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Abstract

Gene expression plays a fundamental role in defining the characteristics of living organisms.
To deepen our understanding of tissue-specific gene expression, we analyzed transcript
variant enrichment across different tissues in human and Drosophila melanogaster. Datasets
are widely accessible for both of these organisms. Given the substantial volume of available
information, we have focused our interest on three fundamentally distinct tissues: the
brain, where both neuronal and glial cells exhibit a relatively high cellular surface area,
thus requiring a large amount of lipids; the adipose tissue, which is well-known for
lipid storage; and the testis, which contains a massive number of developing spermatids
with high membrane requirement. These three organs have fundamental differences in
their structure and function yet share some common features; they all have lipid-rich
cells and have special metabolic pathways. Most studies focus on gene expression, and
transcript level analyses are less common; therefore, we aimed to characterize the transcript
profiles of these tissues and examine evolutionarily conserved pathways between humans
and Drosophila. Additionally, we analyzed the flanking sequences of transcriptional
start sites of tissue-enriched transcripts. Our findings suggest that Drosophila tissues
exhibit more distinct regulation of gene expression in individual tissues (weaker correlation
in expression and variable nucleotide content in core promoter), whereas human gene
expression is more generalized, likely relying more heavily on distal regulatory elements
for tissue-specific expression. Through network analysis, summarizing tissue specificity,
physical interactions, and orthologue data, we identified shared central pathways among
these tissues. A relatively large network was observable in the testis, where the ubiquitin
proteasome system, various kinases and transcription factors showed central position in
both organisms. Additionally, we highlighted the evolutionary potential of highly enriched
testis-specific transcripts. This work provides valuable insights into the mechanisms
underlying tissue-specific gene expression and evolutionary conservation.
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1. Introduction

The regulation of gene expression is fundamental for the proper function of biological
entities. As transcriptomics has advanced, disparities in gene expression among different
tissues have become apparent, leading to the identification of specific expression patterns
that are characteristic of individual tissues and cells. It is also evident that changes in gene
expression can contribute greatly to macro- and micro-evolutionary processes [1].

The brain and testis represent highly specialized organs with considerable similarities
(isolation from other tissues, blood barriers, high energy demand, etc.), whereas adipose
tissue, which refers to fat in humans and the fat body in Drosophila, is typically less
complex. However, the commonality of special lipid metabolism of certain cell types across
all three tissues positions them as valuable candidates for comparative studies [2-7]. In
the brain and testis, lipids are required for membranes; meanwhile, in fat cells, lipids are
stored in lipid droplets. Analyzing gene expressions in various tissues has uncovered
tissue-specific genes. These genes, while generally not as crucial as those that are widely
expressed during the early phases of tissue formation, are important for establishing the
unique attributes of the tissues [8]. More complex tissues reveal a higher level of tissue-
specific gene expression. Among bilaterian species, the brain and testis are noted for having
the most tissue-specific genes, in contrast to adipose tissues, which have the fewest [9].
Although adipose tissue contains a small number of specific genes (38), many of these
genes play a crucial role in the tissue’s functional characteristics [10]. Despite both the
brain and testis exhibiting a high quantity of tissue-specific genes, the evolutionary rates
of these organs diverge significantly. The brain is considered a slowly evolving organ,
whereas the testis undergoes evolutionary changes at a more rapid pace [8]. The gene
expression and regulation specific to the brain are intensively investigated, given their
possible associations with a range of diseases [11-14]. To unravel the complexities of
brain function, data specific to the brain, particular brain regions, and cell types were
produced, demonstrating a notable enrichment of transcripts in the diverse units of the
nervous system [12,15-17]. Transcriptomic analyses greatly improved our knowledge of
brain development and function in Drosophila as well [18-20].

The substantial number of testis-specific genes expressed in Drosophila leads to the
assumption that the testis serves as an evolutionary testing ground for novel genes [21,22].
In the testis, gene expression is notably permissive, allowing for the expression of a vast
majority of the genome. The emergence of a novel gene or a functional mutation that exerts a
negative influence on testicular function would compromise its transmission to subsequent
generations. On the other hand, neutral or beneficial genetic changes can be transmitted,
providing the essential genetic variation that could fuel evolutionary development. While
testis-specific genes in Drosophila are rarely deemed essential, they frequently attain novel,
specialized functions that are vital for the process of spermatogenesis [22-28]. In recent
years, there has been a growing number of publications that concentrate on the investigation
of testis-specific genes in mammals. These studies indicate that some of these genes
are essential for the normal progression of spermatogenesis (Samd4a, FER1L5, AXDNDI,
IRGC1, Spem?2), whereas others are not (Acrvl, Adgrf3, Atp8b5, Cfap90, Cfap276, Fbxw5,
Gm17266, Lrrdl, Mroh7, Nemp1, Spata45, and Trim36). These data suggest that a similar
evolutionary mechanism to that observed in Drosophila might exist in mammals [29-34].
In mammals, several highly conserved genes that are predominantly expressed in the testis
have been discovered (T'EX), and mutations in these genes are associated with infertility [35].
Additionally, there is evidence to suggest that testis-enriched genes could be implicated in
various ways in the development of tumors [36-38].
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The specificity of gene expression in eukaryotic organisms could be influenced by a
variety of transcription factors, enhancer and suppressor sequences, and the presence of
promoter sequences that facilitate the initiation of transcription. Testis-specific transcription
initiation complexes were determined in both mammals and Drosophila [39—43]. The
regulatory region required for normal gene expression can vary greatly across different
genes, tissues, and developmental stages [44]. Core promoter variants play a role in
developmental regulatory networks [45]. The core promoter is a short region adjacent to the
transcription start site (TSS); it is sufficient to facilitate the assembly of the RNA polymerase
II transcription machinery and initiate the transcription process [44,46—48]. Transcription
factors that bind in proximity (a few hundred base pairs) to the core promoter can alter
its function, and distal enhancers (in thousands of base pairs) provide further regulatory
options, enabling specific use of a given gene. Core promoters integrate the regulatory
effects of distal enhancer elements, which can alter their low basal activity. The expression
of testis-specific genes in Drosophila can be effectively regulated using a comparatively
short promoter sequence. For example, in the case of beta-2 tubulin, a 53 bp sequence
with a 14 bp regulatory element is sufficient to drive testis-specific gene expression [49].
This observation led us to investigate DNA sequences flanking the TSS of highly enriched
transcripts in different tissues. The presence of multiple transcriptional start sites (TSSs)
within a single gene can give rise to different types of transcripts, and the transcript variety
is further increased by the processes of splicing and tissue-specific splicing. The average
transcript count per protein-coding gene in humans is roughly 3.4 (GTEx), markedly
higher than the approximately 2.2 (FlyBase) found in Drosophila [50,51]. Nevertheless, it
is noteworthy that 80% of the genes have a single predominant transcript [52]. Despite
this, genes with higher transcript numbers tend to be more essential, and the transcript
variants are important in evaluating human genetic variation [53,54]. A greater diversity of
transcripts and transcript variants enhances the potential uses of the gene. The importance
of transcript variants is well-documented in many biological processes and pathological
conditions [55-57]. In Drosophila, the orthologue of the tumor suppressor F-box protein
FBW?7 is encoded by the archipelago (ago) gene, of which expression and function differ based
on the transcript variants [58,59]. The components of the ubiquitin proteasome system also
have tissue-specific variants; the testis-specific variant of the E3 backbone Cul3 is crucial
for proper spermatid development [60]. Centrosomin (cnnT) serves as another example of
a tissue-specific transcript variant with a well-characterized testis-enriched isoform [61].
Therefore, in the Drosophila testis, both tissue-specific genes and tissue-specific transcripts
are crucial for the process of spermatogenesis.

