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ABSTRACT The CRESS-DNA viruses are the ubiquitous virus detected in almost all eukaryotic life
trees and play an essential role in the maintaining ecosystem of the globe. Still, their genetic diversity is
not fully understood. Here, we bring to light the genetic diversity of replication (Rep) and capsid (Cap)
proteins of CRESS-DNA viruses. We divided the Rep protein of the CRESS-DNA virus into 10 clusters
using CLANS and phylogenetic analyses. Also, most of the Rep protein in Rep cluster 1 (R1) and R2
(Circoviridae, Smacoviridae, Nanoviridae, and CRESSV1-5) contain the Viral_Rep superfamily and P-
loop_NTPase superfamily domains, while the Rep protein of viruses in other clusters has no such
characterized functional domain. The Circoviridae, Nanoviridae, and CRESSV1-3 viruses contain two
domains, such as Viral_Rep and P-loop_NTPase; the CRESSV4 and CRESSV5 viruses have only the
Viral_Rep domain; most of the sequences in the pCRESS-related group have only P-loop_NTPase;
and Smacoviridae do not have these two domains. Further, we divided the Cap protein of the CRESS-
DNA virus into 20 clusters using CLANS and phylogenetic analyses. The Rep and Cap proteins of
Circoviridae and Smacoviridae are grouped into a specific cluster. Cap protein of CRESS-DNA viruses
grouped with one cluster and Rep protein with another cluster. Further, our study reveals that selection
pressure plays a significant role in the evolution of CRESS-DNA viruses' Rep and Cap genes rather
than mutational pressure. We hope this study will help determine the genetic diversity of CRESS-DNA
viruses as more sequences are discovered in the future.

IMPORTANCE The genetic diversity of CRESS-DNA viruses is not fully understood. CRESS-DNA
viruses are classified as CRESSV1 to CRESSV6 using only Rep protein. This study revealed that the
Rep protein of the CRESS-DNA viruses is classified as CRESSV1 to CRESSV6 groups and the new
Smacoviridae-related, CRESSV2-related, pCRESS-related, Circoviridae-related, and 1 to 4 outgroups,
according to the Viral_Rep and P-loop_NTPase domain organization, CLANS, and phylogenetic
analysis. Furthermore, for the first time in this study, the Cap protein of CRESS-DNA viruses was
classified into 20 distinct clusters by CLANS and phylogenetic analysis. Through this classification, the
genetic diversity of CRESS-DNA viruses clarifies the possibility of recombinations in Cap and Rep
proteins. Finally, it has been shown that selection pressure plays a significant role in the evolution and
genetic diversity of Cap and Rep proteins. This study explains the genetic diversity of CRESS-DNA
viruses and hopes that it will help classify future detected viruses.
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C ircular replication (Rep)-encoding single-stranded (CRESS)-DNA viruses are ubiquitous
viruses that are reported to spread worldwide and infect almost all of the eukaryotic tree of

life (1 to 3). CRESS-DNA viruses have also been found in environmental samples such as
sewage, seawater, lakes, and springs (4 to 11). Recently, ssDNA viruses have been classified into
13 families (1); 10 families (Anelloviridae, Bacilladnaviridae, Bidnaviridae, Circoviridae,
Geminiviridae, Genomoviridae, Nanoviridae, Parvoviridae, Redondoviridae, and Smacoviridae)
are reported from the eukaryotes (12). These viruses are commonly found with replication initiation
protein (Rep) and structural capsid protein (Cap) (1, 12). Of the 10 ssDNA virus families found in
eukaryotes, the Bidnaviridae and Parvoviridae families have the linear genome topology, and the
Anelloviridae family has a different Rep protein, with the remaining seven families containing
circular ssDNA with Rep protein containing the preserved HUH endonuclease motif and
superfamily 3 helicase (S3H) domain (12).

Recently, these characterized seven families of ssDNA viruses infect eukaryotes
(Bacilladnaviridae, Circoviridae, Geminiviridae, Genomoviridae, Nanoviridae, Redondoviridae, and
Smacoviridae), and uncharacterized CRESS-DNA viruses have been classified into separate
groups using this characteristic and conserved two-domain Rep protein (12). Thus, unclassified
CRESS-DNA viruses are classified as CRESSV1 through CRESSV6 (12). So far, the Rep protein
of CRESS-DNA viruses has been characterized to contain the HUH motif and S3H domain (1, 12).
It is also not widely known what other domains are present in the rep protein of CRESS-DNA
viruses that accumulate day by day through metagenomic sequencing in different environmental
samples, and how they help classify CRESS-DNA viruses. Furthermore, the classification of
CRESS DNA viruses by capsid proteins is challenging due to the lack of conserved portions of the
capsid proteins of the CRESS DNA viruses as found in the Rep protein (12). In particular, the
capsid proteins of CRESS DNA viruses are reported to be derived from a number of RNA viruses
(13 to 16). It is also largely unknown which of the Cap proteins of the CRESS-DNA viruses that
accumulate day by day through metagenomic sequencing in different environmental samples are
related to the RNA viruses and the diversity in the Cap proteins of the CRESS-DNA viruses. A
recent study found that capsid proteins in cruciviruses (CRESS DNA virus) are highly conserved
and possibly acquired from RNA viruses, but the Rep protein is more diversified than Cap protein
(17). From these, it is speculated that cruciviruses may have obtained Rep protein from different
CRESS-DNA viruses by recombination (17). Therefore, it appears that the genetic variation and
recombination of CRESS-DNA viruses can be detected by dividing the capsid proteins of almost
identical CRESS-DNA viruses into groups. However, it should be noted that there is no
mechanism for classifying the capsid proteins of CRESS-DNA viruses so far.

