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Histone mimicry (HM) refers to the presence of short linear motifs in viral proteins that mimic critical regions of
host histone proteins. These motifs have the potential to interfere with host cell epigenome and counteract
antiviral response. Recent research shows that HM is critical for the pathogenesis and transmissibility of influenza
virus and coronavirus. However, the distribution, characteristics, and functions of HM in eukaryotic viruses
remain obscure. Herein, we developed a bioinformatic pipeline, Histone Motif Scan (HiScan), to identify HM
motifs in viral proteins and predict their functions in silico. By analyzing 592,643 viral proteins using HiScan, we
found that putative HM motifs were widely distributed in most viral proteins. Among animal viruses, the ratio of
HM motifs between DNA viruses and RNA viruses was approximately 1.9:1, and viruses with smaller genomes had
a higher density of HM motifs. Notably, coronaviruses exhibited an uneven distribution of HM motifs, with
betacoronaviruses (including most human pathogenic coronaviruses) harboring more HM motifs than other
coronaviruses, primarily in the NSP3, S, and N proteins. In summary, our virome-wide screening of HM motifs
using HiScan revealed extensive but uneven distribution of HM motifs in most viral proteins, with a preference in
DNA viruses. Viral HM may play an important role in modulating viral pathogenicity and virus-host interactions,

making it an attractive area of research in virology and antiviral medication.

1. Introduction

Histone plays a crucial role in regulating gene expression and other
cellular processes through various post-translation modifications (PTMs).
According to the positions, histones can be classified into the core his-
tones, including H2A, H2B, H3, H4, and the linker histone H1 (Peterson
and Laniel, 2004). The N-terminus of a histone protein extends out as a
“tail” which serves as the site for various PTMs, such as methylation,
ubiquitination, phosphorylation, and acetylation. The patterns of histone
PTMs are highly complex and dynamic with different combinations of
modification types, sites, and states, which significantly alter gene
expression via chromatin relaxation, transcriptional activation or tran-
scriptional inhibition-collectively known as histone codes (Jenuwein and
Allis, 2001).

Histone codes serve as carriers of epigenetic information interpreted
by chromatin-binding proteins, known as “reader” (Jenuwein and Allis,
2001). Histone methylation typically occurs at lysine or arginine and is
often associated with gene activation or silencing (Lee et al., 2005).
Histone acetylation was the first modification found to be linked to
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transcriptional activation (Brownell et al., 1996), and it also contributes
to the recruitment of chromatin remodeling factors (Shvedunova and
Akhtar, 2022). Histone phosphorylation, primarily at Ser, Thr, or Tyr
residues, plays important roles in cell cycle, growth, and signal trans-
duction (Cheung et al., 2000; Hans and Dimitrov, 2001; Nowak and
Corces, 2004). Histone ubiquitination is crucial for maintaining genome
stability. It not only involves protein recruitment, such as DOT1L (Wor-
den et al., 2019) or PRC2 (Kasinath et al., 2021), but also plays important
roles in multiple key biological processes including DNA repair (Mattiroli
and Penengo, 2021) and transcriptional regulation (Tamburri et al.,
2020). In addition, other types of histone PTMs, such as glycosylation
(Merx et al., 2022), S-nitrosylation (Yoon et al., 2021), and sumoylation
(Ryu et al., 2020), also have significant effects on protein folding,
conformation, and activity.

