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Title: Transcriptomic profiling of the olfactory organs in mice
Author: Michal Gress
Supervisor: Mgr. Romana Stopkovéa, Ph.D., Department of Zoology

Abstract: Transcriptome studies are widely used to gain insights into tissue-specific biologi-
cal processes. Although advances in sequencing technologies have greatly improved precision
and throughput, the interpretation of read counts into biological knowledge remains a major
bottleneck in transcriptomics. Using the mouse vomeronasal organ (VNO), a subject of re-
search since the 19th century, I apllied three different ontology tools — STRING, PANTHER,
and clusterProfiler — to investigate sexual dimorphism in gene expression within the Biologi-
cal process and Molecular function categories, in comparison to the main olfactory epithelium
(OE). Three distinct filtering strategies for selecting differentially expressed genes were em-
ployed: (i) adjusted p-value, (ii) log-fold change combined with p-value, and (iii) selection of
the top most abundant genes. The overrepresentation analyses across the three tools showed
only limited consensus. Overall, the VNO exhibited greater sex-related differences than the
OE. In females, enrichment of the lipocalin family was identified, suggesting sexually dimor-
phic biological processes. However, current Gene Ontology annotations do not fully capture
this biological reality.

Keywords: transcriptome, mouse, olfaction, bioinformatics

Title: Transkriptomové profilovani ¢ichového organu mysi
Author: Michal Gress
Supervisor: Mgr. Romana Stopkova, Ph.D., Katedra Zoologie

Abstract: Studie transkriptomu jsou Siroce vyuzivany k ziskani poznatkt o biologickych pro-
cesech specifickych pro danou tkan. Ackoli pokrok v sekvenacnich technologiich vyrazné
zvysil presnost a mnozstvi spracovanych dat, hlavnim uskalim transkriptomiky zustava inter-
pretace poctu prectenych dat do biologickych poznatkd. Na mys$im vomeronasalnim organu
(VNO), ktery je predmétem vyzkumu jiz od 19. stoleti, jsem pouzil tfi rizné ontologické
nastroje - STRING, PANTHER a clusterProfiler - ke zkoumani pohlavniho dimorfismu v gen-
ové expresi v kategoriich Biologicky proces a Molekularni funkce, a to ve srovnani s hlavnim
¢ichovym epitelem (OE). Pro vybér diferencialné exprimovanych genti byly pouzity tfi rizné
filtracni strategie: (i) upravena p-hodnota, (ii) logaritmicka zména v kombinaci s p-hodnotou a
(iii) vybér nejvice exprimovanych gent. Analyzy nadreprezentace napfi¢ vSemi tfemi nastroji
ukazaly pouze omezenou shodu. Celkové VNO vykazoval vétsi rozdily v zavislosti na pohlavi
nez OE. U samicek byla zjisténa zvysena exprese rodiny lipokalinii, coz naznacuje pohlavné
dimorfni biologické procesy. Soucasné anotace genové ontologie vsak tuto biologickou realitu
plné nezachycuji.

Keywords: transkriptom, mys, ¢ich, bioinformatika
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Introduction

Recent studies in tissue biology almost inevitably involve transcriptomic analysis. Compared
to genomics, transcriptomics offers a more specific insight into the functional identity of tis-
sues, as it focuses on intermediate, selectively expressed products in the process of translating
information stored in DNA into biological function.

Transcriptomic analysis relies on a broad range of computational tools. This work focuses
on the digital part of the analysis pipeline, particularly the final step, where raw data are
interpreted into semantic biological meaning through Gene Ontology (GO) term enrichment.
From the broad palette of available tools, PANTHER, STRING, and clusterProfiler were
selected for comparison.

PANTHER is the oldest among the three and is closely associated with the early de-
velopment of the Gene Ontology initiative (Ashburner et al., 2000). PANTHER employs a
phylogenetic approach, annotating genes based on inferred inheritance through evolutionary
trees (Mi & Thomas, 2009). This strategy enables efficient annotation of newly sequenced
genes.

STRING is the most extensive of the three, enhancing traditional annotation approaches
with text mining and a proprietary clustering system. These features aim to uncover associa-
tions not yet captured in existing databases. STRING integrates multiple “channels”—sources
of evidence—to build a complex graph where proteins (nodes) are connected through various
types of functional relationships (edges) (Szklarczyk et al., 2016).

clusterProfiler differs from the others in that it does not offer a web-based interface;
instead, it provides an API exclusively, through the Bioconductor R package (G. Yu et al., 2012).
Widely recognized within the scientific community, clusterProfiler builds on the GoSemSim
software, which analyzes semantic similarity between GO terms. This allows it to propose
non-redundant and biologically relevant terms more effectively (G. Yu et al., 2010).

The biological system under study is the mouse olfactory system, with a particular focus
on the vomeronasal organ (the VNO). The VNO is enclosed within a cartilaginous capsule
with ducts opening into the nasal cavity. Despite its proximity, it is spatially and neurally
distinct from the main olfactory epithelium (OE). Although the VNO is present only in certain
mammals, primarily rodents, it plays a crucial role in the recognition of potential mates and
predators (Hohenbrink et al., 2014; Isogai et al., 2011). Dysfunction of the VNO affects males
and females differently, suggesting underlying sexual dimorphism (Kelliher et al., 2006; Kondo
et al., 2024; Stowers et al., 2002; C. R. Yu, 2015). While the VNO has been studied since the
19th century (Trotier & Doving, 1998), only now do transcriptomic methods enable a deeper
understanding of its molecular identity.

The experimental data used in this work originate from a study published in 2018 (Kun-
tova et al.,, 2018). Since then, a new mouse reference genome (GRCm39) along with updated
annotation files has become available. The dataset consists of RNA-seq data from VNOs and
OEs collected from six male and five female Mus musculus. Differential expression analysis
focused on sex differences was performed. Subsequently, three subsets of differentially ex-



pressed genes were selected based on progressively relaxed filtering criteria to provide mul-
tiple perspectives on the data: (i) a stringent set using an adjusted p-value < 0.1; (ii) a set of
transcripts showing strong expression bias (|log-fold change| > 2) with a p-value < 0.05; (iii)
a set containing the 100 most abundantly expressed transcripts (based on normalized mean

expression).



Chapter 1

Vomeronasal organ

1.1 History

The vomeronasal organ (VNO) was first depicted by Frederick Ruysch during the dissection
of an infant male cadaver. It is located at the base of the nasal septum, near the junction of
the nasal and oral cavities. However, a closer analysis of Ruysch’s illustration raised doubts
about the accuracy of his discovery, prompting further research (G. Stoyanov et al., 2018).

The study of the VNO was later continued by S.T. Sommering around 1809 (G. S. Stoyanov
et al,, 2018), followed by E. Dursy (Dursy, 2010) and others. The organ is also known as
Jacobson’s organ, named after the Danish anatomist Ludwig Jacobson, who in 1813 presented
a detailed anatomical description of the structure to the Royal Veterinary Society.

He linked the presence of the VNO to the intermaxillary bone, particularly the part called
the palatine apophysis. Based on his investigations of ruminants (ox, sheep, goat), perisso-
dactyls and suids (horse, pig), carnivorans (dog, cat), and rodents, he suggested that the organ
is present in all mammals. Owing to its exceptional innervation, Jacobson proposed that the
VNO serves not only a secretory but also a sensory function (Trotier & Doving, 1998).

1.2 VNO in Vertebrates

Olfactory perception is essential for many living organisms and has evolved independently
across different phyla, utilizing non-homologous receptors (Hansson & Stensmyr, 2011;
Roberts et al., 2017). In vertebrates, four major gene families are involved in olfaction: olfac-
tory receptors (ORs), trace amine-associated receptors (TAARs), vomeronasal receptor type 1
(V1Rs), and vomeronasal receptor type 2 (V2Rs).

Among these, ORs are the oldest, with their origin traced back to the most recent com-
mon ancestor of chordates, approximately 700 million years ago (Churcher & Taylor, 2011).
The remaining three families (TAARs, V1Rs, and V2Rs) appeared roughly 100 million years
later (Kowatschew & Korsching, 2022). A recently characterized clade within the VIR fam-
ily, called ancV1IR, is conserved across 400 million years of vertebrate evolution, from basal
ray-finned fishes to tetrapods. The presence of ancVIR has been confirmed in 261 species (Z.
Zhang & Nikaido, 2020), and its pseudogenization is strongly correlated with the loss of a
functional VNO (Suzuki et al., 2018).

The complexity of the receptor repertoire in vertebrates depends on the specific chemore-
ceptor genes present in each lineage (Figure [1.1). Teleosts — vertebrates with the most primi-
tive olfactory system — have six VIR genes, all co-expressed on a single olfactory surface (Ko-

5



rsching, 2025; Policarpo et al., 2024). Lungfishes, which are more closely related to tetrapods,
have a large repertoire of both V1Rs (163 genes) and V2Rs (493 genes), along with accessory
olfactory structures. In contrast, cartilaginous fishes, despite possessing a highly developed
sense of smell and morphologically complex olfactory organs, exhibit little to no expression
of ORs and rely predominantly on V2Rs. Notably, in cartilaginous fishes, ciliated olfactory
sensory neurons — typically responsible for expressing ORs and TAARs — are absent in these
species. This sensory architecture is hypothesized to favor maximal sensitivity over odor
discrimination (Syed et al., 2023).

In tetrapods, the olfactory system is organized into two distinct subsystems: the main
olfactory epithelium (OE), which projects to the main olfactory bulb (MOB), and the vomero-
nasal epithelium (VNE), which projects to the accessory olfactory bulb (AOB). This dual sys-
tem first appears in amphibians, though the two subsystems are not completely separated. In
amphibians, V1Rs are expressed in the OE, while V2Rs are found in both the OE and the VNE.
During metamorphosis, amphibians dynamically regulate receptor expression, with V2Rs be-
coming dominant in the newly developed olfacory epithelia in middle cavity (water nose) and
V1Rs remaining in the air-filled principal cavity (air nose) (Syed et al., 2017).

Not all tetrapods possess a functional VNO. Crocodiles, birds, and some bats are thought
to have completely lost this organ. However, recent studies have detected one or two V1R
genes in crocodiles and birds, though these genes are under relaxed selection, indicating a
near-complete functional loss (Policarpo et al., 2024).

1.2.1 Mammalian organ

Jacobson, the discoverer of the VNO, studied this structure in various mammals—including
tigers, dogs, horses, and pigs—and proposed its universal presence across the group (Trotier
& Doving, 1998). While research has primarily focused on model organisms like mice, recent
studies are characterizing the VNO in additional species, such as alpacas (Hong et al., 2024)
and hedgehogs (Kondoh et al., 2021).

Across mammals, the number of intact VIR genes varies considerably, with a mean of 38
and a range from 0 to 276 per genome. In contrast, V2R genes are absent in the majority of
mammalian species —specifically, in 263 out of 392 surveyed genomes. Notable exceptions
include rodents (Perognathus longimembris—169 V2Rs; Mus musculus—142 V2Rs), lagomorphs
(Oryctolagus cuniculus—32 V2Rs), monotremes (Ornithorhynchus anatinus—16 V2Rs), and mar-
supials (Gracilinanus agilis—85 V2Rs), all of which possess an expanded vomeronasal receptor
gene repertoire (Policarpo et al., 2024). These lineages are also characterized by the presence
of a well-developed vomeronasal system (VNS).

