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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 ten clusters using CLANS and phylogenetic analyzes. 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 CRESSVS viruses have only the
Viral Rep domain, and 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 analyzes.
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.

Introduction

Circular replication(Rep)-encoding single-stranded (CRESS)-DNA viruses are ubiquitous
viruses that are reported to spread worldwide and infect almost all eukaryotic tree of life '~.
CRESS-DNA viruses have also been found in environmental samples such as sewage,
seawater, lakes, and springs *''. Recently, ssDNA viruses have been classified into 13
families '; ten families (Anelloviridae, Bacilladnaviridae, Bidnaviridae, Circoviridae,
Geminiviridae, Genomoviridae, Nanoviridae, Parvoviridae, Redondoviridae, and
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72 Smacoviridae) are reported from the eukaryotes '>. These viruses are commonly found with
73 replication initiation protein (Rep) and structural capsid protein (Cap) "*'2. Of the ten ssDNA
74  virus families found in eukaryotes, the Bidnaviridae and Parvoviridae families have the
75  linear Genome topology, and the Anelloviridae family have a different Rep protein, with the
76  remaining seven families containing circular ssDNA with Rep protein containing the
77 preserved HUH endonuclease motif and superfamily 3 helicase (S3H) domain ',

78  Recently, these characterized seven families of ssDNA viruses infect eukaryotes
79  (Bacilladnaviridae, Circoviridae, Geminiviridae, Genomoviridae, Nanoviridae,
80 Redondoviridae, and Smacoviridae), and uncharacterized CRESS-DNA viruses have been
81 classified into separate groups using this characteristic and conserved two-domain Rep
82  protein 2. Thus, unclassified CRESS-DNA viruses are classified as CRESSV1 through
83 CRESSV6 '%. So far, the Rep protein of CRESS-DNA viruses has been characterized to
84  contain the HUH motif and S3H domain "'*. It is also not widely known what other domains
85 are present in the rep protein of CRESS-DNA viruses that accumulate day by day through
86  metagenomic sequencing in different environmental samples and how they help classify
87 CRESS-DNA viruses. Furthermore, the classification of CRESS DNA viruses by capsid
88  proteins is challenging due to the lack of conserved portions of the capsid proteins of the
89 CRESS DNA viruses as found in the Rep protein '2. In particular, the capsid proteins of
90  CRESS DNA viruses are reported to be derived from a number of RNA viruses ">
91  largely unknown which of the Cap proteins of the CRESS-DNA viruses that accumulate day
92 by day through metagenomic sequencing in different environmental samples are related to the
93  RNA viruses and the diversity in the Cap proteins of the CRESS-DNA viruses. A recent
94  study found that capsid proteins in Cruciviruses (CRESS DNA virus) are highly conserved
95 and possibly acquired from RNA viruses, but the Rep protein is more diversified than Cap
96 protein '’. From these, it is speculated that Cruciviruses may have obtained Rep protein from
97 different CRESS-DNA viruses by recombination . Therefore, it appears that the genetic
98  variation and recombination of CRESS-DNA viruses can be detected by dividing the capsid
99  proteins of almost identical CRESS-DNA viruses into groups. However, it should be noted
100 that there is no mechanism for classifying the capsid proteins of CRESS-DNA viruses so far.

.Itis also

101 The present study systematically classified the CRESS-DNA viruses Rep and Cap proteins
102 and reported the presence of different group-specific various domain organizations in the Rep
103  protein. Further, it explains the recombination-mediated evolution of the CRESS-DNA virus
104  and reveals that selection pressure plays a significant role in the evolution of CRESS-DNA
105  viruses' Rep and Cap genes rather than mutational pressure

