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Abstract: Sleep is a universally conserved behavior whose origin and evolutionary purpose
are uncertain. Using phylogenomics, this article investigates the evolutionary foundations
of sleep from a never before used perspective. More specifically, it identifies orthologs of
human sleep-related genes in the Lokiarchaeota of the Asgard superphylum and examines
their functional role. Our findings indicate that a conserved suite of genes associated with
energy metabolism and cellular repair is involved, thus suggesting that sleep plays a pri-
mordjial role in cellular maintenance. The data cited lend credence to the idea that sleep
improves organismal fitness across evolutionary time by acting as a restorative process.
Notably, our approach demonstrates that phylogenomics is more useful than standard
phylogenetics for clarifying common evolutionary traits. By offering insight into the evo-
lutionary history of sleep and putting forth a novel model framework for sleep research
across taxa, these findings contribute to our growing understanding of the molecular
foundation of sleep. This study lays the groundwork for further investigations into the
importance of sleep in various organisms. Such investigations could have consequences
for improving human health and more generally could provide a deeper comprehension of
the fundamental processes of life.

Keywords: sleep genetics; orthology; Lokiarchaeota; Loki’s Castle; phylogenomics

1. Introduction

Since antiquity, the concept of sleep has been mentioned in numerous literary or
religious writings. Virtually all ancient civilizations recognized and acknowledged the
nature and value of healthy sleep in their lives, and sometimes even identified the gods who
influenced or even caused sleepers’ dreams. For example, sleep and its connections to the
supernatural world are focal topics in the Sumerian “Epic of Gilgamesh” (circa 2100 BCE)
as well as in the Rigveda of the ancient Hindu and Vedic literature (circa 1500 and 1200 BCE
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or even older). Sleep and dreams were subsequently viewed from many perspectives for
centuries [1-4]. The topic has been considered by novelists, playwrights, statesmen, and
scientists, all of whom have contributed their particular interpretive wisdom. In the 19th
and 20th centuries, however, the modern field of sleep medicine explored these efforts
more systematically [5,6]. The empirical method was applied, in many cases for the first
time, to study the general principles underlying the sleep process in both humans and
animals. However, it was Aserinsky and Kleitman’s pioneering discovery in 1953 of the
phenomenon of rapid eye movement (REM) sleep which elevated sleep studies into a major
scientific endeavor, and marked the beginning of modern sleep research [7].

Over the decades, these studies have spawned numerous hypotheses and theories
about sleep, and the list keeps expanding [8-10]. Despite these advances, several infor-
mation gaps still exist in our understanding of how sleep is organized and regulated, and
ultimately in what function it serves. The various hypotheses and theories that have been
put forward to explain these issues often suffer from weaknesses, such as having a restricted
scope (partial explanation), not offering any concrete proof (negative findings), and failing
to apply to all species. Consequently, most of these theories are either too narrowly focused
or too divergent, or possess contradictions. Additionally, some of their associated ideas
about sleep have been debated or refuted by contemporary scientists [11-21]. Readers are
referred to these reviews for a more in-depth consideration of these controversies.

While characterization of the details of sleep processes is slowly being worked
out [14,15,22], perhaps the most basic question about sleep, namely its function, con-
tinues to challenge science. “If sleep does not serve an absolutely vital function, then it is the
biggest mistake the evolutionary process has ever made”, according to Allan Rechtschaffen. This
insightful assertion suggests that if sleep were a pointless behavior, evolutionary pressure
may have prevented it from emerging, which is not the case [22]. Even if its exact purpose
is unknown, sleep is something that takes up roughly one-third of the lives of humans
and numerous other species, an existential fact that suggests it obviously has some critical,
life-supporting function.

What happens if conventional methods or ways of thinking fail to answer longstand-
ing questions regarding the function of sleep? Inasmuch as “tried and true” techniques
of investigation have failed to resolve the basic questions about sleep, perhaps some alter-
native approaches would merit consideration. It is hoped that a combination of the latest
methods drawn from phylogenomics and bioinformatics may productively focus the hunt
for the primordial function of sleep [23,24]. In pursuit of this objective, we have endeavored
to examine this core issue from a standpoint that has not been previously examined.

1.1. Rationale for the Chosen Experimental Approach

Our journey to develop this hybrid strategy of combining phylogenomics and bioin-
formatics begins with the study of unusual marine microorganisms that have only been
found in remote underwater regions. These difficult-to-access locations host hydrothermal
vents, which in turn contain a rich but only recently characterized class of living organisms.
One of these locations is known as Loki’s Castle. This site (sometimes referred to as Loki’s
Castle Vent Field [LCVF]) was first discovered in 2008 and is approximately 2300 m below
the surface of the water. It is located halfway between Greenland and Norway, near the
intersection of the Mohns and Knipovich Mid-Atlantic Ridges [25]. This region contains a
field of so-called hydrothermal vents, i.e., outcroppings which appear to be rocky, black
chimneys. These vents spew out hot fluid discharges (maximum temperature is about
320 °C) that originate from even deeper regions of the earth’s mantle. The makeup of
these discharges reflects the diverse geological and geochemical composition of their con-
stantly shifting sources [26]. The age of these formations continues to be speculative, but
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analysis of the hydrothermal plume fallout has suggested that LCVF vent activity began
about 10,000 years ago. Currently, the area is intensely dynamic, showing extreme fluctu-
ations in temperature, pH, and toxic compounds. This activity contains multiple targets
for scientific inquiry. The complexity of the geochemical composition of the vents, while
representing a major challenge for investigative analysis, is nevertheless overshadowed
by the even greater zoological mystery of how the associated floral and faunal life, which
is diverse, has managed to survive in this harsh environment [27,28]. The use of the term
“life” in LCVF primarily relates to microorganisms such as bacteria and archaea., which
have taken advantage of the chemically rich content from the hydrothermal vents, rather
than sunlight, as their source of energy. Consequently, these organisms have developed a
tolerance to extreme environmental conditions. Unlike those on the planet’s dry surface,
these include, e.g., a lack of sunlight, extremely high temperatures, and high levels of
toxicity. Additionally, these microorganisms have made dietary adaptations such as obtain-
ing nutrients from chemosynthetic microbes. Taken together, these internal adaptations
and environmental stresses have produced in these microorganisms several cellular and
organismal specializations.