Interestingly, V2R genes are never found in the absence of V1R genes; however, the reverse
is not true. Certain mammals — 241 out of 387 species — retain only VIR genes, including Ele-
phantulus edwardii, Diceros bicornis minor, and Cervus elaphus. While the existence of a VNO
has not been conclusively demonstrated in these species, behavioral studies in rhinoceros (Lin-
klater et al., 2013) and deer (Osada et al., 2014) describe analogues of vomeronasal-mediated
behaviors, suggesting that functional remnants or alternative pathways may be present.

Marine mammals with fully aquatic lifestyles, such as whales and dolphins, exhibit com-
plete loss of the VNO and the AOB (Mackay-Sim et al., 1985; Oelschldger, 1989). Furthermore,
the transient receptor potential channel TRPC2 gene—a key transduction component of the
vomeronasal signaling pathway—is pseudogenized in these species (L. Yu et al., 2010). The
evolutionary fate of the VNO in semi-aquatic mammals is more variable. For example, harbor
seals lack the AOB, and their VNO may have been repurposed into a secretory structure. In



contrast, otariid pinnipeds, such as Callorhinus ursinus with 12 V1Rs and no V2R (Policarpo
et al., 2024), are thought to retain a functional VNO, possibly related to their social behavior
and harem-based mating systems (Kondo et al., 2024).
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Figure 1.1 Olfactory genes abundance in species: OR (olfactory receptor) and TAAR (trace amine-
associated receptor) are receptors mostly of main olfactory epithelia. In contrast, VIR (vomeronasal
receptor type 1) and V2R (vomeronasal receptor type 2) are pheromone-sensing receptors expressed
primarily in VNO. Notice the VIR and V2R abundance in Actinopterygii, Amphibia, Lepidosauria, and
Mammalia. There is a trend correlating with the water-to-land transition. (Policarpo et al., 2024)

1.2.2 Human VNO

The human VNO has been a subject of scientific debate. Its first detailed anatomical descrip-
tion was provided by Kélliker in 1877, who proposed that the human VNO is evolutionarily
inherited but remains undeveloped—analogous to the male mammary gland (Bhatnagar &
Smith, 2003).

Genetic evidence supports the vestigial status of the human VNO. Of the eight known
human V1R homologs, seven are pseudogenes, with only a single VIR-like gene remaining
potentially functional. This gene is consistently expressed in the human olfactory mucosa,
although its exact role remains unclear (Kouros-Mehr et al., 2001; Rodriguez et al., 2000).

1.3 Vomeronasal system

In rodents, the VNO is a paired, tubular structure encased within a cartilaginous capsule and
situated ventrally at the base of the nasal septum (Figure [L.4A). Its sensory epithelium contains
long microvilli that distinguish it from ciliated sensory neurons of the olfactory epithelium.
Each diverticulum opens into the nasal cavity through a small duct, which terminates
near the nasal opening of the nasopalatine canal. This canal provides a connection between



the nasal and oral cavities, potentially allowing chemical cues to access the VNO from both
routes (Treuting et al., 2017).

1.3.1 Vomeronasal receptors

The vomeronasal organ (VNO) contains two distinct populations of sensory neurons, each
expressing one of two receptor families: VIRs and V2Rs. Both receptor types are seven-
transmembrane G protein-coupled receptors, but their expression is spatially segregated
within the VNO epithelium. V1Rs, coupled to G;,, proteins, are expressed in the apical layer,
whereas V2Rs, coupled to Gy, are localized to the basal zone (Boschat et al., 2002; Emes et al.,
2004).

These receptor families differ primarily in their N-terminal extracellular domains, which
determine ligand-binding specificity (Emes et al., 2004). For example, ligands derived from
major histocompatibility complex (MHC) class I molecules have been shown to activate
V2Rs (Leinders-Zufall et al., 2004). Based on analyses of binding site properties, it has been
proposed that a single odor cue may activate both receptor types through a dual mechanism:
lipocalins interact with V2Rs, while the volatile odorant components bind to VIRs (Emes
et al., 2004; Mucignat-Caretta et al., 1995). In addition to the dual mechanism hypothesis,
odors are composed of a variety of substances. Multi-receptor activation patterns have been
observed in response to conspecific cues and heterospecific signals, such as bobcats or milk
snakes (Isogai et al., 2011), with the notable exception of activating V2Rs only in male exposed
to female.

In mice, the VNO contains approximately 168 functional V1Rs and 98 V2Rs (X. Zhang et
al., 2010), allowing for an extensive combinatorial coding of chemosensory signals. Although
the behavioral roles of individual receptors are still debated, some V1Rs display generalized
activation patterns. For instance, the V1Rh, V1Rc, and V1Re clades are responsive to cues from
both conspecifics and heterospecifics, including predators and non-predators. In contrast,
V2Rs encode more specific social and reproductive information, such as the sex or species of
the detected individual, enabling recognition of intruder identity (Isogai et al., 2011).

A further distinction lies in ligand solubility: V1Rs primarily detect airborne molecules,
while V2Rs are tuned to water-soluble compounds. This correlates with evolutionary transi-
tions in vomeronasal receptor usage during the shift from aquatic to terrestrial habitats (Fig-
ure [L.1)). In fish, which rely on detecting water-soluble signals, V2Rs predominate. In contrast,
terrestrial mammals such as rodents and dogs show a dominance of V1Rs. Amphibians, repre-
senting a transitional lineage, exhibit a more balanced repertoire of both receptor types (Shi
& Zhang, 2007).

1.3.2 Signal processing brain centers

The functional and spatial separation of vomeronasal receptor (VR) families is preserved
throughout the central processing pathways. Sensory neurons expressing V1Rs and V2Rs
each extend a single axon to the AOB, but they target distinct regions: V1R-expressing neu-
rons project to the anterior AOB, while V2R-expressing neurons target the posterior AOB (Fig-
ure [1.3C) (Halpern & Martinez-Marcos, 2003).

Within the AOB, up to 1,000 sensory neurons expressing the same receptor type converge
onto 6-30 glomeruli, in contrast to the MOB, where olfactory receptor neurons project to only
1-2 glomeruli (Boehm, 2006). This high degree of convergence is further amplified at the next



level, as mitral cells in the AOB typically innervate multiple glomeruli with the same receptor
specificity (Punta et al., 2002).

From the AOB, the vomeronasal signal is relayed to dedicated brain centers, including
the vomeronasal amygdala, which comprises the medial amygdaloid nucleus (MEA) and the
posteromedial cortical amygdaloid area (PMCO), as well as to the bed nucleus of the accessory
olfactory tract (BAOT) and the posteromedial part of the bed nucleus of the stria terminalis
(BSTMPM), often referred to as the ‘extended amygdala’ (Figure [L.2A).

While the precise topographic organization beyond the AOB remains under investigation,
functional studies have shown differential activation of downstream brain regions in response
to reproductive versus defensive cues, suggesting a degree of stimulus-specific pathway seg-
regation (Choi et al., 2005).

Figure 1.2 The rodent vomeronasal system. (A) Schematic representation of a rodent nasal cavity
and brain (lateral view). AOB mitral cells project to vomeronasal and extended amygdala. For abbre-
viations, see text. (B) Schematic representation of coronal section through a rodent nose. The VNO is
a bilateral tubular structure located at the base of the nasal septum. (C) VSNs that express the same
V1R or V2R converge on a small number of glomeruli in the accessory olfactory bulb (AOB). The apical
layer of the epithelium projects to the anterior part of the AOB whereas the basal layer projects to the
posterior part. (Boehm, 2006)

1.3.3 Formyl peptide receptors

In addition to VRs, a third receptor family—formyl peptide receptors (FPRs)—has been identi-
fied in the vomeronasal organ. In mice, the FPR gene family includes seven functional mem-
bers: FPR1, Fpr-rs1, Fpr-rs2, Fpr-rs3, Fpr-rs4, Fpr-rs6, and Fpr-rs7, while Fpr-rs5 is a pseudogene.
Humans possess three FPRs: FPR1, FPR2, and FPR3 (Liberles et al., 2009).

While some FPRs, such as FPRI and Fpr-rs2 expressed by neutrophils and monocytes, are
involved in immune responses to bacterial infection, the remaining FPRs are predominantly
or exclusively expressed in vomeronasal sensory neurons. Phylogenetic analyses suggest that
these vomeronasal FPRs are rodent-specific. Their seven-transmembrane domain structure,
monogenic expression, and spatial localization strongly support their functional role in olfac-
tory signaling (Ackels et al., 2014; Liberles et al., 2009).

FPRs exhibit a spatial organization in the VNO that mirrors that of classical vomeronasal
receptors. Genes Fpr-rs3, Fpr-rs4, and Fpr-rs6/7 are expressed almost exclusively in neurons la-
beled with Gy, (95-99%), consistent with apical localization. Conversely, Fpr-rs1 co-localizes
with Gy, in 93.6% of positive neurons, indicating a basal layer distribution (Liberles et al., 2009).



Like VRs, FPRs in the VNO follow a monogenic expression pattern, with 99% of FPR-positive
cells expressing only one Fpr-rs gene (Liberles et al., 2009; Riviere et al., 2009).

These FPRs respond to both immune-related ligands (e.g., N-formyl-methionyl-leucyl-
phenylalanine [fMLF], lipoxin A4, CRAMP, and uPAR) and chemical signals such as diluted
urine, K™ solution, and known pheromones like 2-heptanone (Boehm, 2006). Functional as-
says confirm that VNO FPRs are largely ligand-specific (figure [L.3) (Riviére et al., 2009).

It has been proposed that vomeronasal FPRs allow rodents to detect signs of illness in
conspecifics or spoiled food, contributing to social and environmental assessment (Riviere et
al.,, 2009).

Venn Diagram of Neuron Response to Stimuli

CRAMP

lipoxin A4
‘”ts

fMLF

Figure 1.3 Venn diagram of neuronal responses to vomeronasal formyl peptide receptor ligands
in mice, based on data from Riviere et al. (Riviere et al., 2009). The diagram summarizes responses
of 50 vomeronasal neurons to three ligands: CRAMP, lipoxin A4, and N-formyl-methionyl-leucyl-
phenylalanine (fMLF). Each circle represents neurons that responded to one ligand, with overlaps
indicating neurons responsive to multiple ligands. The results support the ligand specificity of FPR-
expressing neurons in the vomeronasal organ.

1.4 Behavioral studies on VNO

Multiple experimental approaches are used to impair VNO function in healthy mice to study
its behavioral role. These include surgical removal of the VNO (vomeronasal organectomy,
VNX), and genetic disruptions such as knocking out the vomeronasal sensory neuron signal
transduction gene Trpc2, or deleting the conserved vomeronasal receptor gene ancVIR. While
neither Trpc2 nor ancVIR knockout completely abolishes VNO function, these models have
proven valuable for dissecting the VNO’s contribution to behavior.

1.4.1 Sex recognition and sexual preference

Studies using genetically modified mice have revealed distinct roles for the vomeronasal
system in regulating sex recognition and sexual behavior. In ancV1R-deficient females, re-
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searchers observed increased sexual rejection behaviors, including boxing, running away,
standing upright, and blocking intromission. In contrast, Trpc2-deficient females not only
exhibited altered sexual rejection but also displayed male-typical behaviors such as mounting,
pelvic thrusting, solicitation, anogenital olfactory investigation, and vocalization toward both
male and female conspecifics (Kimchi et al., 2007).