106  Results
107  CLANS based classification of CRESS-DNA Rep protein

108  As a first step towards understanding the genetic diversity of the CRESS DNA viruses, we
109  analyzed the inter-relationship between the core viral proteins such as Rep and Cap proteins
110  of various isolates of CRESS-DNA viruses. We first chose the Rep protein for our analysis
111  since it shows a high degree of conservation among the CRESS-DNA viruses™'*?°. To
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112 explore the sequence diversity of the Rep protein of CRESS-DNA viruses, we collected 1160
113 (sequences details are provided in Supplementary Data 1) amino acid sequences of CRESS-
114  DNA viruses from the NCBI Database and grouped them based on pairwise sequence
115  similarity using the CLANS (CLuster ANalysis of Sequences) tool 2. The analysis grouped
116  the CRESS-DNA virus Rep protein sequences into ten different clusters (R1 to R10) [Rep
117  Cluster 1 (R1)] (a minimum of 10 viral sequences to a maximum of 487 sequences per group)
118  (Figure 1A, the individual sequence details in the different clusters are listed in
119  Supplementary Data 2). The majority of the clusters, except clusters R7 and R8, showed
120  inter-connections at a p-value threshold of 1e™ (Figure 1A). Further, we also observed three
121 different superclusters (Super-cluster 1 - clusters R1, R2, R4, and RS5; Super-cluster 2 -
122 clusters R3, R6, and R9; Super-cluster 3 - clusters R7 and R8) at a p-value threshold of 1¢”
123 (Supplementary Figure 1A). For a better understanding of the genetic diversity of the
124  CRESS-DNA virus, we classified the CRESS-DNA viruses into three broad groups as
125  follows (i) culturable CRESS-DNA viruses (Circoviridae, Geminiviridae, Smacoviridae,
126  Cruciviridae, etc.)” which are infective, (ii) replication-competent circular DNA (rccDNA)
127  which include the bovine meat and milk factors (BMMF) and Sphinx infective DNA
128  molecule ** and (iii) uncharacterized and uncultivated CRESS-DNA' which were detected as
129  a DNA molecule in the viral metagenomic analysis. Interestingly, most of the sequences in
130  clusters R1 and R2 grouped with highly characterized and culturable viral families of
131 Circoviridae, Smacoviridae, and Cruciviridae. Further, cluster R8 sequences exclusively
132 belonged to BMMF of rccDNA, while all other clusters included uncultured CRESS-DNA
133 viruses. The remaining clusters (R3, R4, RS, R6, R7, R9, and R10) were classified as
134  uncharacterized and uncultivated CRESS-DNA.

135  Domain organization in the CRESS-DNA virus Rep protein

136 We were interested to find out if these different Rep protein clusters have any significant
137  differences in the organization of functional domains. The Rep genes of CRESS-DNA
138  viruses have been reported to contain two main functional domains/motif, HUH endonuclease
139 motif and superfamily 3 helicase domains '*°. In this context, we analyzed the domain
140  organization of the Rep protein of viruses from different clusters using the Conserved
141  Domain search tool (https://WWW.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi?)%'zg‘
142 Interestingly, we found that only the Rep protein of viruses in clusters R1 and R2 displayed
143  functional domains such as Viral Rep superfamily (Cdd:pfam02407) and P-loop NTPase
144  superfamily (Cdd:pfam00910). On the other hand, cluster R8 (BMMF) sequences contained
145  Rep_1 superfamily (Cdd:pfam01446), a homologous domain to the Repl domain of bacteria
146  involved in plasmid replication. Moreover, we did not find any known putative functional
147  domains in our conserved domain analysis of other clusters consisting of uncultured viruses
148  (Rep cluster R3, R4, R5, R6, R7, R9, and R10). However, it should be noted that R4 and RS
149  in clusters of Rep protein that do not express these putative functional domains have
150  evolutionary links with R1 and R2 clusters that express functional domains (Figure 1A).
151  Similarly, cluster R7 has evolutionary links with cluster R8 that holds the Rep 1 domain
152 (Figure 1A).
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153  We then analyzed the diversity of the Rep protein domains in depth belonging to clusters R1
154  and R2 to further classify the viruses in these clusters, which are highly related to culturable
155  viruses (sequences details are provided in Supplementary Data 3). To explore the different
156  domain organizations present in the viruses of clusters R1 and R2, we re-clustered them into
157 10 sub-clusters (cluster a to j) at a p-value threshold of 1e~* (Supplementary Figure 1B). Of
158  these ten sub-clusters, we noted that sub-clusters such as a, b, g, and h formed a single group
159  (group 1), and c, d, i, and J sub-clusters formed a separate group (group 2) (Supplementary
160  Figure 1B). Furthermore, it can be seen that there are some evolutionary links between these
161  two groups (group 1 and group 2), but the sub-clusters e and f together as a separate group
162  (group 3) (Supplementary Figure 1B).