One class of these microorganisms is that of Archaea, and, in the accelerated evolu-
tionary conditions of the LCVF, it has already developed into various lineages, each with
its anatomical peculiarities and life-supportive strategies. While originally Archaea were
similar to bacteria in size and shape, they currently differ from bacteria in several ways:
a. their cell walls contain pseudo peptidoglycan and not peptidoglycan as in the case of
bacteria; and b. their cell membrane contains ether-linked lipids as opposed to lipids in
bacteria. More recent research has confirmed that Archaea have more traits in common with
eukaryotes than with bacteria. For example, some proteins, such as the DNA-dependent
RNA polymerase, were exclusively discovered in Archaea and Eukarya, to the exclusion
of bacteria, and others were more closely related to their eukaryotic homologs [29,30].
The archaeal RNA polymerase closely resembles eukaryotic RNA polymerases. Eukarya
and Archaea possess multi-subunit, DNA-dependent RNA polymerases with consider-
able structural and sequence similarities [31]. This similarity differs from the more basic,
single-subunit bacterial RNA polymerase, suggesting that Eukarya and Archaea possess a
more recent common ancestor and that complex RNA polymerases evolved singularly. The
transcription apparatus of Archaea resembles that of eukaryotes, encompassing analogous
transcription factors and promoter recognition mechanisms [32]. It illustrates the evolution-
ary pressures linked to the regulation of intricate genomes. These commonalities indicate
the evolutionary divergence of Archaea and Eukarya from simpler microorganisms [33].

1.2. Loki Genome Characteristics

Spang et al. (2015) [34] conducted a metagenomic investigation of marine sediment
obtained about fifteen kilometers away from Loki’s Castle, an active hydrothermal vent
in the Arctic Mid-Ocean Ridges (AMOR; 73.763167 N, 8.464000 E) that are ~4000 km
long, located at 3283 m below sea level (Figure 1; adapted from [Fredrik Sahlstrém et al.,
2023]) [26], which resulted in the discovery of a novel archaeal phylum, Lokiarchaeota
(low-key-ar-kay-oh-tuh or Lokiarchaeia; henceforth referred to as Loki), which are the
closest living relatives of all eukaryotes. Later, it was described as the earliest known
member of the Asgard superphylum [35].
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Figure 1. Bathymetric map showing the location of Loki’s Castle (3283 m below sea level with the
following coordinates: 73.763167 N, 8.464000 E). The authors acknowledge Dr. Fredrik Sahlstrom
for the supply of the image. The location from which the organism was collected is located 1.5 km
north of Loki’s Castle. This location should still be within the red dot depicted in this image. Figure
modified from Sahlstrom et al. (2023) [26].

The Asgard phylum of archaea includes Lokiarchaeota, the study of whose genomes
has contributed significantly to our understanding of the evolution of archaea from eu-
karyotes. In comparison, the genomes of Lokiarchaeota are notably larger when compared
to other archaeal genomes and possess a diverse array of genes, including those related
to the cytoskeleton, vesicular transport, and ubiquitin systems, which exhibit eukaryotic
characteristics [35]. These characteristics suggest that Lokiarchaeota could represent a cru-
cial missing link between prokaryotic organisms and eukaryotic cells. Furthermore, these
organisms exhibit significant metabolic versatility, with genes related to carbon fixation,
sulfur compound metabolism, and hydrogen production. This indicates their potential
to thrive in various environments despite their predominant association with marine sed-
iments [34]. The Scanning Electron Microscope (SEM) image of Ca. L. ossiferum reveals
its intricate structure including morphology and its cellular architecture, characterized
by coccoid-shaped cells with protrusions (Figure 2) [36]. This comprehensive observa-
tion indicates that this archaeal species located in hostile marine environment possesses
morphological traits distinct from those of other bacterial species.
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Figure 2. Complex and cellular anatomy of Candidatus Lokiarchaeum ossiferum cells. A scanning
electron microscope (SEM) images of a Ca. L. ossiferum cell showing coccoid cells with long, complex
cell protrusions. The image obtained at a high resolution defines detailed morphological and anatom-
ical features that distinguish this type of archaeal species, which inhabits marine and extremophile
environments. Morphology such as that found in this image helps in explaining the functional
aspects and evolutionary lineage of Ca. L. ossiferum within the domain of Archaea. (Adapted from
Rodrigues-Oliveira et al. [36]).

The size of the genomes in Lokiarchaeota (4 to 5.5 megabases [Mb]) was unexpected,
inasmuch as most archaeal genomes typically fall within the smaller range of 1 to 3 Mb [37].
The larger size of the Lokiarchaeota genome is primarily attributed to the presence of
genes associated with various eukaryotic-like processes, including actin, tubulin, and small
GTPases, and specific components of endosomal sorting complexes. The relevant genes
are associated with more intricate cellular functions, such as cytoskeleton dynamics and
vesicular motility, which are not widely observable in most archaea [37]. The genome’s
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substantial size indicates the organism’s metabolic potential, encoding numerous genes
related to the utilization of carbon, sulfur, and other compounds, along with potential
environmental interactions. This genomic complication indicates that Lokiarchaeota may
have served a significant evolutionary function as a transitional phase in the evolution of
eukaryotic cells [38].

The Lokiarchaeum genome contains about 5381 proteins, of which 175 are signature
proteins of eukaryotes. These proteins are involved in vital processes such as intracellular
trafficking and transport, cytoskeletal activity, and cell membrane remodeling [39]. Some of
these proteins were previously either absent or poorly expressed in the genomes of archaea
and bacteria. Taken together, this evidence further points to Lokiarchaeota’s potential
status as a unique transitional link between other prokaryotic and eukaryotic cells.

2. Results
2.1. Orthologs of Sleep Genes in Lokiarchaeota

Table 1 presents a comparative BLAST study of sleep genes against the Lokiarchaeota
genome. It was observed that many sleep genes showed substantial e-value and similar-
ity scores when compared to Lokiarchaeota. The e-value (expected value) is crucial in
BLAST to score the alignment outcomes. The term “e-value” refers to the likelihood of
achieving such a score by chance; a low e-value indicates that the match is more likely to
be biologically significant than an accidental event because similar sequences originate
from related evolution. However, a high e-value suggests that the match may result from
random similarities in the protein space, making it less valuable for additional biological
research. Consequently, when examining homologous sequences or functional relatedness,
researchers frequently consider the sequences with an e-value threshold [40]. The reper-
toire of BE-impacting proteins is extensive and varied, likely playing a crucial role in vital
biological processes and the control of sleep. Interestingly, proteins such as the “molecular
chaperone DnaK” and “ATP citrate synthase” show high similarity scores, 70, 27, 73, and
55 respectively, with the e-value zero, which suggests it is a solid match. These proteins are
engaged in cellular stress and metabolisms that could be linked in one way or the other to
sleep regulation (Table 1).