Our aim in this study was to compare the expression profiles of individual transcripts
and investigate the expression patterns of transcripts in the brain, adipose tissue and
testis between human and Drosophila. In contrast to most transcriptomic investigations,
in this study, the comparison was made mostly on transcript levels. This increases the
resolution as transcript variants are handled separately and enables a clear association
between transcripts and corresponding sequences. We analyzed and compared data from
the Drosophila FlyAtlas2 and the Human GTEXx tissue expression atlases. By relying on the
tissue-specificity data of transcripts for our analysis, we identified considerable differences
as well as surprisingly analogous characteristics between the examined tissues of humans
and Drosophila.
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2. Results

2.1. Expression Patterns and Tissue Specificity of Human and Drosophila Tissues
2.1.1. A Considerable Portion of Transcripts Are Showing Tissue Enrichment in Both
Human and Drosophila

In Drosophila, numerous genes that exhibit testis-specificity or enrichment have been
reported [62]. Thousands of genes demonstrate substantial enrichment in the Drosophila
testis, contrasting with human, where the overall number of testis-enriched genes is no-
table, but the subset of genes exhibiting high levels of testis enrichment is relatively modest
(compared to Drosophila), estimated at around 240 [9,40,63]. This phenomenon is surpris-
ing given the high number of tissue-specific genes in vertebrates [9]. To investigate this
phenomenon, transcriptional data from FlyAtlas2 and GTEx databases were collected. The
study centered on transcript variant enrichment instead of gene enrichment within the
investigated tissues of both organisms. Examining the transcript variants offers several
advantages: it allows for the identification of the transcription start site (TSS) for each
transcript, and related sequences can be gathered, leading to a more accurate analysis. Ad-
ditionally, it distinguishes transcript variants of the same gene and allows the investigation
of differently expressed transcripts. We calculated and normalized the tissue specificity
index of transcripts based on publicly available transcriptomic data [64], where a value of 1
represents tissue-specific transcripts (Supplementary Table S1 and Figure S1). The distribu-
tion of median values of tissue specificity and maximum values is similar in both human
and fly (Figure 1A, Supplementary Figure S2A). Based on maximum specificity values, the
highly enriched (above 0.8 tissue specificity index) transcripts account for 29.45% of the to-
tal human transcripts and 47.89% of the total Drosophila transcripts, suggesting Drosophila
has proportionately more highly enriched transcripts in different tissues (Figure 1A). This
also means that in human tissues, ~70% of the transcripts have considerable expression in
multiple organs.

2.1.2. Investigating Tissue Specificity Revealed an Extreme Number of Testis
Enriched Transcripts

Based on the tissue enrichment analyses by Mantica and colleagues [9], one could expect
a high number of tissue-specific transcripts in the brain and testis and fewer tissue-specific
transcripts in adipose tissues. The investigation of these transcripts revealed an extremely
high number of testis-specific transcripts compared to any other tissue in both humans
(20,420, 9.53% of total transcripts) and Drosophila (6336, 18.89%) (Figure 1, Supplementary
Figures S1 and S2B). The following three tissues with the highest amount of tissue-enriched
transcripts in humans are the bone marrow (6324, 2.95%), the brain (5457, 2.55%), and the
skeletal muscle (3169, 1.48%). Meanwhile, in Drosophila the ovary (1462, 4.36%), the accessory
glands (1395, 4.16%), and the midgut (1067, 3.18%) have a relatively higher number of highly
enriched transcripts. Based on the calculations, human fat has 1028 (0.48%) highly enriched
transcripts, and Drosophila fat body has 415 (1.24%). Further investigation focused on the
transcripts of the brain, the adipose tissues, and the testis (Figure 1B). All of these tissues
are characterized by specialized lipid metabolism and possess entirely different biological
roles. Human fat shows a similar pattern of a low amount of enriched transcripts to those
observed in the Drosophila adult fat body (Figure 1B). It is important to emphasize that the
testis also shows a similar distribution of an extremely high number of enriched transcripts
in both organisms. Remarkably, there is a divergent pattern in the distribution of tissue-
specific transcripts within the brain (Figure 1B). In Drosophila, the quantity of brain-specific
transcripts is relatively limited when compared to humans, and the overall presence of
brain-specific transcripts (specificity values close to 1) is notably low (Figure 1B). This was
further investigated as some redundancy is present in the Drosophila dataset. The head and
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eye data were omitted from the initial dataset to test if the amount of specific transcripts
increases (Supplementary Figure S1). Excluding head data and head and eye data considerably
increased the number of enriched transcripts in the brain; however, the number of brain-
specific transcripts elevated modestly. After the testis and ovary, the brain showed the most
distant pattern to the mean median values, suggesting a more specialized gene expression
(Supplementary Figure S2B). These results suggest that Drosophila brain has more mildly or
highly enriched transcripts but does not contain a lot of specific ones. The presence of neurons
in the periphery could explain this pattern and could be further addressed on a cell-level
comparison. As a consequence, in Drosophila the specific transcripts of the nervous tissue
could be underrepresented in this study.