The present study systematically classified the CRESS-DNA viruses Rep and Cap proteins and
reported the presence of different group-specific domain organizations in the Rep protein. Further,
it explains the recombination-mediated evolution of the CRESS-DNA virus and reveals that
selection pressure plays a significant role in the evolution of CRESS-DNA viruses' Rep and Cap
genes rather than mutational pressure.
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RESULTS
CLANS-based classification of CRESS-DNA Rep protein. As a first step toward

understanding the genetic diversity of the CRESS DNA viruses, we analyzed the interrelationship
between the core viral proteins such as Rep and Cap proteins of various isolates of CRESS-DNA
viruses. We first chose the Rep protein for our analysis since it shows a high degree of
conservation among the CRESS-DNA viruses (2, 18 to 20). To explore the sequence diversity of
the Rep protein of CRESS-DNA viruses, we collected 1,160 (sequences details are provided in
Data Set S1 in the supplemental material) amino acid sequences of CRESS-DNA viruses from the
NCBI database and grouped them based on pairwise sequence similarity using the CLANS
(CLuster ANalysis of Sequences) tool (21, 22). The analysis grouped the CRESS-DNA virus Rep
protein sequences into 10 different clusters (R1 to R10) (Rep Cluster 1 [R1]) (a minimum of 10
viral sequences to a maximum of 487 sequences per group) (Fig. 1A; the individual sequence
details in the different clusters are listed in Data Set S2). The majority of the clusters, except
clusters R7 and R8, showed interconnections at a P-value threshold of 1e−2 (Fig. 1A). Further, we
also observed three different superclusters (Supercluster 1—clusters R1, R2, R4, and R5;
Supercluster 2—clusters R3, R6, and R9; Supercluster 3—clusters R7 and R8) at a P-value
threshold of 1e−5 (Fig. S1A). For a better understanding of the genetic diversity of the CRESS-
DNA virus, we classified the CRESS-DNA viruses into three broad groups as follows: (i) culturable
CRESS-DNA viruses (Circoviridae, Geminiviridae, Smacoviridae, Cruciviridae, etc.) (23), which
are infective; (ii) replication-competent circular DNA (rccDNA), which includes the bovine meat and
milk factors (BMMF) and Sphinx infective DNA molecule (24); and (iii) uncharacterized and
uncultivated CRESS-DNA (1), which was detected as a DNA molecule in the viral metagenomic
analysis. Interestingly, most of the sequences in clusters R1 and R2 grouped with highly
characterized and culturable viral families of Circoviridae, Smacoviridae, and Cruciviridae. Further,
cluster R8 sequences exclusively belonged to BMMF of rccDNA, while all other clusters included
uncultured CRESS-DNA viruses. The remaining clusters (R3, R4, R5, R6, R7, R9, and R10) were
classified as uncharacterized and uncultivated CRESS-DNA.
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Domain organization in the CRESS-DNA virus Rep protein. We were interested to find out if
these different Rep protein clusters have any significant differences in the organization of
functional domains. The Rep genes of CRESS-DNA viruses have been reported to contain two
main functional domains/motif, HUH endonuclease motif and superfamily 3 helicase domains (1,
25). In this context, we analyzed the domain organization of the Rep protein of viruses from
different clusters using the Conserved Domain search tool
(https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi?) (26 to 29). Interestingly, we found that
only the Rep protein of viruses in clusters R1 and R2 displayed functional domains such as
Viral_Rep superfamily (Cdd:pfam02407) and P-loop_NTPase superfamily (Cdd:pfam00910). On
the other hand, cluster R8 (BMMF) sequences contained Rep_1 superfamily (Cdd:pfam01446), a
homologous domain to the Rep1 domain of bacteria involved in plasmid replication. Moreover, we
did not find any known putative functional domains in our conserved domain analysis of other
clusters consisting of uncultured viruses (Rep clusters R3, R4, R5, R6, R7, R9, and R10).
However, it should be noted that R4 and R5 in clusters of Rep protein that do not express these
putative functional domains have evolutionary links with R1 and R2 clusters that express
functional domains (Fig. 1A). Similarly, cluster R7 has evolutionary links with cluster R8 that holds
the Rep_1 domain (Fig. 1A).

We then analyzed the diversity of the Rep protein domains in depth belonging to clusters R1
and R2 to further classify the viruses in these clusters, which are highly related to culturable
viruses (sequences details are provided in Data Set S3). To explore the different domain
organizations present in the viruses of clusters R1 and R2, we reclustered them into 10
subclusters (clusters a to j) at a P-value threshold of 1e−38 (Fig. S1B). Of these 10 subclusters, we
noted that subclusters such as a, b, g, and h formed a single group (group 1), and c, d, i, and j
subclusters formed a separate group (group 2) (Fig. S1B). Furthermore, it can be seen that there
are some evolutionary links between these two groups (group 1 and group 2), but the subclusters
e and f together as a separate group (group 3) (Fig. S1B).