Interestingly, certain viruses have been found to possess short linear
motifs on their proteins that mimic critical regions of host histone pro-
teins, a phenomenon known as histone mimicry (HM) (Elde and Malik,
2009; Schaefer et al., 2013). For example, the influenza A H3N2 subtype
possesses a human H3K4-like sequence in the tail of its non-structural
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protein 1 (NS1) (Marazzi et al., 2012), which can be methylated or acet-
ylated in virus-infected cells to disrupt the normal epigenetic regulation of
host cells. Similarly, the SARS-CoV-2 ORF8 has been shown to possess an
HM motif (Kee et al., 2022). Although ORF8 primarily functions in the
endoplasmic reticulum lumen rather than the nucleus (Liu et al., 2022), its
potential role as a HM motif is not precluded, given the multifunctional
nature of viral proteins. Moreover, Kee et al. demonstrated that lysine
acetyltransferase 2A (KAT2A) interacts with the HM motif on ORFS,
leading to KAT2A degradation and consequently disrupting the host's
epigenetic regulation (Kee et al., 2022). It is possible that ORF8 sequester
newly synthesized KAT2A in the cytoplasm, promoting KAT2A degrada-
tion before its nucleus translocation. Similar interactions may occur for
other HMs, though direct evidence has not been reported. However, it is
logical not to exclude the possibility that HM's can function out of the
nucleus. Additionally, recent studies have demonstrated that adenovirus
protein VII exhibits histone-like properties, interacting with host chro-
matin and suppressing both DNA damage response and immune signaling
(Avgousti et al., 2016, 2017). Although researchers have not explicitly
termed this phenomenon ‘HM’, its functional essence closely resembles
that of histone modifications, capable of modulating host epigenetic
regulation. Moreover, this histone-mimicking phenomenon is not
confined to viral proteins. Investigations have revealed that the human
histone methyltransferase G9a contains a conserved methylation motif
similar to histone H3, with G9a’s auto-methylation crucial for its inter-
action with heterochromatin protein 1 (Sampath et al., 2007). Collec-
tively, these findings suggest that HM may represent a ubiquitous
biological mechanism found not only in viral proteins but also in host
proteins. Therefore, studying HM has the potential to enhance our un-
derstanding of epigenetic regulatory mechanisms and provide new in-
sights into viral infection and replication processes.

However, comprehensive investigations elucidating the detailed
mechanisms or distributions of HM remain limited. Existing bioinfor-
matics tools like the logistic regression model (Benveniste et al., 2014),
DeepPTM (Baisya and Lonardi, 2021), and DeepHistone (Yin et al.,
2019), are not designed to identify viral HM motifs, as they focus on
analyzing DNA sequences rather than amino acid sequences. These tools
are designed to predict histone modifications based on DNA sequence
characteristics and transcription factor binding (the logistic regression
model and DeepHistone) or chromatin accessibility data (DeepPTM).
Thus, they are not suitable for this study. To bridge this gap, we devel-
oped a bioinformatic pipeline, HiScan, to systematically identify putative
HM motifs across the viral proteome and predict their potential functions
in silico.

2. Materials and methods
2.1. Data source

The viral protein sequence data and annotations were obtained
from the NCBI Reference Sequence Database as of November 9, 2022
(https://ftp.ncbi.nlm.nih.gov/refseq/release/viral/), comprising 592,
643 viral proteins and their corresponding annotations. Since histone
modification sites are highly conserved between plants and animals, and
there are limited reports on plant histone modifications, this study
focused on human histone datasets compiled from relevant literature and
research. After preliminary testing of motif lengths (Supplementary
Fig. S2, Supplementary Table S10), HM motifs are ultimately defined as 5
amino acids centered around the modification site, excluding those with
fewer than 5 amino acids at the beginning or end. Each HM motif and its
evidence source are provided in Supplementary Table S1. Only motifs
that matched 100% with viral proteins were counted. Taxonomic infor-
mation and host origin information of viral proteins were supplemented
from the ICTV Virus Metadata Resource (https://ictv.global/vmr) and
the NCBI Taxonomy Browser (https://www.ncbi.nlm.nih.gov/Taxono
my/Browser/wwwtax.cgi). Coronaviridae sequence data were obtained
from the NCBI Taxonomy Browser as of Nov 9, 2022 (https://
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www.ncbi.nlm.nih.gov/datasets/taxonomy/tree/?taxon=11118).  Vi-
ruses without family information were excluded from subsequent anal-
ysis to ensure the accuracy of results.