A Human transcript distribution Drosophila transcript distribution
29.45% 47.89%
—
15,000 20000 o b
€ € £ 000 z
goom Bromo 3 g
som0 Ill 200 2000
. ll I , ) \
015 0 005 0 005 0z o3 10 o0 o1s 02 03 o0& 05 06 07 08 09 10
distribution of the median specificity values distribution of maximum specificity values distribution of the median specificity values distribution of maximum specificity values
B Human transcript distribution Drosophila transcript distribution
brain brain
20,000 1500 4000
400
€ g1 z z
gtoom | 3 o 8 2000 80
o m.nu\ll“ [T— I mnall o e o
08 04 02 00 02 04 06 08 10 0800 082 080 0875 090 0825 090 0875 1000 08 04 02 00 0z 04 06 08 10 0800 0825 0850 0875 0900 0925 0850 0975 1000
brain specificity values brain specificity values brain specificity values brain specificity values
fat fat body
1500
20,000 000 o
€ g Z 200 z
Fromn ‘ i, - B
o mﬂﬂ“ [ N I - N e
08 04 02 06 08 10 080 0825 085 0875 000 0925 0850 0975 1000 6 -04 -02 00 0z 04 06 08 10 0800 0825 085 O0&75 0900 0925 0850 0875 1000
fat specificity values fat specificity values fat body specificity values fat body specificity values
testis testis
10.000 « 1 4000 «
00
€ B z z
& w0 [m 8 o lI gmo o
, _aillmwsid ", mmmemaeneaEeEEsnEnnEEEREN , ,
-8 04 02 00 06 08 10 0800 0825 0850 0875 0800 0925 0850 0975 1000 08 : y 08 10 0800 0825 0850 0875 000 0825 0950 0975 1000
testis specificity values testis specificity values testis specificity values testis specificity values
C Human Drosophila
1.0 1.0
maxexp maxexp DTN IR0.051-0.16 KN -0.26 ~0.17
testisexp 08 testisexp 08
brainexp brainexp (WWiN-0.28 10.01 O
-06 -06
ECLUIN 0:75 80688 0.761 1 -0.3 -0.17 PG avv L g bl adipexp -0.26 -0.29 ﬁ*O.M -0.05
-04 -04
testissp W3] *0.19 -03 1 H*0.0Z -0.04 -0.14 [CSESN 0.05 MG -0.33 -0.26 1 [0:0280:064 -0.2 -0.25
[IELE-0.09 -0.06 —0.17 m 1 10.04 -0.02 -0.07 -02 [ICUE-0.16 -0.14 70.29 002 1 -025 ﬂ = -02
EUI.S-0.01 -0.05 -0.05 {u¥2:4-0.02 0.04 1 -0.02-0.02 adipsp | 0.1 SLHu R ﬁ 0.06°-025 1 -0.08-0.03
0.0 0.0
exon 03 027 0.28 0.28 QX7 UM -0.26 -0.29 [0:01 -0.14 -0.2 m—aos
02 -0.2
transcriptn | 0.17 0.12° 0.17 0.21 GURERIKIELNPA 0.47 ) [EUE Il -0.17 -0.23 |0 -0.05 -0.25 | -0

maxexp

testisexp
brainexp

adipexp

a
2
7
e

brainsp
adipsp
exon
exon

§
3
£

transcriptn
testisexp
brainexp
adipexp
testissp
brainsp
adipsp
transcriptn

Figure 1. Transcript enrichment profiles (A) Histograms represent the distribution of median speci-
ficity values and maximum specificity values of human (blue) and Drosophila (orange). (B) His-
tograms represent the distribution of transcripts based on their tissue specificity in human (blue)
and Drosophila (orange). Brain, adipose tissue, and testis are presented. Next to the entire tissue
profiles, the distribution of the highly enriched (specificity > 0.8) transcripts is displayed. Black
arrows indicate the peak of tissue-specific transcripts. (C) Heatmaps represent Spearman correlation
coefficients based on maximum expression values (maxexp), tissue expression values (testisexp, brain-
exp, adipexp), specificity values (testissp, brains’, adipsp), exon numbers (exon), and the transcript
number of the corresponding gene (transcriptn).
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2.1.3. Expression Patterns Are More Conserved in Human

The potential correlations among expression values, tissue specificity values, and the
number of exons and introns across the three tissues were tested (Figure 1C). In human,
gene expression correlates between tissues (brain exp.—testis exp.: 0.68, brain exp.—adipose
exp.: 0.76, testis exp.—adipose exp.: 0.69), while tissue specificity shows low correlation
with the corresponding expression profile (brain exp.-brain sp.: 0.31, adipose exp.—adipose
sp. 0.28, testis exp.—testis sp. 0.32). Additionally, testis specificity in human shows low neg-
ative correlation to expression values in other tissues (brain exp.—testis sp.: —0.19, adipose
exp.—testis sp.: —0.3). In Drosophila, the correlation of gene expression is lower between
the tissues (brain exp.—testis exp.: 0.37, brain exp.—adipose exp. 0.58, testis exp.—adipose
exp. 0.5), while specificity indices show medium or low correlation to the correspond-
ing expression values (brain exp.-brain sp.: 0.29, adipose exp.—adipose sp.: 0.26, testis
exp.—testis sp.: 0.5) and certain specificity values show low negative correlation to other
expression values (brain exp.—adipose sp.: —0.29, adipose exp.-brain sp.: —0.28, testis
sp.—brain exp.: —0.33, testis sp.—adipose exp.: —0.26). These data suggest that Drosophila
gene expression is more diverse between tissues. In both human and Drosophila, there is a
correlation between exon number and transcript number; however, this correlation is more
substantial in Drosophila. There is minimal negative correlation between transcript number
and testis specificity in both humans and Drosophila. In Drosophila testis expression and
testis-specificity negatively correlate with exon number. These data suggest that genes
that have testis-enriched transcripts have fewer transcript variants, and in the case of
Drosophila, they are composed of fewer exons.

2.2. Transcript and Gene Characteristics Change Within Specificity Groups

For additional analysis, the transcripts were organized based on their tissue specificity
data, leading to the establishment of four categories: underrepresented transcripts (below
—0.20), generally expressed transcripts (between —0.20 and 0.00), enriched transcripts
(from 0 to 0.80), and highly enriched transcripts (exceeding 0.80). The distribution of genes
and transcripts based on these categories is represented in Figure 2.

It is important to notice specific limitations of the analyses: transcripts that are specific
to one tissue may fall into the category of generally expressed transcripts in other tissues.
Transcripts that are specific to certain tissues show expression exclusively in one tissue,
while remaining unexpressed in others. This suggests a uniform expression pattern, marked
by the absence of expression elsewhere, thereby contributing to a broader expression
pattern. Underrepresented expression indicates genes that show greater expression in
other tissues while exhibiting reduced expression in the tissue of interest. Moreover, the
established groups are redundant at the gene level, as genes with different transcripts can
be categorized into multiple groups based on the expression of their transcripts. In addition,
there might be critical differences attributable to the diverse structure of the genome. The
Drosophila genome is more compact and less complex, has fewer repetitive elements, and
genes have shorter introns.
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Figure 2.

median expression of the transcripts.