Table 1. Hits obtained by performing sleep gene BLAST against Lokioarcheota genome.

S.No Description Length e-Value sim Mean
1 4Fe-4S dicluster domain-containing protein 210 8.59 x 10715 48.01
2 amidase 579 3.06 x 107% 46.79
3 aldo/keto reductase 316 2.08 x 1077 58.59
4 ABC transporter ATP-binding protein 1549 1.83 x 10750 47.67
s sminearfees o 1L pyrido
6 aldehyde dehydrogenase family protein 501 2.64 x 10784 52.61
7 adenosine deaminase 363 1.94 x 10731 44.77
8 NADH-quinone oxidoreductase subunit H 318 5.93 x 10742 54.37
9 NADH-quinone oxidoreductase subunit M 347 411 x 107V 46.33
10 NADH-quinone oxidoreductase subunit M 603 3.45 x 10738 49.53
11 50S ribosomal protein L3 348 7.94 x 10708 4591
12 hypothetical protein 335 9.29 x 1078 40.08
13 protein kinase 606 441 x 10720 45.7
14 sugar porter family MFS transporter 492 1.83 x 107¢ 57.36
15 elongation factor EF-2 858 5.36 x 10764 49.01
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S.No Description Length e-Value sim Mean
16 MAG: glutamine synthetase 373 6.56 x 10712 43.28
17 MAG: hypothetical protein EU529_15225, partial 499 1.95 x 10711 52.86
18 FAA hydrolase family protein 419 1.58 x 107% 42.8
19 hypothetical protein 543 2.81 x 107 62.07
20 MAG: amino acid decarboxylase 662 3.05 x 10743 42.2
21 protein kinase 350 1.31 x 10718 47.09
22 GTP-binding protein 220 438 x 1074 63.02
23 MAG: hypothetical protein EU529_15225, partial 575 7.92 x 10711 49.83
24 NADP-dependent malic enzyme 584 1.57 x 10723 41.53
25 fibronectin type III domain-containing protein 1912 433 x 107% 40.47
26 protein kinase 379 1.50 x 107Y7 46.98
27 protein kinase 360 1.70 x 10716 46.16
28 leucyl aminopeptidase 519 8.15 x 10~% 61.13
29 serine hydroxymethyltransferase 483 6.66 x 107114 51.94
30 molecular chaperone DnaK 679 0 70.27
31 MAG: hypothetical protein EU529_15225, partial 511 1.10 x 107% 46.3
32 MAG: translation elongation factor EF-1 subunit alpha 455 2.38 x 107 49.89
33 ATP citrate synthase 1101 0 73.55
34 MFS transporter 525 1.06 x 1071 46.59
35 branched-chain amino acid aminotransferase 386 1.27 x 107%2 57.66
36 glutamate-5-semialdehyde dehydrogenase 795 2.80 x 10780 58.51
37 sugar kinase 362 7.98 x 10717 43.16
38 MAG: hypothetical protein EU539_03935 170 1.13 x 10711 54.78
39 protein kinase 391 1.03 x 107V 46.74
40 MEFS transporter 514 1.19 x 10V 44.02
41 hypothetical protein 387 1.23 x 1071 59.77
42 protein kinase 448 121 x 107% 48.04
43 protein kinase 666 1.29 x 1071° 46.49
44 protein kinase 671 1.82 x 10717 47.62
45 protein kinase 735 3.67 x 1072 48.87
46 deoxyribodipyrimidine photo-lyase 586 1.02 x 10732 42.18
47 protein kinase 473 1.80 x 1020 49.39
48 MAG: HAD family hydrolase 1220 2.15 x 107101 46.93
49 protein kinase 855 491 x 10712 44.53
50 deoxyribodipyrimidine photo-lyase 593 1.05 x 10732 418
51 valine--tRNA ligase 1063 7.13 x 10717 50.13
52 leucine-rich repeat protein 762 7.40 x 10720 48.01
53 hypothetical protein 792 5.06 x 107% 56.14
54 hypothetical protein 561 1.17 x 10710 39.56
55 protein kinase 508 4.57 x 107% 50.76
56 MAG: GTP-binding protein 618 1.56 x 107%8 47.06
57 GTP-binding protein 669 0 61.76
58 HD domain-containing protein 179 7.77 x 10720 53.3
59 sigma factor regulator FecR 355 3.01 x 1072 59.35
60 carboxylesterase/lipase family protein 835 6.74 x 10764 46.13
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S.No Description Length e-Value sim Mean
61 PAS domain S-box protein 636 3.25 x 10798 57.59
62 MAG: acetoin utilization protein AcuC 488 414 x 1077 56.65
63 NAD-dependent protein deacylase 747 5.78 x 10733 52.25
64 methionine--tRNA ligase 593 3.25 x 107103 47.07
65 asparagine--tRNA ligase 477 1.41 x 107132 53.19
66 MAG: type 1 glutamine amidotransferase 189 1.18 x 10730 50.08
67 hypothetical protein 283 1.03 x 10712 57.89
68 aconitate hydratase 780 1.12 x 107113 50.73
69 DEAD/DEAH box helicase 540 2.95 x 10°% 49.21
70 carboxylesterase family protein 848 6.75 x 10762 44.6
71 protein kinase 1116 1.01 x 10716 50.96
72 adenylate kinase 227 519 x 107 62.71
73 protein kinase 478 4.89 x 1071 45.96
74 protein kinase 1321 421 x 1072 49.23
75 leucine-rich repeat domain-containing protein 1052 3.24 x 10748 53.4
76 hypothetical protein 335 433 x 10712 52.39
77 aminotransferase class V-fold PLP-dependent enzyme 457 9.11 x 10715 66.05

Examples of enzymes found include “4Fe-4S dicluster domain-containing protein”,
amidase, aldo/keto reductase, and diverse aminotransferases. These enzymes are involved
in metabolic activities and redox reactions, which implies a possibility of links between
metabolic management and sleep. The fact that there are many types of aminotransferases
and reductases only highlights the relevance of metabolic and redox-regulating systems
in the setting of sleep. The gene hits thus obtained like “ABC transporter ATP-binding
protein” and the particular “protein kinase” are protein targets that are connected to signal
transduction or transport processes in a variety of biological systems. These protein-coding
genes are dominant in cells and have fundamental motifs that are consistently studied in
molecular biology research and indicate the importance of certain proteins in basic cell
processes. These functions are essential for the cellular signaling and regulation of other
crucial processes that are important for the regulation of sleep.

