. The reasoning behind this analysis was to
test if the cell-autonomous effects observed in human, macaque, and mouse sper-
matid and spermatocyte cell types goes beyond this specific phylogeny and is able
to explain the convergence in other possible three-species phylogenies with the same
topology [((single-male primate, multi-male primate), multi-male rodent);] which can
be formed with the available species in the bulk testis dataset. I tested this by forming

three different such trees in the bulk testis dataset, namely:
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1. Human-macaque-mouse
2. Human-chimpanzee-mouse

3. Gorilla-chimpanzee-rat.

Gene expression of these possible phylogenies from the bulk testis data was com-
pared to the only available one for the spermatocyte and spermatid datasets, the phy-
logeny #1 shown above. Through these available three-species trees for bulk testis
and germline dataset, a neighbor-joining tree was constructed for each common gene
between them, and the length of the single-male primate branch (SMBL) for both
trees were recorded. Then these set of SMBL values per gene were compared using
Spearman correlation. This was repeated for all three pairwise comparisons. Ad-
ditionally, for each comparison, a bootstrap confidence interval for the Spearman’s
p values were calculated by repeated sampling of available genes for N = 10° it-
erations. Phylogenies used through these pairwise comparisons are summarized by
referring to the phylogeny numbers from the above list, are summarized in Table 2.3

and by schematic representations in Figure 3.9

Table 2.3: Summary of the tree sets used for the branch length based comparative

analysis of bulk testis versus cell-autonomous convergence

Comparison set || Tree used in Bulk testis | Tree used in Spermatocyte/Spermatid

Setl Tree #1 Tree #1
Set2 Tree #2 Tree #1
Set3 Tree #3 Tree #1

2.3.6 Developmental comparisons

I utilized mainly the mouse and macaque testis development datasets for this part.
To see the time points of mouse or macaque testis development to which adult pri-
mate bulk testis samples showed maximum correlations, I first determined the genes
which show significant Spearman correlation with age for mouse macaque testis de-

velopment datasets separately. Then using only genes that change with age, loess

23



regression models with log, (t) were constructed per gene to interpolate gene expres-
sion using equally separated time points (N=30) through testis development where ¢ is
the age of mouse/macaque. Finally, correlations between each interpolated time point
and the adult gene expression from bulk testis data were calculated and the time point
to which each bulk testis sample showed the maximum correlation (will be referred
to as peaks) were recorded. Differences between the peaks for single- and multi-male
primates and as well as human and chimpanzee were calculated using in a similar
permutation type approach as detailed in Section 2.3.1. This peak-time comparison
was done separately each time using mouse and macaque testis development as the
reference point. As a tissue control, the same analysis was repeated for the adult

primate brain and mouse brain development datasets.

2.3.7 Gene clustering & GO enrichment

To group the genes according to their expression profiles through human, macaque,
and mouse testis development, I used k-means the algorithm. Since the k-means
algorithm is a heuristic method and is affected by the random starting positions of
centroids, I increased both the starting number of centroids and the maximum number
of iterations allowed until the algorithm converges to 500. Inspecting the average
silhouette scores of trials with & = {4,...,14}, I decided on k=6 as a compromise

between the size of individual clusters and the within clusters variance.

I'run GO BP enrichment on selected clusters (see Section 3.8) by using the convergent
genes in the particular cluster as the foreground and non-convergent genes from out
of that particular cluster as the background set of genes. I used R package t opGO
(Alexa et al., 2019) with the algorithm “parentChild”, so as to avoid the redundancy
caused by the hierarchical structure of gene ontology annotation (Grossmann et al.,

2007).

2.3.8 Transcription factor binding site enrichment

To search for putative transcriptional regulators of the selected clusters (see Sec-

tion 3.8), I first retrieved 2000 bp upstream sequences from the TSSs of the human
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genes that are in that particular cluster, using the biomaRt (Durinck et al., 2009).
Then I retrieved positional weight matrices for human TFs using the Mot i fDB R
package (Shannon et al., 2019). These two pieces of information used as inputs for
the TRAP software (Roider et al., 2007) that calculated binding affinity of given TF
matrices for gene sequences. Finally, to obtain the enrichment information per TF,
PASTAA software (Roider et al., 2009) was used. The foreground and background set
of genes used for enrichment with PASTAA were the same as in GO enrichment part
detailed above. Mot 1 £DB is a comprehensive database for TF matrices and therefore
contains information coming from different individual databases (e.g. TRANSFAC,
jaspar, HOCOMOCO, etc.). As result of this, there are duplicate TF matrix entries
coming from different databases. To de-duplicate the results of PASTAA, I iterated
over all matrices available for a single TF and only retained the one with the most
significant nominal p-value for enrichment. Following the de-duplication, resulting
nominal p-values were corrected for multiple testing using the “Benjamini-Hochberg”

method (Benjamini et al., 1995).
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CHAPTER 3