The viruses in the subcluster a majorly contain two main domains: Viral_Rep and P-
loop_NTPase domains. Some sequences had one of the following additional domains in between
Viral_Rep and P-loop_NTPase domain, such as the AAA ATPase domain, Penta-EF hand, DNA-
binding ATP-dependent protease La, Type III secretion system protein PrgH-EprH (PrgH), and
parvovirus nonstructural protein NS1 (Data Set S4). Similarly, cluster b viruses also contained the
Viral_Rep and P-loop_NTPase domains. In addition, few sequences had a third functional domain
between Viral_Rep and P-loop_NTPase domains, such as AAA+-type ATPase,
SpoVK/Ycf46/Vps4 family, or Type VI protein secretion system component VasK. Moreover, the
cluster b viruses also contained a combination of domains such as (i) incomplete Viral_Rep + P-
loop_NTPase and (ii) Viral_Rep + incomplete P-loop_NTPase (Data Set S4). Also, most
sequences in subcluster g contain Viral_Rep + P-loop_NTPase domains, and some sequences
are incomplete with these domains or possess only one of the two domains (Data Set S4).
Significantly, most sequences in the subcluster h contain only the P-loop_NTPase domains (Data

FIG 1 CLANS analysis-based classification of CRESS-DNA virus Rep protein. (A) Representative CRESS-DNA
virus Rep protein sequences were clustered using CLANS Toolkit by their pairwise sequence similarity network. A
total of 1,160 amino acid sequences of Rep protein (Supplemental Data 1) of CRESS-DNA viruses were used in
this analysis. Classification of clusters was carried out by a network-based method using offset values and global
average with maximum rounds 10,000 in CLANS Toolkit analysis. The P value of ≤1e−02 was used to show the lines
connecting the sequences. (B) Phylogenetic relationship of Rep protein of CRESS-DNA viruses. The maximum-
likelihood method inferred the evolutionary history using the Subtree-Pruning-Regrafting algorithm in PhyML 3.3_1.
A total of 1,509 amino acid sequences of Rep protein (Supplemental Data 5) of CRESS-DNA viruses were used in
this analysis.
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Set S4). More interestingly, it was revealed that most of the sequences in subcluster c and d have
only Viral_Rep domains (Data Set S4). Also, subcluster i, which is grouped with subclusters c and
d, contains the Viral_Rep+P-loop_NTPase domains, and subcluster j contains the Viral_Rep
domain+incomplete P-loop_NTPase domains (Data Set S4). Finally, it is essential to note that the
sequences in subclusters e and f have no known putative functional domains (Data Set S4).
Collectively, our analyses reveal a vast diversity of domains in the viral Rep protein of CRESS-
DNA viruses ranging from lack of any known functional domains to the combination of multiple
functional domains.

Phylogenetic tree-based classification of CRESS-DNA virus Rep protein and group-
specific domain organization. Recently, CRESS-DNA viruses have been classified into different
groups CRESSV1 to CRESSV6 using Rep protein (1, 12). Therefore, we are interested in finding
out which CRESSV groups the clusters of Rep protein with various organizations of domain
identified in this current study belong to. To find out, we performed a phylogenetic analysis of the
sequences of the Rep protein used in this present study with the sequences used to classify the
CRESS-DNA viruses in the previous study (1) (Data Set S5). In this phylogenetic analysis, we
observed that CRESSV6, P. pulchra, pCRESS9, Genomoviridae, and Geminiviridae were grouped
together, and CRESSV4, CRESSV5, and Nanoviridae have formed another group (Fig. 1B), as in
the previous study (1, 12). As in the previous study (1), in plasmid CRESS sequences (pCRESS),
CRESS1, pCRESS2, and pCRESS3 formed a separate group, and CRESS4, pCRESS5,
CRESS6, pCRESS7, and pCRESS8 formed another group (Fig. 1B). Furthermore, CRESSV1 and
CRESSV3 revealed a close association with Circoviridae (Fig. 1B). In addition, the group that
showed a relationship with Smacoviridae was called Smacoviridae-related; the group that showed
contact with the CRESSV2 sequences was called CRESSV2-related; the group that showed a
relationship with the pCRESS sequences was called pCRESS-related; the group that showed
contact with Circoviridae was called Circoviridae-related; and also, the groups formed an outgroup
were named as outgroups 1 to 4 (Fig. 1B).

We first explored the subclusters a to j created by the clusters R1 and R2 with domain
organizations. Notably, we observed the subcluster a and b sequences that revealed the domain
organization Viral_Rep+P-loop_NTPase grouped into the CRESSV1, CRESSV2, CRESSV3,
Circoviridae, and Circoviridae-related groups (Fig. 1B; Data Set S4). Interestingly, subclusters c
and d, which contain only Viral_Rep domains, are grouped with CRESSV4 and CRESSV5,
respectively (Fig. 1B; Data Set S4). We observed that subclusters e and f grouped with
Smacoviridae without any known putative functional domains (Fig. 1B; Data Set S4). Significantly,
subcluster g, which displays mostly Viral_Rep +P-loop_NTPase domains and some sequences
with these domains incomplete or with only one of the two domains, formed the CRESSV2-related
group (Fig. 1B; Data Set S4). Similarly, it should be noted that the subcluster h, which contains, in
most of the sequences, only P-loop_NTPase domains, formed the pCRESS-related group
(Fig. 1B; Data Set S4). Also, subcluster i often has Viral_Rep+P-loop_NTPase domains, and
subclusters j has Viral_Rep domain+incomplete P-loop_NTPase domains grouped with
Nanoviridae (Fig. 1B; Data Set S4).

Next, we explored clusters R3, R4, R5, R6, and R9 without any known putative functional
domains. Of these clusters, R4 and R5 combined with clusters R1 and R2 to form Supercluster 1
(Fig. S1A). Note that cluster R4 forms the Smacoviridae-related group, and cluster R5 forms the
outgroup 1 (Fig. 1B; Data Set S4). We observed that the R3, R6, and R9 clusters formed
Supercluster 2 and created outgroup 4, outgroup 3, and outgroup 2, respectively (Fig. 1B; Data
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Set S4). These results show that CRESS-DNA virus Rep proteins group into the phylogenetic tree,
as is the case with CLANS clustering and domain organizations.