Next, “50S ribosomal protein L3”, elongation factor EF-2, and various transferases,
including glutamine synthetase and NAD-dependent protein deacylase, assert the impor-
tance of protein synthesis and modification during sleep. There is a fundamental need
for protein synthesis and modification to enable the cell to carry out its duties during
rest, which is when it is sleeping. Additionally, our analysis showed multiple “hits” to the
“hypothetical proteins”, which offer fascinating implications for the putative new function
of sleep. The best way to define the “putative new function” of sleep is as a relatively
recent concept that suggests sleep may have additional molecular functions not previously
recognized; these may be tied to hypothetical proteins discovered in specific recent analyses.
This new hypothesis suggests that sleep, particularly deep sleep, may be essential at a more
basic molecular level for cellular repair or regeneration of DNA or even strengthening of the
immune system. This new hypothesis adds to the conventional functions of sleep, such as
restoration, energy conservation, and even optimization of cognitive processes. Although
it could assume some significant sleep-related goals, this idea is mainly theoretical and
based on molecular biology and phylogenomics developments. These chemicals remain to
be described; consequently, they present promise for further study into the part they play
in sleep regulation (Figure 3).
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Figure 3. Overview of BLAST analysis results of sleep genes against Lokiarchaeota genome. (A) Distri-
bution of hit scores across different ranges, showing higher frequencies at the tail ends. (B) Histogram
of the percentage of positive alignments relative to alignment length, peaking around 60%. (C) Distri-
bution of e-values, indicating most hits fall under significant thresholds, with a few outliers at higher
e-values. (D) Species distribution of BLAST hits, with Lolrica species accounting for the majority of
the matches.

Thus, the fact that the processes connected with sleep have been retained during mil-
lions of years of development of at least two highly distinct biological kingdoms—humans
and Lokiarchaeota, an archaeal species—emphasizes the importance of the discovery. This
conservation implies that core processes of sleep management could be evolutionarily very
old and are conserved in many different phyla. Studying proteins such as “GTP-binding
protein”, “adenosine deaminase”, and “serine hydroxymethyl transferase” provides in-
sights into several metabolic pathways that may be linked to sleep. Moving forward, to
further elucidate the specific actions of these proteins concerning sleep, a comprehensive
analysis of existing research work might be needed. This study shows a varied collection of
proteins that may be implicated in sleep regulation, encompassing metabolic processes, pro-
tein synthesis, signal transduction, and transport processes. The presence of hypothetical
proteins as sleep gene orthologs suggests new possibilities for investigating the molecular
mechanisms of sleep and new targets for sleep research.

2.2. Distribution of Sleep Gene Hits Based on Domain, Family, and Superfamilies

Figure 4A illustrates the proportions of various InterPro Scan domains connected to the
genes involved in sleep. Domains are on the y-axis while the number of sequences discov-
ered for individual domains is on the x-axis. Out of all the domains, “GPCR, rhodopsin-like”
IPR017452 stands out, with roughly 400 sequences (Figure 4A). Other comprehensible do-
mains include the “lon transport domain” (40,128), “Myc-type, basic helix-loop-helix”
(71,210), and “Receptor, ligand binding area” (55,661). These domains show varying levels
of sequences, and they may be related to sleep-related behaviors. Moreover, the domains
“Period circadian protein” (IPR048814) and “Period circadian-like protein” (IPR022728) are
highlighted since the molecule plays an important role in the control of circadian rhythms.
It is seen that all the domains identified in the “others” category are infrequent and occur
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only occasionally. The existence of numerous protein domains demonstrates the number of
molecular factors involved in the process of sleep regulation.
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Figure 4. Functional domain and protein family analysis of Lokiarchaeota ortholog sequences. (A) Top
protein families identified by the number of hits, with GPCR (rthodopsin-like) being the most prominent.
(B) Detailed breakdown of specific protein families, showing GPCRs as the dominant family. (C) Pie
chart displaying the relative abundance of protein families, with GPCR rhodopsin-like receptors and
protein kinase domains representing the largest portions. (D) Top structural or functional motifs based
on the number of occurrences, with leucine-rich and ankyrin repeats leading the distribution.

Hence, depending on where their InterProScan IDs are located, all Pfam domains
associated with sleep genes are grouped in the following databases (Figure 4B,C). The
most abundant domain is “G protein-coupled receptor, rhodopsin-like” [PF00001], which
accounts for 5% of the structures. 24% of the total. After that, the “Protein kinase domain”
with the code PFO0069 contributes to a total of 3.9%, and the third is the “Ion transport
domain” [PF00520], which composes approximately 2.51%. Other considerable domains
include “Myc-type, basic helix-loop-helix (PHLH) domain, Receptor, ligand binding region”
[PF01094], and “PAS fold” [PF00989], which also contributes to some extent. The “others”
sub-group can be deemed the most dominating formation, as it comprises 68%. Logically,
the less frequent the domain, the more diversified it is. The part of the total amount of
work occupied by these often extremely attractive, yet generally less recurrent, domains
constitutes 76% belonging to protein families. The detection of varied molecular functional
domains in the dataset points towards the fact that sleep regulation entails the many
different biological processes that can be deduced from the many Pfam domains.

Figure 4D shows how many repeats of Inter ProScan are correlated with the genes
related to sleep. The “Leucine-rich repeat” (IPR001611) is the most popular repeat followed
by the “Ankyrin repeat” (IPR002110). These repetitions are observed in many sequences,
and it appears that they are significantly engaged in proteins that are important for sleep
regulation. Other repeats include Mitochondrial substrate carrier family repeat (IPR018108);
early growth response protein repeat (IPR021839) and Furin-like repeat (IPR006212) are less
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common and are found in a relatively smaller number of sequences. It also strengthens the
variety of structural motifs, which could participate in molecular underpinnings of sleep
regulation, though in lesser amounts are present in the form of several repeating patterns.

2.3. Biological Processes, Molecular Functions, and Cellular Components of Sleep Orthologs

The provided dataset shows the 20 most associated GO terms with the genes con-
cerning sleep identified through GO level 20. Figure 5, named “GO Distribution by Level
(2)—Top 207, classifies the GO terms into three categories: biological process (BP), molec-
ular function (MF), and cellular component (CC). It demonstrates how often sequences
associated with each term appear; phrases like “cellular process”, “biological regulation”,
and “regulation of biological processes” are underlined as relevant to the BP category as
well as “metabolic process”. In the case of the MF group, the most frequently used terms
are “catalytic activity” and “binding” while in the CC category, “cellular anatomical entity”
can be observed.