2.2. HiScan

HiScan is a Python-based program that can quickly identify HM
motifs in viral protein sequences across multiple operating systems. By
inputting the viral protein sequence and histone motif files, HiScan can
locate potential HM motifs and provide the annotation information.
Additionally, HiScan can analyze the skewness distribution of amino
acids in the motif and predict the potential HM motifs. Given that the
motifs predicted by HiScan are putative histone mimics that may not
actually possess functional significance, “HM motifs” in this study spe-
cifically denote the results obtained using HiScan. Hiscan is available at:
https://github.com/xiaosheep01/hiscan.

2.3. Consistency and discrepancy analysis on HM motifs between animal
and plant viruses

Since histones are unique to eukaryotic cells, the analysis focused on
animal and plant viruses, with animal viruses further divided into DNA
and RNA categories based on the type of their nucleic acid. HiScan was
used to identify putative histone mimicry (HM) motifs in the viral protein
sequences, excluding viruses without family information. In the virus
family and genus annotation file, non-vertebrates and vertebrates were
combined into the animal category. And viruses that infect both non-
vertebrates and vertebrates were recorded only once, and viruses that
infect both animals and plants were counted once for both.

2.3.1. Distribution of HM motifs modification types

The analysis result of raw result was classified according to the types
of histone motif modification. The “Rate” value is the count of its HM
motifs under a specific classification divided by the total number of all
motifs in this classification. To verify whether there are differences in HM
modification types between animal and plant viruses, and between DNA
and RNA animal viruses, contingency table analysis (chi-square test) was
performed using SPSS software.

2.3.2. Discrepancy analysis on HM motifs between DNA and RNA animal
viruses

To uncover differences in HM motifs between DNA and RNA animal
viruses, the Mann-Whitney U test was used to assess differences in the
number of HM motifs. Additionally, the chi-square test was conducted to
determine if the distributions of HM motifs across different histone
subtypes varied between DNA and RNA animal viruses. Prior to the
statistical tests, the normality (Shapiro-Wilk) and homogeneity of vari-
ance (Levene's test) of the datasets were analyzed in R. The Mann-
Whitney U test and chi-square test were performed using SPSS.

2.4. Statistical analysis of HM density in animal viruses

All animal virus results were screened from the analysis result of raw
data and then classified according to different animal virus families. The
average number of HM motifs per kilobase (Kb) of nucleotide length (unit
length) was calculated based on the average genome size of different
animal virus families, referred to here as “HM density”. The mean
genome length of each pedigree was obtained from ICTV and PubMed
using the arithmetic mean. For the segmented virus, the genome size was
calculated as the sum of average segment lengths. HM density was
calculated using the following formula

HM Density =N / L

where N is the number of matched HM motifs in viral proteins, and L is
the mean genome size of the animal virus family.
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2.5. Distribution of HM motifs in Coronaviridae

Representative sequences of coronavirus genera were downloaded
from the NCBI database. Representative genera were not analyzed if their
reference sequences were not available. The HM motifs present in
Coronaviridae were identified using HiScan. The Coronaviridae genome
structure was drawn based on the annotated information of the SARS-
CoV-2 reference sequence, and all HM motifs matched by Coronaviridae
in raw result were mapped to the genome.

3. Results
3.1. The principle and design of HiScan pipeline

HiScan is developed using the Python programming language, and its
internal workflow is illustrated in Fig. 1. The principle of HiScan is to
treat each potential HM as a “probe” and the viral protein data as a
library of reference sequences. The process of identifying HM motifs in
viruses involves matching each probe in the HM motif library against the
viral protein library. By default configuration, the algorithm requires
100% sequence identity, which means no differences in amino acid
positions or types. During the matching process, HiScan employs the
decision tree model and a local alignment algorithm to optimize
performance. Additionally, HiScan can construct a comprehensive
annotation library by integrating multiple data sources (Note: The
annotation files must be in GTF or GFF format.). This allows the HM
query results to be automatically paired with relevant annotation
information, which facilitates efficient HM motif identification. The
detailed specification of HiScan can be viewed in the software using the
"-h" parameter. The general steps for analyzing data using HiScan are as
follows:

& ,
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(i) Viral protein sequence files, preferably in “fasta” format, and their
associated annotation files, typically in “gtf” format, are obtained
from various databases.