Classification of CRESS-DNA virus Cap protein using CLANS. While the Rep protein of
CRESS-DNA viruses is evolutionarily conserved, the Cap protein is highly diverse (2, 18 to 20).
Therefore, previous studies analyzed the evolution of capsid proteins primarily by structural fold
comparisons rather than sequence comparisons (23, 30 to 32). However, we took advantage of
the recent explosion in the metagenomic data from CRESS-DNA viruses. We employed a
sequence comparison method to classify and identify the genetic diversity of CRESS-DNA virus
Cap protein. We collected 1,823 amino acid sequences of CRESS-DNA viruses from the NCBI
database and grouped them based on pairwise similarity (CLANS analysis) (sequences details are
provided in Data Set S6). The analysis classified the CRESS-DNA virus Cap gene sequences into
20 different clusters (minimum of 10 sequences per group was considered to classify them as an
individual cluster) (the individual sequence details in the different clusters are listed in Data Set
S7). Most of the clusters show interconnections with other clusters, except the clusters C3 (Cap
cluster 3), C4, C19, and C20, which were isolated from other clusters (orphan clusters) in a
pairwise similarity network (Fig. S2) (P-value threshold of 1e−02). Cluster C1 of CRESS-DNA virus
sequences clustered with Circoviridae viruses, while cluster C2 showed a relationship with
Geminiviridae viruses, cluster C3 sequences clustered with Smacoviridae viruses, and cluster C6
sequences clustered with Cruciviridae virus sequences (Data Set S7). Among the 20 clusters
identified for the Cap protein of the CRESS-DNA viruses (Fig. 2A), the clusters C2, C7, C8, C11,
C12, C15, and C18 form a supercluster (Fig. 2A) in the sequence similarity network analysis at a
P-value threshold of >1e−04. Similarly, the supercluster consists of clusters C1, C14, and C17 in
CLANS analysis (Fig. 2A; Data Set S7). In addition, clusters C3, C4, C5, C6, C9, C10, C13, C16,
C19, and C20 were isolated from other clusters (orphan clusters) in a pairwise similarity network
(Fig. 2A; Data Set S7) (P-value threshold of 1e−04). Collectively, CRESS-DNA virus Cap proteins
also split into separate groups in CLANS analysis and are thought to support the classification of
Cap proteins.
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Only Cruciviridae Cap proteins related to RNA viruses. In previous studies, it has been
reported that the cap protein of the CRESS-DNA virus is related to the RNA virus (13 to 16), so we
were interested to find out which of these 20 clusters is related to the RNA virus. To do this, we
retrieved the RNA virus sequences associated with the Cap protein of the CRESS-DNA virus from
the NCBI database and performed CLANS analysis (sequences details are provided in Data Set
S8). This analysis noted that RNA viruses revealed association only with Cruciviridae virus
sequences belonging to cluster C6 at a P-value threshold of 1e-02 (Fig. 2B; Data Set S9).

Phylogenetic tree-based classification of CRESS-DNA virus Cap protein. We examined
whether CLANS analysis-based clustering of CRESS-DNA virus cap protein sequences also
grouped into the phylogenetic tree. Because cap proteins do not have common domains as seen
in CRESS-DNA virus Rep proteins, and the sequence alignments are low from most genetic
variants, we performed separate phylogenetic analysis for (i) superclusters C1, C14, and C17; (ii)
superclusters C2, C7, C8, C11, C12, C15, and C18; and (iii) orphan clusters such as C3, C4, C5,
C6, C9, C10, C13, C16, C19, and C20. To do this, we first performed phylogenetic analysis using
sequences from the C1, C14, and C17 clusters that formed the Cap protein supercluster. These
clusters C1, C14, and C17 are well aligned (Data Set S10) and split into separate groups for the
phylogenetic tree (Fig. 3A). Similarly, C2, C7, C8, C11, C12, C15, and C18 clusters are well
aligned (Data Set S11) and split into separate groups for the phylogenetic tree (Fig. 3B). In
particular, C8, C11, and C12 formed an outgroup, C8 was somewhat detached, and C11 and C12
grouped slightly closer together into the phylogenetic tree (Fig. 3B), as seen in the CLANS
analysis (Fig. 2A). Similarly, the C7 and C15 clusters grouped in the phylogenetic tree (Fig. 3B), as
seen in the CLANS analysis (Fig. 2A), and the C18 and some C2 sequences grouped together
with this (C7 and C15) group (Fig. 3B). Also, although the cluster C2 sequences are majorly
grouped together, it is noteworthy that some sequences are grouped together with a group formed
by C8, C11, and C12 and a group created by C7, C15, and C18 (Fig. 3B). We then performed
phylogenetic analysis separately for the orphan clusters C3, C4, C5, C6, C9, C10, C13, C16, C19,
and C20. Thus, the sequences in these clusters are well-aligned C3 (Data Set S12), C4 (Data Set
S13), C5 (Data Set S14), C6 (Data Set S15), C9 (Data Set S16), C10 (Data Set S17), C13, C16,
C19, and C20 (Data Set S18), to form the phylogenetic tree C3 (Fig. S3A), C4 (Fig. S3B), C5 (Fig.
S4A), C6 (Fig. S4B), C9 (Fig. S5A), C10 (Fig. S4B), C13, C16, C19, and C20 (Fig. S5C).