A 0. Bz:-:

#Seqs
eqs
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#Annotations

@

~ T 5 T o A T T o T TN A e T

/sy

GO Level (Total Annotations = 44, Mean Level = 2.909, Std. Deviation = 0.994)
PElF c

Figure 5. Gene Ontology (GO) term distribution across biological processes, molecular functions,
and cellular components of Lokiarchaeota ortholog sequences. (A) Frequency of annotations per
GO term showing diverse distribution patterns. (B) Dominance of annotations at GO level 0, with
significantly fewer terms at higher levels. (C) Breakdown of annotations across GO levels, with
categories represented by biological processes (P), molecular functions (F), and cellular components
(C). Total annotations amount to 44, with a mean level of 2.909 and a standard deviation of 0.994.

Figure 6A, with the label “GO Distribution by Level (3)—Top 20”, shows a more
detailed division of the GO terms. It gives more focus on the specific activities and actions
included in the BP such as “regulation of cellular process”, “organic substance metabolic
process”, and “primary metabolic process”. Within molecular functions, the term “trans-
ferase activity” is important. The cellular component (CC) category entails stress on the
terms such as “cytoplasm”, and “intracellular anatomical structure”. Although the numbers
of nodes and edges are comparable, the kind and complexity of GO keywords associated

with sleep-related genes are illustrated in Figure 6B.
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Figure 6. Gene Ontology (GO) enrichment analysis results of Lokiarchaeota ortholog sequences.
(A,B) display the enriched GO terms across three main GO categories: biological process (BP, green),
molecular function (MF, blue), and cellular component (CC, yellow). The bar length indicates the
number of sequences associated with each term, showing the most enriched terms in each category.

As shown in Figure 7A, the distribution of enzyme codes (ECs) regarding the trans-
ferases class of enzymes includes sleep genes in particular. The x-axis presents the various
categories of transferases that are subcategorized into acyltransferases, enzymes that trans-
fer nitrogenous groups, and enzymes that transfer phosphorus-containing groups. The
y-axis shows the occurrence of the sequences related to each subclass. Figure 7B shows
that, in terms of sequence, acyltransferases and the enzymes transferring a phosphorus-
containing group are more frequent than the enzymes transferring a nitrogenous group.
This distribution provides useful data concerning the frequency and range of the functions
of these enzyme subclasses for genes containing an essential component of sleep.
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Figure 7. Enzyme classification (EC) analysis results. (A,B) show the distribution of enzyme classes
and subclasses. (A) displays the number of sequences classified under the “transferases” category.
(B) provides further breakdown into transferase subclasses, including acyltransferases, enzymes
transferring nitrogenous groups, and those transferring phosphorus-containing groups. The bar
length represents the number of sequences associated with each class or subclass.

2.4. Functional Annotation of Sleep Orthologs

Figure 8A shows the distribution of genes linked to three primary functional categories:
metabolism; cellular processes; and signaling and information storage and processing. The
x-axis shows the percentage of the genes while the y-axis shows the functional categories
of the genes. The first and the broadest category is “cellular processes and signaling”,
which represents the biggest percentage, 34.75%. The term “metabolism” comes next with
approximately 25%, meaning that the pathways of metabolism are an important element
within the investigated area. The “information storage and processing” group accounts
for approximately 15 percent of the general aggregate of genes and involves the genes
necessary for the upkeep and revision of genetic information. It reflects the distribution
of cellular activities and signaling pathways as the most significant compound, while
metabolism and information processing also play a crucial role in genes’ overall functions.
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Figure 8. Functional annotation and classification of sequences. (A) Distribution of sequences across
various functional categories, highlighting prominent groups such as RNA processing and modifica-
tion, transcription, posttranslational modification, and chromatin structure dynamics. The “function
unknown” category contains sequences that lack known functional annotations. (B) Categorization
of sequences into broader functional categories, showing the percentage of sequences involved in
metabolism, cellular processes and signaling, and information storage and processing.

Figure 8B shows how various categories of functions are divided in terms of gene
sequences. On the X-axis, the numbers represent the number of sequences and on the
Y-axis; the letters represent the functional categories. The largest number of sequences
is in the category “signal transduction mechanisms” with more than 80 sequences that
can be associated with intensive participation in signal reception and response. The term
“transcription” is linked to approximately 40 series, which proves its relevance to the regu-
lation of gene expression. There is also a noticeable representation of categories such as
“Inorganic ion transport and metabolism” and “Energy production and conversion”. The
“other” categories, namely, “function unknown”, “Posttranslational modification, protein
turnover, chaperones”, and “Translation, ribosomal structure”, also present moderate levels
of sequence counts; hence, these are diverse but are seemingly less functional. Some ex-
amples include “Secondary metabolites biosynthesis, transport and catabolism”, “Defense
mechanisms”, and “Extracellular structures”, many of which contain few sequences, and
could be described as specializing in some function or rare in the genome. The distribution
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of these cellular processes shows that the processes of signal transduction and transcription
are more dominant compared to the other functions.

3. Discussion

Most animals sleep, according to extensive exploration of a wide range of phyla
with diverse species that differ in shape, size, and other distinctive lifestyle traits. This
shows that sleep is a ubiquitous behavior that has been conserved over millions of years
of natural selection. However, its origin, primordial nature, and core function have not
been deciphered yet. Some scientists even challenge such a notion and believe sleep may
not have any such core function(s) [22], and consequently has no adaptive value [41]. This
may be consistent with Gould and Lewontin’s theory (“Spandrels paper”) that, rather than
being direct adaptations, many higher functions of the human brain are an accidental side
effect of natural selection [42]. Such co-opted traits have sometimes been referred to as
exaptation [43]. Over the decades, sleep across phylogeny has been investigated [13,44-50].
Since sleep is believed to be a vulnerable state, it has been shown that, based on behavioral
and electrophysiological correlates, some functional characteristics, like adaptation and
survival in a particular environmental niche, are found to be retained from an ancestral
sleep state [51-54].

The current findings arising from Lokiarchaeota are rather interesting and puzzling
at the same time. Why would an earliest known member of the Asgard superphylum
exhibit orthologs of sleep genes? Sleep as a behavior may have been shaped over millions
of years of slow evolution by several divergent or convergent processes within a particular
animal group, which were then impacted by selective forces from the environment and
evolutionary bottlenecks. For instance, one of the earliest biologically active signaling
molecules in nature is melatonin, also referred to as the “hormone of darkness” and is
found in a virtually universal range of animals [55]. It has been suggested that this chemical
immediately developed from its antioxidant characteristics. Nighttime especially causes an
upregulation of genes related to phototransduction and melatonin production [56].