RESULTS AND DISCUSSION

3.1 Evaluation of normalization approach

To evaluate the efficiency of normalization approaches used when creating combined
datasets, I inspected how respective samples cluster using Principal Components
Analysis and hierarchical clustering using the UPGMA method. Both the combined
primate dataset and the combined mouse cell type dataset show no signs of batch ef-
fect related to data source as samples cluster according to their biological properties

(species phylogeny/cell type origin) but not data source (Figures 3.1 and 3.2).

Moreover, I tested each gene present in the combined adult primate bulk testis dataset
for data source versus species effects using two-way ANOVA. Across 7,305 avail-
able genes, 4,081 (55.87%) showed significant species effect, whereas only 5 genes
(0.07%) showed significant data source effect (Figure 3.3). These results together
indicate that data normalization approach taken here is effective for removing major
sources of confounding factors related to data source and retains biologically relevant

information.

3.2 Bulk testis transcriptomes reflect mating strategies

Looking at the phylogeny of the primate species included in this thesis (Figure 2.1),
one might expect that single- and multi- male mating strategies have evolved con-
vergently since the adjacent species in the phylogeny do not share the same mating
strategy. If this effect is not traceable in the bulk testis transcriptomes, it would be

expected for the gorilla and the macaque to show no difference in similarity to human
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Figure 3.1: Quality control of the combined adult primate bulk testis dataset. (A)
Dendrogram of UPGMA hiearchical clustering of all individuals. (B) PCA, plot
of first two components. Percent variation explained by each component shown in
respective axis labels. Labels ‘ds1’ and ‘ds2’ refer two data sources (Brawand et al.,

2011) and (Khaitovich et al., 2005), respectively.

or chimpanzee. If there is a mating type effect on the bulk testis transcriptomes how-
ever, gorilla, a single-male species, should show a higher correlation to human when
compared to chimpanzee. The opposite should be true for macaque: it should show a

higher correlation to chimpanzee as opposed to human.

To test the existence of such a relationship, I first identified differentially expressed
genes between human and chimpanzee, treating them as representatives for single-
and multi-male mating respectively. Since they are the two closest related species in
this phylogeny, it would be expected that the genes which are differentially expressed
between the two species to be related to their different mating strategies. This yielded
n=4295 DEGs between human and chimpanzee. Then, I used the DEGs in calculation
of Spearman correlation to compare the gorilla and the macaque bulk testis transcrip-
tomes to those of human (n=8) and chimpanzee (n=7) individuals. The macaque
showed a significantly higher correlation to the chimpanzee than to human, and the

reverse was true for the gorilla (permutation test p < 0.004, Figure 3.4).

I then further added the two rodents included in the analyses, mouse and rat, to this
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Figure 3.3: Distribution of adjusted p-values related to batch effect two-way ANOVA

runs.

comparative correlation analysis. Since the data for those two species were created
using a genome annotation covering orthologous genes for all the mammals (primates
+ rodents), it contains fewer genes because there are less 1:1 orthologous genes be-
tween all the species than there are for only primates. Instead of using the same,
limited version of the primate samples, I carried out the above-mentioned compar-
isons with genome annotation A, then simply added the rodents which are only quan-
tified using the GTF file B to the comparisons later. Since there are fewer genes that
are common for both primates and rodents, the comparisons including rodents were
limited to only n=2847 DEGs. Both mouse and rat showed significantly higher cor-
relations to the chimpanzee than human (permutation test p < 0.001, Figure 3.4), as

expected from their multi-male mating strategy.
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3.3 Gene expression convergence in bulk testis transcriptomes

While seeing the general trend following species’ mating strategies was indicative
of convergence at the bulk testis level, I wanted to test individual genes for signs
of convergence. For this, I opted for a formal statistical framework, EVE (see Sec-
tion 2.3.2).