Such dramatic gender shifts in behavior were not observed in males. However, Trpc2-
deficient males frequently initiated courtship and sexual behaviors toward both sexes and
showed a lack of typical male-male aggression (Stowers et al., 2002), suggesting a failure in
sex discrimination.

In wild-type mice, individuals typically show a strong investigatory preference for urine
from the opposite sex. When presented with various fluids (e.g., urine, saliva, and non-body
odors), VNX males still spent more time investigating urine than distilled water; however,
they no longer distinguished between male and estrous female urine (Pankevich et al., 2006).
Similarly, ancV1R-deficient females lacked a preference for male urine. In situ hybridization
experiments revealed that exposure to male urine elicited approximately 40% less neural acti-
vation (measured via Egr1 expression), indicating that while ancV1R contributes significantly
to vomeronasal sensory neuron (VSN) activity, it is not strictly required for it (Kimchi et al.,
2007).

1.4.2 Maternity

Olfactory cues are crucial for regulating reproductive behaviors, including the Bruce effect—
an exteroceptive pregnancy block first described by Bruce in 1959. This effect occurs when the
presence of an unfamiliar male, particularly his scent (Brennan et al., 1990), leads to pregnancy
termination. Research using VNX mice has shown that this phenomenon is mediated by the
VNO, not the OE (Kelliher et al., 2006). Interestingly, Trpc2-deficient females still exhibited a
Bruce effect comparable to that of wild-type (WT) mice, suggesting the existence of a signaling
pathway that bypasses TRPC2.

Additional behavioral alterations have been observed in ancV1R- and Trpc2-deficient fe-
males, including a partial loss of maternal aggression. Moreover, Trpc2-deficient females
display impaired lactation behavior, further aligning with a more male-typical behavioral pro-
file (Kimchi et al., 2007). Neural activity analyses reveal reduced VNO input, consistent with
these behavioral deficits.

However, exposure to live male intruders—rather than urine alone—significantly increases
plasma levels of the stress hormone adrenocorticotropic hormone (ACTH), indicating that it
is the male’s behavior, not solely vomeronasal cues, that drives the stress response (Kondo
et al., 2024).

1.4.3 Predator recognition

While the VNO plays a key role in intraspecific communication, it also contributes to the
recognition of heterospecific cues—particularly those signaling potential predators. This abil-
ity is crucial for survival, enabling predator avoidance based on olfactory detection.

In a comprehensive study, Isogai et al. (2011) exposed mice to 29 odor stimuli derived from
conspecifics and heterospecifics, including mammalian non-predators and predators, birds,
reptiles, and insects (Figure [1.4). Receptor activation patterns were analyzed, revealing that
formyl peptide receptors (FPRs) were not activated by any of the tested cues. In contrast, the
majority of stimuli triggered responses in both V1R- and V2R-expressing neurons.
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Interestingly, some cues elicited selective responses. For instance, odors from birds of prey
(hawks and owls) activated only V1R-expressing cells, whereas cues from rats, foxes, and
male mice (when presented to females) specifically activated V2Rs. This selective receptor
activation implies functional specialization within the vomeronasal receptor families.

The number of activated cells varied depending on the stimulus. Individual predator
scents typically activated 5-10% of vomeronasal neurons. However, a pooled mix of heterospe-
cific odors activated approximately 30% of cells, suggesting the existence of clade-specific
responsive subpopulations. For example, Vmn2r89 and Vmn2r121 responded specifically to
snake-derived odors, while owl scents activated V1rc10/11/12. Moreover, unique receptor
combinations were activated by individual predators of the same class: rat odors selectively
stimulated Vmn2r59, Vmn2r60, Vmn2r61, Vmn2r108, and Vmn2r110, while ferret cues trig-
gered V1rf5 and Vmn2r77/78/79 (Isogai et al., 2011).
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Figure 1.4 Widespread activation of VNO receptors by conspecific and heterospecific cues. a, Sur-
vey of ethologically relevant vomeronasal stimuli. Vomeronasal neural activation on exposure to con-
specific and heterospecific cues was visualized by Egr1 induction and quantified. Detection of female
cues by males is designated as &’(¢). Unless specified, female mice were used. Mixed heterospe-
cific cues activated Egr1 in significantly more cells than individual stimuli (P,0.01, two-tailed t-test).
Co-exposure to heterospecific and conspecific stimuli (all mix, n56) resulted in significantly more Egr1-
positive cells (P,0.05, two-tailed t-test). (Isogai et al., 2011)

1.5 Sexual dimorphism

As highlighted in section [L.4, olfaction—particularly via the vomeronasal organ (VNO)—
plays a pivotal role in mediating behavior. Previously mentioned phenomena such as the
Bruce effect (miscarriage induced by the scent of unfamiliar males) and maternal aggres-
sion (section [1.4.9), and altered sexual preference or male-typical behaviors in VNO-impaired
females (section [1.4.1) all suggest potential sex-based differences in vomeronasal processing.
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In rats, sexual dimorphism in VNO receptor expression has been observed. The receptor
V2Rs co-expressed with Gy, was found to be expressed in large, centrally located regions in
females, whereas in males, it was expressed more apically. This supports the existence of a
female-specific receptor population, indicating sexual dimorphism in signal perception (Her-
rada & Dulac, 1997).

A transcriptomic study in mice (Ibarra-Soria et al., 2014) found relatively subtle differences
in gene expression between sexes. Across both the VNO and the main olfactory epithelium
(OE), only 11 genes were consistently differentially expressed. Of these, five were located on
sex chromosomes—-Xist on the X chromosome and Kdm5d, Ddx3y, Eif2s3y, and Uty on the Y
chromosome. When analyzing the VNO and OE separately, 282 genes in the VNO and 81
in the OF were differentially expressed at a 5% false discovery rate (FDR). Notably, many of
the genes identified as sexually dimorphic also exhibited high within-sex variability, often
showing threefold or greater variance (Ibarra-Soria et al., 2014).

The proteome exhibits a much higher degree of sexual dimorphism than the transcrip-
tome. A study combining transcriptomic and proteomic approaches reported that only a very
small proportion of transcripts were sexually dimorphic (0.06% in the OE and 0.1% in the
VNO) (Kuntova et al., 2018). Interestingly, in the same study, some of the genes for lipocalins,
such as Obp7 and Mup5, were detected as dimorphic on p < 0.05. In contrast, much higher
dimorphism, 16.8% (87 out of 517), was observed on the proteomic level. The identified pro-
teins were predominantly structural (e.g., R3SA, FLNA, CAADH]1, K2C8), although multiple
hits indicated bactericidal activities (e.g., PERM, CATA, EXT1C).

Sexual dimorphism in the olfactory system is also experience-dependent and can be ele-
vated in the absence of the opposite sex. A study on six-month-old mice housed either in sex-
separated or sex-combined conditions since birth showed that 97% of differentially expressed
genes were observed only under sex-separated conditions (van der Linden et al., 2018). The
vast majority of these differences (469 out of 487 genes) originated in the OE. Conversely, in
the VNO, sexual dimorphism appears to be largely independent of social experience.

One proposed explanation for the striking difference between sex-separated and sex-
combined mice is the “use-it-AND-lose-it” neural mechanism. In this model, neurons ex-
pressing receptors activated by the opposite sex are significantly reduced under sex-combined
conditions. This phenomenon was demonstrated for several olfactory receptors (ORs), such
as OIfr912, as well as vomeronasal receptors (VRs), including Vmn2rii6, Vmn1ri85, and
Vmn1r69 (van der Linden et al., 2018). In contrast, some olfactory sensory neurons (OSNs)
follow a different strategy known as “use-it-OR-lose-it”, although not in a sexually dimorphic
manner. For instance, Olfr1419-expressing OSNs exhibited differential expression based on
male odor exposure rather than the sex of the accepting animal (van der Linden et al., 2018).
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Chapter 2

Functional analysis

2.1 Gene ontology

The Gene Ontology (GO) — from ontology, the study of being and relationships (McBriar, 2012)
— is an initiative designed to create a ,structured, precisely defined, and controlled vocabulary”
for describing gene functions. Its goal is to enable consistent annotation and comparison of
gene-related information across different biological systems (Ashburner et al., 2000).

The concept was first proposed by Michael Ashburner, who illustrated its potential using
FlyBase, which at the time represented the most comprehensive database for a single organ-
ism (Ashburner, 1998). Today, the Gene Ontology Consortium manages the development
and maintenance of the project, ensuring its relevance and accuracy in the face of evolving
biological data.

2.1.1 GO terms

The Gene Ontology is structured into three main categories: molecular function (MF), biolog-
ical process (BP), and cellular component (CC). The first two were introduced in the original
framework by Ashburner, with the third—cellular component-added later to form the tripar-
tite system still in use today (Aleksander et al., 2023). Within this system, a gene can be
comprehensively described by (i) the activity of its product at the molecular level (MF), (ii)
the specific location where it functions within the cell (CC), and (iii) the larger biological
processes it contributes to (BP).

The Gene Ontology Consortium (GOC) curates a standardized set of GO terms, maintain-
ing a separate hierarchy for each category. These terms are organized hierarchically, with
support for multiple parent terms per child, forming a directed acyclic graph (Ashburner et
al., 2000).

The complexity of these relationships depends on the chosen version of the ontology:

+ go-basic includes fundamental relationships like is-a, part-of, and regulates (including
positive and negative regulation),

+ go extends this with cross-domain relations, such as a biological process has-part a
molecular function, or occurs-in a cellular component,

+ go-plus further integrates external biomedical ontologies, such as ChEBI (for chemical
entities), Cell Ontology, and Uberon (for anatomical structures) (Aleksander et al., 2023).
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2.1.2 GO Annotation

The Gene Ontology (GO) terms, by themselves, have limited utility unless they are linked to
specific biological entities through GO annotations. A GO annotation is formally defined as
“an association between a specific gene (or gene product) and a GO term” (Aleksander et al., 2023).
Each annotation must be supported by a reference and an evidence code, which indicates the
method used to establish the association. The inclusion of annotations in an analysis depends
on the user’s judgment regarding the reliability of the evidence.

Traditional experimental evidence is categorized using specific evidence codes, such as:

« IEP - Inferred from Expression Pattern,
« IMP - Inferred from Mutant Phenotype,
« IGI - Inferred from Genetic Interaction.

Additionally, annotations derived from high-throughput studies are marked with specific
codes (e.g., Hxx). The Gene Ontology Consortium recommends exercising caution when
using these annotations due to the elevated risk of false positives typically associated with
hypothesis-free experimental designs (Consortium, 2019).

Reliable GO annotations can also be produced through non-experimental methods, espe-
cially when they are combined with expert manual curation. A prominent example is the Phy-
logenetic Annotation using GO (PAN-GO) project (Aleksander et al., 2023). In this approach,
curators analyze the evolutionary history of gene families to infer annotations using the ev-
idence code IBA (Inferred from Biological Ancestor). This phylogenetic method allows re-
searchers to identify evolutionary branches where particular GO terms were likely gained or
lost, leading to distinct functional annotations even among closely related genes (Gaudet et al.,
2011).