A study of the molecular and genetic substrate of hormones may have value as a
“common language” for analyzing sleep behavior across species that are only distantly
related. This may ultimately permit a reconstruction of the “Tree of Life”, first mentioned
in the Bible to denote the oneness of all life, and then popularized by Darwin as a metaphor
to guide research in evolutionary biology. Until recently, phylogenies were only built
using morphological data. However, discoveries in genetics and molecular biology may
enrich our understanding of these phylogenies and reveal further insights into how they
are interrelated. The term phylogeny refers to the study of evolutionary relationships
between species using treelike diagrams as representations. There are various limitations
to phylogenetic studies [57]. For instance, it is challenging to determine the evolutionary
relationships between different animals because the living world demonstrates incredible
diversity in terms of species context. Second, even closely related species do not often
appear to be extremely uniform. Third, different biochemical and molecular characteristics
may be present in species with comparable phenotypes.

However, the advent of fast, efficient, and robust technological and methodological
advances has brought with it several powerful analytical tools. These include processes such
as amplification, sequencing, and analytical techniques such as polymerase chain reaction
(PCR) [58-60], quantitative PCR assays [61], Sanger sequencing [62—64], and molecular
phylogenetics. This latter development has given way to phylogenomics, a field in which
genome-scale data from multiple samples can be obtained simultaneously at a rapid speed
and resolution for a significantly lower cost. Scientists have studied and discussed the
cellular and molecular nature and components of sleep regulation and function over the
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years. They could not, however, look beyond certain points in their research. As there are
obstacles to identifying the primordial nature and function of sleep, we are the first group
in the world to “sink into the deep ocean approach”, so to speak, and investigate sleep
using a combination of phylogenomics and bioinformatics. We believe this approach will
be fruitful. Our phylogenomics model offers several advantages. For instance, it reduces
noise in data and is highly efficient as it can evaluate a large number of orthologous loci in
a short amount of time [65].

To summarize, we expected that Loki’s phylogenomic analysis would reveal some
genetic relatedness and link between the distantly related taxa, unlike physical traits. Phy-
logenomics can demonstrate how species are linked to and have developed from one another
and the historical characteristics that species have shared. On the other hand, phenotypes in
the body may diverge after evolution has passed, but sequences are better conserved.

Constraints in Prior and Current Approaches in Sleep Research in Elucidating Sleep Function

There are several limitations in the research tools that are currently used in the field of
sleep medicine and sleep research generally. We will first consider generalized limitations
in the sleep field per se followed by specific ones pertinent to the current investigation.

First and foremost, the field of sleep science has a major bottleneck, i.e., the definition
problem. Sleep is not a unitary state and there is no consensus regarding exactly what
it is. Sleep is defined by either electroencephalographic (EEG) criteria (as in the case of
humans) or by its behavioral characteristics (in lower animal forms). In humans, sleep
has been further divided into two major sleep states, namely, non-rapid eye movement
(NREM) sleep and rapid eye movement (REM) sleep. The NREM sleep state is further
divided into the N1, N2, and N3 sleep stages. The functions of these sleep states vary.
Sleep states serve distinct roles, with NREM sleep, especially N3 (deep sleep), primarily
supporting physical restoration, immune function, and tissue repair, while REM sleep
focuses on emotional regulation, memory consolidation, and cognitive processing. Deficits
in N3 are linked to fatigue and reduced resilience, whereas insufficient REM sleep can lead
to emotional instability, depression, and poor memory. Both stages are critical, as their
lack is associated with attentional deficits, impulsivity, and greater vulnerability to mood
disorders, highlighting the importance of balanced sleep for overall well-being.

There are other inconsistencies as well. Electroencephalography architecture of dol-
phin’s brain, for instance, shows a unihemispheric slow wave sleep (USWS) pattern, this
pattern being associated with the ability of dolphins to swim continuously even while
they are sleeping [66—68]. Moreover, promotion of brain maturation and development
are another suggested role of sleep [69-72]. However, it has been noted that during the
postpartum period, sleep is greatly reduced in newborns, while the mothers of bottlenose
dolphins (Tursiops truncates) and killer whales (Orcinus orca) exhibit virtually no sign of
typical sleep behavior (e.g., immobility, unilateral eye closure, surface rest, bottom rest,
quiescent hanging, slow stereotypic circular swimming) [73]. These data run counter to the
presumed immobility and unresponsiveness that are currently thought to be behavioral
characteristics of sleep.

Early research on sleep was unencumbered by concerns about its basic function, since
at the time it was primarily focused on understanding the nature and physiology of sleep.
Further, interspecies comparisons were less of an issue since most studies involved only
humans and a few key model organisms [74]. As research progressed and more species
were studied, it was discovered that the sleep patterns of lower animal forms barely fit the
same definitional criteria as those of humans, and thus interest focused on the ontogeny and
phylogeny of sleep. Additionally, more recent research has suggested that sleep does not
even require central brain architecture, as evidenced by the occurrence of sleep processes
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in Cassiopeia and Hydra, which do not possess these structures [75,76]. Furthermore, phy-
logenetic approaches also suffer from limitations [77]. Phylogenetic approaches are limited
by incomplete sampling, convergent evolution, horizontal gene transfer, varying evolu-
tionary rates, hybridization, data quality issues, reliance on simplified models, difficulty
resolving rapid radiations, gene tree—species tree conflicts, and the risk of overinterpreting
hypotheses as definitive. At least one of our fundamental presumptions needs to shift for
us to find something genuinely novel. That is where phylogenomics comes into play. The
advantage of phylogenomic analysis is that, compared to phylogenetics, it more effectively
permits comparisons of genes and genetic structures between species and across phyla.
This in turn “opens the door” to using distantly related organisms, even simple organisms,
as models for understanding basic processes such as sleep in more complex species such
as humans.

In sleep and circadian clock research, simpler organisms provide excellent genetic
models [8,23]. At a molecular level, unquestionably, genetic approaches have great strength.
They cannot, however, fully simulate all facets of mammalian sleep due to the simplicity of
the model animals which makes them genetically manipulable [16]. As a counterargument,
it could be argued that many biological networks are somewhat simple. The behavior of
biological networks that appear to be inexplicable may eventually be understood thanks to
the simplification of concepts. In biology, simplicity has been highlighted to support the
idea that broad principles can be elucidated. It is hard to see how one could ever understand
biology at the level of a single cell, tissue, or organism without such concepts [78].

