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Method

Identification of the shortest species-specific
oligonucleotide sequences

loannis Mouratidis,>® Maxwell A. Konnaris,'?® Nikol Chantzi,'-*®
Candace S.Y. Chan,*® Michail Patsakis,'* Kimonas Provatas,'**
Austin Montgomery,' Fotis A. Baltoumas,” Congzhou M. Sha,’
Manvita Mareboina,' Georgios A. Pavlopoulos,*®

Dionysios V. Chartoumpekis,” and llias Georgakopoulos-Soares'

"Institute for Personalized Medicine, Department of Biochemistry and Molecular Biology, The Pennsylvania State University College of
Medicine, Hershey, Pennsylvania 17033, USA; Huck Institutes of the Life Sciences, The Pennsylvania State University, University
Park, Pennsylvania 16802, USA; 3Department of Bioengineering and Therapeutic Sciences, University of California San Francisco,
San Francisco, California 94143, USA; *National Technical University of Athens, School of Electrical and Computer Engineering,
Athens 15772, Greece; * Institute for Fundamental Biomedical Research, BSRC “Alexander Fleming,” Vari 16672, Greece; SCenter for
New Biotechnologies and Precision Medicine, School of Medicine, National and Kapodistrian University of Athens, Athens 11527,
Greece;  Service of Endocrinology, Diabetology and Metabolism, Lausanne University Hospital, 1005 Lausanne, Switzerland

Despite the exponential increase in sequencing information driven by massively parallel DNA sequencing technologies, uni-
versal and succinct genomic fingerprints for each organism are still missing. Identifying the shortest species-specific nucle-
otide sequences offers insights into species evolution and holds potential practical applications in agriculture, wildlife
conservation, and healthcare. We propose a new method for sequence analysis termed nucleic “quasi-primes,” the shortest
occurring sequences in each of 45,076 organismal reference genomes, present in one genome and absent from every other
examined genome. In the human genome, we find that the genomic loci of nucleic quasi-primes are most enriched for genes
associated with brain development and cognitive function. In a single-cell case study focusing on the human primary motor
cortex, nucleic quasi-prime genes account for a significantly larger proportion of the variation based on average gene ex-
pression. Nonneuronal cell types, including astrocytes, endothelial cells, microglia perivascular-macrophages, oligodendro-
cytes, and vascular and leptomeningeal cells, exhibit significant activation of quasi-prime-containing gene associations
related to cancer, whereas simultaneously suppressing quasi-prime-containing genes are associated with cognitive, mental,
and developmental disorders. We also show that human disease-causing variants, eQTLs, mQTLs, and sQTLs are 4.43-fold,
4.34-fold, 4.29-fold, and 4.2I-fold enriched at human quasi-prime loci, respectively. These findings indicate that nucleic
quasi-primes are genomic loci linked to the evolution of species-specific traits, and in humans, they provide insights in

the development of cognitive traits and human diseases, including neurodevelopmental disorders.

[Supplemental material is available for this article.]

Over the past two decades, the cost of sequencing the complete ge-
nome of an organism has rapidly declined. Advances in parallel
DNA sequencing technologies have enabled the generation of
reference genomes for thousands of biological organisms, across
viral, archaeal, bacterial, and eukaryotic species (O’Leary et al.
2016; Schoch et al. 2020). The availability of multiple, diverse or-
ganismal genomes has enabled advances in bioinformatic analyses
and accelerated scientific discovery. Subsequently, our under-
standing of evolution, encompassing the mechanisms of hori-
zontal and vertical gene transfer, selection pressures, and the
emergence of new species traits, has improved. This information
has been utilized in various domains such as human health, path-
ogen surveillance, agriculture, and species conservation, leading to
the development of approaches for disease diagnosis, enhance-
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ment of food safety, and mitigation of antibiotic resistance, among
other applications (Deurenberg et al. 2017; Brandies et al. 2019;
Jagadeesan et al. 2019; Maljkovic Berry et al. 2020). The number
of reference organismal genomes is expected to continue to in-
crease and encompass a significant proportion of the genetic diver-
sity present in nature (Lewin et al. 2018; Darwin Tree of Life Project
Consortium 2022). For example, the Earth BioGenome Project
aims to sequence the genomes of all eukaryotic species within
the next 10 years (Lewin et al. 2022). This is essential for under-
standing evolutionary history, discovering the ecological interac-
tions of living organisms, and developing precise techniques to
detect genomic differences between species. Nevertheless, the in-
crease in biological data also necessitates algorithmic advances to
capture the most useful information.

As species evolve and diverge, they acquire new traits. This
leads to the divergence of lineage-specific DNA at varying rates

© 2025 Mouratidisetal. This article, published in Genome Research, is available
under a Creative Commons License (Attribution-NonCommercial 4.0 Interna-
tional), as described at http://creativecommons.org/licenses/by-nc/4.0/.
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as subsets of the genome evolve more rapidly (Seehausen et al.
2014). As an example, after the divergence of humans from other
primates, there was an expansion of cranial capacity, brain size,
and cognitive abilities in humans (Florio et al. 2017). Comparative
genomics and phylogeny analyses identified regions of organismal
genomes that show patterns of accelerated evolution (Ferris et al.
2018; Foley et al. 2023). The usage of mutation rate patterns, spe-
cies sequence alignments, and the identification of highly con-
served regions can provide insights into phenotypic changes
(McLean et al. 2011; Hubisz and Pollard 2014). However, available
methods rely on genome alignments and mutational analysis, of-
ten lacking the ability to identify the units of accelerated evolution
at base pair resolution. The identification of the shortest genomic
sequences unique to a species can improve our understanding of
how genomic regions evolve and can serve as an alternative meth-
od for the identification of genomic loci that are changing, at a
base pair resolution.

k-mer analysis involves counting and comparing substrings
of length k in biological sequences. The distribution of nucleotide
k-mers varies substantially across organismal genomes (Chor et al.
2009; Bussi et al. 2021). The presence of individual nucleotide
k-mers in a species is dependent on several factors, including the
GC content of its genome, the biological roles associated with
each particular k-mer, and the mutation patterns associated with
that organism (Bussi et al. 2021). The set of k-mers in a species’s
genome can serve as a signature of its underlying sequence.
Comparing these k-mers and their frequencies enables the
identification of distinct characteristics among species. For exam-
ple, extremophile genomes exhibit some of the most distinct
and unique k-mer profiles (Bize et al. 2021). Previous efforts have
identified sequences that are clustered in specific taxonomies or
are conserved; examples include OrthoVenn3, which identifies
orthologous clusters and detects conserved and variable genomic
structures (Sun et al. 2023) and Telobase, which provides telomere
motifs across organismal genomes in the tree of life (Lycka et al.
2024).

Nullomers are the subset of nucleotide k-mers that are not
observed in a genome (Hampikian and Andersen 2007), and their
absence has been previously attributed to mutational patterns and
negative selection (Georgakopoulos-Soares et al. 2021b; Koulouras
and Frith 2021). Additionally, genome primes are the subset of
nullomers that are absent from the genomes of all species
(Hampikian and Andersen 2007). Applications have included the
usage of nullomers in barcoding (Goswami et al. 2013), deriving
anticancer peptides (Alileche et al. 2012), developing vaccine
adjuvants (Patel et al. 2012), and in detecting cancer (Georgako-
poulos-Soares et al. 2021a; Montgomery et al. 2024). Therefore,
the development of efficient algorithms and methodologies that
derive highly informative k-mers can result in multiple practical
applications.