To use EVE for testing the convergent evolution of bulk testis transcriptomes ac-
cording to different mating strategies of the species, I selected human and gorilla
to be tested as the branches for which the additional optimum is present. Out of
n=7305 available genes in the combined primate adult testis dataset, 2143 (29.3%)

showed significant convergence according to mating strategy (grouping species with
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Figure 3.5: Adjusted p-value distributions of convergent evolution tests with EVE
for the testis and brain. Blue shaded histograms show the p-value distribution for the
tests of mating strategy-related convergent evolution [(human-gorilla) vs. (chimp-
macaque)], whereas the red shaded histograms show those of controls [(human-

macaque) vs. (chimp-gorilla)].

same mating strategies together). As a control, I also tested the human-macaque (and
therefore chimp-gorilla) convergence, and therefore testing the existence of gene ex-
pression patterns that group species with different mating strategies together. This

yielded only 175 significant genes out of 7305 genes tested.

To be able to say that these convergent patterns of bulk-tissue expression are spe-
cific to testis, I also utilized adult primate prefrontal cortex bulk tissue transcriptomes
in the same type of EVE runs. In contrast to the widespread convergence between
human-gorilla (and chimpanzee-macaque) bulk testis transcriptomes, there were only
289 positive genes for the brain, out of 7212 tested. The strength of convergent evo-
lution seen for bulk testis and the lack thereof for the brain together show that conver-
gence seen in adult bulk testis transcriptomes of primates is related to their different

mating strategies.
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type profiles to bulk testis transcriptomes of species shown in the plot.

3.4 Effect of cell type composition change on bulk testis transcriptomes

It has been previously shown that the major factor of the bulk testis convergence that
is observed between human-gorilla and chimpanzee-macaque pairs is in fact the dif-
ferences in relative cell type composition of single- and multi-male species* testicles
(Saglican, 2018). This was tested with deconvolution analysis using linear regression
and mouse cell type data. To reproduce the observed effect of cell type composi-
tion, I used the same two mouse cell type datasets (Chalmel et al., 2007; Namekawa
et al., 2006) which together comprise 4 spermatid, 4 spermatocyte, 6 spermatogo-
nia and 2 sertoli cells (8 PRE + 8 POST). Then employing a deconvolution anal-
ysis using linear regression, I predicted the relative POST vs PRE cell type abun-
dances for each individual sample present in the adult bulk testis mammal data across
N=4724 genes shared between two datasets. Multi-male species showed consistently
higher POST/PRE ratios when compared to single-male species, human and gorilla
(Figure 3.6). The differences of POST/PRE ratios between single- and multi-male
species were significant MWU p = 2.1 x 107%). The distribution of POST/PRE
ratios across species show significant convergence according mating strategies (EVE
p = 0.00061 when tested with only primates, p = 0.00079 when tested with primates

+ rodents)
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genes. N=6738 genes for both analyses.

To assess the importance of cell type composition changes on the mating strategy ef-
fects seen on the bulk testis transcriptomes, I then checked the relationship between
the POST vs PRE effect sizes in the combined mouse cell type dataset and mating
strategy effect sizes in the combined adult primate bulk testis dataset. Two values
were correlated (Spearman’s Rank Correlation, p = 0.40,p < 10~'°, Figure 3.7A).
Following this logic, I also compared the absolute POST vs PRE effect sizes between
genes that show convergence and those who do not. Convergent genes have signif-
icantly higher POST vs PRE effect sizes when compared to non-convergent genes.

(MWU p < 1077, Figure 3.7B)

These findings show that cell type ratio shifts contribute immensely to the convergent
evolution of gene expression patterns seen in primate bulk testis transcriptomes that
reflect mating strategy convergences. Cell-autonomous changes, which are evolution-
ary gene expression shifts between respective species’ cell types, could be hypothe-
sized as another contributing factor. The following sections include analyses and
discussions regarding the importance of cell-autonomous effects on the bulk testis

gene expression convergence.
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Table 3.1: Summary of the results of EVE runs

EVE run # of sig. genes | # of tested genes | % sig. genes
Bulk testis 2143 7305 293
Testis control 175 7305 24
Brain 289 7212 4.0
Brain control 0 7212 0.0
Spermatocyte 358 7135 5.0
Spermatocyte control 248 7135 3.5
Spermatid 598 7061 8.5
Spermatid control 354 7061 5.0

3.5 Gene expression convergence in Spermatocytes and Spermatids

Since the information coming from the bulk testis dataset is the sum of all the mRNA
present in the whole tissue, it does not provide information regarding whether the
individual cell type transcriptomes of different species have undergone convergent
changes, i.e., cell-autonomous changes. To identify and measure possible cell-autonomous
effects contributing to the bulk testis convergence, I analyzed a cell-specific gene ex-
pression data (Lesch et al., 2016) of pachytene spermatocyte and round spermatid
(both are POST) cell types coming from 3 humans, 2 macaques and 2 mice. Al-
though this data includes only a subset of what is available in the bulk testis dataset,
it is still a promising phylogeny in that it includes two primates (one single-male, hu-
man; one multi-male, macaque) and one rodent (mouse) therefore allowing for tests
of convergence. Changes that make the mouse appear closer to the macaque can po-
tentially include mating strategy-related convergence, since phylogenetically mouse

is equally distant to human and macaque.