Basic properties of transcript enrichment groups (A-C) Bar plots represent the mean
number of exons, expression levels, and number of transcripts based on testis specificity groups
(underrepresented, general, enriched, highly enriched) in the brain (A), adipose tissue (B) and
testis (C). Error bars represent 95% confidence intervals. ‘'n.s.” indicates non-significant differences,
while *” denotes p < 0.05, **’ indicates p < 0.01, and “***” represents p < 0.001. (D) Additional
information on testis specificity groups, including: the number of genes, the median number of genes’
transcript variants, the number of transcripts, the median number of transcripts” exons, and the
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2.2.1. Brain Characteristics Revealed More Complex Gene Structures Among Genes with
Highly Enriched Transcripts

In the context of the brain, the tissue specificity histogram reveals considerable varia-
tion between human and Drosophila (Figure 1). In Drosophila, the number of transcripts
exclusively expressed in brain is surprisingly low, this might be an artefact, as head
sequence data was also utilized, which artificially lowered the presence of the specific
transcripts. Omitting data from the adult head increased the overall number of enriched
transcripts but showed similar patterns as before (Supplementary Figure S1). Therefore, we
hypothesize that the peripheral nervous system might influence the transcriptomic results
of different tissues.

We examined the expression levels (highest expression of the transcript and expression
within the tissue), as well as the numbers of transcripts (genes) and exons, utilizing the
tissue specificity groups that were defined according to brain-specificity indices. The
expression pattern based on the maximum expression of a transcript is similar between
human and Drosophila; yet the highly enriched transcripts exhibit increased expression
in the human brain (Figure 2A,D). The transcript number is mildly higher in the highly
enriched category compared to the general category. The highly enriched transcripts in the
brain have an overall higher exon number (Figure 2A,D). Based on these data, it seems the
brain utilizes a more complex gene pool, with higher potential transcript variability.

Enriched gene ontology (GO) terms were determined for each specificity category in
both organisms. In the highly enriched category, the top 10 terms are mainly related to
neuronal functions, confirming that the highly enriched transcripts likely serve functional
roles in the brain (Supplementary Figure S3 and Table S2). Interestingly, the GO terms in
all other categories in both organisms are related to spermatogenesis. These terms mostly
highlight cytoskeletal elements (dyneins) and cilia. The binary nature of cilia-related
terms in both enriched and underrepresented categories suggests that some cytoskeletal
components associated with motile cilia are present in neurons, while others are absent.
These differences could be explained by the crucial functions and high variety of cilia in the
nervous system [65]. Cilium varieties might require more specialized protein components,
which could be provided with specific transcript variants.

2.2.2. Transcripts Enriched in Adipose Tissue Have Higher Expression in the Tissue

In adipose tissue, the mean expression levels of enriched and highly enriched tran-
scripts are typically elevated, indicating a higher expression level in the tissue; however,
the median expression levels are lower (Figure 2B,D). The number of transcripts and exons
varies slightly across different categories of adipose tissue. Notably, in humans, the exon
count within the highly enriched category is marginally reduced (Figure 2B,D).

GO term analyses on genes that have transcripts enriched and highly enriched in
adipose tissue return expressions related to metabolism and lipid metabolism. However,
in Drosophila, these terms are not as clearly represented as in humans. Moreover, at
lower scores, a variety of other GO terms are enriched in human (Supplementary Table S2
and Figure S3).

2.2.3. Genes with Testis-Enriched Transcripts Have Simpler Genomic Organisation in Both
Human and Drosophila

The highest number of specific transcripts can be observed in the testis of both human
and Drosophila (Supplementary Table S1, Figure 1). The maximum expression values in
human show that highly enriched transcripts in testis exhibit a relatively low expression.
The examination of gene expression within the testis indicates that the mean expression
of widely expressed transcripts is the least among the categories. Conversely, in humans,
the underrepresented category demonstrates the highest expression levels and the largest
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number of exons. One notable difference between humans and Drosophila is that the genes
enriched in the testis of Drosophila generally demonstrate higher expression levels than
those observed in human testis (Figure 2C,D). In both human and Drosophila, the highly
enriched transcripts have the fewest exons, and genes have the fewest transcripts compared
to other categories. These data suggest that highly enriched genes in the testis usually have
a simpler gene structure.

In both human and Drosophila, the highly enriched categories” GO enrichment analy-
ses show GO terms related to meiosis and spermatogenesis (Supplementary Table S2 and
Figure 53). Additionally, in human more GO terms are related to cytoskeletal structures
and motility. On the other hand, in Drosophila, cytoskeleton-related GO terms are present,
and metabolic and protein homeostasis-related terms also appear. In the enriched groups,
the additional terms could be easily associated with spermatogenesis and related processes.
In human data the metabolism-related terms similarly show an enrichment. An interesting
finding in these groups is that in both organisms, the term “nervous system development”
occurred (Supplementary Figure S3). Furthermore, it is important to highlight that the
analysis of Gene Ontology (GO) terms reveals a significant presence of unclassified genes
among the highly enriched transcripts in the human testis. This observation suggests that
the members of this category remain poorly characterized in humans. This also raises the
possibility of the existence of crucial, yet unknown testis-specific genes.

2.3. Investigating Orthologous Genes with Enriched Transcripts Between Human and Drosophila
2.3.1. Orthologues in Human and Drosophila Have a Similar Expression Pattern Only in
Adipose Tissue

After evaluating the general characteristics of different tissues, our next aim was to
assess the potential correlations between orthologue genes and their associated transcripts
(Supplementary Figure 54 and Table S3). We integrated the Drosophila and human data by
referencing the orthologue tables from FlyBase.

Analysis of the unfiltered orthologue data indicated a correlation in human gene
expression data across human and Drosophila tissues (Supplementary Figure S4). Upon
filtering the data using DIOPT scores exceeding 12, representing a relatively strict cutoff, a
correlation in Drosophila gene expression values was increased, leading to the emergence
of comparable patterns as noted earlier (Supplementary Figure S4). Next, we selected the
highly enriched transcripts from the different tissues of both organisms and examined their
correlation. The highly enriched transcripts in the brain show no considerable correlation
between Drosophila and human, except for transcript and exon number, which show a low
and moderate correlation, respectively (Supplementary Figure 54). Regarding the correla-
tion between the highly enriched categories of the testis, a similar pattern emerged, with no
outstanding correlation, although exon number shows a low correlation (Supplementary
Figure 54). In contrast, in adipose tissue, the expression of the highly enriched human
genes shows an intermediate correlation with Drosophila specificity values (Supplementary
Figure 54). These data suggest that, in contrast to the brain and testis, adipose tissues
have a more conserved gene expression pattern (Supplementary Figure S4). The lack of
a similar pattern to adipose tissues in the testis might be attributed to the higher number
of transcripts in these categories, which increases the background and produces noise.
However, applying an expression filter with the value of 5, which filters low-expressing
transcripts out, does not alter the main pattern considerably. This suggests that in more
complex organs, the expression profiles are adapted according to their complexity, which
could result in the different gene expression patterns observed in the brain and testis.
However, enhancing the resolution by examining single-cell transcriptome data may reveal
greater similarities.
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2.3.2. Orthologous Genes May Have Highly Enriched Transcripts in Multiple Tissues