163  The viruses in the sub-cluster a majorly contain two main domains: Viral Rep and P-
164  loop NTPase domains. Some sequences had one of the following additional domains in
165  between Viral Rep and P-loop NTPase domain such as the AAA ATPase domain, Penta-EF
166  hand, DNA-binding ATP-dependent protease La, Type III secretion system protein PrgH-
167 EprH (PrgH), and Parvovirus non-structural protein NS1 (Supplementary Data 4).
168  Similarly, cluster b viruses also contained the Viral Rep and P-loop NTPase domains. In
169  addition, few sequences had a third functional domain between Viral Rep and P-
170  loop NTPase domain such as AAA+-type ATPase, SpoVK/Ycf46/Vps4 family, or Type VI
171  protein secretion system component VasK. Moreover, the cluster b viruses also contained a
172 combination of domains such as (i) incomplete Viral Rep + P-loop NTPase, and (ii)
173 Viral Rep + incomplete P-loop NTPase (Supplementary Data 4). Also, most sequences in
174  sub-cluster g contain Viral Rep + P-loop NTPase domains, and some sequences are
175  incomplete with these domains or possess only one of the two domains (Supplementary
176  Data 4). Significantly, most sequences in the sub-cluster h contain only the P-loop NTPase
177  domains (Supplementary Data 4). More interestingly, it was revealed that most of the
178  sequences in sub-cluster ¢ and d have only Viral Rep domains (Supplementary Data 4).
179  Also, sub-cluster i, which is grouped with sub-cluster ¢ and d, contains the Viral Rep+P-
180 loop NTPase domains, and sub-cluster j contains the Viral Rep domaint+incomplete P-
181  loop NTPase domains (Supplementary Data 4). Finally, it is essential to note that the
182  sequences in sub-clusters € and f have no known putative functional domains
183  (Supplementary Data 4). Collectively, our analyses reveal a vast diversity of domains in the
184  viral Rep protein of CRESS-DNA viruses ranging from lack of any known functional
185  domains to the combination of multiple functional domains.

186  Phylogenetic tree based classification of CRESS-DNA virus Rep protein and group-
187  specific domain organization

188  Recently CRESS-DNA viruses have been classified into different groups CRESSV1 to
189  CRESSV6 using Rep protein "*'*. Therefore, we are interested in finding out which CRESSV
190  groups the clusters of Rep protein with varying organizations of domain identified in this
191  current study belong to. To find out, we performed a phylogenetic analysis of the sequences
192  of the Rep protein used in this present study with the sequences used to classify the CRESS-
193  DNA viruses in the previous study ' (Supplementary Data 5). In this phylogenetic analysis,
194  we observed that CRESSV6, P.pulchra, pPCRESS9, Genomoviridae, and Geminiviridae were

5
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195  grouped together, and CRESSV4, CRESSVS5, and Nanoviridae have formed another group
196  (Figure 1B), as in the previous study '2. As in the previous study ', in plasmid CRESS
197  sequences (pCRESS), CRESS1, pCRESS2, and pCRESS3 formed a separate group, and
198  CRESS4, pCRESSS5, CRESS6, pCRESS7, and pCRESSS8 formed another group (Figure 1B).
199  Furthermore, CRESSV1 and CRESSV3 revealed a close association with Circoviridae
200 (Figure 1B). In addition, the group that showed a relationship with Smacoviridae was called
201  Smacoviridae-related; the group that showed contact with the CRESSV2 sequences was also
202  called CRESSV2-related; the group that showed a relationship with the pCRESS sequences
203  was called pCRESS-related; the group that showed contact with Circoviridae was called
204  Circoviridae-related; also the groups formed an outgroup were named as outgroup 1 to 4
205  (Figure 1B).

206  We first explored the sub-cluster @ to j created by the clusters R1 and R2 with domain
207  organizations. Notably, we observed the sub-cluster a and b sequences that revealed the
208  domain organization Viral Rep+P-loop NTPase grouped into the CRESSV1, CRESSV2,
209  CRESSV3, Circoviridae, and Circoviridae-related groups (Figure 1B; Supplementary Data
210  4). Interestingly, sub-clusters ¢ and d, which contain only Viral Rep domains, are grouped
211 with CRESSV4 and CRESSVS, respectively (Figure 1B; Supplementary Data 4). We
212 observed that sub-clusters e and f grouped with Smacoviridae without any known putative
213 functional domains (Figure 1B; Supplementary Data 4). Significantly, sub-cluster g, which
214  display mostly Viral Rep +P-loop NTPase domains and some sequences with these domains
215 incomplete or with only one of the two domains, formed the CRESSV2-related group
216  (Figure 1B; Supplementary Data 4). Similarly, it should be noted that the sub-cluster h,
217  which contains most of the sequences only P-loop NTPase domains, formed the pCRESS-
218 related group (Figure 1B; Supplementary Data 4). Also, sub-cluster i often have
219  Viral Rep+P-loop NTPase domains and sub-clusters j with Viral Rep domaint+incomplete
220  P-loop NTPase domains grouped with Nanoviridae (Figure 1B; Supplementary Data 4).