To identify convergent evolution signals in cell-autonomous fashion, I again used
EVE for both the spermatocyte and the spermatocyte data, separetely. This time,
mating strategy tests were run to check macaque-mouse vs human grouping in the

phylogeny, and the control tests were run to human-mouse vs macaque grouping. Out
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matid,spermatocyte and the brain datasets. Blue and red bars represent results for

mating strategy and control tests, respectively. (As in Figure 3.5)

of 7,135 genes tested for spermatocyte, 358 (5%) showed significant convergence for
mating strategy, whereas there were 248 (3.5%) positive genes for the control test.
Out of 7,061 genes tested for spermatid, 598 (8.5%) showed significant convergence
for mating strategy, whereas this number was 354 (5%) for the control test. The
percentage of convergent genes across the bulk testis, spermatocyte, spermatid, and
the brain datasets can be seen together in Figure 3.8 and Table 3.1 for the comparison

of strength of convergent effects.

It is clear that the percentage of convergent geens seen in spermatocyte and spermatid
transcriptomes is low when compared to bulk testis. However it is possible that this
difference stems partly from small sample size in species and individuals for the cell
type specific datasets. In fact, as expected from this speculation, I find only 14.9%
of convergent genes in the bulk testis when I use EVE on the human-macaque-mouse
phylogeny using the (Brawand et al., 2011) subset of the mammal bulk testis dataset.
This, then, suggest that the small size of the cell type specific dataset might indeed
cause a low-power setting in which it is harder to detect convergent signals when
compared to the primate bulk testis testing scenario. It also highlights the possi-
ble importance of cell-autonomous effects on the primate bulk testis gene expression

convergence, at least for the spermatids.
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3.6 Bulk testis versus cell-autonomous convergence

Following the observation of the existence of cell-autonomous convergence, although
in modest amounts when compared to bulk testis convergence, I wanted to use several
comparative donwstream analyses to assess the relative importance of cell-autonomous
versus bulk testis convergence. To achieve this I used two alternative approaches, ex-

plained in the following two sections.

3.6.1 Multiple regression

To assess the significance of modest convergence seen in cell-autonomous level, I
analyzed the adult bulk testis mammal dataset and the cell type-specific dataset (sper-
matocyte/spermatid data) in a comparative manner using multiple regression. I built
three different models in which I estimated three different effect sizes represent-
ing single-male and multi-male bulk testis gene expression divergence: (a) human
- macaque, (b) human - chimpanzee and (c) gorilla - chimpanzee effect sizes. I used
the same three explanatory factors for all three models: (1) human - macaque effect
size in spermatocyte, (2) human - macaque effect size in spermatid and (3) POST vs
PRE effect size. POST vs PRE effect size (factor 3) was the only reliable estimator
in that it was the only factor that had significant p-value consistently across the three
models tested (Tables 3.2- 3.4). Results presented in aforementioned tables suggest
that the human-macaque divergence in spermatocytes and spermatids is not able to es-
timate single-male vs multi-male divergence in the bulk testis gene expression other
than human vs macaque divergence. In other words, human vs macaque divergence

in spermatocytes and spermatids does not go beyond this specific phylogeny.

3.6.2 Branch length correlations

In this part, I designed a branch length-based comparative approach leveraging the
fact that both the bulk testis and the cell type-specific data can yield a three species
phylogeny in which there are one single-male primate, one multi-male primate and

a multi-male rodent. Overall, I used three different species combinations (1) human
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- macaque - mouse, (2) human - chimpanzee - mouse, (3) gorilla - chimpanzee - rat.
Clearly, only the tree #1 was available for the spermatocyte/spermatid data, whereas
all three trees were used for the bulk-testis data. If there is mating strategy-related
convergence between the macaque and the mouse in spermatocyte and spermatid that
is beyond the species identities, it would be expected that effects seen in cell type-
specific data would still be comparable to effects seen in bulk testis data regardless
of the species combination used in the latter. Therefore, I would need to compare
the convergence in the cell type-specific data to those of bulk testis data for the three

species combinations available for the bulk testis data.