(ii) The annotation information from the prepared protein files is used
to supplement the virus classification data in the raw HM motif
identification results.

(iii) This step involves further annotating the results from step (ii) to
include the host information of the viruses and correct any dis-
crepancies in the virus classification using the ICTV annotation file
and the NCBI Taxonomy Browser to address gaps in host data.

(iv) Some basic statistical analysis can be performed on the raw
results, such as computing the frequency of HM occurrence by the
type of HM or the distribution of HM motifs across different virus
families.

It should be noted that HiScan is a versatile sequence analysis tool
that can be applied not only to viral proteins but also to other sequence
data.

3.2. Comprehensive view of HM motif distribution in eukaryotic viruses
analyzed by HiScan

Using HiScan, 891 viral protein sequences (which can be classified
into approximately 68 viral families) were predicted to have HM motifs.
We identified the HM motif of four main types of modification in viral
protein datasets, including methylation, acetylation, phosphorylation,
and ubiquitination. The counts of these modifications and their corre-
sponding HM motifs in each viral host are shown in Fig. 2A. According to
the results, HM is a common phenomenon in both animal and plant
viruses, but with distinct frequencies for the different modification types.
Interestingly, animal viruses have a significantly higher number of HM

Mimicry
motifs

juery

Fig. 1. The overall workflow of HiScan. Note that the species annotation information is recommended to be sourced from the official website of ICTV.



96L

Animal Plant

Modification

. Acetylation
. Methylation
. Phosphorylation
. Ubiquitination

Modification
[ Acetylation
[ Methylatioin
[ Phosphorylation

[ Ubiquitination

Counts

Overall Distribution of HM Results HM Distribution in Animal Viruses HM Distribution in Plant Viruses

0 | ’
H2A H2B H3 H4 H2A H2B H3 H4 Histone Type
. [ Hea
HistoneType
yp 15 H2B

]
[ He

| Phosphorylation

I Ubiquitination [ Phosphorylation

5 [ ubiguitination

H2A  H2B H3 H4 0 L

- T
Histone Type Animal Plant
Host Type

Modification
i) Acetylation
c 10
8 . Methylation Host Type
O . Phosphorylation
Count Y
60 . Ubiquitination
40 g
20 15 e
0 5 Modification
Modification ° Acetylation
" Methylation © 10 .
Acetylation & . Methylation

Fig. 2. Distribution of HM motifs in animal and plant viruses. A Distribution of HM motif numbers. Different colors represent different types of histone modifications: acetylation (red), methylation (green), phos-
phorylation (blue), and ubiquitination (purple). B-D Distribution of different modification types of HM motifs. Panels (B-D) represent the overall distribution of identification results (B), animal virus results (C) and plant
virus results (D), respectively. E Abundance of each HM motif in animal and plant viruses. The narrowest outer ring represents the different modification types of HM motifs, with green, yellow, purple and red rep-
resenting methylation, acetylation, phosphorylation, and ubiquitination, respectively. The innermost ring shows plant virus results, and the outer ring shows animal virus results. F The distribution of all histone motifs
used in this study. Different colors represent different modification types. G, H The normalized distribution of HM motifs across different histone subunits and different modifications.

32 001X &

[08-£6£ ($20Z) 6€ DINAS DIIS0[0AA



Y. Xiao et al.

motifs (758) compared to plant viruses (133). Furthermore, animal
viruses also exhibit a higher number of HM motifs for each modification
type, especially for methylation (251 vs. 68) and acetylation (351 vs. 49).