Based on the transcript enrichment of orthologous genes, we were interested in
whether there are genes that have highly enriched transcripts in different organs (Figure 3A).
In humans, 22 (18.64%) genes that have highly enriched transcripts in the brain also have
highly enriched transcripts in the testis; in Drosophila, there are 11 (11.7%). Some genes
have highly specific transcript variants in tests and adipose tissue, both in humans (3) and
Drosophila (2). The brain and adipose tissue have no overlap in humans, whereas the
brain and testis have a proportionately similar overlap with adipose tissue. These data
suggest that among the highly enriched orthologous genes, the brain and adipose tissue
are more diverged.

A B Ortholog associated

Human genes Drosophila genes .
9 P 9 diseases

%’ AVAYANAVA

Figure 3. Distribution of genes with highly enriched transcripts (A) Venn diagrams represent the

brain

distribution of orthologous genes that have highly enriched transcripts in different organs. (B) The
Venn diagram represents the number of ortholog associated diseases (OMIM—Flybase disease
annotations) across different tissues.

2.3.3. Orthologous Genes with Highly Enriched Transcripts Could Serve as Disease Models

Gene orthologues provide a good target for studying their potential implications in
diseases, and therefore, we investigated the human-associated diseases linked to the highly
enriched orthologues. In our dataset, 30.8% (3859/12,528) of the Drosophila genes have
human orthologues with disease associations based on OMIM. Meanwhile, the analysis of
highly enriched orthologous transcripts from humans and Drosophila reveals that 37.1%
(118 out of 318 genes) are associated with a disease in the brain data, 50% (20 out of 40 genes)
with diseases linked to adipose tissue, and 28.2% (372 out of 1318 genes) associated with
conditions in the testis data. The diseases in brain cover a wide variety of conditions,
mainly related to brain development and function (Supplementary Table S4). The adipose
tissue dataset shows a variety of diseases, including cancer and developmental disorders.
In the testis dataset, a wide spectrum of diseases is also present, with spermatogenic
failure occurring in 24 cases. Many disease-associated genes encode cytoskeletal elements
(dynein, actin), but enzymes (kinases, phosphatases), chaperones, and RNA helicases are
also present (Supplementary Table S3). We investigated the highly enriched orthologous
genes that are associated with diseases, and the overlap of these diseases between tissues
(Figure 3B, Supplementary Table S4). Thirty-eight diseases are associated with both the
brain and testis, and five in the testis and adipose tissue. There is no overlap between the
brain and adipose tissue. These data suggest that a pleiotropic effect could be expected
among genes that have highly enriched transcripts in multiple tissues, and that not only
generally expressed transcripts can contribute to pleiotropy.

2.4. Network Analysis Revealed Conserved Central Elements Are Present in All Tissues

Network analysis is a powerful tool to identify important components of complex
systems. We established network models using genes that have highly enriched transcripts
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in the brain, adipose tissue, or testis. Additionally, we mapped the known physical
interactions between gene products (from FlyBase and Human Protein Atlas). Moreover, we
linked the human and Drosophila network based on orthology (Figure 4A, Supplementary
Figure S5 and Supplementary File S1). In both human and Drosophila, the testis has the
most genes associated with it and the most gene nodes shared with other tissues. The
mapped physical interactions form a central network that shows the connection to the
investigated tissues; moreover, orthologs are enriched in these highly connected regions.

A Genes with highly enriched transcripts between different tissues

Human testis

Human brain Drosophila brain

Drosophila testis

Drosophila adipose
Human nodes
Human adipose Drosophila nodes
B Human nodes with orthologs
B Drosophila nodes with orthologs

Figure 4. Network representation of genes with highly enriched transcripts Network models rep-
resenting genes with highly enriched transcripts in different tissues and their known physical
interactions. The tissue-enriched genes have a limited number of known interactions; therefore, the
connections are likely underrepresented. (A) Human tissue-related genes are represented with red
shading, and Drosophila tissue-related genes with blue shading. Gene nodes with orthologues are
colored in red (human) and dark blue (Drosophila), genes with no orthologues are pink (human)
and light blue Drosophila. (B) Orthologous genes network in the brain (edges represent physical
interactions and connect orthologues) (C) Orthologous genes in adipose tissue (edges connect or-
thologues). (D) Orthologous genes in the testis with known physical interaction (edges represent
physical interactions and connect orthologs). (E) Subset of nodes from the testis with more than
20 known physical interactions.

Tissue-by-tissue comparison showed that in adipose tissue, there are orthologue pairs
with fewer known physical interactions, while in the brain and testis, more connected
subnetworks are also present.

Investigating only the orthologous genes, a more extended network was observed
in the brain and testis, but not in adipose tissue (Figure 4B-E). Additional filtering by
degree (of physical interactions > 20) revealed some interesting nodes in all three tissues.
In the brain, a single orthologue pair remained: the human YWHAG and the Drosophila
orthologue 14-3-3zeta. Similarly, to the brain, in adipose tissue only a single ortholog pair
remained after filtering: the human PPP2R1B and the Drosophila Pp2A-29B. In contrast, the
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testis network showed numerous orthologous gene pairs after filtering (Figure 4E). These
pairs mostly include transcription factors (TP53-p53), ubiquitin—proteasome system compo-
nents (cullins, proteasome subunits), kinases (Aurora kinase), phosphatases (Pp2A-29B),
and RNA-binding proteins (FMR1, EIF4E) (Figure 4E, Supplementary Table S5). The gene
pairs identified are strong candidates for further investigation based on their conservation
and central position. However, it is important to note that network building relies heavily
on physical interaction data that do not take into account tissue-specific connections and
interactions. Additionally, tissue-specific genes and isoforms are less studied. Therefore,
the presence of tissue-specific connections and subnetworks is likely underrepresented.

2.5. Sequence Analysis of Enviched Transcripts Showed Characteristic Patterns
2.5.1. Transcriptional Start Site Regions Show Characteristic ATGC Content

One of the benefits of conducting research at the transcript level is that annotated
transcript sequences can be acquired and directly aligned with other data.