2.1.3 GO Casual Activity model

The most advanced form of knowledge representation within the Gene Ontology framework
is provided by GO Causal Activity Models (GO-CAMs). Prior to the introduction of GO-CAMs,
GO annotations could describe isolated functions or processes, but there was no standardized
method to interconnect these annotations to represent broader biological mechanisms.
GO-CAMs address this limitation by structuring biological knowledge in the form of
triples — composed of a subject, a relation, and an object. This model allows molecular activi-
ties to be connected through defined relationships, forming mechanistic chains of events (Con-
sortium, 2019). As a result, GO-CAMs enable the construction of detailed, biologically mean-
ingful models that capture how gene products interact and contribute to specific processes.
In addition to mapping interactions between gene products, GO-CAMs can incorporate
various forms of contextual information, including tissue specificity, developmental stage, or
experimental conditions (Thomas et al., 2019). This makes GO-CAMs a powerful tool for rep-
resenting complex biological systems in a structured and computationally accessible manner.

2.2 PANTHER

Protein Analysis Through Evolutionary Relationships (PANTHER) is a bioinformatics re-
source originally developed in 1998, notable for being the first database dedicated to protein
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phylogenetic trees. These trees are constructed using the GIGA algorithm (Gene tree In-
ference in the Genomic Age), which iteratively joins the most similar subtrees based on a
distance matrix, applying a set of predefined rearrangement rules. GIGA, implemented in the
C programming language, has demonstrated robust and reliable performance (Thomas, 2010).

Within each phylogenetic tree, curators define highly conserved clades, termed subfam-
ilies, for which they train hidden Markov models (HMMs). These HMMs facilitate further
classification and sequence identification using the HMMER3 tool. However, the authors
now consider standalone HMM-based classification to be outdated and instead recommend
the use of the TreeGrafter algorithm (Thomas et al., 2022). TreeGrafter operates in three main
steps: (1) matching a query sequence to a family using HMM scoring; (2) aligning the query
to the corresponding multiple sequence alignment (MSA); and (3) grafting the sequence onto
the existing phylogenetic tree using the RAXML software (Tang et al., 2019).

PANTHER is deeply integrated into the broader ecosystem of biological databases. For
instance, UniProt entries are cross-referenced with PANTHER subfamilies and phylogenetic
trees. Reactome utilizes orthologs identified through PANTHER to infer biological pathways
in non-human species based on human data. Furthermore, PANTHER HMMs are employed
by other major resources, including MGnify and TreeFam (Thomas et al., 2022).

The PANTHER classification system offers four main analytical tools: Gene List Analysis,
PANTHER Grafting (TreeGrafter), Evolutionary Analysis of Coding SNPs, and the PANTHER
Evolutionary Analysis Species Tree Explorer. This thesis will focus on the Gene List Analysis
tool, which is particularly relevant for functional enrichment studies.

2.2.1 Gene Expression Analysis Tools

PANTHER provides two distinct approaches for analyzing gene lists: the overrepresentation
test and the enrichment test.

Overrepresentation test evaluates whether certain protein subfamilies or gene ontology
(GO) terms are statistically overrepresented in a query gene list compared to a reference list.
This analysis is based purely on gene presence or absence, without considering expression lev-
els. The reference list may be automatically generated by PANTHER — if a complete genome
is available — or manually supplied by the user. Both the query and reference lists are catego-
rized based on predefined annotations, such as protein families or GO terms. Their respective
frequencies are then compared using statistical methods, including Fisher’s exact test or the
binomial test, to assess whether specific categories are significantly overrepresented (Mi et al.,
2019).

Enrichment test , in contrast, incorporates quantitative gene expression data. This test
requires not only a gene list but also corresponding expression values, which may be normal-
ized expression levels or fold changes. The analysis applies the Mann-Whitney U test (also
known as the rank-sum test) to determine whether the distribution of expression values as-
sociated with a given annotation differs significantly from the background distribution. This
method provides a more sensitive evaluation than the overrepresentation test, as it captures
expression magnitude in addition to presence or absence (Mi & Thomas, 2009).
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2.3 STRING

STRING (Search Tool for the Retrieval of Interacting Genes/Proteins), originally introduced
in 2000, was developed as a platform for identifying and interpreting conserved patterns in
genome organization (Snel et al., 2000). Rather than aiming to determine the function of indi-
vidual proteins, STRING focuses on uncovering functional associations between proteins. The
platform introduced the concept of a functional association, defined as a “specific and biologi-
cally meaningful functional connection between two proteins,” which forms the fundamental
unit of STRING’s analytical framework (Szklarczyk et al., 2010).

The original algorithm employed an iterative approach to explore genomic regions sur-
rounding a seed gene, gradually identifying sets of genes that were directly or indirectly
linked to it. When such a set, or a subset, was conserved across multiple species, it was
hypothesized that the genes may form part of operons (Dandekar et al., 1998). While operon
structures are predominantly found in prokaryotes, the functional relationships inferred from
conserved synteny can often be extrapolated to their eukaryotic orthologs. Orthologs were
identified using the Smith-Waterman algorithm, with bidirectional best hits selected to en-
sure high-confidence matches.

2.3.1 Current state

Since its initial release, STRING has undergone substantial development and diversification
of its applications. In 2004, the acronym was redefined to Search Tool for the Retrieval of Inter-
acting Genes/Proteins (Szklarczyk et al., 2010, 2018; von Mering et al., 2003, 2004). Alongside
this, the sources of genome data have expanded considerably. The latest STRING versions
incorporate information from Ensembl, UniProtKB Reference Proteomes, and representative
genome sets from the proGenomes database (Szklarczyk et al., 2023).

A known limitation of STRING is that it retains only the longest protein-coding isoform
transcript per gene locus (von Mering et al., 2006). Nevertheless, the database has reached im-
pressive coverage. As of version 12.0, STRING includes data for 12,535 organisms—of which
1,322 are eukaryotic—encompassing 59,309,604 proteins and nearly 30 billion predicted in-
teractions. Among these, 977,339,418 interactions are supported by high-confidence scores
(score > 0.7) (string-gb.org).

In alignment with the principles of open science, STRING provides its precomputed and
scored interaction networks for download as an SQL database back-end. The data can also
be accessed programmatically via a REST API, or through dedicated interfaces in Cytoscape
and R (via a Bioconductor package). Moreover, STRING is tightly integrated with other major
bioinformatics resources, including UniProt and SMART, and supports website embedding
and third-party plugins (Szklarczyk et al., 2010, 2023). Notably, STRING has been recognized
as a Core Data Resource by the ELIXIR consortium (Drysdale et al., 2020).

2.3.2 STRING Evidence Channels

In STRING, the connections (edges) between proteins are classified based on their supporting
source of evidence, referred to as channels—a framework introduced in version 10.5 (Szklar-
czyk et al., 2016). There are seven distinct evidence types: four derived from functional data
— experiments, databases, text mining, and co-expression — and three derived from genome
context predictions — neighborhood, fusion, and co-occurrence.
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Experiment channel The experiments channel aggregates interaction data from curated
experimental repositories, including those standardized by the IMEx consortium, as well as
BioGRID, DIP, and PDB (Szklarczyk et al., 2023). It encompasses a wide range of experimental
approaches, such as biochemical assays, biophysical measurements, and genetic interaction
studies. To ensure accuracy, duplicate entries are removed, and the remaining unique inter-
actions are benchmarked against KEGG pathway annotations to assess their reliability (Szk-
larczyk et al., 2016).

Database channel The database channel—also referred to as the knowledge channel—
sources manually curated information from established pathway databases, including KEGG,
Reactome, and MetaCyc. Additionally, it incorporates data on protein complexes from the
EBI Complex Portal and annotations from the Gene Ontology Consortium (Szklarczyk et al.,
2020). Only direct interactions—defined as those occurring between members of the same
pathway or within the same protein complex—are included. All associations within this
channel are uniformly assigned a high confidence score of 0.9 (Szklarczyk et al., 2018).

Text mining channel The text mining channel is one of the distinctive features that sets
STRING apart from other protein interaction databases. It scans extensive text corpora—
including PubMed abstracts, OMIM, the Saccharomyces Genome Database (SGD; since ver-
sion 11.5), Medline abstracts (version 11.0), and full-text author manuscripts from PubMed
Central (PMC)—for co-occurrences of protein pairs. Only English-language full-text articles
that are successfully mapped to PubMed are considered. To reduce noise, highly unspecific
documents—defined as those mentioning more than 200 biological entities—are excluded. This
results in a curated dataset comprising approximately 28.6 million publications (Szklarczyk et
al., 2018).

Beyond simple co-occurrence, STRING applies Natural Language Processing (NLP) tech-
niques to identify specific semantic relationships between proteins, such as binding interac-
tions or phosphorylation events (Szklarczyk et al., 2016). The initial co-occurrence score is
computed as a weighted sum of mentions in different textual contexts: sentences, paragraphs,
and entire documents. The formula used is:

n
Gj = Z Saijkwd + 20pijkWp + Osijic Ws (2.1)
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where w; = 1, wy = 2, and w; = 0.2, and the delta function § = 1 when entities i and j co-
occur in a given context. The score Gj; is then normalized using a formula that incorporates the
relative frequency of the entities within the same taxonomic group, with a = 0.6 (Franceschini
et al., 2012):
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In version 12.0, STRING introduced a deep learning-based extraction pipeline utilizing
the biomedical language model RoBERTa-large. This model enables the identification of as-
sociations that span across sentence boundaries, thus improving the detection of biologically
meaningful relationships. Only associations with a confidence score above 0.15 are retained,
with approximately 11% of these scoring higher than 0.7 (Szklarczyk et al., 2023).
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Co-expression channel The co-expression channel assesses the functional association be-
tween genes or proteins based on the similarity of their expression profiles across a variety
of experimental conditions. Expression data from transcriptomic and proteomic experiments
are first normalized and filtered to reduce redundancy, after which co-expression scores are
assigned based on the consistency of expression patterns between gene pairs.

Transcriptomic data are sourced from public repositories such as the NCBI Gene Expres-
sion Omnibus (GEO) and the Human Protein Atlas, with a particular emphasis on single-cell
RNA sequencing (scRNA-seq) data. These data undergo further processing, including normal-
ization and dimensionality reduction, and co-expression relationships are evaluated using the
Pearson correlation coefficient (Franceschini et al., 2012). On the proteomic side, STRING inte-
grates data from ProteomeHD and PRIDE. These datasets are analyzed using the treeClust al-
gorithm, a method designed to detect functional associations in high-dimensional proteomics
data, and are benchmarked against curated KEGG pathways to validate their biological rele-
vance.

Due to inherent challenges in expression data, such as sparsity, high dimensionality, and
noise, traditional correlation-based methods, like Pearson correlation, can be suboptimal.
To improve the identification of biologically meaningful associations, STRING version 12.0
introduced a deep learning-based approach utilizing a variational autoencoder (VAE). This
model enhances the capacity to extract robust co-expression signals from complex and noisy
datasets (Szklarczyk et al., 2023).

Neighborhood, Fusion, and Co-occurrence Channels The neighborhood, fusion, and
co-occurrence channels have been integral to STRING since its earliest versions. These
genome context-based prediction methods are especially informative for bacterial and ar-
chaeal genomes (Szklarczyk et al., 2016). They infer functional associations by analyzing
evolutionary signals derived from comprehensive all-against-all genome comparisons (Szk-
larczyk et al., 2018).

The neighborhood channel identifies genes that consistently appear in close physical prox-
imity across multiple genomes. This conserved co-localization often implies operon-like struc-
tures and suggests that the genes share functional relationships.

The fusion channel is based on the premise that gene fusions are strong indicators of func-
tional linkage. If two genes are found fused into a single gene in at least one organism, STRING
infers a functional association between them. The confidence of the predicted interaction de-
pends on both the robustness of ortholog identification and the phylogenetic conservation of
the fusion event.