To investigate the variation in HM types among different eukaryotic
viruses, we analyzed the ratios of four HM types in animal and plant
viruses. As shown in Fig. 2B, acetylation (44.89%) and methylation
(35.80%) are the most common HM motif types, followed by phos-
phorylation (15.04%) and ubiquitination (4.26%). Similar trends were
observed in the animal virus results (Fig. 2C), with acetylation being the
most abundant (46.31%). However, plant viruses showed some diver-
gence (Fig. 2D), with methylation as the dominant category (51.13%),
while acetylation accounted for only 36.84% and ubiquitination a mere
0.75%. Contingency table analysis (Supplementary Table S2) confirmed
that the distribution of different HM modification types differs signifi-
cantly between animal and plant viruses. Since the quantity of motifs
(encompassing both modification and histone subunit types) can signif-
icantly influence the outcomes, we conducted a ratio analysis of the
results across different categories (Fig. 2F-H). Unlike the distribution
pattern of the utilized motifs (Fig. 2F), our research indicates that the HM
motifs in animal viruses are actually significantly concentrated on the H4
subunit and ubiquitination (Fig. 2G and H), rather than methylation. The
HM motifs of plant viruses are still mainly distributed on the H2B subunit
and methylation (Fig. 2G and H). And by comparing Fig. 2A and F, we
found that the distribution of viral HM motifs on H3 histones shows a
high degree of similarity.

To further explore the internal heterogeneity of HM motifs, the
sequence differences within each modification type were analyzed and
the result was visualized using a circular heatmap (Fig. 2E, Supplemen-
tary Table S3). This analysis revealed that certain HM motifs, such as
VLKVF, KRKTV, and GVKKP, were more abundant in animal viruses than
in plant viruses, while VYKVL was found to be relatively common in both
(29 vs. 32).

3.3. Discrepancy of HM motifs in DNA and RNA animal viruses

DNA and RNA animal viruses exhibit different strategies and char-
acteristics during viral evolution, which are closely related to their bio-
logical properties. To investigate the distribution pattern of HM motifs in
animal viruses, the number of HM motifs in both DNA and RNA animal
viruses was statistically analyzed (Fig. 3A). By evaluating sample char-
acteristics (Supplementary Tables S4-6, Supplementary Fig. S1), the
differences in HM motif distribution between DNA and RNA animal
viruses were analyzed using the Mann-Whitney U test. The P-value of
0.006 indicated significant statistical differences in the distribution of
HM motifs between DNA and RNA animal viruses, further suggesting that
DNA animal viruses are more likely to exhibit HM phenomena. Addi-
tionally, when studying the relationship between HM motifs of different
histone subunits and animal virus nucleic acid types, we found no sig-
nificant association, indicating that HM motifs from a particular subunit
do not preferentially occur in either DNA or RNA animal viruses (Sup-
plementary Table S7).

Analyzing the distribution of different HM modification types in DNA
and RNA animal viruses revealed distinct patterns (Fig. 3B and C).
Among DNA animal viruses (Fig. 3B), acetylation is the most common,
accounting for 49.43%, followed by methylation (29.16%), phosphory-
lation (16.40%), and ubiquitination (5.01%). In RNA animal viruses
(Fig. 3Q), acetylation and methylation account for similar proportions
(42.86% and 41.99%, respectively), with phosphorylation at 11.69% and
ubiquitination at 3.46%. Contingency table analysis (Supplementary
Table S8) confirmed that DNA and RNA animal viruses exhibit significant
differences in the types of modifications present in HM motifs.

Furthermore, we investigated the variations in histone subunits for
HM motifs across different animal virus families (Fig. 3D). The H2B, H3,
and H4 histone subunits accounted for the majority of the matched HM
motifs. However, certain virus families such as Poxviridae, Herpesviridae,
Coronaviridae, Baculoviridae, and Iridoviridae, displayed a significantly

797

Virologica Sinica 39 (2024) 793-801

higher number of HM motifs compared to other families. Some virus
families exhibited a notable abundance of specific types of HM motifs,
such as H4 acetylation in Poxviridae and H3 methylation in Coronaviridae.
Most virus families have only one type of HM motif with a relatively low
proportion. For example, Tospoviridae, Reoviridae, Orthomyxoviridae, and
Genomoviridae only contain HM motifs of ubiquitination, acetylation,
phosphorylation, and methylation, respectively. Only a few virus fam-
ilies, including Poxviridae, Iridoviridae, Herpesviridae, and Baculoviridae,
have a widespread distribution across all four types of HM motif
modifications.