Table 3.2: Results of the multiple regression analysis, Model a

Model a Estimate | Std. Error | t value p-value corr. coefficient
(Intercept) -0.002 0.014 -0.137 0.89
hsa-mml_ps 0.075 0.014 5.338 | 9.86E-08 **%* 0.178
hsa-mml_rs 0.153 0.014 10.895 | 2.63E-27 *** 0.432
prepost 0.274 0.014 19.530 | 1.16E-81 **%* 0.283

Table 3.3: Results of the multiple regression analysis, Model b

Model b Estimate | Std. Error | t value p-value corr. coefficient
(Intercept) 0.000 0.014 0.003 0.99
hsa-mml_ps || -0.003 0.014 -0.209 0.83 -0.124
hsa-mml_rs 0.038 0.014 2.705 0.01 * 0.086
prepost 0.335 0.014 24.013 | 4.01E-120 *** 0.354

Table 3.4: Results of the multiple regression analysis, Model ¢

Model ¢ Estimate | Std. Error | t value p-value corr. coefficient
(Intercept) 0.000 0.014 -0.028 0.98
hsa-mml_ps 0.001 0.014 0.061 0.95 -0.070
hsa-mml_rs 0.016 0.014 1.102 0.27 0.097
prepost 0.301 0.014 21.275 | 4.01E-120 *** 0.324
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To achieve this, for each pairwise comparison (1 vs 1, 1 vs 2, 1 vs 3), I built unrooted
neighbor-joining trees (Methods) for each gene that is common between two datasets
and recorded the length of the single male branch (SMBL). Then, I compared the
SMBL values of the spermatocyte/spermatid and the bulk testis data using rank cor-
relation, for each pairwise comparison between two datasets (Figure 3.9). Moreover,
I constructed 95% confidence intervals for the calculated correlations using boot-
strapping of the genes used in the comparison (N = 10,000). This was implemented
separately for spermatocyte and spermatid data. Although the correlation of conver-
gence considerably drops when the species combinations are not identical between
bulk testis and the spermatocyte/spermatid data in general, all three pairwise compar-
isons for the spermatid yielded significant positive correlations with the bulk testis

convergence (95% CI > 0)

In summary, in accordance with the EVE results, correlations between bulk testis
and cell-specific data are stronger in spermatid gene expression than in spermato-
cyte gene expression. It is worth noting that linear model-based analyses depicted
above also point in this direction. This phenomenon might be partly explained by the
relative abundance of spermatid cells versus spermatocyte cells within the seminif-
erous tubules being high, at least in humans (Skakkebaek et al., 1973). Meanwhile,
cell-autonomous convergent evolution appears considerably weaker than convergent

changes that could be related to cell type ratio shifts.

3.7 Paedomorphism in single-male bulk testis transcriptomes

In a lineage with multi-male mating sytem, evolution of larger testicles can be achieved
by acceleration or extended duration of progenitor germ cell divisions during the ado-
lescence period which would result in increased sperm production and number/pro-
portion of germline -thus increased POST:PRE ratio- cells (Montoto et al., 2012).
Following this suggested mechanism, delaying or decelerating germ cell prolifera-
tion could be the mechanism to develop a single-male testis in terms of histology and

gene expression.

Hypothesizing that shifts in rate or onset of development could also be seen in the
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transcriptome level, I used a published mouse testis development dataset to test if
adult primate bulk testis transcriptomes show differential affinity to mouse testis de-
velopmental stages in accordance with the differences in their mating system. Since
the reference point here is a multi-male species (mouse) which is equally distant to
human, chimpanzee, gorilla or macaque, I would expect single-male species human
and gorilla to show the highest correlation to earlier stages of mouse testis develop-
ment when compared to the chimpanzee or the macaque, which show a multi-male
behavior. I also included the PRE and POST cell profiles in this analysis to see the
differences between them in terms of the point of maximum correlation among mouse

testis development.