221 Next, we explored clusters R3, R4, R5, R6, and R9 without any known putative functional
222 domains. Of these clusters, R4 and R5 combined with clusters R1 and R2 to form Super-
223 cluster 1 (Supplementary Figure 1A). Note that cluster R4 forms the Smacoviridae-related
224  group, and cluster RS forms the outgroup 1 (Figure 1B; Supplementary Data 4). We
225  observed that the R3, R6, and R9 clusters formed Super-cluster 2 created outgroup 4,
226  outgroup 3, and outgroup 2, respectively (Figure 1B; Supplementary Data 4). These results
227  show that CRESS-DNA virus Rep proteins group into the phylogenetic tree, as is the case
228  with CLANS clustering and domain organizations.

229  Classification of CRESS-DNA virus Cap protein using CLANS

230  While the Rep protein of CRESS-DNA viruses is evolutionarily conserved, the Cap protein is
231 highly diverse >'®*. Therefore, previous studies analyzed the evolution of capsid proteins
232 primarily by structural fold comparisons rather than sequence comparisons> ">
233 we took advantage of the recent explosion in the metagenomic data from CRESS-DNA

. However,

234 viruses. We employed a sequence comparison method to classify and identify the genetic
235  diversity of CRESS-DNA virus Cap protein. We collected 1823 amino acid sequences of
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236 CRESS-DNA viruses from the NCBI Database and grouped them based on pairwise
237  similarity (CLANS analysis) (sequences details are provided in Supplementary Data 6). The
238  analysis classified the CRESS-DNA virus Cap gene sequences into 20 different clusters
239  (minimum of ten sequences per group was considered to classify them as an individual
240  cluster) (the individual sequence details in the different clusters are listed in Supplementary
241  Data 7). Most of the clusters show interconnections with other clusters, except the clusters
242 C3 (Cap cluster 3), C4, C19, and C20, which were isolated from other clusters (orphan
243 clusters) in a pairwise similarity network (Supplementary Figure 2) (p-value threshold of
244 1. Cluster C1 of CRESS-DNA virus sequences clustered with Circoviridae viruses, while
245  cluster C2 showed a relationship with Geminiviridae viruses, cluster C3 sequences clustered
246 with Smacoviridae viruses, and cluster C6 sequences clustered with Cruciviridae virus
247  sequences (Supplementary Data 7). Among the 20 clusters identified for the Cap protein of
248  the CRESS-DNA viruses (Figure 2A), the clusters C2, C7, C8, C11, C12, C15, and C18
249  form a supercluster (Figure 2A) in the sequence similarity network analysis at a p-value
250 threshold of >1e™. Similarly, the supercluster consists of clusters C1, C14, and C17 in
251  CLANS analysis (Figure 2A; Supplementary Data 7). In addition, clusters C3, C4, C5, C6,
252 (9, Cl10, C13, C16, C19, and C20 were isolated from other clusters (orphan clusters) in a
253  pairwise similarity network (Figure 2A; Supplementary Data 7) (p-value threshold of le
254 ). Collectively, CRESS-DNA virus Cap proteins also split into separate groups in CLANS
255  analysis and are thought to support the classification of Cap proteins.

256  Only Cruciviridae Cap proteins related to RNA viruses

257  In previous studies, it has been reported that the cap protein of the CRESS-DNA virus is
258  related to the RNA virus °'°, so we were interested to find out which of these 20 clusters is
259  related to the RNA virus. To do this, we retrieved the RNA virus sequences associated with
260  the Cap protein of the CRESS-DNA virus from the NCBI Database and performed CLANS
261  analysis (sequences details are provided in Supplementary Data 8). This analysis noted that
262  RNA viruses revealed association only with Cruciviridae virus sequences belonging to
263 cluster C6 at a p-value threshold of 1e-* (Figure 2B; Supplementary Data 9)