FIG 2 Sequence similarities (CLANS) analysis-based CRESS-DNA virus capsid protein clustering. (A) A total of
1,823 amino acid sequences of Cap protein of CRESS-DNA viruses (Supplemental Data 6) were used and
classified by their pairwise sequence similarity network using CLANS. The clusters were classified using the
network-based method using offset values and global average with a maximum of 10,000 in CLANS Toolkit
analysis. The P value of ≤1e−05 was used to show the lines connecting the sequences. (B) Pairwise sequence
similarity based on CRESS-DNA virus capsid protein and +RNA viruses relationship. Representative CRESS-DNA
virus capsid protein sequences and their relationship with RNA viruses using CLANS Toolkit. A total of 1,967 amino
acid sequences of Cap protein of CRESS-DNA viruses and +RNA viruses were used in this analysis (Supplemental
Data 8). The clusters were classified using the network-based method using offset values and global average with a
maximum of 10,000 in CLANS Toolkit analysis. The P value of ≤1e−02 was used to show the lines connecting the
sequences.
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Recombination mediated evolution of CRESS-DNA viruses. Recently, it has been reported
that the cap protein of cruciviruses is very similar, but the Rep protein may be derived from
different sources with greater diversity (17); we examined whether the sequences in the cluster of
these 20 Cap proteins received the Rep protein from the same group or from different groups. To
do this, we took the representative sequences in each Cap cluster and identified the phylogenetic
tree groups that contain its Rep protein (Data Set S19). In this analysis, it appears that the
sequences in the same Cap cluster have different groups of rep proteins (Data Set S19). From
these, it can be inferred that the CRESS-DNA virus has the potential to acquire genetic diversity
through recombination in the Cap and Rep genes.

Role of host codon usage selection pressure on Rep gene evolution. Since we observe
homology at amino acid levels between the Rep gene of CRESS-DNA viruses but not any
significant identity at the nucleotide sequence level, we suspected this might be due to this virus's
host codon usage bias-based selection pressure. To explore this, we first analyzed the base
composition of 1,115 nucleotide sequences of CRESS-DNA viruses' Rep genes (the details of
nucleotide sequences used in the analysis are presented in Data Set S20) as AT to GC ratio can
affect codon usage in microbes (33, 34). Our study revealed that the Rep gene of CRESS-DNA
viruses contains A > T > G > C with AT% > GC% (average GC content is 43.6 ± SD 7.06) (Fig. 4A;
Data Set S21). We next analyzed the codon usage bias using the effective number of codon
usage (ENc) analysis. ENc values of <35 indicate high codon bias, and values of >50 show
general random codon usage (35, 36). The Rep gene of CRESS-DNA viruses has ENc values
ranging from 31 to 61, while most of the ENc values fall between 40 and 60 (average ENc 51.004
± SD 5.73) (Fig. 4B; Data Set S21), indicating weak to strong codon usage bias. In addition, we
calculated the relative synonymous codon usage (RSCU) value, which is the ratio between the
observed to the expected value of synonymous codons for a given amino acid. A RSCU value of 1
indicates that there is no bias for that codon. In contrast, RSCU values of >1.0 have positive
codon usage bias (defined as abundant codons), and RSCU values of <1.0 have negative codon
usage bias (defined as less-abundant codons) (36, 37). Our analysis revealed that the RSCU
values of 28 codons were >1, and 31 codons were <1 in the Rep gene of all the CRESS-DNA
viruses (Fig. 4C; Data Set S21), clearly indicating a codon usage bias (both positive and
negative).

FIG 3 Phylogenetic relationship of CRESS-DNA virus Cap protein superclusters. (A) Phylogenetic tree depicting the
genetic relationship between the CRESS-DNA virus Cap protein supercluster formed by the clusters C1, C14, and
C17. The details of sequences in each cluster (Supplemental Data 7) and alignment are provided in Supplemental
Data 10. (B) The phylogenetic tree depicting the genetic relationship between the CRESS-DNA virus Cap protein
supercluster created by the clusters C2, C7, C8, C11, C12, C15, and C18. The details of sequences in each cluster
(Supplemental Data 7) and alignment are provided in Supplemental Data 11. The maximum-likelihood method
inferred the evolutionary history using the Subtree-Pruning-Regrafting algorithm and bootstrap values in PhyML
3.3_1.
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Next, we performed ENc-GC3s plot analysis where the ENc values are plotted against the
GC3s values (GC content at the third position in the codon) to determine the significant factors
such as selection or mutation pressure affecting the codon usage bias (38). In this analysis, genes
whose codon bias is affected by mutations will lie on or around the expected curve. In contrast,
genes whose codon bias is affected by selection and other factors will lie beneath the expected
curve (36, 38). Interestingly, we observed that most of the points fall below the expected curve in
the ENc-GC3s plot analysis (Fig. 4D; Data Set S21), indicating the strong presence of selection
pressure rather than mutation pressure. Similarly, neutrality plot analysis where GC12 values
(average of the GC content percentage at the first and second position in the codon) are plotted
against GC3 values to evaluate the degree of influence of mutation pressure and natural selection
on the codon usage patterns, displayed a slope of 0.2899 (Y = 0.2899*X + 30.61, r = 0.662; P < 
0.0001) (Fig. 4E; Data Set S21), indicating that the mutation pressure and natural selection were
28.9% and 71.1%, respectively. Moreover, we performed parity rule 2 bias analysis, where the AT
bias [A3/(A3+ T3)] is plotted against GC bias [G3/(G3 + C3)] to determine whether mutation
pressure and natural selection affect the codon usage bias (38). If A = T and G = C, it indicates no
mutation pressure and natural selection, while any discrepancies indicate mutation pressure and
natural selection. Our analysis of CRESS-DNA Rep gene sequences shows unequal A to T and G
to C numbers, indicating the presence of mutation and selection pressure (Fig. 4F, Data Set S21).
Taken together, these results suggest that CRESS-DNA has wide host-range adaptation,
maintaining better codon usage pattern with bacteria, and further selection pressure has played a

FIG 4 Host codon usage selection pressure on Rep gene of CRESS-DNA virus evolution. (A) Representing the A, T,
G, and C fraction; (B) representing the ENc values; (C) representing the codon usage fraction and RSCU values;
(D) representing ENc plotted against GC3s; (E) neutrality plot analysis of the GC12 and that of the GC3; and (F)
parity rule 2 (PR2)-bias plot. (Total of 1,115 nucleotide sequences of Rep gene of CRESS-DNA viruses were used
in this analysis.
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significant role in the evolution of the CRESS-DNA viruses Rep gene rather than mutational
pressure.