The co-occurrence channel examines the phylogenetic profiles of proteins and their or-
thologs across a wide range of species. Protein pairs exhibiting similar patterns of presence
or absence across taxa are inferred to be functionally associated, reflecting evolutionary co-
dependence (Szklarczyk et al., 2016).

2.3.3 Enrichment detection

Enrichment detection functionality was introduced in STRING version 11.5 (2021). This tool
enables users to input a list of genes, which are then mapped to the STRING database and
visualized as a functional association network. The resulting network of successfully mapped
entries can be further organized using clustering algorithms, such as k-means or the Markov
Cluster Algorithm (MCL).
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Enrichment analysis is performed across eleven distinct pathway and functional classifi-
cation frameworks. These include the three Gene Ontology (GO) domains (Biological Process,
Molecular Function, and Cellular Component), KEGG pathways, UniProt keywords, Reactome
pathways, Pfam and SMART protein domains, as well as InterPro protein features.

Additionally, STRING offers two unique classification systems not found in other sources.
The first is a literature-based classification, where each scientific publication is treated as a
“pathway,” defined by the set of proteins mentioned in the article. The second is a data-driven
hierarchical clustering of the STRING network itself. This clustering organizes proteins into
functional groups based on network topology, and spans multiple levels of granularity—
capturing both canonical and less-characterized functional associations. The underlying
methodology involves computing a diffusion state distance matrix from the global network,
followed by hierarchical clustering using HPC-CLUST with average linkage.

These exploratory over-representation analyses allow researchers to uncover poten-
tial functional associations that may not yet be included in manually curated pathway
databases (Szklarczyk et al., 2020).

2.3.4 Statistical testing

Each functional classification system in STRING is evaluated for enrichment using hypergeo-
metric testing, a feature available since version 9.1. To define the statistical background, users
can choose either the complete reference genome or provide a custom list. Within each clas-
sification framework, multiple testing correction is applied using the Benjamini—-Hochberg
procedure to control the false discovery rate.

Since version 11.0, STRING has supported a specialized analysis mode for large-scale
datasets comprising over 2,000 proteins. In this mode, the input list may be supplemented with
continuous variables, such as log fold changes, phenotypic measurements, mutation counts,
or expression levels.

Rather than relying on a discrete reference background, this mode assesses irregulari-
ties in the distribution of pathway assignments. It utilizes statistical methods such as the
Kolmogorov-Smirnov test and Aggregate Fold-Change testing (Szklarczyk et al., 2020). The
Aggregate Fold-Change test is a permutation-based, non-parametric approach designed to be
robust across a range of dataset sizes and particularly effective for smaller datasets (Szklarczyk
et al., 2018).

2.3.5 Bias analysis

Beginning with version 11.5, STRING includes an automated bias analysis feature for large-
scale user input. This step is designed to identify and visualize potential technical or biological
biases that could lead to false-positive findings. While the bias analysis does not influence the
outcome of the enrichment analysis itself, it provides important diagnostic insights to aid data
interpretation.

Results of the bias analysis are presented through five quality-control plots, each examin-
ing a different aspect of the input data:

« Average protein abundance
« Protein length

« Number of publications per protein
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Figure 2.1 Multiplot generated by STRING to inform user of dataset atributes

« Predicted protein disorder (based on IUPred)
» Average GC content

These visualizations help users detect overrepresentation of highly studied, abundant, or
otherwise atypical proteins, thus supporting more accurate downstream interpretation.

2.4 clusterProfiler

clusterProfiler is a functional enrichment analysis tool implemented in the R programming
language as part of the Bioconductor project since 2012 (G. Yu et al., 2012). Initially, it sup-
ported gene annotations for only three model organisms — Mus musculus, Homo sapiens, and
Saccharomyces cerevisiae — but it has since expanded to include annotations for virtually any
organism with available genome-wide data. This is made possible through integration with
external databases such as Ensembl, NCBI, and STRING via the AnnotationHub package (Wu
et al., 2021).

Similar to other enrichment tools, clusterProfiler assumes a hypergeometric distribution
for overrepresentation analysis (ORA). To control for multiple hypothesis testing and reduce
the false discovery rate (FDR), it employs Storey’s g-value, which serves as the positive FDR
analogue of the p-value (Storey, 2002). The package provides standard methods for ORA and
gene set enrichment analysis (GSEA). A notable extension is the inclusion of the GOSemSim
tool, which facilitates the removal of redundant Gene Ontology (GO) terms based on semantic
similarity, thereby enhancing interpretability of enrichment results (Wu et al., 2021).

2.4.1 GoSemSim

GOSemSim is a tool designed for the quantitative computation of semantic similarity among
Gene Ontology (GO) terms (G. Yu et al., 2010). It supports two principal approaches to measur-
ing semantic similarity: the information content (IC)-based method and graph-based methods.

Both approaches have demonstrated utility in different contexts. Resnik’s measure, for
example, has shown strong correlation with sequence similarity (Mistry & Pavlidis, 2008)
and gene co-expression (Sevilla et al., 2005). Schlicker’s measure outperforms Resnik’s in
identifying orthologous gene products, while Wang’s graph-based measure has proven more
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effective for clustering gene pairs based on semantic similarity (Schlicker et al., 2006; Wang,
Du, Payattakool, Yu, & Chen, 2007).

Information Content Measures

Information content-based methods rely on the frequency of GO terms and their most infor-
mative common ancestor. The general principle is that less frequent, and thus more specific,
terms — typically located lower in the ontology hierarchy — carry higher information con-
tent (Lord et al., 2003).

A representative example is Resnik’s similarity measure. It defines the similarity between
two GO terms, ¢; and ¢y, based on the information content of their most informative common
ancestor:

Pms(cl’cz) = min p(c) (2.3)
c€S(cy,¢2)
sim(cy, ¢p) = —1In pys(er, cz) (2.4)

Here, S(c;, c) denotes the set of shared ancestral terms (i.e., common ancestors in the GO
hierarchy), and p,, represents the probability of the most specific (least frequent) common
ancestor — often called the minimum subsumer. The probability p(c) refers to the relative
frequency of a term and all its descendant terms in the GO annotation corpus (Lord et al.,
2003).

Graph-Based Measures

In contrast to information content-based methods, graph-based approaches construct a di-
rected acyclic graph (DAG) for each GO term, capturing not only the term itself but also its
neighboring terms in the ontology hierarchy (Wang, Du, Payattakool, Yu, & Chen, 2007). This
method shifts the emphasis from shared parent terms to the contribution of all related terms
within the DAG structure, assigning greater weight to terms closer to the query term.

For a given GO term A, the contribution value S4(¢) of another term ¢ in its DAG is defined
as:

Sa(A) =1, (self-contribution)
{ Sa(t) = max{w, - Sy(t") | t’ € children(t)}, ift+ A
Here, w, represents the weight of the edge from a child to its parent (typically based on
the ontology structure), and S4(¢) is computed recursively from the maximum weighted con-
tributions of child nodes.
The total semantic value of term A is then calculated as:

SV(A) = > Sa(®) (2.5)

tETA

Given two DAGs — DAG4 = (A, T4, Ex) and DAGg = (B, T, Eg) — representing terms A
and B, respectively, the semantic similarity between them is computed as:

2teT T, (Sa(t) + Sp(t)
SV(A) + SV(B)
This formulation accounts for both the depth and proximity of shared GO terms, offering a

nuanced similarity metric particularly effective in functional clustering and gene comparison
tasks (Wang, Du, Payattakool, Yu, & Chen, 2007).

Sco(A, B) = (2.6)
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Chapter 3

Practical Part

3.1 Software

3.1.1 STAR

STAR - Spliced Transcripts Alignment to a Reference - is an RNA-seq data mapping tool
developed in 2009. It is specifically designed for the direct alignment of short, non-contiguous
sequences (Dobin et al., 2013).

Seed search In the first step, STAR sequentially searches for a Maximal Mappable Prefix
(MMP). MMP(R, i, G) is defined as the longest substring of the read R starting from position i
that matches any substring of the reference genome G. Once the initial segment is mapped, the
search continues with the remaining part of the read. The MMP search is implemented using
an uncompressed suffix array, which allows for logarithmic time complexity and efficient
identification of matches at multiple genomic loci.

Clustering, stitching, and scoring In the next step, a set of uniquely mapping seeds are
selected as anchors. Seeds located within a distance constrained by the maximum intron
length are clustered around these anchors. Within each cluster, seeds are stitched together
using dynamic programming. The combination with the highest alignment score is selected
as the final alignment of the read. In the case of multimapping reads, all alignments that score
similarly to the best one (or fall within a predefined threshold) are also reported.

3.1.2 HTSeq

HTSeq is a Python framework for the analysis of high-throughput sequencing data (Anders et
al., 2015). The htseq-count script, intended for command-line usage, takes mapped fragments
(in SAM/BAM format) and an annotation file (in GTF/GFF format) as input, and counts the
number of reads overlapping exons for each gene.

Users can define how to handle fragments overlapping unrelated exons. In the default
mode, union, only unambiguously mapped fragments are counted (Figure B.1). Although this
results in lower absolute counts, the relative expression levels (i.e., the fold change) remain un-
affected. This conservative approach helps prevent false positives in downstream differential
expression analysis.

The program htseq-count includes an option --stranded={yes, no, reverse}l,
which reflects the strand-specificity of the sequencing library preparation protocol. During
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union

gene_A
gene_A Description:
This figure shows several scenarios
of htseg-count read alignment to
gene_A gene annotations using the union
counting mode. Depending on the
gene A overlap between reads and gene fea-

tures (including exons and multiple
genes), the read may be assigned
to a specific gene or considered am-
gene_A biguous. Variants include full over-
lap, partial overlap, split across ex-
ons, or multi-gene overlap.

ambiguous

ambiguous

Figure 3.1 Scenarios of read alignment under the union counting mode.

library preparation, messenger RNA is enriched and reverse-transcribed into complementary
DNA (cDNA). Either the first or second strand of the cDNA is then synthesized using thermo-
labile bases, which prevent that strand from being replicated during PCR. This step preserves
information about the strand of origin for each observed fragment, which is then taken into
account during gene counting.

3.1.3 DESeq2

DESeq?2 is a statistical framework for gene ranking and visualization, based on the stable es-
timation of effect sizes (log fold changes, LFCs) and testing for differential expression (Love
et al.,, 2014). The input consists of a raw count matrix K, where K;j represents the number of
unambiguously mapped reads for gene i in sample j. A generalized linear model is then used:

Kij ~ NB(pij, 1) 5 iy = i 5 108,(qi) = x;f; (3.1)
The model is based on a negative binomial distribution with a fitted mean y;; and a gene-
specific dispersion parameter ¢;. The fitted mean is composed of a sample-specific size factor
sj and a parameter g;;, which is proportional to the expected true concentration of fragments
for sample j. The coefficients f; represent the log, fold changes for gene i for each column of
the model matrix X.
Variability between replicates is modeled by the dispersion parameter ¢; as:

Var(K;) = E[(Kj; — 15;)*] = s + oqs§ (3.2)
Due to small sample sizes, the dispersion estimates for individual genes can be highly
variable. To address this, genes are grouped based on similar average expression levels.
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A single call to DESeq(dds) runs the full analysis pipeline, which includes:
1. Estimation of size factors s;
2. Estimation of dispersion parameters ¢;

3. Fitting of the negative binomial GLM to estimate f; and perform Wald significance test-
ing

3.2 Data description

I worked with RNA-seq data—SAM files—from a 2017 study of the transcriptome and pro-
teome (Kuntova et al., 2018). The dataset includes 11 replicates each for the olfactory epithe-
lium and the vomeronasal organ. The data were downloaded from the Sequence Read Archive
(SRA) under the BioProject ID: PRJNA395697. Metadata in the SRA contain sample names in
the format (F|M) [0-9]+(OE|VNO).