For each of the aforementioned four species and the two cell types, I simply deter-
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Figure 3.9: Schematic representation (bottom) and the results (top-right) of branch

length based analysis of bulk testis vs. cell-autonomous convergent changes.
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Figure 3.10: Results of developmental comprarisons using mouse testis development
as the reference. Comparisons were limited to 2295 genes showed significant Spear-

man correlation with age in mouse testis development.

mined the age to which they show the highest correlation thoughout mouse testis
development. Consistent with their nature, PRE and POST cell type profiles showed
highest affinity to pre-adolescent and adult mice, respectively (Figure 3.10). More-
over, human and gorilla adult testes showed highest similarity to sub-adult mice (me-
dian=23 days) whereas chimpanzee and macaque showed the highest similarity to
adult mice (median=41 days). Differences between the peak time points for human
and chimpanzee, as well as the differences between single- and multi-male species

were significant (permutation test, p < 10> for both comparisons).

I also utilized a macaque testis development data to investigate this phenomenon
furhter. Implementing the same analysis as with the mouse testis development part,
I found a trend in the same direction (p < 10~°, Figure 3.11). In summary both the
mouse and the macaque testis development datasets supports the fact that adult bulk
testis transcriptome profiles of single-male species, human and gorilla, are paedomor-

phic when compared to those of multi-male species, chimpanzee and macaque.
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Figure 3.12: Results of mouse brain development analysis. Across mouse brain

development, both the human and the gorilla (median=57 days) and the chimpanzee

and macaque (median=43 days) show the most correlations to adult mice.

It has been previously reported that humans show neotenic gene expresssion relative

to chimpanzee and macaque for gene sets functionally related to neuronal proceesses

(Liu et al., 2012; Somel et al., 2009). Therefore it is tempting to ask whether this

observed transcriptome-wide paedomorphism for human and gorilla is also present
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in the brain or it is unique to testis and thus related to convergent patterns we see in
bulk testis. To test this hypothesis, I utilized an additional dataset from mouse neo-
cortex development bulk tissue, comprising 8 mice with ages newborn to 122 days. I
used this dataset in the same way as described above for mouse and macaque testis
development datasets, and perform the same analysis this time comparing adult hu-
man, chimpanzee, gorilla, and macaque prefrontal cortex bulk tissue gene expression
to this mouse prefrontal cortex development time series. For the brain development,
all adult primates showed the highest correlation to young adult or adult mice (me-
dian=57 and 43 days of age, for single-male and multi-male species, respectively;
Figure 3.12). Contrary to testis development results, neither the difference between
human and chimpanzee peak time points, nor the single- versus multi-male difference
was significant. This corroborates previously reported findings showing that neotenic
gene expression in the cerebral cortex is not detectable transcriptome-wide, but rather
confined to specific functional processes. Therefore, the paedomorphism of human

and gorilla transcriptomes is limited to testis gene expression and not seen in brain.

3.8 Searching for putative regulators of convergent expression patterns

The convergence in testis development and cell type ratio changes shown here could
result from a limited number of changes in central developmental regulators, thus,
changing gene expression in their targets. To identify such regulators or gene groups,
I clustered the genes shared between human, macaque, and mouse testis development
gene expression data into six groups using k-means. (Figure 3.13). Out of six total,
two yielded significant enrichment in genes showing convergent evolution according
to EVE analysis (Fisher’s exact test, ¢ < 0.005). One of the clusters that showed
enrichment, was noteworthy in that genes in this cluster were enriched in multiple
GO BP categories related to spermatogenesis (Figure 3.15), and the overall trend of
gene expression for all three species was a consistent increase during testis devel-
opment. Notably, genes in this cluster (N=960) also show higher expression for the
chimpanzee and macaque relative to the human and gorilla in adult bulk testis primate

dataset (Figure 3.14).
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Figure 3.13: Patterns of gene expression throughout human, macaque and mouse
testis development across six k-means clusters. (¥*): Clusters enriched for convergent

genes.

To identify any putative transcription factors that regulate the expression of genes
in cluster #1, I performed TFBS analysis using candidate promoter regions from the
human sequences of the respective genes. Out of 475 transcription factors tested
for binding site enrichment, 145 displayed enrichment in this cluster (BH corrected
Fisher’s exact test, at ¢ < 0.10). Out of these, 32 (22.9%) showed convergent evo-
lution according to EVE analyses (Figure 3.16A). These 32 transcription factors in-
clude three that previously reported to take role in controlling organ growth: TEADI,
MAX, and MXII1. TEADI is the ultimate target of the Hippo pathway, which has a
role in the fine tuning of the proliferation/differentiation balance and thus controlling
organ growth (Watt et al., 2017; Yu et al., 2013). TEAD1 also reported to involve in
a complex with MAX such that each protein acts as the others co-activator (Lin et al.,
2017). Moreover, MAX forms a complex with MYC to promote growth and prolifer-
ation (Nair et al., 2003). MXI also binds to MAX so that there are fewer MAX/MYC
complexes to induce proliferation (Schreiber-Agus et al., 1998; Zervos et al., 1993).
Expression patterns of TEADI and MAX (Figure 3.16A) might seem contradictory to
the functional roles depicted above at the first glance. However, this seemingly op-