3.4. Different density of HM motifs in animal viruses

The abundance of HM can be significantly influenced by the length of
the viral genome. To account for this, the density of HM is used as a
measure of how frequently HM occurs in each virus family, rather than
solely relying on the genome length of the virus itself. Fig. 4 shows that
11 virus families (5 DNA and 6 RNA animal virus families) have an HM
density exceeding 1.00 HM motifs/Kb. Among these families, Circoviridae
has the highest HM density at 3.16 HM motifs/Kb. However, none of the
other families analyzed reached a HM density of 1.00 HM motifs/Kb. It is
worth noting that, despite some families such as Herpesviridae, Baculo-
viridae, and Poxviridae matching a large number of HM motifs, their
relatively large genome sizes contribute to a higher probability of suc-
cessful matches, rather than indicating a preference for specific HM
motifs or types.

3.5. Conservation and localization of HM motifs in Coronaviridae

Coronaviridae is a virus family containing many pathogenic and
epidemic human viruses, including SARS-CoV-2. Our analysis focused on
the HM states within the Coronaviridae family. The results revealed that
the majority of these viruses belonged to the Betacoronavirus genus. A
total of 19 viruses were identified, of which 15 belonged to the Beta-
coronavirus genus and 2 belonged to the Alphacoronavirus genus (Scoto-
philus bat coronavirus 512 and Swine enteric coronavirus). Two other
coronaviruses had not been clearly classified yet (Rat coronavirus Parker
and Bat coronavirus).

To further verify this phenomenon, we analyzed the distribution of
HM motifs in different genera of Coronaviridae (Supplementary Table S9).
As expected, the identified HM motifs were concentrated in the Beta-
coronavirus genus. Out of the 12 selected reference strains, 9 harbored
HM motifs, with 6 of them located in ORFlab. In contrast, in the
Alphacoronavirus genus, only 3 reference strains have HM motifs. No HM
motif was identified in the reference strains of Gammacoronavirus and
Deltacoronavirus. These findings indicate that the HM motifs are primarily
concentrated in the Betacoronavirus genus and may have evolved along-
side these highly pathogenic viruses.

In Supplementary Table S9, we observed that most of the HM motifs
were concentrated in ORFlab and structural proteins. Specifically,
87.04% of the HM motifs were located in ORFlab, with 31.92% residing
in the NSP3 protein (Fig. 5). It is important to note that we detected two
HM motifs (ALKRQ and GVKKP, respectively) on NSP3 in both MERS-
CoV and Human coronavirus OC43, both of which belong to the Beta-
coronavirus genus. Furthermore, we also identified HM motifs on the S
and N structural proteins (YNKRS, VLKVF, and PRKQL) but not on the E
and M proteins.

4. Discussion

In nature, viral mimicry of host proteins is a common strategy that
facilitates viral replication or immune evasion (Elde and Malik, 2009).
HM, a recently discovered form of viral mimicry, is likely the result of a
long-term co-evolution between viruses and hosts. This adaptation allows
viruses to effectively utilize cellular resources, enhancing their survival,
replication, and propagation in host cells. HM motifs exist extensively in
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Fig. 3. Distribution of HM motifs in DNA and RNA viruses. A Distribution of HM motif numbers in DNA and RNA animal viruses. Red and blue represent DNA and
RNA animal viruses, respectively. Significant difference, **P < 0.01. B, C Distribution of different modification types of HM motifs. “B” represents the DNA virus
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both animal and plant viruses (Schaefer et al., 2013; Tarakhovsky and
Prinjha, 2018). However, it is still an important challenge to rapidly
screen and identify the HM motifs in viruses. In response to this challenge
we present HiScan, a software designed to address this problem.