Originally, RNA was isolated from dissected tissue, and only high-quality samples (RIN =
8) from 6 males and 5 females were processed further. The library preparation was performed
using the Ampure Prep Kit, resulting in 22 samples prepared with two kits. Illumina MiSeq
paired-end sequencing was carried out using the MiSeq® Reagent Kit v3 (600 cycles) in two
separate runs, with the OFE and VNO libraries sequenced independently.

The average length of the paired-end reads ranged from 300 to 350 bp. FASTQ files were
filtered and cleaned using Cutadapt: adapters, primers, and poly-A tails were trimmed; only
reads longer than 30 bp and with quality scores above 30 were retained. Additionally, the first
10 nucleotides from the 5’ end of each read were trimmed.

For alignment, STAR was used with the GRCm38 reference genome. The maximum num-
ber of allowed mismatches was set to 5. A threshold of 0.5 was applied for the normalization
of the alignment score and the number of matched bases relative to read length. An example
header from the STAR output is shown below:

QPG ID:STAR PN:STAR VN:STAR_2.5.2b CL:./STAR --runThreadN 8 --genomeDir

-~ 1index/ --readFilesIn good_2-1504150E_S10_L00O1_R1_001.fastq
good_2-1504150E_S10_L001_R2_001.fastq --outFileNamePrefix 2-1504150E_S10_LO0O1
—-—outSAMattributes All --outFilterScoreMinOverLread 0.66

» -—-outFilterMatchNminOverLread 0.66 --outFilterMismatchNmax 10 --sjdbGTFfile
~ Mus_musculus.GRCm38.86.gtf

¢

¢

3.3 Data preparation

In the original experiment, the reference genome GRCm38 was used. Since then, a new
version—GRCm39—has been released, along with an updated GTF annotation file. Both were
downloaded from the Ensembl website. Multiple types of reference genomes are available:
masked, soft-masked, and primary. These differ in how repetitive or low-complexity regions
are treated—either replaced with ’N’s, converted to lowercase, or left unmasked, respectively.
I selected the primary assembly because I work with the whole-genome transcriptome, where
repetitions are less frequent, and I aimed to avoid unnecessary loss of information.
Unfortunately, the original FASTQ sequencing output was not archived. Therefore, I ex-
tracted the reads directly from the mapped BAM files using the following command. Between
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1,336,405 (F4VNO) and 2,951,392 (M5VNO) read pairs were recovered. No orphan reads were
present, and at most 0.65% were filtered out as singletons.

samtools fastq "F10E.bam" \

-1 "F10E_R1.fastq" \

-2 "F10E_R2.fastq" \

-0 "F10E_orphans.fastq" \

-s "F10E_singletons.fastq" \

-n #don't append /1 and /2 to the read name

Before mapping, an index of the reference genome must be generated:

STAR --runThreadN 15 \

--runMode genomeGenerate \

--genomeFastaFiles ./ref/* \

--sjdbGTFfile ./annot/Mus_musculus.GRCm39.113.chr.gtf

Next, reads were mapped to the new reference genome using STAR, a splice-aware aligner
designed specifically for RNA-seq data. The recent version of STAR also enables counting
of fragments per gene during alignment. On average, 2.18 million reads were obtained per
sample. Among them, 7.68% were multimapped, 0.69% were unmapped, and the mismatch
rate was 0.85

STAR \

--runThreadN 15 \

—-genomeDir "GenomeDir" \

--readFilesIn "F10E_R1.fastq" ""F10E_R2.fastq" \
-—outFileNamePrefix "F10E" \

--outSAMtype BAM SortedByCoordinate \

#optionally add: --quantMode TranscriptomeSAM GeneCounts

Careful readers may notice slight differences in the options used compared to the 2017
mapping process. According to the STAR documentation, some of those previously explicit
options are now set by default.

STAR supports the option --quantMode, which allows on-the-fly generation of gene
counts during alignment. However, due to limited experience with this feature, I opted to use
htseq-count instead. This tool automatically concatenates counts from multiple samples into
a single matrix:

htseq-count \

—-order=pos \
——counts_output=hts_counts.tsv \
—--nprocesses=15 \
./MAP/*Aligned.sortedByCoord.out.bam \
./annot/Mus_musculus.GRCm39.113.chr.gtf \
--additional-attr=gene_name

It is important to note that the option -—additional-attr=gene_name adds a second
metadata column in addition to the default gene_id. However, not all genes in the GTF
annotation file have an associated gene_name, which may lead to column misalignment in
the output.
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Category no-stranded | forward | reverse
__no_feature 1,304,296 41,915,394 | 1,469,403
__ambiguous 10,111,832 62,957 8,620,107
__too_low_aQual 0 0 0
__not_aligned 0 0 0
__alignment_not_unique 3,902,807 3,902,807 | 3,902,807

Table 3.1 Sum of htseg-count stats over all samples

For further analysis an information about exact protocol used for library preparation is
needed, however, not documented. To address this, I attempted to count the reads using all
three strandedness modes supported by htseq-count (Table B.1).

The __no_feature category refers to reads mapped to unannotated loci. The second
row, __ambiguous, indicates fragments that overlap multiple exons simultaneously, while
__alignment_not_unique corresponds to multi-mapped fragments.

Given the comprehensive annotation of the mouse genome, it is unlikely that such a high
proportion of fragments would map to “useless” regions. Therefore, I excluded the forward
protocol as implausible. Based on the logic of the counting rules, the unstranded protocol
results in more ambiguous reads due to the increased likelihood of overlapping genes. By the
same reasoning, the lower proportion of __no_feature reads under the unstranded protocol
can be explained.

Overall, I chose to proceed with the no-stranded protocol, as it rejects the highest num-
ber of assigned reads and represents the most conservative approach.

3.4 Results

3.4.1 Differential expression analysis

DESeq2 does not offer extensive customization through parameters; it primarily requires three
inputs: the count matrix (countData), the sample metadata (colData), and a design formula
specifying the experimental condition (design). In our case, the experimental variable is sex.

Prior to DESeq run, genes supported with less than 5 read pairs were filtered out. The
results are plotted on MA plot highlighting values with p-adjusted < 0.1.

dds <- DESegDataSetFromMatrix(
countData = counts_subset,
colData = coldata_subset,
design = ~ sex)

dds <- dds[rowSums(counts(dds)) > 5, ]

dds <- DESeq(dds)

plotMA(res, ylim = c(-5, 5))
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Differential Expression in Olfactory Epithelia:
MA Plot Highlighting Transcripts with Padj < 0.1
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Differential Expression in Vomeronasal organ:
MA Plot Highlighting Transcripts with Padj < 0.1
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Figure 3.2 Gene expression profiles showing differential expression patterns in (a) OE and (b) VNO

conditions.

The VNO displays a higher degree of sexual dimorphism in gene expression than the OE.
In the OF 9 genes were marked as significant (padj < 0.1), 3 female-biased and 6 male biased
(Table B.4). Most of these genes are located on the sex chromosomes, with the exception of
Igkv8-21, which is located on chromosome 6. In the VNO, 8 genes were more highly expressed

in males and 25 in females (Table E)

Gene ID Gene name log2FoldChange padj recognized
FEMALE

ENSMUSG00000086503  Xist —11.057 7.331x 1073 no
ENSMUSG00000035150  Eif2s3x —0.743 6.159 x 107> yes
ENSMUSG00000031328 Flna —0.462 1.436 x 1072 yes
MALE

ENSMUSG00000134885  (LncRNA) 2.803 1.739 x 1072 no
ENSMUSG00000076586  Igkv8-21 3.596 1.001 x 1074 no
ENSMUSG00000068457 Uty 6.696 9.044 x 107° yes
ENSMUSG00000056673 Kdm5d 6.834 3.791x 1077 yes
ENSMUSG00000069045 Ddx3y 6.86 3.791 x 10~° yes
ENSMUSG00000069049 ~ Eif2s3y 7.663 3.351 x 10712 yes

Table 3.2 View 1, OE. Genes significantly differentially expressed (padj < 0.1). Gene IDs follow
Ensembl annotation. The "recognized” column indicates whether Ontology tools included the gene in

their analysis.



Gene ID Gene Name log2FC padj recognized

FEMALE

ENSMUSG00000086503  Xist -10.127 3.692x 107 no
ENSMUSG00000067684 Obp5 —6.264 6.354x1073 yes
ENSMUSG00000079519  Obp8 —5.897 7.794x 1073 yes
ENSMUSG00000058523  Mup5 —5.657 7.117x 1072 yes
ENSMUSG00000069516  Lyz2 —-1.494 4.845x 1072 yes
ENSMUSG00000015653  Steap2 —1.448 9.359x 1072 yes
ENSMUSG00000096422  Igkv12-44 —1.338 4367 x 1072 yes*
ENSMUSG00000017737 Mmp9 —-1.291 2.529x 1072 yes
ENSMUSG00000032548  Slco2al —0.886 4.367 x 1072 yes
ENSMUSG00000036446 Lum —-0.822 5.750 x 1073 yes
ENSMUSG00000026043  Col3al —0.790 1.013x 1072 yes
ENSMUSG00000031673 Cdh11 —-0.714 1.125x 1073 yes
ENSMUSG00000020473  Aebp1 —0.689 3.987 x 1073 yes
ENSMUSG00000026193  Fn1 —-0.678 1.125x 1073 yes
ENSMUSG00000026042  Col5a2 —0.677 4.762x 1072 yes
ENSMUSG00000053965 Pde5a —0.667 5.978 x 1072 yes
ENSMUSG00000031740  Mmp?2 —0.605 9.051 x 1072 yes
ENSMUSG00000025332  Kdm5c —0.590 1.386 x 1072 yes
ENSMUSG00000035150  Eif2s3x —0.587 9.805x 1072 yes
ENSMUSG00000059149  Mfsd4a —0.585 1.386 x 1072 yes
ENSMUSG00000000957 Mmp14 —0.545 8.885x 1072 yes
ENSMUSG00000032332 Col12al —0.541 4.367 x 1072 yes
ENSMUSG00000004655 Aqpl —-0.539 1.013 x 1072 yes
ENSMUSG00000030123  Plxnd1 —0.524 2.654 x 1072 yes
ENSMUSG00000031375 Bgn —0.484 4.367 x 1072 yes
MALE

ENSMUSG00000047963  Stbd1 0.610 9.805x 1072 yes
ENSMUSG00000032224 Fam81la 0.825 4.367 x 1072 yes
ENSMUSG00000028613  Lrp8 0.904 9.805 x 102 yes
ENSMUSG00000095007  Igkv12-41 2.508 3.957 x 1072 no
ENSMUSG00000069045  Ddx3y 6.131 6.948x 1078 yes
ENSMUSG00000056673  Kdm5d 6.309 2.041x 1077 yes
ENSMUSG00000068457 Uty 6.642 1.854x10°% yes
ENSMUSG00000069049  Eif2s3y 7.209 7.467 x 10711 yes

Table 3.3 View1, VNO. Genes significantly differentially expressed (padj < 0.1). Gene IDs follow
Ensembl annotation. The "recognized” column indicates whether Ontology tools included the gene in
their analysis. (*) Igkv12-44 was recognized by PANTHER only.