Sleep is a widely occurring state and is observed among phylogenetically distant organ-
isms. However, an organism’s sleeping patterns may have been molded by a combination
of basic biological necessities, uncommon and harsh habitats, social habits, geophysical
conditions including light/dark (LD) cycle, and adaptive or maladaptive selection pressure.
Because of their glaring inconsistencies, current theories and hypotheses are incapable
of sufficiently accounting for all these external elements [8]. The literature encompasses
various approaches and challenges related to phylogenomics, which involves examining
evolutionary relationships through genomic data. Nishihara et al. (2007) [79] provide
a comprehensive review of the strengths and weaknesses of phylogenomic analyses in
identifying the eutherian tree, emphasizing data quality and model selection in the recon-
struction process. Steenwyk and King (2024) [65] emphasize the potential and limitations of
synteny (conservation of gene order on chromosomes between different species or within
different regions of the same genome) in phylogenomic trees, noting its capacity to reveal
evolutionary relationships while cautioning against certain weaknesses of the approach.
Ultraconserved elements (UCEs) are innovative markers that were introduced by McCor-
mack et al. (2012) [80], which have proven value when integrated with species tree analysis.
This approach has enhanced the understanding of the phylogeny of placental mammals
and has demonstrated the effectiveness of UCEs in addressing evolutionary challenges.
In summary, these studies highlight both the advancements and constraints of genomic
analysis for deducing the nature of phylogenies.

So far, quantitative polymerase chain reaction (QPCR) analysis has been performed to
monitor the growth of the organism culture using the amplification of 16S rRNA genes [81].
However, the validation of the expression of sleep-related genes associated with the or-
ganisms has not been explored so far due to the complexity associated with the species.
Our data will be a stepping stone for validating the sleep-related genes in this species.
Despite several of these limitations, this is the first study that identifies the presence of
human sleep genes in Loki. What does it signify? It has important ramifications for our
knowledge of the evolution of sleep in general, and, possibly, its genetic roots. From the
evolutionary perspective, despite vast evolutionary time scale differences, these genes
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are conserved. This implies that evolution has maintained its significance and functional
roles. For example, these genes associated with certain diseases often participate in certain
basic biological processes. Hence, exploring these genes in simpler organisms helps to
decipher the origin of sleep and sleep disorders. Therefore, smaller organisms serve as
valuable tools for studying the functions of sleep or sleep disorders in a simpler biological
context. Such research can elucidate the basic mechanisms by which these genes operate,
interact, regulate, or dysregulate certain biological functions, which eventually lead to
disease in humans.

Research on sleep and sleep disorders genes in ancient organisms can provide valuable
information for drug development and scientific research. Knowing the conservation
and evolutionary background of genes linked to disease could lead to the discovery of
novel therapeutic targets. Researching disease genes in simpler organisms is a valuable
tool for comparative genomics and phylogenomics, which compares genetic sequences
and structures between various species, and across phyla. This method aids in locating
conserved sequences that are essential to gene function and susceptibility to illness. In
conclusion, the importance of human illness genes in other simpler organisms can be
attributed to their understanding of the origin of sleep, sleep disorders, evolutionary
conservation, fundamental biological processes, and possible use in the development of
novel therapeutics and treatment modalities.

4. Materials and Methods
4.1. Collection of Sleep Genes

In our ongoing phylogenomic investigation, the process of identifying sleep-related
genes initially involved conducting a keyword search on the NCBI gene database [82].
The search focused on key terms such as sleep, circadian rhythm, clock genes, insomnia,
sleep disorders, sleep regulation, and sleep genes [83]. The data collected were exclusively
applicable to Homo sapiens and were organized based on both the date and the type of
investigation. In this research, “sleep genes” refer to those genes associated with sleep
regulation, sleep processes, or sleep disorders, as shown by data from peer-reviewed
studies and gene databases. All core circadian clock genes participate in sleep/wake
processes. There are certain core clock genes (genes involved in circadian regulation) that
are implicated in sleep/wake functions. For example, Clock, Bmall (Arntl), Perl, Per2,
Per3, Cryl, Cry2, Nrld1, Nrld2. CLOCK, and BMALL are primary circadian genes that
have peripheral functions in sleep, while Orexin and PER3 are directly associated with
sleep and being awake. To generate a robust gene list, we used a rigorous methodology
of scanning various scientific databases, searching for published literature online, and
manually reviewing published papers. We then identified overlapping functions and
classified genes based on their primary activities. To mitigate misunderstanding in the
publication, we went back to the gene card, verified its entry, and looked for its function in
the original citation [84,85]. These compiled genes served as the foundation for subsequent
phylogenomic and bioinformatics investigations into the relationship between the orthologs
identified in the species of interest to sleep genes.

4.2. BLAST Analysis of Sleep Genes Against the Lokiarchaeota Genome

The Lokiarchaeum genome was downloaded from the NCBI GenBank under the
accessions JYIM00000000 and LAZR00000000, respectively. To conduct a Basic Local Align-
ment Search Tool (BLASTP-2.16.0) analysis of sleep genes against the genomes of Lokiar-
chaeota [34], it was necessary to obtain the nucleotide or protein sequences of the sleep-
associated genes from the National Center for Biotechnology Information (NCBI) in the Fast
Approximation of Smith and Waterman Algorithm (FASTA) file format [86]. On the NCBI
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BLAST website, an appropriate BLAST-type query, the nucleotide for DNA sequences or
protein for amino acid sequences, was employed. The NCBI genome gateway was used
to access the Lokiarchaeota genome. To enhance the alignments, the following settings
were modified: the anticipated threshold for E-value, match/mismatch scores, and gap
penalties. We performed a BLAST search to evaluate the hits based on the alignment scores,
E-value, and percentage identity to identify the homologous sequences. Finally, to deter-
mine the biological importance of the similarities indicated earlier, it was necessary to
compare the genes under examination with other sources of information. This comparison
helped to clarify the function of the analyzed genes with the comparable genes found in
Lokiarchaeota. Additionally, to ensure the preservation of the BLAST parameters, a concise
and comprehensive description of each type of result and visual representations of the
alignments were verified. Such an approach helped in the process of understanding the
evolutionary conservation and functionality of different sleep genes across varied species.