HiScan is a bioinformatics pipeline developed to identify HM motifs
in viral proteins. It utilizes a decision-tree model and a local comparison
algorithm for optimization. HiScan has successfully predicted viral HM
motifs that have been experimentally verified, such as those found in the
influenza H3N2 subtype (Marazzi et al., 2012) and SARS-CoV-2 (Kee
et al., 2022). However, due to the limited number of reported viral HM
motifs, it is challenging to comprehensively evaluate the accuracy of
HiScan and improve its performance by expanding the reference dataset.
Therefore, if more relevant studies are reported in the future, different
algorithms and models will be employed for optimization.

Using HiScan, we discovered a higher prevalence of HM motifs in
animal viruses compared to plant viruses (Supplementary Table S2). One

possible reason for this phenomenon is that the hosts of animal viruses
are closer to humans in evolutionary distance. Since humans are mam-
mals, their histone sequences are more similar to those of other animals.
Consequently, the presence of human histone motifs in animal viruses
may facilitate viral transmission between different species.

In addition, Fig. 2A and F show a strong similarity in the distribution
of viral HM motifs on the H3 subunit. This similarity may be attributed
to various factors, such as the evolutionary conservation of H3 its
regulatory significance, chromatin accessibility, and viral manipulation
strategies. However, further empirical investigation is required to vali-
date these hypotheses and elucidate the underlying mechanisms.
Furthermore, Fig. 2H reveals a significant difference in the distribution
of HM motifs with different modification types in animal and plant
viruses. In animal viruses, ubiquitination is dominant, whereas in plant
viruses, methylation is distributed in more than half of the cases. This
discrepancy could be due to variations in the in the host histone
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modification process of viruses. For example, although methylation
occurs in both plant and animal cell proteins, the methyltransferases
involved in the protein methylation process may differ greatly (Cheng
et al., 2020; Jacob and Michaels, 2009). Additionally, we cannot
exclude the possibility of bias resulting from the different functions of
the same histone modification in animals and plants. For example,
while H3K9me?2 is involved in chromatin stabilization and gene silences
in both animals and plants, in plants it primarily silences transposons
(Jackson et al., 2004), whereas in animals, it also participates in certain

antiviral responses like against HIV-1 (Suzuki et al., 2008). Therefore,
these findings suggest that the distribution of viral HMs does not merely
reflect the frequency of modification sites in host histones but rather
indicates a potential evolutionary adaptation of viruses to target specific
histone modifications or subunits. Moreover, animal and plant viruses
may employ different strategies for manipulating the host's epigenetic
machinery.

This study reveals that DNA animal viruses have a significantly higher
abundance of HM motifs compared to RNA viruses (Fig. 3A).
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Fig. 5. Localization of the HM motifs matched by Coronaviridae. Note that the Coronaviridae genome structure is based on SARS-CoV-2 genome annotation

information.
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Additionally, the proportion of HM modification types is also different.
This elevated HM in DNA animal viruses may be attributed to the
replication characteristics of the virus itself. Unlike most RNA viruses
that replicate exclusively in the cytoplasm, DNA viruses generally direct
their DNA genomes into the host cell nucleus. In the nucleus, they can
utilize the host cell's DNA replication machinery or other nuclear proteins
to synthesize new viral nucleic acids (Challberg and Kelly, 1989). As a
result, DNA viral proteins have more opportunities to interact with host
nuclear histones.

From Fig. 3D, we found the preference of HM types among several
virus families, including Poxviridae and Coronaviridae. These families
harbor significantly high ratios of acetylation and methylation HM
motifs. This suggests that certain HM motifs may play a role in viral life
activities.

Fig. 4 illustrates that HM is a relatively common phenomenon in
animal viruses. Interestingly, viruses with smaller genomes tend to have
higher densities of HMs. Viruses have simpler genome lengths and
structures compared to eukaryotes, and they employ various strategies to
maximize their coding potential. For example, some viruses can generate
multiple mRNAs from a single genome (Pellett et al., 2014), while others
utilize programmed ribosomal frameshifting to produce multiple pro-
teins from a single mRNA (Champagne et al., 2022). Similarly, the
observed higher HM density in viruses with smaller genomes may
represent an additional strategy to promote their replication.