Previously, we defined a concept termed peptide quasi-
primes, the shortest peptide sequences that are unique to a refer-
ence proteome (Mouratidis et al. 2023). Here, we extend this con-
cept to nucleic quasi-primes, which are the shortest nucleotide
k-mers that are unique to a particular species and are nullomers
in all other assembled reference genomes (Fig. 1). We also detect
and analyze the set of DNA sequences that are absent from every
known genome, also known as DNA primes. As proof of concept,
we annotate the set of human quasi-primes and their locations in
the human genome. This work provides the methodology for the
identification of nucleic quasi-primes and exemplifies their utility
for detecting genomic loci that are associated with human-specific

traits and that could be potentially important targets in under-
standing human brain evolution and brain-associated diseases.

Results

k-mer distribution across taxonomic subdivisions and species

We performed a comprehensive analysis of 45,076 reference ge-
nomes spanning the three domains of life and viruses. Our aim
was to explore the diversity and uniqueness of nucleotide sequenc-
es across different species and identify k-mers that may serve as mo-
lecular fingerprints. We first investigated the number of different
k-mers across each sequenced reference genome as a function of
k-mer length ranging from 1-17 bp. For k-mer lengths of 16 bp,
we found that the median number of observed k-mers per genome
was 3,796,626. We also examined the number of 16 bp long k-mers
detected per genome across taxonomic subdivisions for viral, ar-
chaeal, bacterial, and eukaryotic genomes and observed a median
of 35,744, 4,912,057, 8,380,257, and 30,028,396 k-mers, respec-
tively, representing 0.000832%, 0.1189%, 0.1976%, and 1.866%
of the k-mer space (Supplemental Fig. 1; Fig. 2A). These findings
were consistent for k-mer lengths of 15 and 17 bp (Supplemental
Fig. 1; Fig. 2A), indicating that the majority of possible k-mers
are absent from a given reference genome at these k-mer lengths.
Therefore, we proceeded to investigate the extent to why certain
k-mers are absent across multiple species and, as an extension,
determine if there exist k-mers that are unique to a single species.

There are more nullomers than expected across genomes
in each taxonomy

In a previous study, we demonstrated that the human genome ex-
hibits a higher prevalence of nullomers than expected by chance
(Georgakopoulos-Soares et al. 2021b). However, these findings
have not been extended to other species, and it is currently un-
known if this pattern is consistent across the different organismal
genomes present in the taxonomic subdivisions. To address this
gap, we performed a comprehensive analysis of the number of ex-
pected and observed frequencies of oligonucleotide k-mers for
each species by generating simulated genomes that account for
dinucleotide content (see Methods). We then investigated wheth-
er there were significant deviations between the two sets of fre-
quencies across different k-mer lengths and organisms.

Our results reveal a consistent pattern of nullomer enrich-
ment across species and taxonomic groups. Specifically, for
k-mer lengths of 15 bp, we found that 99.99%, 100%, 99.98%,
and 97.95% of viral, archaea, bacteria, and eukaryotic species, re-
spectively, had significantly fewer observed oligonucleotide k-
mers than expected by chance (chi-square test with Bonferroni-
corrected P-value, P-value <0.05), whereas only between 0% and
0.02% cases in each of the taxonomies had higher enrichment
of observed k-mers per species than expected by chance. Similar re-
sults were also obtained for 16 bp and 17 bp k-mer lengths (Fig. 2B).
We infer that the nullomer sequences are more frequent than ex-
pected by chance across taxonomies, and this is a universal rule
across all organismal genomes likely driven by negative selection
and genome repetitiveness.

Detection of genome primes across 45,076 reference genomes

In addition to the k-mer diversity and uniqueness across different
taxa, we were also interested in identifying oligonucleotides that
were absent from all reference genomes, which are termed as
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Figure 1. Identification of nucleic quasi-prime sequences in individual species. Schematic displaying the identification of a four-mer quasi-prime se-
quence in a species. All nucleic k-mers of a specific length are identified for each species, across all the reference genomes. k-mers that are shared between
multiple species are removed, and only k-mers appearing in a single reference genome are kept, constituting the set of quasi-primes for that species for that
particular length. As an example, we show a short toy sequence that is found in the human reference genome but is absent from all other species in our
database, therefore constituting a human nucleic quasi-prime k-mer. Quasi-primes are associated with the evolution of human specific traits. For humans,
quasi-prime-containing genes are enriched in the cortex and are associated with brain development and diseases. Human traits and pathogenic variants are
significantly enriched in human quasi-prime sequences. Variants including expression quantitative trait loci (eQTLs), methylation QTL (mQTLs), splicing
QTL (sQTLs), genome-wide association studies (GWAS) variants, and disease variants are more likely to be found in human quasi-prime sites.
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genome primes. These sequences are likely to be under selective
pressure (Hampikian and Andersen 2007; Georgakopoulos-Soares
et al. 2021b) and have biological significance. Additionally, ge-
nome primes could serve practical purposes, such as PCR primers,
highly specific platforms in CRISPR construct designs, genomic
barcodes, and sample labeling. Previous studies examined a limit-
ed number of genomes and derived 60,370 15 bp nucleic prime se-
quences (Hampikian and Andersen 2007). Therefore, we aimed to
determine the minimum k-mer length at which we could identify
genome primes with the current number of available reference
genomes.

We discovered a total of 5,186,757 genome primes at 16 bp.
We characterized the genomic features of these sequences and
found that they had a high GC content with average GC content
of 54.33% (Fig. 2C). The most prominent feature of genome
primes was the presence of GC/CG dinucleotides, which occurred
in 99.9997% of genome prime sequences. Only 16 genome primes
lacked GC/CG dinucleotides. Furthermore, we observed a signifi-
cant enrichment of CpG sites over GpC sites. CpG sites had
1.94-fold higher frequency relative to GpC sites within genome
primes (binomial test, P-value < x107'%°) (Fig. 2D; Supplemental
Fig. 2A). These results suggest that genome primes are highly en-
riched in CpGs, possibly owing to their higher mutation rate
(Sved and Bird 1990; Fryxell and Moon 2005).

Detection of nucleic quasi-primes across 45,076 reference
genomes

Next, we examined if there is a certain k-mer length at which we
can identify sequences that are unique to a single species and ab-
sent from every other species examined, which we have defined
as nucleic quasi-primes. We found that up to 15 bp in length, every
possible k-mer was found in two or more species among all the ge-
nomes examined. Therefore, we concluded that nucleic quasi-
primes cannot be found up to 15 bp lengths in any genome.
However, at 16 bp, we report 14,678,002 nucleic quasi-primes.
We report that the number of nucleic quasi-primes detected varies
substantially between species, and the median number of nucleic
quasi-prime sequences detected is 16 across the studied organisms,
with certain organisms not having any nucleic quasi-prime at that
k-mer length (Fig. 2E). We also examined the nucleotide composi-
tion on nucleic quasi-primes for the three domains of life and for
viruses and found, that across them, “CG” and “TA” dinucleotides
were highly enriched (Supplemental Fig. 2B). This was also consis-
tent when we separated eukaryotes in plants, fungi, invertebrates,
and vertebrate mammalian groups (Supplemental Fig. 2C), indi-
cating that the dinucleotide composition of quasi-primes is similar
across taxa.