264  Phylogenetic tree based classification of CRESS-DNA virus Cap protein

265 We examined whether CLANS analysis-based clustering of CRESS-DNA virus cap protein
266  sequences also grouped into the phylogenetic tree. Because cap proteins do not have common
267 domains as seen in CRESS-DNA virus Rep proteins, and the sequence alignments are low
268  from most genetic variants, we performed separate phylogenetic analysis for (i) supercluster
269 Cl1, Cl14, C17; (i1) supercluster C2, C7, C8, C11, C12, C15, and C18; and (ii1) orphan clusters
270  such as C3, C4, C5, Ce6, C9, C10, C13, C16, C19, and C20. To do this, we first performed
271  phylogenetic analysis using sequences from the C1, C14, and C17 clusters that formed the
272 Cap protein supercluster. These clusters C1, C14, and C17 are well aligned (Supplementary
273  Data 10) and split into separate groups for the phylogenetic tree (Figure 3A). Similarly, C2,
274  C7, C8, Cl11, C12, C15, and C18 clusters are well aligned (Supplementary Data 11) and
275  split into separate groups for the phylogenetic tree (Figure 3B). In particular, C8, C11, and
276  C12 formed an outgroup, and this outgroup group C8 was somewhat detached, and C11 and
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277  C12 grouped slightly closer together into the phylogenetic tree (Figure 3B) as secen in the
278 CLANS analysis (Figure 2A). Similarly, the C7 and C15 clusters grouped in the
279  phylogenetic tree (Figure 3B), as seen in the CLANS analysis (Figure 2A), and the C18 and
280 some C2 sequences grouped together with this (C7 and C15) group (Figure 3B). Also,
281  although the cluster C2 sequences are majorly grouped together, it is noteworthy that some
282  sequences are grouped together with a group formed by C8, C11, and C12 and a group
283 created by C7, C15, and C18 (Figure 3B). We then performed phylogenetic analysis
284  separately for the orphan clusters C3, C4, C5, C6, C9, C10, C13, C16, C19, and C20 clusters.
285  Thus, the sequences in these clusters are well-aligned C3 (Supplementary Data 12), C4
286  (Supplementary Data 13), C5 (Supplementary Data 14), C6 (Supplementary Data 15),
287  C9 (Supplementary Data 16), C10 (Supplementary Data 17), C13, C16, C19 and C20
288  (Supplementary Data 18), to form the phylogenetic tree C3 (Supplementary Figure 3A),
289  C4 (Supplementary Figure 3B), C5 (Supplementary Figure 4A), C6 (Supplementary
290 Figure 4B), C9 (Supplementary Figure 5A), C10 (Supplementary Figure 4B), C13, C16,
291 C19, and C20 (Supplementary Figure 5C).

292  Recombination mediated evolution of CRESS-DNA viruses

293  Recently, it has been reported that the cap protein of Cruciviruses is very similar, but the Rep
294  protein may be derived from different sources with greater diversity '’; we examined whether
295 the sequences in the cluster of these 20 Cap proteins received the Rep protein from the same
296  group or from different groups. To do this, we took the representative sequences in each Cap-
297 cluster and identified the phylogenetic tree groups that contain its Rep protein
298  (Supplementary Data 19). In this analysis, it appears that the sequences in the same cap-
299  cluster have different groups of rep proteins (Supplementary Data 19). From these, it can be
300 inferred that the CRESS-DNA virus has the potential to acquire genetic diversity through
301 recombination in the Cap and Rep genes.

302 Role of host codon usage selection pressure on Rep gene evolution

303  Since we observe homology at amino acid levels between the Rep gene of CRESS-DNA
304  viruses but not any significant identity at the nucleotide sequence level, we suspected this
305 might be due to this virus's host codon usage bias-based selection pressure. To explore this,
306  we first analyzed the base composition of 1115 nucleotide sequence of CRESS-DNA viruses'
307 Rep genes (the details of nucleotide sequences used in the analysis are presented in
308  Supplementary data 20) as AT to GC ratio can affect codon usage in microbes *>**. Our
309 study revealed that the Rep gene of CRESS-DNA viruses contains A>T>G>C with
310 AT%>GC% (average GC content is 43.6+SD7.06) (Figure 4A; Supplementary Data 21).
311  We next analyzed the codon usage bias using the effective number of codon usage (ENc)
312 analysis. ENc values <35 indicate high codon bias, and values >50 show general random
313 codon usage® . The Rep gene of CRESS-DNA viruses has ENc values ranging from 31 to
314 61, while most of the ENc values fall between 40 and 60 (average ENc 51.004+SD5.73)
315 (Figure 4B; Supplementary data 21), indicating weak to strong codon usage bias. In
316  addition, we calculated the relative synonymous codon usage (RSCU) value which is the ratio
317  between the observed to the expected value of synonymous codons for a given amino acid. A
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318 RSCU value of one indicates that there is no bias for that codon. In contrast, RSCU values
319  >1.0 have positive codon usage bias (defined as abundant codons), and RSCU values <1.0
320 have negative codon usage bias (defined as less-abundant codons) ***”. Our analysis revealed
321  that the RSCU values of 28 codons were >1 and 31 codons were <1 in the Rep gene of all the
322 CRESS-DNA viruses (Figure 4C; Supplementary Data 21), clearly indicating a codon
323 usage bias (both positive and negative).