posite pattern of gene expression becomes more understanble when taking complex
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Figure 3.14: Patterns of average gene expression throughout adult primate bulk testis
transcriptomes across six k-means clusters. Top row shows gene expression for genes
that show convergent evolution in that particular cluster whereas bottom row show
that of non-convergent genes. Proportion of convergent genes in a given cluster is
given as the dark portion of the pie charts located in the pane labels. (*): Clusters

enriched for convergent genes.

relationships with their targets into account. Both factors are reported to inhibit their
targets’ expression if they are overexpressed without their cofactors (YAP1/TAZ and
MYC, respectively) for the aforementioned pathways or contexts (Gu et al., 1993;
Watt et al., 2017). Therefore it is not easy to unravel a possible cellular mechanism
that might have resulted in the apparent convergent evolution of testis sizes between
human-gorilla and chimpanzee-macaque pairs with the information and tools avail-
able for this study. Interestingly, it has been previously reported that the regulation of
the Hippo pathway directly regulates testis growth in atlantic salmon (Kj&rner-Semb
et al., 2018). Overall, the promising preliminary findings of this thesis together with
the aforementioned observation in salmon testis, clearly points to the Hippo pathway

as a candidate and a possible area for further research to improve this study.

45



ODIATY Aq pazirewrwins [# IOJSN[O UI SWIA) OO PIYILIUY G °E 24n1,]

T# 121SN|D

46



Among the TFs that show enrichment for possible binding sites among the candidate
human promoter sequences for the genes in cluster #1 but do not necessarily show
convergent gene expression among the four primates, there were also several inter-
esting factors that are worth discussing: RFXI, RFX2, and DLX5. These factors are
particulary interesting because of their reported roles in regulation of spermatogene-
sis and steroid hormone synthesis in response to luteinizing hormone (LH). RFX2, is
one of the major regulators of spermatogenesis and forms a heterodimer with RFX1
(Kistler et al., 2015; Wu et al., 2016), whereas DLXS regulates testicular steroidoge-
nesis together with GATA-4, which then binds to the STAR gene promoter to induce
steroid synthesis (Nishida et al., 2008).
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Figure 3.16: Results of transcription factor binding site enrichment analysis. (A)
Bulk testis gene expression of enriched TFs in cluster #1 and showing convergent
gene expression across human, chimpanzee, gorilla and macaque. (B) Gene ex-
pression profiles of selected TFs (marked with rectangles on pane A) and their tar-

get genes, throughout testis development (left) and adult bulk testis transcriptomes

(right).
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CHAPTER 4

CONCLUSION

Here in this study, I corroborate that the convergent evolution of testis anatomy, which
could be explained by mating strategy differences among mammalian species, is also
detectable in bulk testis transcriptomes of mainly primates, by implementing novel
analyses regarding the possible histological or molecular effectors of the said conver-
gence. Overall, the findings -of both the repeated and novel analyses presented here-

can be summarized in three main conclusive points.

1. Cell-autonomous convergent changes in gene expression of spermatogenic cell

types can be detected, but only weakly.

2. Instead, convergent evolution patterns observed transcriptome-wide for bulk
testis are explained to a large extent by convergent cell type ratio changes
among the species analyzed. In other words, convergent changes in relative
abundances of already specialized cell types (which we group as PRE and
POST here) in response to changing levels of selection pressure still remains
to be the main factor on the convergent evolution bulk testis transcriptomes,

among others that we are yet able to measure with future transcriptome data.

3. We observed that human and gorilla bulk testis transcriptomes appear paedo-
morphic relative to those of chimpanzee and macaque (or hypermorphic in the
latter pair relative to the former). These paedomorphic patterns also reflect the
anatomical states of the testes size of respective species. Thus, although not
measured or analyzed directly here, heterochrony, or change in rate or tim-
ing of development, can be the underlying developmental mechanism behind
the observed shifts in cell type ratios and gene expression convergence in bulk

testis.
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Despite the promising findings reported here, this study’s technical limitations should
be addressed in a clear manner. The limitations mainly stem from the fact that we
do not have first-hand access to biological data but instead use published data, and
also that postmortem samples from chimpanzees and gorillas are hard to obtain to
begin with. These limitations and future prospects are summarized below in four

main points:

1. There are only two single-male species analyzed here, with the gorilla repre-
sented by only one biological sample. To assess the veracity of the patterns we
report, additional species should be incorporated into the analyses. This would
require high-quality testis samples collected from species with unambiguously

documented mating strategies.