We were interested to examine how our findings would
change based on the increasing number of organismal genomes
available in the future. We sorted the genomes according to size
and distributed them into five different bins of equal size to ensure
a uniform selection. For each percentage (5%, 10%, 25%, 50%,
75%), we performed the following: first, we selected 5% of the ge-
nomes from each of the five bins. Incrementally we added more ge-
nomes to reach 10%, 25%, 50%, and finally 75%, ensuring that
each larger percentage included all genomes from the previous per-
centage. This approach provides an estimate of how quasi-primes
behave as the number of genomes available increases. We per-
formed three different simulations, repeating the described data
selection process. For each percentage in each simulation, we ap-
plied our quasi-prime detection algorithm for a sequence length

of 16 (Supplemental Fig. 2D). To further understand the behavior
of quasi-primes as the data set grows, we fitted an inverse function
to the results from our simulations. The idea behind fitting
this specific function is based on the fact that the number of
quasi-primes decreases as the number of genomes increases, fol-
lowing an inverse relationship. We predict that for a data set of
500,000 genomes (~1111% of the current 45,076 genomes), the
number of quasi-primes would be approximately 4,495,722
(Supplemental Fig. 2D). These results indicate that with the addi-
tion of more organismal genomes the number of quasi-primes
obtained could decline significantly; however, this could be ad-
dressed by increasing the quasi-prime length.

Identification of taxonomic quasi-primes: a case study across
246 mammalian genomes

Next, we investigated if there are k-mer sequences that can be
found in one or more species within a taxonomic group that are
otherwise absent from all species outside that taxonomic group.
We termed those sequences taxonomic quasi-primes and reasoned
that these sequences are more likely to reflect loci that have
evolved in a taxonomic group. Taxonomic quasi-primes are a
superset of quasi-primes; that is, all quasi-primes are by definition
also taxonomic quasi-primes. We performed an investigation
across all 246 mammalian genomes from the Zoonomia project
(Zoonomia Consortium 2020) to identify mammalian taxonomic
quasi-primes for a 16 bp k-mer length.

First, we identified nucleic quasi-primes in each of the 246
mammalian organisms. We report that on average there are 5779
16 bp nucleic quasi-primes per mammalian species, which are ab-
sent from every other organismal genome (Fig. 3A). Additionally,
we identified a total of 13,240,656 mammalian taxonomic quasi-
primes shared between one or more mammals and otherwise ab-
sent from all other species outside this taxonomic group. We
also observed that the number of taxonomic quasi-prime sequenc-
es shared between multiple species declines precipitously with the
number of species sharing them (Fig. 3B,C). We identified that the
mammalian quasi-prime found in the largest number of mammals
is found in 148 mammals (60% of mammals examined) and no-
where else outside the taxonomy. This mammalian quasi-prime
was identified in the coding region of insulin receptor substrate
2 (IRS2), a gene that has emerged during vertebrate evolution
(Al-Salam and Irwin 2017), indicating the ability of taxonomic
quasi-primes to identify regions that have evolved in a specific tax-
onomy. We also investigated if the proportion of mammalian tax-
onomic quasi-prime sequences shared between species enabled
their clustering based on their evolutionary relatedness. We find
that closely related species share a larger proportion of mammalian
taxonomic quasi-prime sequences, resulting in clusters including
those of feline, cavy, and primate species (Fig. 3D,G). Thus, we
conclude that we can identify taxonomic quasi-prime sequences
and that these enable the clustering of species that share a more re-
cent common ancestor.

Human quasi-primes are preferentially found in promoter
and 5 UTR regions

Our next aim was to identify the presence and characteristics of
human quasi-prime nucleotide sequences. We detected a total of
19,226 human nucleic quasi-prime sequences throughout the hu-
man genome. Analogous to genomic primes, human quasi-primes
exhibited a high GC content and an enrichment of CpGs relative
to GpCs (t-test, P-value < 1x1071%°) (Supplemental Fig. 3A-C). We
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also mapped the locations of each human quasi-prime sequence in
the genome and identified 11,982 loci that harbor human quasi-
primes, of which 4525 were in genic regions. We assessed the

abundance of human quasi-primes in the following genomic sub-
compartments: genic, intronic, coding, and 5" and 3’ UTRs, as well
as 2500 bp upstream of the transcription start site (TSS). We found
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that the highest frequency of human quasi-primes is observed at 5’
UTR and promoter regions (Fig. 4A). We performed an analysis to
examine the distribution of quasi-primes across genomic compart-
ments in 15 organisms, including multiple primate genomes, ro-
dents, other mammals, and invertebrates. We find that 5" UTR
regions are most enriched in nucleic quasi-primes, followed by
promoter regions (Supplemental Fig. 4A). These results were also
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consistent in non-human primates, namely, Gorilla gorilla, Pan
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Fig. 4B). This could be because of those regions evolving faster
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ENCODE Project Consortium et al. 2020) to examine the distribu-
tion of human quasi-primes across cis-regulatory elements. The set
of cis-regulatory elements encompassed CTCF-only, CTCF-bound,
PLS, DNase-H3K4me3, dELS, PLS, and pELS terms. We report that
human quasi-prime loci are most likely to be found in PLS (Fig. 4B).
We also examined the overlap between long noncoding RNA
genes and human quasi-prime loci and found a total of 1837 qua-
si-primes overlapping 1459 long noncoding RNAs; however, there
was no significant enrichment relative to the quasi-prime controls
(binomial test, P-value>0.05). Thus, we infer that specific cis-reg-
ulatory elements, including promoter regions and 5" UTRs, have
the highest frequency of human quasi-prime sequences.

Human accelerated regions have been previously character-
ized as regions that are evolutionarily conserved but have diverged
in humans (Pollard et al. 2006). Using the set of human accelerated
regions collected from five previous studies (Doan et al. 2016), we
examined if there is overlap with human quasi-prime loci. We find
only three human quasi-prime loci overlapping human accelerat-
ed regions, accounting for 0.0156% of the total human quasi-
primes, indicating that human quasi-primes capture distinct geno-
mic loci.

Human quasi-primes are associated with brain development
and cognitive function

We analyzed the expression of quasi-prime-containing genes
across human tissues. In total, we examined the consensus nor-
malized expression from RNA-seq experiments across 50 tissues
(Pontén et al. 2008). We observe that brain regions, including
the cerebral cortex, basal ganglia, white matter, and thalamus
show the highest expression (Fig. 4C), indicating a preference for
quasi-primes for brain-related genes.

Subsequently, we conducted a GO term analysis to examine
the biological processes associated with human quasi-prime-con-
taining genes. For molecular and biological function terms, we
found terms associated with GTPase activity, cell morphogenesis,
and neuron morphogenesis being highly enriched (Fig. 4D,E).
We found that when examining cellular component terms, neuro-
nal-associated terms are enriched, including synaptic and postsyn-
aptic membrane, neuron-to-neuron synapse, and dendritic and
axonal terms (Fig. 4F). Therefore, these results substantiate the
brain-related roles of human quasi-prime-containing genes.