Role of host codon usage selection pressure on Cap gene evolution. Similar to the Rep
gene, our NCBI nucleotide BLAST analysis of the Cap gene also showed limited homology
between the Cap gene of CRESS-DNA viruses. Since we observed a strong codon-bias-based
evolution in the Rep gene of CRESS-DNA viruses (Fig. 4A to F), we tested whether the Cap gene
of the CRESS-DNA viruses also shows codon-bias-based evolution to explore whether the
evolution of the Cap gene was influenced by mutation pressure or selection pressure. We
retrieved 1,134 nucleotide sequences of Cap genes of CRESS-DNA viruses (Data Set S22) from
the NCBI public database. Our analysis of the nucleotide base composition of the Cap gene
revealed that the Cap gene contains AT% > GC% (average GC content is 44.72 ± SD 5.96)
(Fig. 5A; Data Set S23). Further, the Cap protein of the CRESS-DNA virus has ENc value ranging
from 33 to 61, while most of the sequence ENc values fall between 40 to 60 (average ENc 51.54 ±
SD 5.36) (Fig. 5B; Data Set S23). Similarly, the RSCU values of 27 codons were >1, and 31
codons were <1 in all the Cap genes of CRESS-DNA viruses (Fig. 5C; Data Set S23). Also, nine
codons showed RSCU values of <0.7, and 6 codons showed RSCU values of >1.5, indicating the
presence of underrepresented and overrepresented codon bias in the Cap gene, respectively
(Data Set S23). Moreover, we performed ENc-GC3s plot analysis and found that most points fall
below the expected curve in the ENC-GC3s plot (Fig. 5D; Data Set S23). In line with this, the
neutrality plot displayed a slope of 0.1404 (Y = 0.1404*X + 40.64; r = 0.512; P < 0.0001) (Fig. 5E;
Data Set S23), indicating 14% of mutation pressure and 86% of selection pressure in this gene,
and parity rule 2 bias analysis showed discrepancies in the A to T and G to C numbers in the third
position of the codon (Fig. 5F; Data Set S23). Taken together, these results indicate that the
selection pressure played a more significant role in the Cap gene than the Rep genes of CRESS-
DNA viruses.
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DISCUSSION
The genetic diversity of CRESS-DNA viruses so far is known only to be the tip of the iceberg.
Many novel CRESS-DNA viruses have recently been detected by metagenomic sequencing (8, 39
to 41). The rapid development of metagenomic sequencing suggests that in the future, most
CRESS-DNA viruses will be detected from different sources and that these CRESS-DNA viruses
will be divided into different virus families. Therefore, it is hoped that identifying and classifying
genetic diversity in CRESS-DNA viruses will help determine their importance in transmission and
pathogenesis and design antivirals and vaccines for appropriate control and prevention. However,
the classification of CRESS-DNA viruses has been determined using only the Rep protein (1, 12).
This is because Rep protein contains conserved HUH motif and S3H domains, while Cap protein
is unclassified because it has high genetic diversity without being conserved (1, 12). However, of
the cruciviruses that classify Cap protein well, the report that Cap proteins are nearly identical and
that the highly diverse Rep protein may be derived from different CRESS-DNA virus sources is
critical here (17). Therefore, it can be expected that the genetic diversity and genetic
recombination events of CRESS-DNA viruses can be determined by detecting and classifying the
diversity in both Rep and Cap proteins.

It is noteworthy that recently, unclassified CRESS-DNA viruses using the Rep protein of
CRESS-DNA viruses were grouped into six groups called CRESSV1 to CRESSV6 (1, 12). The
present study reveals that there is not only the presence of CRESSV1-CRESSV6 groups in the
CRESS-DNA viruses but also reveals the presence of groups such as Smacoviridae-related,

FIG 5 Host codon usage selection pressure on Cap gene of CRESS-DNA virus evolution. (A) A, T, G, and C
fraction; (B) ENc values; (C) codon usage fraction and RSCU values; (D) ENc plotted against GC3s; (E) neutrality
plot analysis of the GC12 and that of the GC3; and (F) parity rule 2 (PR2)-bias plot. (Total of 1,134 nucleotide
sequences of Cap gene of CRESS-DNA viruses used in this analysis.)
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CRESSV2-related, pCRESS-related, Circoviridae-related, and 1 to 4 outgroups. So far, it has
been reported that the Rep protein of the CRESS-DNA virus contains the HUH motif and S3H
domains (1, 12). In this study, we report the presence of domains such as the Viral_Rep
superfamily (Cdd: pfam02407) and P-loop_NTPase superfamily (Cdd: pfam00910) in the Rep
protein of most CRESS-DNA viruses. Furthermore, this present study revealed the presence of
these two domains in the CRESSV1, CRESSV2, CRESSV3, Circoviridae, and Circoviridae-related
groups and the Nanoviridae group. However, CLANS and phylogenetic analyses clarify that the
viral_Rep and P-loop_NTPase domains in the CRESSV1, CRESSV2, CRESSV3, Circoviridae,
and Circoviridae-related groups are very close and distinct from the Nanoviridae group. It is
noteworthy that CRESSV1, CRESSV2, CRESSV3, Circoviridae, and Circoviridae-related groups
together formed the Rep subcluster a and b and the sequences in the Nanoviridae group Rep
subcluster i and j (Fig. S1B). Our phylogenetic tree (Fig. 1B) and previous study (12) reflect this
diversity. In particular, some sequences in the rep subcluster a and b appear to have an additional
domain (Penta-EF hand, DNA-binding ATP-dependent protease La, Type III secretion system
protein PrgH-EprH [PrgH], etc.) between the Viral_Rep and P-loop_NTPase domains. From the
acquisition of such additional functional domains, it is clear that these viruses are stepping into the
next stage of evolution, and when more sequences are found later, it is possible to speculate that
they are likely to be classified as separate virus families. However, since these sequences are
detected by metagenomic sequencing from uncultured viruses and maybe sequence alignment
error, it may be imperative to isolate the viruses and identify the significance of these additional
functional domains.