324  Next, we performed ENc-GC3s plot analysis where the ENc values are plotted against the
325  GC3s values (GC content at the third position in the codon) to determine the significant
326 factors such as selection or mutation pressure affecting the codon usage bias™. In this
327  analysis, genes whose codon bias is affected by mutations will lie on or around the expected
328 curve. In contrast, genes whose codon bias is affected by selection and other factors will lie
329  beneath the expected curve **%. Interestingly, we observed that most of the points fall below
330 the expected curve in the ENc-GC3s plot analysis (Figure 4D; Supplementary Data 21),
331  indicating the strong presence of selection pressure rather than mutation pressure. Similarly,
332 neutrality plot analysis where GC12 values (average of the GC content percentage at the first
333  and second position in the codon) are plotted against GC3 values to evaluate the degree of
334 influence of mutation pressure and natural selection on the codon usage patterns, displayed a
335  slope of 0.2899 (Y=0.2899*X+30.61, r= 0.662; p<0.0001) (Figure 4E; Supplementary
336  Data 21), indicating that the mutation pressure and natural selection were 28.9% and 71.1%,
337  respectively. Moreover, we performed Parity rule 2 bias analysis, where the AT bias
338 [A3/(A3+ T3)] is plotted against GC-bias [G3/(G3 + C3)] to determine whether mutation
339  pressure and natural selection affect the codon usage bias™®. If A = T and G = C, it indicates
340 no mutation pressure and natural selection, while any discrepancies indicate mutation
341  pressure and natural selection. Our analysis of CRESS-DNA Rep gene sequences shows
342 unequal A to T and G to C numbers, indicating the presence of mutation and selection
343  pressure (Figure 4F, Supplementary Data 21). Taken together, these results suggest that
344  CRESS-DNA has wide host-range adaptation, maintaining better codon usage pattern with
345  bacteria, and further selection pressure has played a significant role in the evolution of the
346 CRESS-DNA viruses Rep gene rather than mutational pressure.

347  Role of host codon usage selection pressure on Cap gene evolution

348  Similar to the Rep gene, our NCBI nucleotide BLAST analysis of the Cap gene also showed
349  limited homology between the Cap gene of CRESS-DNA viruses. Since we observed a strong
350 codon-bias-based evolution in the Rep gene of CRESS-DNA viruses (Figure 4A-F), we
351 tested whether the Cap gene of the CRESS-DNA viruses also shows codon-bias-based
352  evolution to explore whether the evolution of Cap gene was influenced by mutation pressure
353  or selection pressure, we retrieved 1134 nucleotide sequences of Cap genes of CRESS-DNA
354 viruses (Supplementary Data 22) from NCBI public database. Our analysis of the
355 nucleotide base composition of the Cap gene revealed that the Cap gene contains AT%>GC%
356  (average GC content is 44.72+SD 5.96) (Figure 5A; Supplementary Data 23). Further, the
357  Cap protein of the CRESS-DNA virus has ENc value ranging from 33 to 61, while most of
358 the sequence ENc values fall between 40 to 60 (average ENc 51.54+SD 5.36) (Figure 5B;
359  Supplementary Data 23). Similarly, the RSCU values of 27 codons were >1, and 31 codons
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360  were <1 in all the Cap genes of CRESS-DNA viruses (Figure 5C; Supplementary Data 23).
361  Also, nine codons showed RSCU values <0.7, and 6 codons showed RSCU values>1.5,
362 indicating the presence of under-represented and over-represented codon bias in the Cap
363  gene, respectively (Supplementary Data 23). Moreover, we performed ENc-GC3s plot
364 analysis and found that most points fall below the expected curve in the ENC-GC3s plot
365  (Figure 5D; Supplementary Data 23). In line with this, the neutrality plot displayed a slope
366 of 0.1404 (Y=0.1404*X+40.64; r= 0.512; p<0.0001) (Figure 5E; Supplementary Data 23),
367 indicating 14% of mutation pressure and 86% of selection pressure in this gene and Parity
368 rule 2 bias analysis showed discrepancies in the A to T and G to C numbers in the third
369  position of the codon (Figure 5F; Supplementary Data 23). Taken together, these results
370 indicate that the selection pressure played a more significant role in the Cap gene than the
371  Rep genes of CRESS-DNA viruses.

372  Discussion

373  The genetic diversity of CRESS-DNA viruses so far is known only to be the tip of the
374  iceberg. Many novel CRESS-DNA viruses have recently been detected by metagenomic
375  sequencing ****'. The rapid development of metagenomic sequencing suggests that in the
376  future, most CRESS-DNA viruses will be detected from different sources and that these
377  CRESS-DNA viruses will be divided into different virus families. Therefore, it is hoped that
378 identifying and classifying genetic diversity in CRESS-DNA viruses will help determine their
379 importance in transmission and pathogenesis and design antivirals and vaccines for
380 appropriate control and prevention. However, the classification of CRESS-DNA viruses has
381 been determined using only the Rep protein '>. This is because Rep protein contains
382 conserved HUH motif, and S3H domains, while Cap protein is unclassified because it has
383 high genetic diversity without being conserved "', However, of the cruciviruses that classify
384  Cap protein well, the report that Cap proteins are nearly identical and that the highly diverse
385 Rep protein may be derived from different CRESS-DNA virus sources is critical here '.
386  Therefore, it can be expected that the genetic diversity and genetic recombination events of
387 CRESS-DNA viruses can be determined by detecting and classifying the diversity in both
388  Rep and Cap proteins.