Human quasi-prime-containing genes are involved
in neurological diseases

We conducted an ingenuity pathway analysis (IPA) to assess the
enrichment of quasi-prime-containing genes in various biological
pathways, which we will refer to as quasi-prime genes. We estimat-
ed the proportion of genes in each pathway being quasi-prime
genes (ratio) and the statistical significance of the enrichment.
We found that the most enriched pathways were related to “neu-
rotransmitters and other nervous systems signaling,” such as the
opioid signaling pathway (-log P-value =9.28, ratio =0.276), circa-
dian rhythm signaling (-log P-value=7.87, ratio=0.266), dopa-
mine-DARPP32 feedback in cAMP signaling (-log P-value=7.25,
ratio=0.289), and axonal guidance signaling (-log P-value=
7.245, ratio=0.224) (Fig. 5A). Among the highly enriched path-
ways, the nervous system-related pathways are found among the
lowest P-values (Supplemental Fig. 5). Other important pathways
are related to cardiovascular signaling (nitric oxide signaling, cellu-
lar effects of sildenafil, cardiac hypertrophy signaling, cardiac beta-
adrenergic signaling) and endocrine/neuroendocrine functions.

Our results suggest that pathways associated with the nervous sys-
tem are most affected by quasi-prime genes.

We also performed a gene-disease association analysis using
DisGeNET (Pifiero et al. 2017, 2020). When examining diseases
and other traits that are highly enriched for human quasi-prime-
containing genes, we find several neurological disorders had the
strongest associations, including schizophrenia, bipolar disorder,
intellectual disability, drug abuse, and autism (Fig. 5B-D; Supple-
mental Fig. 6). Specifically, we report that 198 schizophrenia-asso-
ciated genes and 113 bipolar disorder-associated genes are also
quasi-prime-containing genes. We also find that the set of quasi-
prime genes associated with these diseases include primarily G-
protein-coupled receptors, ion channels, signaling enzymes, and
nucleic acid binding proteins (Supplemental Fig. 7A).

From an evolutionary perspective, we aimed to understand
whether quasi-primes play a role of highly constrained genes
and predicted loss-of-function (pLOF) variants in disease patho-
genesis. Therefore, we performed an intersection analysis of our
gene set with the pLOF variant Genome Aggregation Database
(gnomAD). Our findings revealed a significant enrichment (pLI
—odds ratio: 1.66, P-value: 2.65 x 107%5, effect size [Cohen’s h]:
0.223; LOEUF—odds ratio: 1.77, P value: 1.23 x 107%7, effect size
[Cohen’s h]: 0.225) of highly constrained genes being quasi-
prime-containing genes (Supplemental Fig. 7B). We observed
that highly constrained quasi-prime genes, as indicated by lower
LOEUF deciles, were enriched (P-value: 9.31 x 1078, rho: —0.987)
with potentially deleterious pathogenic variants such as frame-
shift, splice acceptor, splice donor, or stop gained variants
(Supplemental Fig. 7C). Our results highlight the potential role
of quasi-prime-containing genes in disease pathogenesis. We
therefore discover disease associations with human quasi-primes,
primarily those relating to cognition, with evidence to support
an evolutionary role.

Human quasi-prime genes account for a significant proportion
of the variation in expression of primary motor cortex cells

We explored the contribution of quasi-prime genes to the cellular
diversity of the human primary motor cortex (M1) using single-cell
transcriptomics (Fig. 6A). We leveraged the data from the Allen
Institute for Brain Science, which obtained single-cell profiles
from postmortem and neurosurgical donor brains with dissected
cortical layers (Supplemental Fig. 8; Bakken et al. 2021). We iden-
tified 442 quasi-prime genes (22.1%, P-value: 1.613 x 107173, effect
size: 0.165, odds ratio: 2.7) among the top 2000 genes with the
highest average expression variability across M1 cell types (Fig.
6A; Supplemental Fig. 9A,B). The most variable quasi-prime genes
were RELN, THSD7B, FBXL7, GPC5, and ADARB2. The most vari-
able quasi-prime gene, RELN, encodes for reelin, a protein that reg-
ulates neuron signaling during brain development. Our results
demonstrate that quasi-prime genes account for a significant pro-
portion of the single-cell expression variation among M1 primary
motor cortex cells.

Human quasi-prime genes are linked to neuronal support and
protection in the primary motor cortex among nonneuronal cells

Differential expression analysis across cell types was conducted to
determine cell type-specific expression patterns and function us-
ing quasi-prime genes. Our analysis revealed nonneuronal cell
types including astrocytes, endothelial cells, microglia perivascu-
lar-macrophages, oligodendrocytes, and vascular and leptomenin-
geal cells exhibited the most distinct expression profiles of quasi-
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Figure 6. Differentially expressed genes associated with quasi-prime sequences among cell types found in the human single-cell primary motor cortex
brain atlas. (A) Two thousand genes were thresholded by variation to capture the highly variable genes. The resulting highly variate genes were labeled
either as genes with quasi-prime loci or without. Four hundred forty-two genes associated with quasi-prime loci (22.1%) capture high levels of variation
as shown in the pie chart (Fisher’s exact test P-value: 1.613 x 10-173, effect size: 0.165, odds ratio: 2.7). (B) Differential expression of quasi-prime genes
thresholded by an absolute log, fold change>1 and P adjusted value <0.05 represented by a dot plot. The top four most significant genes per above
cell type ranked by positive log, fold change are shown. (C) Differentially expressed quasi-prime genes were utilized in gene set enrichment analysis of
the Gene Ontology (GO) database representing the top 20 terms per category thresholded by a P-value <0.01. (D) A cmap network graph shows the clus-

tering of top categories in the GO term GSEA analysis.

prime genes with cell type-specific markers (Fig. 6B; Supplemental
Fig. 10. We performed a Gene Ontology (GO) gene set enrichment
analysis (GSEA) of the most significantly differentially expressed
quasi-prime-containing genes (log, fold change>1 and P-value <
0.05) for each of the 20 cell types. We observed that the quasi-
prime gene sets of the five nonneuronal cell types (astrocytes,
endothelial cells, microglia perivascular macrophages, oligoden-
drocytes, and vascular leptomeningeal cells) had common charac-
teristics. These cell types showed upregulation of quasi-prime gene

sets involved in metabolic processes, cellular senescence, cell adhe-
sion and proliferation, and immune system pathways (Fig. 6C,D).
They also showed downregulation of quasi-prime gene sets related
to cell/tissue development, organization, signaling, and transport.
Among these cell types, microglia perivascular macrophages ex-
hibited enhanced expression of quasi-prime gene sets associated
with immune development, proliferation, adhesion, and activa-
tion; reduced expression of quasi-prime gene sets associated with
neuro- and morphogenesis; and neuronal and cell development.
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Oligodendrocytes exhibited reduced expression of quasi-prime
gene sets involved in ion transmembrane transport regulation
pathways. These results suggest that the human quasi-prime
gene sets in the primary motor cortex are predominantly expressed
in nonneuronal cell types that regulate the cell and tissue environ-
ment to support and protect neuronal cell development.