3.4.2 Gene Ontology

Requests

As described earlier, the selected tools utilize a variety of ontology dictionaries. To narrow
the scope of the analysis, only two main term sets were considered: Biological Process and

Molecular Function. All views were subjected to Gene Ontology (GO) overrepresentation
analysis, and the resulting outputs were compared using Venn diagrams.
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STRING request

string_api_url = "https://version-12-0.string-db.org/api"

output_format = "json"
method = "enrichment"
request_url = "/".join([string_api_url, output_format, method])

params = {
"identifiers" : "%0d".join(input_genes),
"species" : 10090,
"caller_identity" : "-—-"
# no option for GO set

3

response = requests.post(request_url, data=params)

PANTHER request

url = "https://pantherdb.org/services/oai/pantherdb/enrich/overrep"

params = {
"geneInputList": ",".join(gene_list),
"organism": "10090",
"annotDataSet": "G0:0008150" # biological process or G0:0003674 for molecular
- funciton

}

response = requests.get(url, params=params)

clusterProfiler promt

ego <- enrichGO(

gene = gene_list,
OrgDb = org.Mm.eg.db,
keyType = "ENSEMBL",
ont = "BP", # "MF" alternatively
pAdjustMethod = "fdr",
pvalueCutoff = 0.05,
qvalueCutoff = 0.2
)
Views

For downstream analyses, several filtered datasets were prepared. These include: (i) genes
significantly differentially expressed between sexes (padj < 0.1) see Table 3.4 and Table B.3;
(ii) sex-biased genes with an absolute log, fold change greater than 2 and pval < 0.05, and (iii)
the top 100 most highly expressed genes.

Not every identified transcript is recognized by ontology tools. STRING and PANTHER
are protein databases; therefore, regulatory or non-coding RNAs, such as Xist, do not have a
representative entry. Unfortunately, clusterProfiler doesn’t provide this information at all. In
the most cases, any enrichment terms were detected. Only newsworthy figures are attached
below.
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View i): Significantly Differentially Expressed Genes

The first group of views is based on genes that are significantly differentially expressed in
either the OE (Table @) or VNO (Table ).

In the OE, three genes lacked corresponding protein products: Xist, Igkv8-21 and ENS-
MUSG00000134885 (a long non-coding RNA). Consequently, 2 and 4 genes were included in
the analysis for females and males, respectively.

In the VNO, two genes were rejected from the analysis: Xist and Igkvi2-41 in females
and males, respectively. Additionally, Igkv12-44 in females was included only by PANTHER.
Consequently, 24 and 7 genes were included in the analysis for females and males, respectively.

Tissue | INPUT | STRING | PANTHER

F M| F M F M

VNO |25 8 24 7 25 7
OE 3 6 2 4 2 4

Table 3.4 Number of genes used in View i) and recognized by analysis tools. clusterProfiler doesn’t
provide recognition information.

GO ID Name
STRING, PANTHER & clusterProfiler

G0:0035987 endodermal cell differentiation
GO0:0030198  extracellular matrix organization

\_/iEW1_: female VNO GO0:0030574  collagen catabolic process
Biological processes GO0:0008347  glial cell migration
STRING PANTHER

STRING & clusterProfiler

GO0:0018149  peptide cross-linking

. GO0:0030199  collagen fibril organization

) STRING & PANTHER

GO0:0001501  skeletal system development
GO0:0071288  cellular response to mercury ion
G0:0001568  blood vessel development
GO0:0016477  cell migration

GO0:0030334 regulation of cell migration

PANTHER & clusterProfiler

G0:0001706  endoderm formation

GO0:0007492 endoderm development

GO0:0001704 formation of primary germ layer

GO0:0045229  external encapsulating structure organization
GO0:0043062  extracellular structure organization
GO0:0007369  gastrulation

G0:0032963  collagen metabolic process

clusterProfiler

Figure 3.3 Biological process term analysis comparison of female VNO, view i).
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GO ID Name

View1: female VNO
Molecular function
STRING PANTHER

PANTHER & clusterProfiler

GO0:0005201 extracellular matrix structural constituent

0

GO:0030020

extracellular matrix structural constituent
conferring tensile strength

clusterProfiler only

(0.0%) G0:0008237 metallopeptidase activity
GO0:0030021  extracellular matrix structural constituent
conferring compression resistance
GO0:0004222 metalloendopeptidase activity
G0:0050839  cell adhesion molecule binding
GO0:0005178  integrin binding
G0:0001968  fibronectin binding
GO0:0015144 carbohydrate transmembrane transporter activity
GO0:0008235 metalloexopeptidase activity
GO0:0005518  collagen binding
clusterProfiler G0:0046332 SMAD binding
GO0:0008238 exopeptidase activity

Figure 3.4 Molecular function term analysis comparison of female VNO, view i).

View ii): Sex-Biased Expressed Genes

This view includes all genes with an absolute log, fold change greater than 2 and a p-value
smaller than 0.05. The dataset is further subdivided by organ and sex. The threshold for
the fold change was applied to reduce noise, while the p-value cutoff ensures a basic level
of statistical significance. Approximately 10 to 20 genes were rejected by STRING and/or
PANTHER. Detailed results are published on GitHub (Appendix [A]).

INPUT | STRING | PANTHER
F M| F M F M

VNO |43 54 |28 31 |34 35
OE 43 39 |20 26 |25 28

Tissue

Table 3.5 Number of genes used in View ii) and recognized by analysis tools. clusterProfiler doesn’t
provide this information.
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View2: male VNO
Molecular function

STRING PANTHER

GO ID Name

clusterProfiler only

GO0:0141052 histone H3 demethylase activity

GO0:0016298 lipase activity

GO0:0032452 histone demethylase activity

GO0:0140457 protein demethylase activity

GO0:0005262 calcium channel activity

GO0:0015085 calcium ion transmembrane transporter activity
GO0:0032451 demethylase activity

G0:0052689 carboxylic ester hydrolase activity

GO0:0016706 2-oxoglutarate-dependent dioxygenase activity

0
(0.0%)

clusterProfiler

Figure 3.5 Molecular function term analysis comparison of male EO, view ii).

View2: male OE
Molecular function
STRING PANTHER

GO ID Name

0 clusterProfiler only

0.0%.

o GO0:0141052 histone H3 demethylase activity
G0:0032452 histone demethylase activity
GO0:0140457 protein demethylase activity
G0:0032451 demethylase activity

GO:0016706 2-oxoglutarate dioxygenase activity

clusterProfiler

Figure 3.6 Molecular function term analysis comparison of male OE, view ii).

View iii): Top 100 abundant

The third view applies the least stringent constraints and aims to compare the two olfactory
organs in a reasonable manner. Since the experimental design focused on investigating sexual
dimorphism, the VNOs and OEs were sequenced separately. As a result, a direct quantitative
comparison of expression levels between these tissues is not feasible; however, this separation
does not affect qualitative analyses.

Among other metrics, DESeq2 calculates a base mean expression value for each gene. To
assess a reasonable comparison of different genes a normalization is requierd. Therefore the
fragment per kilobase per millions (FPKM) normalization were applied. This value was used
to select the 100 most abundantly expressed genes from each tissue. However, almost half

of them were not accepted in Gene ontology analysis. Detailed results are published on
GitHub (Appendix [A]).
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Tissue | INPUT | STRING | PANTHER
VNO 100 59 56
OE 100 60 57

Table 3.6 Number of genes used in View iii) and recognized by analysis tools. clusterProfiler doesn’t
provide this information.

GO ID Name
STRING, PANTHER & clusterProfiler

GO:0009060 aerobic respiration

GO0:0042773 ATP synthesis coupled e-transport

GO:0006119 oxidative phosphorylation

GO0:0019646 aerobic e-transport chain

GO0:0042775 mitochondrial ATP synthesis coupled e-transport
GO0:0042776 proton-driven ATP synthesis

GO0:0006120 mitochondrial e-transport (NADH—Q)
GO0:1902600 proton transmembrane transport

GO0:0032981 mitochondrial respiratory chain complex I assembly
GO0:0002181 cytoplasmic translation

GO:0051055 negative regulation of lipid biosynthetic process
GO:0045721 negative regulation of gluconeogenesis

STRING & PANTHER

View3: Olfacory epithelia
Biological process

GO0:0015990 e-transport coupled proton transport
STRING PANTHER GO:0006412 translation

GO0:0090407 organophosphate biosynthetic process
PANTHER & clusterProfiler

GO0:0045333 cellular respiration
[ GO0:0022904 respiratory e-transport chain

@ j P & GO0:0022900 electron transport chain
(©:3%) | (G GO0:0015980 energy from organic oxidation
12 GO0:0015986 proton-driven ATP synthesis
GO0:0006754 ATP biosynthesis
G0:0010257 NADH dehydrogenase assembly
GO0:0009206 purine ribonucleoside triphosphate biosynthesis
GO0:0009145 purine nucleoside triphosphate biosynthesis
GO0:0009201 ribonucleoside triphosphate biosynthesis
GO0:0009142 nucleoside triphosphate biosynthesis
GO0:0009152 purine ribonucleotide biosynthesis
G0:0009260 ribonucleotide biosynthesis
GO0:0046390 ribose phosphate biosynthesis
GO0:0046034 ATP metabolic process
GO0:0006164 purine nucleotide biosynthesis
GO0:0009205 purine ribonucleoside triphosphate metabolism
clusterProfiler GO0:0010257 NADH dehydrogenase complex assembly
GO0:0009205 purine ribonucleoside triphosphate metabolism
GO0:0009199 ribonucleoside triphosphate metabolism
GO0:0009144 purine nucleoside triphosphate metabolism
GO0:0009165 nucleotide biosynthesis
GO0:0009141 nucleoside triphosphate metabolism
GO0:0072522 purine-containing compound biosynthesis
GO0:0006163 purine nucleotide metabolism
GO0:1901293 nucleoside phosphate biosynthesis
GO0:0009150 purine ribonucleotide metabolism
GO0:0033108 mitochondrial respiratory chain complex assembly
G0:0009259 ribonucleotide metabolism
GO0:0019693 ribose phosphate metabolism
GO0:0070482 response to oxygen levels
GO0:0001666 response to hypoxia
GO:0062013 positive regulation of small molecule metabolism

Figure 3.7 Biological process term analysis comparison of OE, View (iii).
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View3: Olfactory epithelia GO ID Name

Molecular function STRING, PANTHER & clusterProfiler
STRING PANTHER

GO0:0015453 oxidoreduction-driven active transporter
GO0:0009055 electron transfer activity

G0:0008137 NADH dehydrogenase (ubiquinone) activity
GO0:0003735 ribosomal structural constituent
GO0:0015078 proton transmembrane transport

STRING & PANTHER

GO0:0016491 oxidoreductase activity
GO0:0004129 cytochrome-c oxidase activity
GO0:0005549 odorant binding

GO0:0005215 transporter activity
GO0:0005198 structural molecule activity
GO0:0022857 transmembrane transport

PANTHER & clusterProfiler

G0:0022853 active monoatomic ion transmembrane transport
GO0:0015399 primary active transmembrane transporter
GO0:0003954 NADH dehydrogenase activity

GO0:0016655 oxidoreductase (NAD(P)H, quinone or similar acceptor)
GO0:0016651 oxidoreductase (NAD(P)H)

GO0:0022804 active transmembrane transport

clusterProfiler

Figure 3.8 Molecular function term analysis comparison of OE, View (iii).