2. We use data obtained from independent biological samples for the analyses
comparing cell-type composition versus cell-autonomous convergent effects.
Ideally this type of analysis should be done with bulk testis and pooled cell

RNA-Seq data obtained from the same set of individuals.

3. All the analyses here are confined to 1:1 orthologous genes among the species.
This prevents us from analyzing expression changes in lineage-specific genes.
These limitations may also have resulted in an overestimation of the proportion

of genes with convergent patterns mirroring mating strategy differences.

4. Results of functional enrichment analyses and the identified candidate tran-
scriptional regulators reported here should be validated using state of the art
molecular techniques. A particularly interesting finding to test would be the
differential regulation of the Hippo pathway between single- and multi-male

species’ testis using primary cell cultures.
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APPENDIX A

ENRICHED GO TERMS FOR CLUSTERS #1 AND #6

Table A.1: Enriched GO Biological Processes in Cluster #1

GO.ID Term qval
GO0:0048515 spermatid differentiation 1.07E-07
G0:0032504 multicellular organism reproduction 1.17E-06
GO0:0007018 microtubule-based movement 1.39E-05
G0:0044782 cilium organization 1.39E-05
GO:0007017 microtubule-based process 1.45E-05
GO0:0007281 germ cell development 8.54E-05
GO:0097722 sperm motility 0.0008536
G0:0022412 cellular process involved in reproductio... 0.00144045
G0:0044703 multi-organism reproductive process 0.003366977777778
G0:0060271 cilium assembly 0.010314333333333
GO0:0035082 axoneme assembly 0.010314333333333
GO0:0070925 organelle assembly 0.010314333333333
G0:0018200 peptidyl-glutamic acid modification 0.012194285714286
GO0:0001539 || cilium or flagellum-dependent cell motil... | 0.012194285714286
G0:0019953 sexual reproduction 0.017072
G0:0000003 reproduction 0.028453333333333
GO0:0022414 reproductive process 0.028453333333333
GO0:0007286 spermatid development 0.028453333333333
GO:0048609 || multicellular organismal reproductive pr... 0.04268
GO0:0007276 gamete generation 0.061886
GO0:0046174 polyol catabolic process 0.075198095238095
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Table A.2: Enriched GO Biological Processes in Cluster #6

GO.ID ‘ ‘ Term qval
GO:0040011 locomotion 0.0001357425
G0:0043062 extracellular structure organization 0.0001357425
GO0:0051270 || regulation of cellular component movemen... 0.00090495
G0:0040012 regulation of locomotion 0.00090495
GO0:0051674 localization of cell 0.001170402
G0:0006928 movement of cell or subcellular componen... 0.00231265
GO:0009611 response to wounding 0.0103422857142857
G0:0050793 regulation of developmental process 0.0127363333333333
G0:0032502 developmental process 0.0127363333333333
GO:0051239 regulation of multicellular organismal p... 0.0285196363636364
G0:0030030 cell projection organization 0.0285196363636364
G0:0009719 response to endogenous stimulus 0.03167325
GO:0010647 positive regulation of cell communicatio... 0.0445513846153846
GO:0001568 blood vessel development 0.06033
G0:0023056 positive regulation of signaling 0.076418
G0:0008219 cell death 0.0770883333333333
GO0:0007565 female pregnancy 0.0770883333333333
G0:0023051 regulation of signaling 0.0770883333333333
G0:0048666 neuron development 0.0793815789473684
GO0:0010941 regulation of cell death 0.0874785
G0:0042445 hormone metabolic process 0.0877527272727273
G0:0006022 aminoglycan metabolic process 0.0877527272727273
GO0:0045595 regulation of cell differentiation 0.0928153846153846
GO:0051174 regulation of phosphorus metabolic proce... | 0.0928153846153846
G0:0019220 regulation of phosphate metabolic proces... 0.0928153846153846
GO0:0048584 positive regulation of response to stimu... 0.0928153846153846
G0:0022610 biological adhesion 0.0960811111111111
GO0:0050808 synapse organization 0.0969589285714286
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CLUSTERING RESULTS WITH DIFFERENT K VALUES
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