Human quasi-prime genes in nonneuronal cells of the primary
motor cortex are associated with neurological, behavioral
diseases, and cancer

Furthermore, we performed GSEA of differentially expressed quasi-
prime genes for cell type-specific disease association analysis using
two additional databases: Disease Ontology (DO) (Supplemental
Fig. 11A) and DisGeNET (Supplemental Fig. 11B). The GSEA results
from both databases were consistent and confirmed our previous
findings of cognitive, developmental, behavioral, and cancer asso-
ciations. We found that the activated biological pathways associat-
ed with quasi-prime genes were mainly associated with cancer,
immune system diseases, and viral infectious diseases in the five
nonneuronal cell types. These cell types also had underexpressed
biological pathways associated with substance abuse and addic-
tion and cognitive, mental, and developmental disability and dis-
order. Astrocytes had overexpressed biological pathways involved
in sensory system and demyelinating diseases, as well as underex-
pressed biological pathways associated with substance addiction
and abuse. Microglia perivascular macrophages had activated bio-
logical pathways associated with immune-related cancers and viral
infectious disease. These cell types had underexpressed biological
pathways linked to attention deficit disorder, autism, and schizo-
phrenia, whereas oligodendrocytes also had suppressed biological
pathways linked to schizophrenia and mathematical ability. We
also found associations of quasi-prime genes in two neuronal cell
types: in somatostatin chondrolectin (Sst Chondl), a GABAergic
interneuron, and in layer five extra telencephalic-projecting
neurons (L5 ET), a type of glutamatergic neuron found in the
neocortex.

Two clusters of cognitive/mental/developmental diseases and
cancer/carcinomas among the network graphs of each disease da-
tabase are visualized (Supplemental Fig. 12). These diseases are
known to be associated with the nonneuronal biological pathways
of neuronal development, support, and protection derived from
GO GSEA. Therefore, human quasi-prime gene sets are most asso-
ciated with two disease classes and are useful to determine cell-
specific mechanistic relationships of biological significance for
cognitive/mental/developmental disease and cancer.

Human nucleic quasi-primes are crucial determinants of disease
variant distribution and quantitative trait loci

An analysis of gnomAD v2 variants revealed that human quasi-
primes exhibit a greater likelihood to be a constrained gene than
would be expected by random chance. This is substantiated by
thresholds of elevated constraint (pLI>0.9—P-value: 2.65x
107%5, odds ratio: 1.66, effect size [Cohen’s h]: 0.22; and LOEUF
90% upper <0.35—P-value: 1.23 x 107>, odds ratio: 1.77, effect
size [Cohen’s h]: 0.26) (Supplemental Fig. 7B). Furthermore, we ob-
served an enrichment of pLOF variant types such as frameshift
(decile bin: 0-4), splice acceptor (decile bin: 0-5), splice donor
(decile bin: 0-5), and stop gained (decile bin: 0-4) variants for hu-
man quasi-primes across a diverse range of constraint as indicated
by the LOEUF decile (Supplemental Fig. 7C). Our data strongly sug-
gest that human quasi-primes are overrepresented in highly con-

strained regions with an increased number of pathogenic and
pLOF variants (Spearman’s correlation—rho: —0.99, P-value: 9.31
x 107®), further providing evidence towards their potential role
in genetic diseases.

We investigated the likelihood of variants identified through
genome-wide association studies (GWAS). The risk of disease or
specific traits exhibits a greater likelihood to coincide with or to
be located in regions near human quasi-prime loci. We generated
a simulated control human quasi-prime set, containing sequences
within 10 kb from the original locus and with the same GC con-
tent for comparison. Our findings indicate that variants derived
from GWAS exhibit a 3.78-fold increased likelihood of directly
overlapping human quasi-prime loci compared with matched con-
trols (binomial test, P-value <2 x 107'%) and show a 4.43-fold en-
richment relative to the background vicinity (Fig. 7A). These
results suggest that human quasi-prime sequences possess an in-
creased presence of variants that exhibit substantial associations
with human diseases and traits.

Additionally, we examined expression quantitative trait loci
(eQTL) from 49 tissues using the GTEx (The GTEx Consortium
2020) to provide additional evidence for the functional roles of hu-
man quasi-prime loci. We observe that across the tissues exam-
ined, single-tissue eQTLs are enriched at human quasi-prime loci
relative to controls (t-test, P-value=3.5 x 1078%). Across the tissues
examined, there is on average a 4.34-fold enrichment of eQTLs rel-
ative to the surrounding regions (Fig. 7B), and they are 3.92 times
more likely to overlap the quasi-prime loci relative to the matched
controls (binomial test, P-value< 5 x 10~%). Similar results were ob-
served when examining eQTLs found across multiple tissues, re-
porting a 4.35-fold enrichment at human quasi-prime sequences
over the surrounding regions (Fig. 7C).

We next examined if human quasi-primes are also enriched
for genetic variants that affect alternative splicing or methylation.
Tothatend, we analyzed splicing QTLs (SQTLs) across the 49 tissues
available in the GTEx. We find that across the examined tissues,
sQTLs are 4.75-fold more likely to overlap human quasi-prime
loci than their matched controls (t-test, P-value=4.67 x 1071%)
and are 4.29-fold enriched over their surrounding sequences
(Fig. 7D). Methylation QTLs were also examined across nine
tissues, and we observed 5.37-fold more mQTLs at human quasi-
primes relative to the matched controls (t-test, P-value<0.001)
(Fig. 7E). We therefore conclude that expression, splicing, and meth-
ylation QTLs are significantly enriched at human quasi-prime loci.

DisGeNet provides curated variant-disease associations de-
rived from multiple sources (Pifiero et al. 2017, 2020). We exam-
ined whether variants associated with human diseases are en-
riched at human quasi-prime sequences. Human quasi-prime
loci are observed to be 2.5-fold more likely to overlap with disease
variants than expected by chance using the simulated control loci
(Fisher’s two-sided test, P-value <0.001), and they are 3.86-fold en-
riched over surrounding regions (Fig. 7F). The identified variants
include multiples that disrupt transcription factor binding. For in-
stance, we find that the variant rs11099601, which overlaps a hu-
man quasi-prime, is found in the vicinity of the promoter regions
of HELQ, MRPS18C, and ABRAXAS1 genes and affects the expres-
sion of all three genes in breast carcinoma, as shown previously,
likely by disrupting transcription factor binding (Hamdi et al.
2016). Future massively parallel reporter assays or CRISPR-Cas9
disruptions of quasi-prime sequences with CRISPR-Cas9 will be in-
teresting to systematically examine the cis-regulatory effects and
mechanisms at human quasi-primes loci. These results further val-
idate our previous associations and provide support for the
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Figure 7. Analysis of disruptive and regulatory variants. (A) Enrichment of human quasi-primes at and around GWAS variant loci. (B) Enrichment of hu-
man quasi-primes at and around eQTL loci. Each line represents a tissue. (C) Enrichment of human quasi-primes at and around multitissue eQTL loci.
Enrichment of human quasi-primes at eQTL loci. (D) Enrichment of human quasi-primes at and around sQTL loci. () Enrichment of human quasi-primes
at and around mQTL loci. (F) Enrichment of human quasi-primes at and around DisGeNET-derived loci. Gray lines represent the enrichment for simulated

controls of human quasi-prime.

importance of studying human quasi-primes to gain insights into
human traits and diseases.