We collected the highly enriched transcripts from the brain, adipose tissue, and testis,
and extracted unique genomic sequences upstream and downstream of the first nucleotide
of the annotated transcripts. A control group was also established using transcripts that
do not show high enrichment in any tissue in either human or Drosophila. We examined
the distribution of nucleotide bases—adenine (A), thymine (T), cytosine (C), and guanine
(G)—and noted that their distribution exhibits a distinct profile in the vicinity of TSSs [66]
(Figure 5, Supplementary Figure S6).

2.5.2. Human TSS Shows High Similarity Between Tissues

In humans, the distribution of AT and GC content exhibits similarities in the regions
upstream of the TSS. However, closer to the TSS, there is a notable increase in GC content,
accompanied by a decrease in AT content. Following the transcription start site (TSS),
there is an increase in the AT content while the GC content declines. Notably, downstream
of the TSS, the nucleotides thymine (T) and guanine (G) are found to be considerably
more prevalent than adenine (A) and cytosine (C). This phenomenon is attributed to the
transcription-associated repair mechanisms [67]. Next, the transcripts exhibiting high tissue
enrichment were analyzed, and a comparable trend was noted across all three examined
tissues and the control group (Figure 5, Supplementary Figure S6).

Examining the TSS region at higher resolution, other interesting patterns emerge. In
humans, at the TSS, ~25 bp upstream, an AT peak is observable, likely corresponding to
the TATA box. In the investigated tissue data, ~25 bp downstream of the TSS, a peak of A
and G is present, while the amount of T and C is lower (Supplementary Figure 56).

2.5.3. The TSS of Drosophila Tissue-Enriched Transcripts Show Different ATGC Profiles
Between Tissues

In Drosophila, the base profile differs considerably from humans, but upstream of
the TSS, the pattern is similar. The region surrounding the TSS shows a rise in AT content
in contrast to the human genome, with the GC content displaying two notable peaks.
Downstream of the TSS, the A content is considerably greater than T for approximately
500 base pairs. However, the intergenic pattern recovers in Drosophila after this, while in
human, the upstream intergenic pattern does not recover within 5 kbp. The investigated
tissues exhibit much lower similarity in base distribution. Testis-enriched transcripts
show the most similar pattern to the generally expressed genes. (Figure 5, Supplementary
Figure S6)
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Figure 5. Nucleotide base distribution around TSSs of highly enriched transcripts (A) Graphs
represent the ATCG base distribution in a 10 kb region around the transcriptional start sites of
generally expressed genes (filtered: have no highly enriched transcript), and transcripts highly
enriched in the brain, adipose tissue, and testis. (B) Heatmaps represent the correlation of bases
(ATCG) between the base counts of differently enriched transcripts across upstream (I, III), TSS
(I, IV), and full-length sequences.
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In brain-enriched sequences, the ~100 bp upstream region, the AT and GC content
are almost equal, but the T peak and the overall increase in the amount of A after the TSS
are present. Additionally, the amount of G also seems to be higher downstream to the
TSS. In fat bodies, the T peak is observable near the TSS, and there is a higher amount
of A downstream of TSS. The testis dataset shows that the AT content is not dropping
considerably at the TSS, as only C numbers elevate mildly. The higher T peak is absent
downstream of the TSS; instead, there is a peak upstream of the TSS. The TSS region of
highly enriched genes in Drosophila testis shows the highest AT content. (Supplementary
Figure S6)

2.5.4. ATGC Profile of Non-Coding RNA TSS Varies in Drosophila Testis

We also investigated the ATCG profile around the TSSs of non-coding RNA genes.
In brain and adipose tissues, the number of sequences was too low to plot; therefore, we
focused on the testis. The TSS region of non-protein coding genes enriched in the testis and
the TSS regions of all other non-coding RNAs were plotted (Supplementary Figure S7). The
non-coding RNAs’ TSS region ATCG profile is less diverse. In humans, non-enriched testis
non-coding transcripts have a profile where GC peak, and there is an elevated amount of
T downstream of the TSS, similar to the transcript profile presented earlier. In contrast
to this, the testis-enriched transcripts also show the GC elevation, but downstream of the
TSS, the T enrichment is not characteristic, and a low C content is observable. This raises
the possibility that the non-coding RNA pool in the testis is evolutionary younger, as the
transcription-associated repair did not considerably shift the T content. In Drosophila, the
ATCG profile of non-coding RN As that are not enriched in testis around the TSS exhibits
fewer characteristic changes. The TSS has peaks, but the upstream and downstream regions
are quite homogeneous. In contrast, the testis-specific non-coding RNAs show an elevated
amount of AT both upstream and downstream of the TSS, a considerable G peak at the TSS,
and an elevated GC content downstream of the TSS. This profile is different from the one
that was observed previously with highly enriched transcripts.

2.6. Differentially Enriched Motifs Are Present in the TSS Region of Enriched Transcripts

Next to ATGC profiling the sequences associated with enriched transcripts, the se-
quences could be investigated further based on conserved elements.

We investigated the highly enriched transcripts” DNA sequences upstream and down-
stream of the TSS using the MEME Suite to find differentially enriched motifs. Three
sequence segments were analyzed: the upstream 300 bp; and the core promoter region,
tested by splitting it into 100 bp upstream and 100 bp downstream sequences relative to the
TSS. Sequences of the highly enriched transcripts were investigated in the brain, adipose
tissue, and testis (Supplementary Figure S8).

We found differentially enriched motifs in almost all categories. Most motifs show
high sequence variety and can be associated with numerous transcriptional factors using
Tomtom for comparison. In humans, brain-enriched transcripts show the most conserved
motifs, which can be associated with Patz1, SP1, and WT1 transcription factors. Human
adipose tissue transcript sequences present GA-enriched motifs that are present in all of the
investigated sequence sets. We found the highest number of differentially enriched motifs in
the human testis; these motifs can be associated with CPEB1, NFAC2, and SOX2 recognition
sites. The most interesting motif is almost identical to the RFX family transcription factor
recognition sites.

In Drosophila, a similar search for motifs was conducted. Motifs found in genes that
are highly enriched in the brain included Eip74EF, Mad, HLH4C, wor, Adf1, and CG12605
transcription factors. HLH4C, wor, and CG12605 are known for their role in the nervous
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system. The adipose dataset in Drosophila shows no differentially enriched DNA motifs.
In the testis, the upstream 100 bp region shows the presence of more differentially enriched
motifs than the 300 bp region. We found motifs that can be associated with vis, achi, hth,
exd, fru, retn, vvl, Antp, Hr51, and br. Based on FlyBase, the vis and Achi are known to be
required for spermatogenesis. The hth and exd form a complex and they are Hox cofactors.
Their role in spermatogenesis is not clarified; nevertheless, both of their recognition motifs
are present in the upstream 100 bp of highly enriched transcripts. Fruitless function is
known in sexual differentiation. The transcription factors coded by retn, vvl, Antp, Hr51, and
br are known for regulating developmental processes. Investigating the downstream 100 bp
sequences of testis-enriched transcripts, we identified 2 enriched motifs. Interestingly, one
of these has no hits using Tomtom; the other one can be associated with Pho and Phol. Pho
is believed to be primarily a transcriptional suppressor; however, the GC-rich first segment
of the motif is missing.