389 It is noteworthy that recently, unclassified CRESS-DNA viruses using the Rep protein of
390 CRESS-DNA viruses were grouped into six groups called CRESSV1 to CRESSV6 "2, The
391  present study reveals that there are not only CRESSV1 to CRESSV6 groups but also groups
392  with Smacoviridae-related, CRESSV2-related, pCRESS-related, Circoviridae-related, and 1
393  to 4 outgroups are there. So far, it has been reported that the Rep protein of the CRESS-DNA
394  virus contains the HUH motif and S3H domains "', In this study, we report the presence of
395  domains such as Viral Rep superfamily (Cdd: pfam02407) and P-loop NTPase superfamily
396  (Cdd: pfam00910) in the Rep protein of most CRESS-DNA viruses. Furthermore, this present
397  study revealed the presence of these two domains in the CRESSV1, CRESSV2, CRESSV3,
398  Circoviridae, and Circoviridae-related groups and the Nanoviridae group. However, CLANS
399 and phylogenetic analyses clarify the viral Rep and P-loop NTPase domains in the
400 CRESSVI1, CRESSV2, CRESSV3, Circoviridae, and Circoviridae-related groups are very
401  close and distinct from the Nanoviridae group. It is noteworthy that CRESSV1, CRESSV2,
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402  CRESSV3, Circoviridae, and Circoviridae-related groups together formed the Rep sub-
403 cluster a and b and the sequences in the Nanoviridae group Rep sub-cluster i and j
404  (Supplementary Figure 1B). Our phylogenetic tree (Figure 1B) and previous study '
405  reflect this diversity. In particular, some sequences in the rep sub-cluster a and b appear to
406  have an additional domain (Penta-EF hand, DNA-binding ATP-dependent protease La, Type
407 I secretion system protein PrgH-EprH (PrgH), etc.) between the Viral Rep and P-
408 loop NTPase domains. From the acquisition of such additional functional domains, it is clear
409 that these viruses are stepping into the next stage of evolution, and when more sequences are
410  found later, it is possible to speculate that they are likely to be classified as separate virus
411  families. However, since these sequences are detected by metagenomic sequencing from
412  uncultured viruses and maybe sequence alignment error, it may be imperative to isolate the
413  viruses and identify the significance of these additional functional domains.

414  Furthermore, in CLANS analysis, the sub-cluster ¢ and d were grouped with the sub-cluster i
415  and j reacting with Nanoviridae (Supplementary Figure 2B), of which the sub-cluster ¢ was
416 CRESSV4, and the sub-cluster d were CRESSVS viruses (Supplementary Data 4); and
417  reflect in our phylogenetic tree (Figure 1B) and previous study '*. In particular, the
418 CRESSV4 and CRESSVS viruses have only the Viral Rep domain, and the sequences in the
419  sub-cluster j related to Nanoviridae are the Viral Rep+incomplete P-loop NTPase, and the
420  sequences in the sub-cluster i are the Viral Rep+P-loop NTPase domains. Of these, it can
421  speculate that the CRESSV4 and CRESSVS5 viruses, which have only the Viral Rep domain
422  only, may have appeared first, followed by the sub-cluster j with the viral Rep+incomplete
423  P-loop NTPase, and finally the sub-cluster i virus with the Viral Rep+P-loop NTPase
424  domains. Similarly, sub-cluster g (CRESSV2-related group) that are often Viral Rep+P-
425 loop NTPase domains and some sequences where these domains are incomplete or show
426  only one of the two domains may have led to the emergence of CRESSV2 viruses with
427  Viral ReptP-loop NTPase domains. Furthermore, it is essential to note that sub-cluster h,
428  which usually contains only the P-loop NTPase domain, formed the pCRESS-related group.
429  Interestingly, no functional domains were found in Smacoviridae's Rep protein in the
430 Conserved Domain search tool, which revealed links between Circoviridae and Nanoviridae
431  in CLANS and biogenetic analyzes. Similarly, no functional domains were found in the
432  sequences in group R5 (CLANS) or Smacoviridae-related group (phylogenetic tree). It is
433 noteworthy that the sequences of Rep protein that formed the outgroups in this phylogenetic
434  analysis are the clusters of CLANS analysis, R3, R5, R6, and R9, forming separate groups.
435  R3, RS, R6, and R9 clusters formed Super-cluster 2 created outgroup 4, outgroup 1, outgroup
436 3, and outgroup 2, respectively. Remarkably, no functional domains are found in the
437  sequences in the R3, R5, R6, and R9 clusters that make up the outgroups. However, the
438  sequences that make up the outgroups are detected from uncultured viruses by metagenomic
439  sequencing, and it can be expected that the functional significance will be revealed by
440  isolating these viruses and characterizing the Rep protein.