Discussion

In this work, we have analyzed 45,076 reference genomes and
identified the shortest nucleic k-mers that are unique to each spe-
cies’ genome, which we refer to as nucleic quasi-primes. This ex-

tends our recent work on the detection of peptide quasi-primes
(Mouratidis et al. 2023) and also provides multiple biological in-
sights and potential future applications. We also identify primes,
the set of shortest k-mers that are absent from all studied genomes,
which, similarly to quasi-primes, exhibit an unusually high GC
content and are enriched for CpGs. Because CpGs are hypermuta-
ble (Sved and Bird 1990; Fryxell and Moon 2005), we postulate that
their absence is at least in part driven by the higher mutation rate.
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Further examination of genome primes in future studies and inves-
tigation of potential biological functions would be of high interest,
especially to understand if their presence is detrimental to organ-
ismal fitness.

We perform a case study on the set of human nucleic quasi-
primes and find that they are enriched in genes that are highly
expressed in regions associated with brain development and
function. We also discover associations between quasi-prime-con-
taining genes and neurological disease-associated genes, includ-
ing schizophrenia, bipolar disorder, intellectual disability,
autism, addiction, and drug abuse. These findings are supported
by the expansion of brain size and cognitive tasks following the
divergence of humans from other primates (Florio et al. 2017).
The faster turnover rate of CpG sequences within human quasi-
primes can result in evolutionary adaptations and can account for
human-specific traits and molecular phenotypes. Characteristics
of schizophrenia, which is the disease with the strongest associa-
tion with human quasi-prime-containing genes, have not been ob-
served in other species (Burns 2004). Similarly, a strong association
of scoliosis, a bipedal-specific disorder (de Reuver et al. 2021), and
of hepatitis/hepatitis B, viral disease derived from a humanoid host
pathogen (Devaux et al. 2019), were observed (Fig. 5), indicating
that human quasi-primes can identify genomic regions associated
with species-specific traits. This positions quasi-prime as a poten-
tial tool for the study of species-specific traits. Identification of
quasi-primes can therefore provide insights into the acquisition
of new traits and identify regions of recent evolution.

Similarly to nucleic primes, human quasi-primes have high
GC content and CpG sites. Additionally, human quasi-primes
are enriched for mQTLs. We therefore speculate that the presence
of epigenetic changes found within human nucleic quasi-primes
could partially account for their human-specific roles. Genes with-
in the human genome exhibiting a high degree of constraint are
predisposed to being classified as quasi-prime genes. Furthermore,
highly constrained quasi-prime genes demonstrate a significant
enrichment for variants that are pathogenic and potentially lead
to loss of function. In future studies, it will be of interest to use nu-
cleic quasi-primes to further explore and understand the function-
al genomic elements that are linked to phenotypic changes and
the evolution of species-specific traits.

Quasi-prime loci can also be utilized to gain insights in cell
type-specific associations. In a human case study of the primary
motor cortex at single-cell resolution, we highlight biological
and disease associations among brain cell types to functionally
profile individual cell types via human quasi-prime genes. Genes
containing quasi-primes account for notable gene expression
diversity and heterogeneity across cells in the primary motor cor-
tex. This heterogeneity may be crucial for the tissue’s overall func-
tion, enabling it to respond to diverse stimuli or perform special-
ized tasks. The most variable quasi-prime genes are related to
neuronal signaling, tissue reorganization, transferase activity, pro-
teoglycan binding, and RNA-editing activity. It is worth noting the
activation of biological pathways related to cellular senescence,
cell proliferation, and immune system pathways and the suppres-
sion of pathways related to cell/tissue development, organization,
signaling, and transport among the most variable expressed genes
in nonneuronal cells. We therefore indicate that unique species-
specific gene sets can deliver cell-specific information, highlight-
ing a connection to a heritable disease mechanism. We also
observe that human quasi-primes are hotspots for pathogenic var-
iants and for variants that significantly alter gene expression or re-
sult in alternative splicing or variable DNA methylation. This can

lead to further research regarding evolutionary adaptations in hu-
mans and can enable an improved understanding of human
diseases.

The identification of taxonomy-specific k-mers, which we
termed taxonomic quasi-primes, could enable the examination
of genome evolution and trait development in individual taxa.
We exemplify this by analyzing the mammalian genomes avail-
able from the Zoonomia project (Zoonomia Consortium 2020).
We find that mammalian taxonomy-specific k-mers can be identi-
fied, and they enable the clustering of closely related mammalian
species. Therefore, species-specific quasi-primes could have appli-
cations for examining more recent trait evolution in a recent line-
age or organism, whereas the usage of taxonomic quasi-primes
could be used in future work to investigate the emergence of traits
in a common ancestor of organisms belonging to the same
taxonomy.

Additionally, several applications using nucleic quasi-primes
are possible and can be the target of future studies. One of these is
the usage of nucleic quasi-primes for the high-throughput detec-
tion of multiple organisms in diverse settings, including pathogen
detection in clinical settings or in food safety applications such as
foodborne outbreaks from microbial contamination (Tringe and
Rubin 2005). Nucleic quasi-primes could also enable the detection
of invasive or rare species with consequences in conservation.
Detection based on nucleic quasi-primes could be coupled with
other existing technologies, including CRISPR nucleases that cut
in species-specific genomic loci, (Kellner et al. 2019) or adaptive se-
quencing, which enriches for a set of short sequences (Loose et al.
2016). We note that future work is required to examine the impact
of DNA polymorphisms at quasi-prime loci (Teama 2018).
Additionally, population variants that disrupt or introduce human
quasi-primes could be used as a unique identification signature of
individuals and could result in a new type of DNA fingerprinting
method. Finally, genome primes are also of high practical interest.
Applications can include their usage as genetic barcodes to track
cells or organisms. Another potential application may involve
their usage as highly specific CRISPR-Cas9 landing pads in genetic
engineering and therapeutic applications.

Early genome assemblies often contain gaps in which se-
quences are unknown owing to technical limitations. Initial ge-
nome assemblies might have ambiguous or poorly resolved
regions because of complex genetic structures or repetitive DNA se-
quences such as tandem repeats that require longer read sequenc-
ing. As sequencing technologies improve and sequencing error
rates decline, errors in the initial assemblies can be identified
and corrected. Some regions, especially those that are highly repet-
itive (like centromeres and telomeres), might be missing or in-
complete in earlier versions. Therefore, regular updates of the
quasi-prime lists will result in improved quality of the described
approach in the future. As the representation of genomic diversity
in nature increases with the sequencing of more organismal ge-
nomes, the identification of nucleic quasi-primes will provide suc-
cinct genomic fingerprints for every available organism.