Furthermore, in CLANS analysis, the subclusters c and d were grouped with the subclusters i
and j reacting with Nanoviridae (Fig. S2B), of which the subcluster c was CRESSV4 and the
subcluster d was CRESSV5 viruses (Data Set S4), as reflected in our phylogenetic tree (Fig. 1B)
and previous study (12). In particular, the CRESSV4 and CRESSV5 viruses have only the
Viral_Rep domain, the sequences in the subcluster j related to Nanoviridae are the
Viral_Rep+incomplete P-loop_NTPase, and the sequences in the subcluster i are the
Viral_Rep+P-loop_NTPase domains. Of these, it can be speculated that the CRESSV4 and
CRESSV5 viruses, which have only the Viral_Rep domain, may have appeared first, followed by
the subcluster j with the viral_Rep+incomplete P-loop_NTPase, and finally the subcluster i virus
with the Viral_Rep+P-loop_NTPase domains. Similarly, subcluster g (CRESSV2-related group),
which is often Viral_Rep+P-loop_NTPase domains and some sequences where these domains
are incomplete or show only one of the two domains, may have led to the emergence of
CRESSV2 viruses with Viral_Rep+P-loop_NTPase domains. Furthermore, it is essential to note
that subcluster h, which usually contains only the P-loop_NTPase domain, formed the pCRESS-
related group. Interestingly, no functional domains were found in Smacoviridae's Rep protein in the
Conserved Domain search tool, which revealed links between Circoviridae and Nanoviridae in
CLANS and biogenetic analyzes. Similarly, no functional domains were found in the sequences in
group R5 (CLANS) or Smacoviridae-related group (phylogenetic tree). It is noteworthy that the
sequences of Rep protein that formed the outgroups in this phylogenetic analysis are the clusters
of CLANS analysis, R3, R5, R6, and R9, forming separate groups. R3, R5, R6, and R9 clusters
formed Supercluster 2 and created outgroup 4, outgroup 1, outgroup 3, and outgroup 2,
respectively. Remarkably, no functional domains are found in the sequences in the R3, R5, R6,
and R9 clusters that make up the outgroups. However, the sequences that make up the outgroups
are detected from uncultured viruses by metagenomic sequencing, and it can be expected that the
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functional significance will be revealed by isolating these viruses and characterizing the Rep
protein.

Cap protein was high in genetic diversity, making it challenging to align and phylogenetically
classify correctly. Therefore, in this study, we subdivided the closest sequences into clusters using
CLANS analysis and then did phylogenetic classification by aligning them well using the
corresponding clusters. First, in this study, the Rep proteins were divided into clusters in the
CLANS analysis and then phylogenetically classified using the related clusters, which is consistent
with phylogenetic classification in the previous studies (1, 12). Accordingly, we divide the cap
protein into 20 clusters using CLANS analysis, and (i) superclusters C1, C14, C17; (ii)
superclusters C2, C7, C8, C11, C12, C15, and C18; and (iii) orphan clusters such as C3, C4, C5,
C6, C9, C10, C13, C16, C19, and C20 became well aligned and led to phylogenetic classification.
Furthermore, only the Cruciviridae virus sequences in Cap-cluster C6 revealed evolutionary
relationships with RNA viruses, but future studies need to determine the evolutionary origins of the
sequences in other Cap clusters. Remarkably, this study revealed that viruses in the same Cap
cluster derive their Rep protein from groups of different Rep proteins, which can be speculated to
be generated by genetic recombination. These can be believed to underscore the importance of
classifying Cap protein. Finally, this study makes it clear that selection pressure plays a more
significant role than mutational pressure in the genetic diversity and evolution of CRESS-DNA
virus Cap and Rep protein. Therefore, it can be expected that there will be more opportunities to
detect CRESS-DNA viruses with greater genetic diversity and/or recombination in the future. We
hope this study will help determine the genetic diversity/recombination of CRESS-DNA viruses as
more sequences are discovered in the future.

In conclusion, to the best of our knowledge, this is the first report on the CRESS-DNA virus
Rep protein classification using a different domain organization pattern, and CLANS and
phylogenetic analysis based on the classification of Cap protein. Furthermore, this study also
clarifies the genetic diversity in CRESS-DNA viruses formed by recombination and selection
pressures in Cap and Rep proteins. It is widely expected that CRESS-DNA viruses, which have
tremendous genetic diversity in the future, will be able to be detected from different sources in
different parts of the world through rapidly growing metagenomic sequences. We hope this study
will help you determine and accurately classify using CLANS, phylogenetic groups, the domain
organization pattern, genetic diversity, and recombination of those CRESS-DNA viruses.