Finally, our study focused on coronaviruses, specifically those that
have caused recurring pandemics, like SARS-CoV-2, which is highly
pathogenic. We discovered that the majority of HM motifs within the
SARS-CoV-2 proteome were found in the ORFlab, particularly in NSP3
(Fig. 5). NSP3 contains a crucial papain-like protease essential for the
maturation of viral proteins and evasion of host immune responses
(Moustagqil et al., 2021; Yuan et al., 2022). A smaller number of HM
motifs were also located in structural proteins, such as the S and N pro-
teins that are abundant in coronavirus particles (Yang and Rao, 2021). It
is possible that these histone motifs help facilitate the folding of these
two proteins to ensure the proper assembly of progeny virions. Addi-
tionally, a study has shown that certain SARS-CoV-2 structural proteins
(S and N proteins) and non-structural proteins (NSP1 and NSP3) can
traffic to the host cell nucleus, potentially disrupting the transport of host
proteins in the nuclear pore (Lafon-Hughes, 2023). Moreover, HM motifs
enriched in NSP3, S, and N proteins may also induce epigenetic changes
downstream by mediating unfolded protein response similar to ORF8 of
SARS-CoV-2.

When comparing the HM motifs distribution across different genera
in Coronaviridae, we observed that HM motifs are mainly concentrated in
Betacoronavirus, with a few in Alphacoronavirus, but none in Gammacor-
onavirus and Deltacoronavirus (Supplementary Table S9). This pattern
may be associated with the mammalian host tropism displayed by
Alphacoronavirus and Betacoronavirus (Cui et al., 2019). However, the
exceptionally high abundance of HM motifs, particularly in highly
pathogenic Betacoronavirus like SARS-CoV-2 and MERS-CoV, necessitates
further experimental investigation to elucidate the underlying
mechanisms.

As intracellular parasites, viruses are unable to independently encode
all the necessary enzymes and proteins required for replication and
propagation process (Louten, 2016; Summers, 2009). Therefore, during
viral evolution, HM is a complex and ingenious evolutionary strategy for
viruses (Schaefer et al., 2013). By HM, viruses can more effectively utilize
host cellular resources and evade immune responses to facilitate their
survival and replication (Yu et al., 2021). Understanding the mechanisms
of viral HM will provide critical insights into viral infection and repli-
cation, offering important clues for developing more effective antiviral
therapies. Furthermore, recent research has suggested that viruses may
possess their own nucleosomes, hinting at the possibility that, through a
long-term interaction with host cells, virus have gradually developed a
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sophisticated mechanism for packaging genetic material, similar to that
of host cell (Bryson et al., 2022). Thus, we anticipate applying HiScan to
identify potential viral histones. While this study has revealed intriguing
viral HM distribution patterns and hypotheses regarding viral HM,
numerous questions persist regarding the molecular mechanisms and
evolutionary origins of this phenomenon. Further experimental valida-
tion using techniques like mutagenesis, structural biology, and compar-
ative genomics, is essential for fully elucidating this intricate virus-host
interaction and leveraging this knowledge for novel antiviral
interventions.

5. Conclusions

Through the development and application of the bioinformatic tool
HiScan, we performed a virome-wide screening to gain a comprehensive
understanding of the distribution, characteristics, and potential roles of HM
in viral proteins. Our findings provide valuable insights into the mecha-
nisms of host-virus interactions and co-evolution, suggesting that viral HM
may represent an important strategy for viruses to modulate the host cell
epigenome and counteract antiviral responses. Further experimental vali-
dation is required to fully elucidate the functional implications of the
identified HM motifs. Nonetheless, the development of HiScan and the
virome-wide analysis of viral HM presented in this study offer a promising
starting point for further exploration of this intriguing phenomenon.
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