Methods

Reference genomes used

Collection of reference genomes was performed for the NCBI
GenBank (https://www.ncbi.nlm.nih.gov/genbank/) and RefSeq
databases as well as 104 reference genomes from the UCSC
Genome Browser website (Supplemental Table 1). In a selected

Genome Research 291
www.genome.org


https://www.ncbi.nlm.nih.gov/genbank/
https://www.ncbi.nlm.nih.gov/genbank/
https://www.ncbi.nlm.nih.gov/genbank/
https://www.ncbi.nlm.nih.gov/genbank/
https://www.ncbi.nlm.nih.gov/genbank/
https://www.ncbi.nlm.nih.gov/genbank/
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.280070.124/-/DC1

Mouratidis et al.

case study on quasi-primes across mammalian genomes, we also
used the complete genomes available from the Zoonomia project
(Zoonomia Consortium 2020). In the case of duplicate genomes
across the different databases, we retained the reference genome
from a single source, prioritizing Zoonomia, followed by UCSC,
by RefSeq, and finally by GenBank. All genomes used are found
in Supplemental Table 1. NCBI RefSeq gene annotation was used
for all non-human primates.

k-mer extraction

k-mer extraction was performed for k-mer lengths up to 17 bp, uti-
lizing Jellyfish version 2.2.10 with the -C flag to count both canon-
ical k-mers and their reverse complements as the same k-mer. We
then calculated for each k-mer its reverse complement and includ-
ed it in the final k-mer extraction results for each reference ge-
nome. This approach ensures that each k-mer, its reverse
complement, is present only once. Only DNA letters “A,” “C,”
“G,” and “T” were considered in the analyses, and other IUPAC let-
ters, including “N,” were ignored.

Genome simulations

Simulated genomes were generated using uShuffle (Jiang et al.
2008). For every reference genome, we generated a simulated con-
trol genome controlling for dinucleotide content, in which each
chromosome in the simulated genome had the same dinucleotide
content as the original genome. Therefore, the controls in this
study accounted for mono- and dinucleotide biases (including
GC content) in any given species. For each simulated genome, ol-
igonucleotide k-mer extraction was performed for k-mer lengths
up to and including 17 bp and compared against the number of
k-mers identified in the reference genomes (Fig. 2B). For each refer-
ence genome and each simulated genome, the number of k-mers
identified was compared, and significance was estimated using bi-
nomial tests with Bonferroni corrections.

To examine the impact of increasing the number of available
organismal genomes on our findings, we first sorted the available
genomes by size and distributed them into five equal-sized bins.
We then selected genomes incrementally from these bins to create
subsets representing 5%, 10%, 25%, 50%, and 75% of the total
data set, ensuring that each larger subset included all genomes
from the previous one. This selection process was repeated across
three independent simulations. For each subset in every simula-
tion, we applied our quasi-prime detection algorithm, focusing
on sequences of length 16. To model the behavior of quasi-primes
as the data set expanded, we fitted an inverse function to the sim-
ulation results. Extrapolating from this model, we predicted the
number of quasi-primes in a data set of 500,000 genomes.

Nucleic quasi-prime definition

Let us define the DNA alphabet L={A, T, C, G}. We define a DNA
sequence of length n as A=ajaas ... a,, where a;e L. We denote

its reverse complement sequence A" = a,,a;,_, ...a,a};, where
T ifai=A4,
g A fa=T
)G if a;=C,
C if a; = G.

A genome GN is a set of DNA sequences GN = {A;|i =
1,...,mU{4jli=1, ..., m} representing both strands of chromo-
somes. We define C={GN;, GN;, GN3, ..., GNi} the set of the k ge-
nomes analyzed, where GN; is the genome of the ith species
analyzed.

For the purpose of this paper, a DNA k-mer is defined as a
short DNA sequence K=Kk1kz ... k; with length /eN and 1|17. We
define K € GN if and only if there is DNA sequence A=a;a,as ...
a, e GNand 1<i<n- l, such as aidiyq ... Ajyj—1= k1k2 k].

We define the set of quasi-primes of a genome GN; as Q={K|
K e GN;AK¢GN; for j#i}.

Taxonomic quasi-prime definition

Let us define a taxonomy T; as a specific set of m genomes, where m
€N, denoted as T;={GNy;, GN,;j, ..., GN,,,;}. We define S={T, T>, ...,
T,}, where n> 2 is a set of taxonomies.

A DNA k-mer K of length I where 1 </<16 is defined as a tax-
onomic quasi-prime for taxonomy T; of taxonomic set S if and
only if

1. Kis found in at least one genome GN,;T;.
2. K is absent in all genomes belonging to any taxonomy T;
where T;€S§ and j#1i.

The quasi-prime sets derived are available at kmerDB (https://
kmer.pennstatehealth.net/kMerDB/), where we have developed a
browser for the data set. We provide a downloadable analysis of de-
tailed frequency and annotation information for each species.

Quasi-prime genomic analyses

Identification of the genomic locations of quasi-primes was per-
formed using a custom Python script “quasi_primes_counts.py”
(see “Software availability” section; Supplemental Code). The
computational size for extracting 16mer quasi-primes was 5.1 TB
storage space, with Max RSS (RAM for job) of 38 GB, and total
run time of 4 days (not parallelized jobs) for a total number of
45,076 complete genomes. To minimize memory usage, we encod-
ed the k-mers by using two bits for each character (A, T, C, G), fit-
ting each k-mer into a uint32 structure. Each k-mer was stored as a
key in a hashmap with a uint32 structure. The value associated
with each key is the species’ ID, represented as an integer (mapped
to an integer for each species).

Even though the number of reference genomes after a thresh-
old does not alter the total memory, the run time is increased. The
time complexity of the algorithm is O(#1), where n is the number of
reference genomes processed, so we observe a linear increment in
run time as 7 increases. The space complexity is O(4%), where k re-
fers to the k-mer length, so it is independent of the number of ge-
nomes. The linear time complexity and constant space complexity
(with respect to the number of genomes) ensure that our algorithm
can scale efficiently in the future, as the volume of available geno-
mic data increases significantly. If, nevertheless, for some applica-
tions it is desirable to ensure an even faster processing time, we
have the option of parallelizing the process. We can split our
data set into parts, perform the process of detecting quasi-primes
for each individual part, and then merge the results, which would
allow the rapid identification of quasi-primes for an arbitrarily
large data set as long as a sufficient number of computational
nodes is available.

GENCODE annotation (v43) was used to derive gene infor-
mation (Frankish et al. 2023). Genomic subcompartments, name-
ly, genic regions, intronic regions, coding regions, and 5’ and 3’
UTRs, as well as 2500 bp regions upstream of the TSS were derived
with the UCSC Table Browser (Nassar et al. 2023). Cis-regulatory el-
ements as defined by ENCODE were used for the analyses (The
ENCODE Project Consortium et al. 2020). Cis-regulatory elements
included CTCF-only, CTCF-bound, PLS, DNase-H3K4me3, dELS,
and pELS terms. BEDTools utilities v2.21.0 (Quinlan 2014) were
used to perform the analyses and estimate the density of human
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nucleic quasi-primes across each genomic element (Fig. 4B,C).
Human accelerated regions were derived from Doan et al. (2016),
and liftOver was used to transfer them to GRCh38 (hg38) refer-
ence genome coordinates. The intersection between human quasi-
prime genomic loci and human accelerated regions was performed
with the function intersect from BEDTools (Quinlan 2014).