The investigation of human tissues revealed a higher number of differentially enriched
patterns in the upstream 300 bp sequences, similar to the Drosophila brain dataset. Mean-
while, the Drosophila testis dataset exhibits the most motifs in the upstream 100 bp region.
Based on this, we hypothesize that the Drosophila gene expression in the testis relies more
heavily on the core promoter region.

3. Discussion

There are numerous genes that were established by retro-position in Drosophila that
are predominantly expressed in the testis, contributing to the high number of testis-specific
genes. These retrogenes have few or no introns and encode only a few transcript variants.
Retrogenes in Drosophila and human often gain testis-enriched expression, which increases
the number of testis-specific genes [68-72]. De novo gene expression also tend to occur in
testis [73,74]. The properties of retrogenes and de novo genes are reflected in our study,
where we present a lower number of exons and transcripts in testis-enriched genes. In
humans, functional retrogenes are less common, yet a similar gain of testis-specificity
occurs among human genes. Despite this, the number of testis-specific genes is relatively
lower in humans compared to Drosophila. However, as we present here, the number
of testis-enriched transcripts is extremely high in both organisms. The lower number of
testis-specific genes can be explained by the higher number of transcripts in humans, as
the different transcripts may express in different tissues, thereby gaining expression in
multiple tissues. The high number of transcripts is considered to be connected with the
higher complexity observable in mammals [75,76]. Our investigation of the transcriptional
start site showed that in human, the DNA base profile of enriched transcripts is more
conserved than that observed in Drosophila. This could also explain why there are fewer
testis-specific genes and suggests the more important role of regulatory elements and
epigenetics in humans. This feature also explains the transcript expression patterns: in
humans, a more general expression is present, while Drosophila expression profiles show
more diversity between tissues, reflected by a more diverse base distribution pattern
around the TSS. The differences observed between tissues in Drosophila are particularly
evident when comparing the brain and testis base profile of the TSS. Transcripts that have
highly enriched expression in the brain show an increased GC content upstream of the TSS,
whereas in testis, AT content is much higher. This suggests that GC nucleotides or GC-rich
motifs may play a role in brain gene expression regulation but have no importance in the
testis. Interestingly, a lack of CpG islands was previously demonstrated in 50% of human
testis-specific genes [40].

The AT-rich testis core promoter in Drosophila might influence gene expression based
on its physical properties. Poly-AT sites are intrinsically rigid structures that reduce
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nucleosome formation likelihood. Moreover, in yeast, AT-rich promoter sequence was
observed in constitutively active genes [77-79]. This suggests that in the highly relaxed
DNA found in Drosophila spermatocytes, the transcription could be initiated through more
accessible promoter regions.

The correlation of gene expression, the similarity of DNA base profiles between human
tissues, and the differentially enriched DNA motifs found in the promoter region strongly
suggest that human testis-specific expression relies mostly on enhancers and epigenetic
regulation. The similar genomic organization observed around the transcriptional start
sites could explain the more similar expression patterns. In Drosophila, gene expression
seems to be more tissue-specific because of the limited correlation between expression
values and the physical properties of transcriptional start sites, based on the DNA base
profiles. Our results indicate that the upstream 100 nucleotide sequences of the TSS play an
important role in transcription initialization in testis.

Despite both Drosophila and human showing an extreme number of testis-specific
transcripts, the Drosophila testis-specific genes generally exhibit higher expression levels,
which is less typical of human testis-specific transcripts. Moreover, in humans, we can
observe the relatively higher expression of underrepresented transcripts, suggesting a
potential mechanism of silencing activity in the testis. Overall, a general permissive gene
expression is observed in both human and Drosophila but human gene expression appears
to be under stricter negative regulation based on expression levels.

Interestingly, highly enriched non-coding RNAs have different DNA base profiles
around their TSSs as well. In Drosophila testis, compared to all non-coding RNAs and to
testis-enriched transcripts, the testis-enriched non-coding RNA sequences show character-
istic differences. The base pattern in humans near the TSS is largely consistent; nonetheless,
a notable difference is observed in the testis, characterized by the lack of enrichment of G
and T. This suggests that either transcription-associated repair does not work in the testis,
or testis-enriched non-coding RNAs are evolutionarily young.

The number of transcripts and exons is higher in brain-enriched genes compared
to testis-enriched genes. This finding supports the theory that the testis serves as an
evolutionary testing ground for genes, as evolutionary younger genes might have fewer
transcripts. The lower exon number could facilitate mature mRNA synthesis, as fewer
introns need to be spliced, whereas a higher exon number could provide a larger variety
of proteins, which could be beneficial for complex tissues. Despite the differences in
gene structure, similar biological processes occur in the brain and testis. The storage,
transport, and availability of mature RNA are essential in both tissues [80]. Additionally;,
the GO annotation revealed the similarity of cytoskeletal elements between brain and
testis-enriched transcripts. This might be associated with the crucial role of cilia in neuronal
development and signaling [81]. Also variety of cilia types are present in neuronal cells,
which might require different molecular structures to function properly [65]. However,
further investigation is required to clarify this.

As expected, adipose tissue has the fewest genes with enriched transcripts; these genes
displayed a simpler gene structure than what is seen in the brain, yet a more complex
structure than that of the testis in both organisms. Since adipose tissue possesses intermedi-
ary traits, it can function as a baseline for additional comparisons; unfortunately, the low
number of enriched transcripts compromised the reliability of these comparisons. However,
enriched orthologs showed an exciting correlation between Drosophila and human. This is
noteworthy since Drosophila has already been employed in the study of obesity and its
associated disorders [82-84].

Gene Ontology analyses showed the potential role of the enriched genes in the given
tissues, but also highlighted the similarities between these tissues, namely the structural
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components that are used in both the brain and the testis. Unfortunately, in the human
dataset, the “unclassified” category was enriched in many GO term analyses, suggesting
many of the genes with highly enriched transcripts are not yet well characterized.

While our analysis revealed a lack of substantial correlations in the data of orthologous
genes, we determined a number of orthologs for every tissue that has highly enriched
transcripts. Furthermore, the network analyses revealed that these orthologues tend to
exhibit a higher number of physical interactions, suggesting central roles in biological
processes. Additionally, we collected associated diseases; investigating genes from these
lists could be a good starting point for future research. Network analysis proves to be
a powerful tool for identifying conserved elements in developmental programs; for in-
stance, conserved elements of male germ cell development have been identified between
humans and Drosophila [85]. Our findings also present potential candidates for further
experimental investigation.