4.3. Orthology and Functional Annotation (EQENOG) of Sleep Genes

Prior to starting the annotation process of the genes associated with sleep using the
Evolutionary Genealogy of Genes: Non-supervised Orthologous Groups (EggNOG), the
sleep genes’ protein or nucleotide sequences were first acquired in Fasta format from the
NCBI. The EggNOG website was used to retrieve data from the EggNOG database, and the
EggNOG-mapper was employed for annotation purposes. The sleep gene sequences were
uploaded directly into the EggNOG-mapper interface as FASTA files [87]. To attain optimal
outcomes, the appropriate taxonomic level was selected, and additional factors, including
the E-value, were adjusted. Sequence annotation proceeded similarly, with the significant
reference set being the EggNOG orthologous groupings. The functional annotations were
derived from conserved domains along with any other functionally related information for
the implicated genes.

Pathways from the Kyoto Encyclopaedia of Genes and Genomes [88], Clusters of
Orthologous Genes [89], and Gene Ontology keywords were used to further subclassify
all the sleep genes and provide functional descriptions for them. To establish clear con-
nections between these genes and ongoing sleep processes and provide precise functional
categorization, these annotations were meticulously compared to the most recent data
available in the field of sleep science, ensuring the connections’ validity. Together with the
comprehensive output from the tool EggNOG-mapper settings, a broad description of the
genes with matching sequences co-annotated with EggNOG is provided.

4.4. Interpro Scan of Sleep Genes

Prior to commencing the EggNOG annotation of the sleep genes, it was necessary to
retrieve the nucleotide or protein sequences of the sleep genes from the NCBI database in
FASTA file format [90]. To acquire the database, the EggNOG website was navigated, and
the EggNOG-mapper application was initiated. The sleep gene sequences were submitted
to the EggNOG-mapper interface either by uploading the file or by manually copying and
pasting the sequences. To minimally impact the outcomes, the most suitable taxonomic level
was selected and other parameters, such as the E-value, were adjusted. Additionally, se-
quence annotation was performed using the EggNOG mapper after aligning it to EggNOG
orthodox groups. This was followed by functional annotations based on conserved do-
mains and other functional information. Subsequently, the consequences of functional
descriptions obtained from Go words, KEGG pathways, and COG for each sleep gene were
analyzed. To validate these annotations using the latest research findings in the sleep field
and establish a correlation between these genes and the ongoing sleep processes, it was
necessary to give them appropriate functions. A comprehensive list of gene sequences that
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are co-annotated with EggNOG was provided. Additionally, detailed information about the
settings utilized in the EggNOG-mapper tool, a description of the functional annotations,
and graphical representations of pathways and biologically biased distributions of Gene
Ontology (GO) terms were included. This technique provided comprehensive functional
descriptions and biological function information regarding sleep-related genes.

4.5. Pathway Analysis of Sleep Genes

Before running the actual pathway analysis of sleep genes, it was necessary to have
a list of sleep genes together with their gene codes in the form of gene symbols or Entrez
numbers. Pathway analysis tools such as KEGG, Reactome, Metacore/Ingenuity Pathway
Analysis (IPA), and DAVID were selected for further data processing [88,91]. In this process,
one will be redirected to the software’s website. The gene list was entered in the appropriate
format as directed by the tool. To control the analysis parameters, the organism of interest
and the kind of analysis were set; this was either a pathway or a network. Pathway analysis
was required to find out which of the presented pathways are affected and to what extent
based on the genes. Looking at the enriched pathways next, highlighted genes and the
significance levels of these genes were reviewed. To evaluate the role of the identified
pathways in the biology of sleep, we validated the findings concerning the research work
available in the literature. A specific report containing information about input genes was
prepared, including parameters used in further analysis, the list of enriched pathways, and
the significance of the obtained results containing visualizations in the form of pathway
maps and network plots. This systematic approach offered the most efficient means for
investigating the molecular aspects of sleep regulation and utilization.

5. Conclusions

“Nothing in biology makes sense except in the light of evolution”

Dobzhansky, 1973

In this famous dictum, Dobzhansky emphasized the need for an evolutionary approach
in biological sciences. In the current work, we have applied both phylogenomics and
bioinformatics to an unresolved biological problem. The scientific investigation of sleep is
a very dynamic and fascinating area of study due to the rapid technological advancements
in genetics. There are considerable challenges, concerns, and opportunities ahead in every
level of investigation. Based on the phylogenomics and bioinformatics approach, this
research illustrates the scope of the present study’s findings and offers a glimpse of what
sleep science may hold in store for the future.

Sleep is a pervasive, visible, ubiquitous, and adaptive behavior in the animal kingdom,
yet no general definition of sleep has been established based on the qualities studied thus
far. Despite decades of research, the actual nature, purpose, and function of sleep remain
unclear. The question of whether sleep serves a single essential purpose (core, universal,
vital, or primordial function) is still being contested. It is uncertain why sleep is important
and how evolution maintains it. From an evolutionary perspective, distant and unrelated
organisms sleep. Many scientists feel that phylogenetic approaches can assist in solving
some of these riddles. Although such work has advanced the sleep field to some level, there
are several bottlenecks (as previously noted) due to its inherent restrictions. As a result, it
does not provide a comprehensive answer to understanding sleep function.

The phylogenomics approach to sleep science is relatively new, yet it is critical to
understanding the primordial nature and function of sleep. Although the underlying
function of sleep is mostly unclear, integrating phylogenomics and bioinformatics research
across a variety of species may assist in restricting the topic of investigation. In this sense,
our study of sleep in a very different species, such as Loki, has yielded some unexpected



Int. J. Mol. Sci. 2025, 26, 60 21 of 24

results. The study’s main findings include the identification of a conserved molecular
pathway in the distant species Loki that appears to govern critical sleep features. This
pathway, which includes genes involved in energy metabolism and cellular repair, indicates
that sleep may be an important physiological mechanism for cellular maintenance. These
findings support the idea that sleep is an evolutionary conserved biological function,
while also revealing fresh details about how evolutionarily diverse organisms formed this
mechanism. The findings support earlier ideas about sleep’s restorative and protective roles,
as well as overall cellular maintenance, including gene protection. Finally, we hope that by
publishing our discoveries, other scientists may be motivated to explore for hints elsewhere,
particularly when they face unsolved scientific problems. Sleep research is fraught with
conflicts, contradictions, and unknowns that have yet to be resolved. Given the significant
advantages of sleep in humans, it is critical to address some of the information gaps. It is
hoped that our research will increase our understanding of why humans sleep.
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