Bulk RNA-seq analysis

Consensus normalized expressions were downloaded from The
Human Protein Atlas (RNA consensus tissue gene data) (Pontén
et al. 2008) to plot expression levels of quasi-prime genes across
50 tissues. The downloaded data were based on The Human
Protein Atlas version 23.0 and Ensembl version 109 (Fig. 4D;
Martin et al. 2023).

GO term analysis

A GO term analysis was performed for genes that contained at least
one human quasi-prime sequence in the reference human genome
with ShinyGO for GO biological process, GO molecular process,
and GO molecular function (Fig. 4E,G; Ge et al. 2020).

Ingenuity pathway analysis

The list of quasi-prime genes was uploaded to the IPA platform
(Qiagen), and a pathway analysis for human species only was per-
formed (Fig. 5A). The significance values (P-value of overlap) for
the pathways was calculated by the right-tailed Fisher’s exact test.

Zoonomia analysis

246 mammalian genomes were downloaded from the Zoonomia
project to identify nucleic quasi-primes and taxonomic quasi-
primes. A Jaccard index was calculated using seaborn for clustering
of mammalian taxonomic quasi-primes.

DisGeNET enrichment analysis

The 2492 quasi-prime genes were used in a DisGeNET enrich-
ment analysis (Pifiero et al. 2020) to determine which diseases
the list of genes is most associated with the “curated” (Fig. 5B)
and the “all” (Fig. 5C) databases using the disease_enrichment
(vocabulary="HGNC"”) method. The Unified Medical Language
System (UMLS) (Bodenreider 2004) was used to identify relevant
diseases to query in the disease2gene() method from DisGeNET.
The “MRCONSO.RRF” file was downloaded from the UMLS data-
base. The file was filtered to retain values from the English lan-
guage and MSH database while removing duplicated CUI values
and any disease names with numbers. This database was subset
to reflect disease names considering relevant keywords (Supple-
mental Table 2). Additional CUIs were added to reflect diseases,
disease classes, and potential human-specific diseases of interest
(Supplemental Table 2). The resulting list of CUIs were split into
multiple disease2gene() DisGeNET queries as the maximum al-
lowed per query at the present time is 447 diseases. A cutoff of
0.3 was used when querying the DisGeNET “all” database. The re-
sulting DisGeNET S4 classes were combined and were subse-
quently stratified to reflect disease enrichment results for genes
associated with quasi-prime regions. The count of individual qua-
si-prime associated genes per disease was calculated and displayed
as a bar plot (Fig. 5D). A ratio of the amount of quasi-prime associ-
ated genes per disease and the total genes associated with a disease
was calculated. Diseases with six or fewer associated quasi-prime
genes were filtered from this analysis. A heatmap representing
the class of proteins that the genes located in quasi-prime regions
are most associated with per disease was subsequently generated.

Single-cell RNA-seq analyses

The human M1 primary motor cortex data set, available from
Allen Institute for Brain Science (Bakken et al. 2021), was used to
analyze the relationship of quasi-prime defined genes from GO
term analysis among cell types found in the brain. The human
M1 primary motor cortex data set was analyzed using the Seurat
(version 4.3.0.1) package in R (Supplemental Fig. 9; Satija et al.
2015; Butler et al. 2018; Stuart et al. 2019; Hao et al. 2021).
The data were normalized using the shifted logarithm (for compar-
ison of normalization strategies, see Supplemental Fig. 10A);
FindVariableFeatures() was used to generate the 2000 most variable
genes (Fig. 6A); and the data were scaled using scaleData().
FindAllMarkers(features="quasi-prime-genes,” thresh.use=1, min
.pct=0.25) was used to calculate the differentially expressed qua-
si-prime genes (DEGs) between each cell type. DEGs were thresh-
olded by P-adjusted value<0.05 and used for analysis (Fig. 6B;
Supplemental Fig. 10). The resulting DEGs were converted to
Entrez format and used in GSEA of the GO (Fig. 6C,D),
DisGeNET, and DO (Supplemental Fig. 11A,B) databases using
the comparecluster() method in the ClusterProfiler package (ver-
sion 3.17) (Yu et al. 2012; Wu et al. 2021). Gene sets with a mini-
mum of three genes were included in each analysis.

Variant analysis

The GWAS catalog was derived from https://www.ebi.ac.uk/gwas/
api/search/downloads/full (MacArthur et al. 2017). Multitissue
and single-tissue eQTLs were derived from the GTEx Consortium
(v8) (The GTEx Consortium 2020). sQTLs were derived from the
GTEx Consortium (The GTEx Consortium 2020; Garrido-Martin
et al. 2021). mQTLs were derived for nine tissues from the GTEx
Consortium (The GTEx Consortium 2020; Oliva et al. 2023). For
the mQTL analysis, only events with Q-value < 0.05 were analyzed.
DisGeNET variants were derived from https:/www.disgenet
.org/static/disgenet_ap1/files/downloads/variant_associations.tsv
.gz (Pifero et al. 2020). A set of simulated control human quasi-
primes were generated; in each human quasi-prime, a locus that
was within 10 kb from the original locus and had the length and
GC content was randomly selected. Enrichment for genomic var-
iants was calculated as described in Figure 7 (Georgakopoulos-
Soares et al. 2018).

We conducted a variant analysis to investigate the en-
richment of quasi-prime regions within variant regions in
RegulomeDB (Dong et al. 2023). We simulated control regions to
compare the potential enrichment. The Bioframe Python package
(v0.4.1) (Open2Cetal. 2024) was used to determine the overlap be-
tween quasi-prime regions and RegulomeDB regions and between
control regions and RegulomeDB regions, respectively. A binomial
test was then used to test for enrichment between the groups (SciPy
v1.11.2). The enrichment (represented as odds ratio) of each
variant characteristic for these overlapped variant groups from
RegulomeDB was subsequently plotted (Supplemental Fig. 13A,B).

The gnomAD constraint database (Chg38) was downloaded
from https://storage.googleapis.com/gcp-public-data--gnomad/re
lease/2.1.1/constraint/gnomad.v2.1.1.1of_metrics.by_gene.txt.bgz
(Karczewski et al. 2020) and subsequently queried to evaluate the
enrichment (expressed as odds ratio) of human quasi-prime genes
within regions of high constraint. A hypergeometric enrichment
test was conducted to compute a P-value and effect size for genes
deemed highly constrained (pLI>0.9 or an oe_lof_upper<0.35)
(Supplemental Fig. 7B).

All pLOF variants were obtained from gnomAD (Karczew-
ski et al. 2020; https://storage.googleapis.com/gcp-public-data--
gnomad/papers/2019-flagship-lof/v1.0/gnomad.v2.1.1.all_lofs.txt
.bgz). The data frames were merged based on the position of the
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variant within the constraint/genic region. The enrichment of
quasi-prime genes, based on LOEUF decile (Karczewski et al.
2020) bins for each variant type, was also graphically depicted
(Fig. 7C). A Spearman’s correlation analysis was conducted to ex-
amine any potential correlational relationship between the con-
straint metric LOEUF decile and variant types as a sum for quasi-
prime enrichment.
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github.com/Georgakopoulos-Soares-lab/dna-quasi-primes) and as
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