While there are differences in gene expression between mammals and insects, these
findings show the possibility of distinct molecular solutions to achieve similar functional
strategies. This underscores the critical adaptations observed in response to shared evolu-
tionary pressures across different tissues and species.

Limitations of the Study

One of the limitations of the study is the overlapping categories in the investigated
tissue types. Some tissues share considerable similarities, like the different regions of the
gut, which decrease the number of tissue-specific genes as they might occur in multiple
categories. Moreover, some tissues are composed mostly of uniform cells, such as fat, while
others consist of considerably different major cell populations, as in the brain. Therefore,
comparisons of cellular gene expressions would be more accurate.

Another limitation is the limited knowledge of tissue-enriched genes. As their ex-
pression pattern is limited, their interaction network is not well characterized, and many
interaction screens use cultured cells that are sensitive only to the gene expression of that
cell type. Additionally, GO annotations may also be limited as tissue-specific genes are less
studied therefore GO predictions might be inaccurate.

4. Materials and Methods
4.1. Data Source and Preparation

Drosophila tissue expression data were collected from FlyAtlas2 (https://flyatlas.gla.
ac.uk/FlyAtlas2/ (accessed on 13 September 2023)) [86]. Human data was collected from
GTEx database (https:/ /www.gtexportal.org/ (accessed on 14 September 2023)). When
multiple tissue datasets were available from the same database, the mean expression values
of the tissues were utilized for further analyses (FPKM and TPM).

Gene expression levels between organisms were not investigated directly, the formula
of Li et al. 2014 was used to determine tissue specificity [62,64].
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where x is tissue specificity, e is the sample tissue expression value, ¢ is the mean gene
th
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expression value and 7 is the number of investigated tissues sample fromi =1,...,n
Total number of human tissues was n = 33, and Drosophila tissues n = 17.

After calculation, the indexes were normalized between —1 and 1, where 1 represents
the highest specificity using sci-kit learn’s MaxAbsScaler.
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The brain, adipose tissue, and testis were selected for comprehensive analysis from
both organisms.

Orthologues and disease data were collected from FlyBase (FlyBase.org), based on
DIOPT and the Online Mendelian Inheritance in Man (OMIM, https://omim.org/ (accessed
on 25 October 2023)) [51,87-89]. Physical interactions were collected from FlyBase and
Human Protein Atlas [51,90]. DIOPT scores the orthologues based on their occurrence
in 14 individual databases. We investigated orthologues that were present in at least
12 databases.

Computer codes were implemented in Python 3.8. Pandas (v 1.2.4), NumPy (v. 1.22.4),
Scikitlearn (v 1.3.2), and SciPy (v 1.6.2) libraries were used for processing data, and Seaborn
(v 0.11.1) and Matplotlib (v 3.3.4.) were used for generating graphs. Relevant code is
available at: https://doi.org/10.5281/zenodo.14388393 (accessed on 12 December 2024.).

4.2. Gene Ontology Analysis

Gene ontology (GO) analysis was conducted to identify the biological processes, molec-
ular functions, and cellular components associated with the gene set under investigation.
For this purpose, PANTHER 19.0 (Protein ANalysis THrough Evolutionary Relationships)
was utilized via the web-based GO enrichment tool (https://www.pantherdb.org/ (ac-
cessed on 29 November 2023)) [91-93]. The input genes were mapped to the corresponding
GO terms using PANTHER's reference gene set.

4.3. Network Analysis

In this study, we conducted a comprehensive network analysis to identify tissue en-
riched gene products with physical interactions in the brain, adipose tissue, and testis of
human and Drosophila melanogaster. Our approach integrated gene enrichment data,
protein—protein interaction (PPI) data, and orthologue data to explore key elements in-
volved in tissue-specific functions.

Cytoscape (Version 3.10.1) [94,95] was used to construct interaction networks through a
combination of highly enriched gene set data (filtered tissue specificity), physical interaction
data and orthologue data for both organisms. Network centrality measures-including
degree, betweenness, and closeness- were applied to the physical interaction data to
identify hub genes that are highly connected and potentially critical for tissue function. To
highlight the nodes with the most connections a degree filter of 20 was used.

The network structures and identified genes across brain, adipose, and testis tissues in
both species, could highlight conserved and tissue-specific patterns. This approach allowed
us to predict the potential evolutionary conservation of tissue-specific gene networks
between Drosophila and humans.

4.4. Transcription Start Sites and Motif Analysis

Transcription start sites were determined based on transcript annotation coordinates in
both human and Drosophila. Human coordinates were extracted from gencode annotation
file (gencodev46), while Drosophila sequence coordinates were collected from FlyBase
precomputed files. Based on these coordinates, genome sequences were extracted from the
reference genomes (GRCh38.p14, Dmel_Release_6). Extracted sequences were randomly
chosen and validated by using BLAST (v 2.15.0) [96].

MEME Suite 5.5.7 was used for motif discovery (https://meme-suite.org (accessed on
3 September 2024)) [97]. MEME algorithm’s differential enrichment mode with two motif
distribution options (zero or one occurrence per sequence, and any number of repetitions)
was utilized to find 10 motifs between 6 and 12 nucleotides with a minimum occurrence of
10 sites in each run. Motifs showing statistical significance (default E-value cutoff) were
collected. Motifs were searched in transcripts that are highly enriched in the given tissue.
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The background list was established by selecting genes whose transcripts lacked highly
enriched transcript variants, and it was used for every comparison.

Motifs identified were compared to human (HOCOMOCO v11) and Drosophila
(combined: OnTheFly_2024, Fly Factor Survey, FLYREG, etc.) databases using MEME
Suite’s Tomtom.

4.5. Quantification and Statistical Analysis

The significance between specificity groups was assessed using Welch’s two-tailed
t-test. Pearson and Spearman correlation coefficients and related p-values were calculated
using the SciPy (v 1.6.2) library, and the results were visualized as heatmaps using Seaborn
(v 0.11.1). Spearman correlation was utilized when transcription data was included. Mean
squared error and Euclidean distance were calculated using NumPy (v 1.22.4). The statisti-
cal significance of Gene Ontology (GO) term enrichment was evaluated through Fisher’s
exact test, with multiple testing corrections applied via the False Discovery Rate (FDR)
method to control for Type I errors. GO terms with an adjusted p-value of less than 0.05 were
deemed significantly enriched and considered for further biological interpretation. The
findings were visualized using bubble charts to highlight the most enriched GO categories
and were summarized in a datasheet for comprehensive analysis.
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