MATERIALS AND METHODS
Database search, collection, and curation. Complete genome sequences of CRESS-DNA

viruses were retrieved from the NCBI nucleotide database
(https://www.ncbi.nlm.nih.gov/nucleotide/). Rep and Cap genes’ characterized protein-coding
sequence (CDS) region and their corresponding amino acid sequences were retrieved from the
database in the available complete genome sequence of CRESS-DNA viruses. The
uncharacterized CDS of CRESS-DNA viruses were classified as a Cap/Rep protein using NCBI
protein BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Protein) analysis, and the
sequences were retrieved. Further, complete genome sequences that contain Cap/Rep of every
CRESS-DNA were individually used to perform separate NCBI protein BLAST analysis
(https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Protein). Their BLAST-aligned sequences of other
ssDNA viruses (example: Circoviridae, Smacoviridae, Cruciviridae, etc.) were retrieved.

CLANS (CLuster ANalysis of Sequences) analysis. The CLANS analysis was performed in
the online Toolkit software (https://toolkit.tuebingen.mpg.de/tools/clans). The protein sequences
retrieved from the NCBI database were subjected to the pairwise sequence similarity calculation
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using the online CLANS analysis in the Toolkit (21) with a scoring matrix of BLOSUM45 and
BLAST HSP (High Scoring Pair) up to an E value of 1e−2. Next, the CLANS files obtained from the
Toolkit were visualized in a Java application (clans.jar) (22). A minimum of 100,000 rounds were
used to show the sequences connection and clusters in the clans.jar application. The clusters
were classified based on the network method using offset values and global average with
maximum rounds of 10,000 in clans.jar analysis.

Analysis of functional domain organization in the protein. We determined the domain
organizations in the Rep protein of the CRESS-DNA virus using the Conserved Domain search
tool (https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi). For this, we used the CDD v3.19-
58235 PSSms database, Expect Value threshold line 0.01, and composition-based statistics
adjustment applied, and performed by the maximum number of hits to 500 in the Conserved
Domain search tool (26 to 29).

Phylogenetic analyses. The phylogenetic analysis was performed in PhyML 3.3_1 using the
amino acid sequences of the Rep/Cap protein of the CRESS-DNA virus clustered into clusters in
the CLANS analysis, which was retrieved from the NCBI public database. The phylogenetic
analysis is in PhyML 3.3_1, evolutionary model LG, equilibrium frequencies Empirical ML- Model,
discrete gamma model (number of categories [n = 4]), tree topology search with SPR (Subtree
Pruning and Regraphing), tree topology, and branch length, model parameters are optimizing
parameters, and SH-like statistics are used to test the branch support (42 to 44). Further, the
phylogenetic trees were visualized through the interactive tree of life (iTOL) v5 (45).

Codon usage bias analysis. (i) Nucleotide sequence composition analysis. The nucleotide
composition of CDSs, specifically the A%, T%, G%, and C% composition of the Rep/Cap genes of
CRESS-DNA viruses, was analyzed using Automated Codon Usage Analysis (ACUA) software
(46).

(ii) Relative synonymous codon usage (RSCU) analysis. RSCU value is the ratio between
the observed and the expected value of synonymous codons for a given amino acid. When the
RSCU value is one, it indicates that there is no bias for that codon (36, 37). This study determined
the RSCU values using the ACUA software (46). The nucleotide sequences of Rep/Cap genes of
CRESS-DNA viruses obtained from the NCBI nucleotide public database were used for this
analysis.

(iii) Effective number of codons (ENc). The effective number of codon usage from 61 codons
for the 20 amino acids is one method that determines the codon usage bias and may range from
20 to 61. ENc values of <35 indicate high codon bias, and values of >50 show general random
codon usage (35, 36). In this study, the ENc values were determined on the online server
(http://ppuigbo.me/programs/CAIcal/) (47), and the input nucleotide sequences used in the codon
adaptation index (CAI) calculation were used in this analysis.

Determining the selection and mutation pressure. (i) ENc-GC3s plot. In this analysis, the
ENc values are plotted against the third position of GC3s of codon values to determine the
significant factors such as selection or mutation pressure affecting the codon usage bias (38). The
expected curve was determined by estimating the expected ENc values for each GC3s as
recommended in previous publications (36, 38). The ENc and GC3s for every gene were obtained
from an online CAI analysis server (http://ppuigbo.me/programs/CAIcal/) (47). The genes would lie
on or around the expected curve when mutation pressure only affects codon bias. In contrast, they
would fall considerably below the expected curve if codon bias is influenced by selection and other
factors (36, 38).
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(ii) Neutrality plot analysis. In a neutrality plot, GC12 values of the codon are plotted against
GC3 values to evaluate the degree of influence of mutation pressure and natural selection on the
codon usage patterns. The GC12 and GC3 values for the nucleotide sequences of Rep/Cap
genes of CRESS-DNA viruses were obtained from an online CAI analysis server
(http://ppuigbo.me/programs/CAIcal/) (47).

(iii) Parity rule 2 (PR2)-bias plot. The PR2-bias, the AT bias [A3/(A3+ T3)] is plotted against
GC-bias [G3/(G3 + C3)] to mutation pressure and natural selection affecting the codon usage bias
(38). The A3, T3, G3, and C3 values of nucleotide sequences of Rep/Cap genes of CRESS-DNA
viruses were obtained using the ACUA Software (46).

Data availability. We have retrieved the nucleotide sequences from publicly available NCBI
databases. Further, all the nucleotide sequence accession numbers and names are indicated in
the respective figures and supplemental data.
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