In the OE, aside from generally ubiquitous terms, a few enriched categories stood out:
+ Biological process

— negative regulation of lipid biosynthesis supported by [Mup4, Lcn13, Mup5, Apoe]
(GO:0051055) in absolute consensus

- negative regulation of gluconeogenesis (GO:0045721) supported by [Mup4, Lcni3,
Mup5] in absolute consensus

« Molecular function

— odorant biding (GO:0005549) supported by [Lcn3, Obp2, Mup4, Mup5, Obp7, Obp>,
Len11, Obp8, Obp1] in consensus within STRING and PANTHER

— postsynaptic actin constituent (GO:0098973) supported by [Actg1, Actb] in consen-
sus within STRING and PANTHER
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Venn diagrams for Vomeronasal organ

GO ID Name

STRING, PANTHER & clusterProfiler

GO0:0042773 ATP synthesis coupled e-transport
GO0:0006119 oxidative phosphorylation

GO0:0009060 aerobic respiration

GO:0019646 aerobic e-transport chain

GO0:0042775 mitochondrial ATP synthesis coupled e-transport
GO0:0006754 ATP biosynthesis

GO0:0042776 proton-driven ATP synthesis
GO0:0006120 mitochondrial e-transport (NADH—Q)
GO0:0002181 cytoplasmic translation

GO0:1902600 proton transmembrane transport
G0:0032981 mitochondrial complex I assembly
GO0:0019730 antimicrobial humoral response

View3: Vomeronasal organ GO:0019731 antibacterial humoral response
Biological process STRING & PANTHER
STRING PANTHER GO0:0006091 precursor metabolite and energy generation

GO0:0015990 e-transport coupled proton transport

GO:0006412 translation

GO0:0090407 organophosphate biosynthetic process

GO:1900229 negative regulation of single-species biofilm formation in/on host
organism

- GO0:0150111 regulation of transepithelial transport

(18.9%) PANTHER & clusterProfiler

GO0:0022904 respiratory e-transport chain

GO0:0045333 cellular respiration

GO0:0022900 electron transport chain

GO0:0009206 purine ribonucleoside triphosphate biosynthesis
GO0:0009145 purine nucleoside triphosphate biosynthesis
G0:0009201 ribonucleoside triphosphate biosynthesis
GO0:0009142 nucleoside triphosphate biosynthesis
GO0:0009152 purine ribonucleotide biosynthesis

GO0:0009260 ribonucleotide biosynthesis

GO0:0046390 ribose phosphate biosynthesis

GO0:0006164 purine nucleotide biosynthesis

GO0:0009205 purine ribonucleoside triphosphate metabolism
GO0:0009199 ribonucleoside triphosphate metabolism
GO0:0009144 purine nucleoside triphosphate metabolism
GO0:0009165 nucleotide biosynthesis

GO0:0009141 nucleoside triphosphate metabolism
GO0:0072522 purine-containing compound biosynthesis
GO0:0006163 purine nucleotide metabolism

GO0:1901293 nucleoside phosphate biosynthesis

GO0:0009150 purine ribonucleotide metabolism

G0:0009259 ribonucleotide metabolism

GO0:0019693 ribose phosphate metabolism

GO0:0015980 energy from organic oxidation

GO0:0015986 proton-driven ATP synthesis

GO0:0046034 ATP metabolic process

G0:0010257 NADH dehydrogenase assembly

G0:0033108 mitochondrial respiratory chain complex assembly
GO0:0070482 response to oxygen levels

GO:0001666 response to hypoxia

clusterProfiler

Figure 3.9 Biological process term analysis comparison of VNO, View (iii).
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View3: Vomeronasal organ GO ID Name

Molecular function STRING, PANTHER & clusterProfiler
STRING PANTHER

GO0:0015453 oxidoreduction-driven transmembrane transporter
GO0:0009055 electron transfer activity

GO0:0008137 NADH dehydrogenase (ubiquinone)

GO0:0003735 ribosomal structural constituent

GO0:0015078 proton transmembrane transporter

1 6 STRING & PANTHER

@8&%) IS EX) GO0:0016491 oxidoreductase activity

~ 5 GO0:0005198 structural molecule activity
GO0:0004129 cytochrome-c oxidase
GO0:0005549 odorant binding

GO0:0022857 transmembrane transporter
GO:0098973 postsynaptic actin constituent

PANTHER & clusterProfiler

G0:0022853 active ion transporter

GO0:0015399 primary active transporter

GO0:0003954 NADH dehydrogenase

GO0:0016655 oxidoreductase (NAD(P)H, quinone or similar acceptor)
GO0:0016651 oxidoreductase (NAD(P)H)

GO0:0022804 active transmembrane transporter

clusterProfiler

Figure 3.10 Molecular function term analysis comparison of VNO, View (iii).

In the VNO, aside from generally ubiquitous terms, a few enriched categories stood out:
+ Biological process

— antimicrobial humoral response (GO:0019730) supported by [ Wfdc18, Bpifal, Reg3g,
Ltf, Dmbt1] in absolute consensus

- antibacterial humoral response (GO:0019731) supported by [Wfdc18, Bpifal, Ltf,
Dmbt1 ] in absolute consensus

— negative regulation of single-species biofilm formation in or on host organism
(GO:1900229) supported by [Bpifal, Ltf] in consensus of STRING and PANTHER

« Molecular function

— odorant binding (GO:0005549) supported by [Lcn4, Len3, Obp2, Mup4, Obp5, Lenll,
Obp8, Obp1] in consensus within STRING and PANTHER
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3.4.3 Discussion
Ontology tools

Surprisingly, the number of enriched terms identified varied substantially across the tools.
STRING consistently returned the fewest terms, whereas clusterProfiler yielded the most. In
some cases, STRING and PANTHER failed to detect any significant terms, while clusterPro-
filer still identified a considerable number (see Figures B.5 and B.6). Enrichment results were
retrieved via API: STRING and PANTHER were accessed using Python, while clusterProfiler
was queried via R. Although all scripts followed the same procedural approach, STRING com-
pleted the fastest (within seconds), whereas clusterProfiler required over a minute to execute.
A notable limitation of clusterProfiler is its inability to provide information on which acces-
sion codes were included in the analysis.

During this study, I also got familiar with the web applications of PANTHER and STRING.
For both preliminary data inspection and in-depth analysis, STRING proved to be the more
user-friendly option, offering clearer visualizations and more intuitive interpretation of re-
sults.

Given that the experimental design focused on sexual dimorphism in olfactory organs—a
phenomenon not yet well characterized—it remains unclear whether one tool performs more
accurately than the others. The observed discrepancies in results were unexpected and may
stem from two key factors: (i) differences in underlying annotation databases, and (ii) varia-
tions in statistical methodologies employed by each tool.

Biological knowledge

The female vomeronasal organ (VNO) dataset provided the most informative results, with
partial consensus observed across 18 significantly enriched terms (Figure B.3). Notably, the
term glial cell migration was identified, consistent with the known neural innervation pat-
terns of the VNO. Additional enriched terms were associated with collagen-related biological
processes and extracellular matrix organization. Molecular function analysis further revealed
enrichment for structural motifs involving collagen and various binding activities (Figure B.4).
These findings collectively suggest that the female VNO exhibits dynamic structural plasticity.

Surprisingly, View (ii) yielded fewer significant results despite employing more lenient
statistical thresholds. In all but two cases, no significantly overrepresented terms were de-
tected. The exceptions, identified exclusively by clusterProfiler (Figures B.§ and B.5), included
calcium channel activity and calcium ion transmembrane transporter activity - both mechanis-
tically relevant to sensory transduction in chemosensory organs.

Analysis of View (iii) revealed similar enrichment patterns in both main olfactory epithe-
lium (OE) and VNO datasets. While expected ubiquitous cellular processes (ATP synthesis,
translation) were observed, several immune-related terms were particularly noteworthy. The
VNO showed enrichment for antimicrobial and antibacterial humoral response and negative reg-
ulation of single-species biofilm formation in or on host organism, while the OE demonstrated
enrichment for negative regulation of lipid biosynthesis and gluconeogenesis.

At the molecular function level, odorant binding was significantly enriched in both tis-
sues. This enrichment corresponded to a core set of six lipocalin genes, with tissue-specific
additions: the VNO dataset included Lnc4, while the OE featured Mup5 and Obp?7.
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Receptor Abundace

No significant sexual dimorphism was observed in receptor expression patterns. However, we
identified several cases of ectopic receptor expression. Vomeronasal receptors were detected
in the olfactory epithelium, most notably Vmn1r20 (expressed stronger or simmilarly to 8.4%
olfactory, n = 837) and Vmn2r85 (2.5%). Conversely, 16 olfactory receptors (ORs) were detected
in the vomeronasal organ, with Or5p58 showing particularly high expression (greater than
90.6% of detected vomeronasal receptors, n = 308). Another one, Or2b4, was found in VNO as
well, in consensus with other studies (Ibarra-Soria et al., 2014).

The highest-expressed ORs in the OF were Or2j6 (6.7 FPKM) and Or12j4 (4.7 FPKM). In con-
trast, the VNO showed highest expression of vomeronasal receptors Vmn1r48 (8.9 FPKM) and
Vmn1r89 (5.8 FPKM). This differential expression pattern reinforces the distinct chemosensory
roles of these tissues, while the presence of ectopic receptor types (described above) suggests
potential functional overlap.
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Conclusion

This thesis investigated the field of Gene Ontology (GO) through a comparative analysis of
three widely used tools—STRING, PANTHER, and clusterProfiler—focusing on their underly-
ing methodologies and their agreement in biological interpretation. To evaluate their perfor-
mance, a transcriptomic dataset from the olfactory organs of Mus musculus was analyzed to
assess potential sexual dimorphism in gene expression.

Considerable divergence was observed among the results generated by the different GO
tools, with relatively small consensus in their outputs. These discrepancies likely stem from
differences in their backend databases, statistical approaches, and annotation pipelines, high-
lighting how methodological choices can substantially influence biological interpretations.

Novel differentially expressed genes (DEGs) were identified that were not reported in pre-
vious work. Unlike the 2018 study by Kuntova et al. on the same dataset, the use of an
updated reference genome uncovered additional transcripts: Igkv8-21 in male olfactory ep-
ithelium (OE) and Flna in female OE. In the vomeronasal organ (VNO), 33 significant DEGs
were detected compared to only 13 in the prior study. Notably, two lipocalins — Obp5 and Obp8
- emerged as significantly differentially expressed in female VNO, representing an intriguing
discovery.

Despite these findings, Gene Ontology overrepresentation analysis failed to reveal a con-
sistent functional enrichment pattern across tools. While behavioral dimorphism in olfaction
is well-documented, this study found no clear transcriptional signature that could explain
these phenotypic differences. This suggests that the underlying cause may reside in higher-
order processing of olfactory signals rather than in differential gene expression at the tran-
scriptomic level.

This study contributes to the growing discourse on reproducibility in bioinformatics and
underscores the need for transparency in ontology-based analysis pipelines.
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Appendix A

Supplementary Data

All scripts used and raw results are available on GitHub:
https://github.com/gr3ss0/Transcriptomic-profiling-of-the-olfactory-organs-in-mice/
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