441  Cap protein was high in genetic diversity, making it challenging to align and phylogenetically
442  classify correctly. Therefore, in this study, we subdivided the closest sequences into clusters
443  using CLANS analysis and then did phylogenetic classification by aligning them well using

11


https://doi.org/10.1101/2022.03.09.483724
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.09.483724; this version posted March 10, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

444  the corresponding clusters. First, in this study, the Rep proteins were divided into clusters in
445  the CLANS analysis and then phylogenetic classification using the related clusters, which is
446 consistent with phylogenetic classification in the previous studies "'2. Accordingly, we divide
447  the cap protein into 20 clusters using CLANS analysis, and (i) supercluster C1, C14, C17; (ii)
448  supercluster C2, C7, C8, C11, C12, C15, and C18; and (iii) orphan clusters such as C3, C4,
449  C5, C6, C9, C10, C13, C16, C19, and C20 became well aligned and led to phylogenetic
450  classification. Furthermore, only the Cruciviridae virus sequences in Cap-cluster C6 revealed
451  evolutionary relationships with RNA viruses, but future studies need to determine the
452  evolutionary origins of the sequences in other Cap-clusters. Remarkably, this study revealed
453  that viruses in the same Cap-cluster derive their Rep protein from groups of different Rep
454  proteins, which can be speculated to be generated by genetic recombination. These can be
455  believed to underscore the importance of classifying Cap protein. Finally, this study makes it
456  clear that selection pressure plays a more significant role than mutational pressure in the
457  genetic diversity and evolution of CRESS-DNA virus Cap and Rep protein. Therefore, it can
458  be expected that there will be more opportunities to detect CRESS-DNA viruses with greater
459  genetic diversity and/or recombination in the future. We hope this study will help determine
460 the genetic diversity/recombination of CRESS-DNA viruses as more sequences are
461  discovered in the future.

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

472  Materials and Methods
473 |. Databases search, collection, and curation

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

486  Il. CLANS (CLuster ANalysis of Sequences) analysis

487 The CLANS analysis was performed in the online Toolkit software
488  (https://toolkit.tuebingen.mpg.de/tools/clans). The protein sequences retrieved from the NCBI
489  database were subjected to the pairwise sequence similarity calculation using the online
490  CLANS analysis in the Toolkit*' with a scoring matrix of BLOSUM45 and BLAST HSP’s
491  (High Scoring Pair) up to an E-value of le™. Next, the CLANS files obtained from the
492 Toolkit were visualized in a Java application (clansjar)’. A minimum of 1,00,000 rounds
493  was used to show the sequences connection and clusters in the clans.jar application. The
494  clusters were classified based on the Network method using offset values and global average
495  with maximum rounds of 10000 in clans.jar analysis.

496  111. Analysis of functional domain organization in the protein

497  We determined the domain organizations in the Rep protein of the CRESS-DNA virus using
498  the Conserved Domain search tool (https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi).
499  For this, we used the CDD v3.19-58235 PSSms database, Expect Value threshold line 0.01,
500 Composition-based statistics adjustment applied, and Performed by the maximum number of
501 hits to 500 in the Conserved Domain Search tool 2.

502 V. Phylogenetic analyses

503 The phylogenetic analysis was performed in PhyML 3.3 1 using the amino acid sequences of
504 the Rep/Cap protein of the CRESS-DNA virus clustered into clusters in the CLANS analysis,
505  which was retrieved from the NCBI public database. The phylogenetic analysis is in PhyML
506 3.3 1, Evolutionary model LG, Equilibrium frequencies Empirical ML- Model, discrete
507 gamma model [number of categories (n=4)], tree topology search with SPR (Subtree Pruning
508 and Regraphing), tree topology, branch length, and model parameters are optimizing
509 parameters, and SH-like statistics are used to test the branch support 424 Further, the
510  phylogenetic trees were visualized through the interactive tree of life GiTOL) v5 **.

511 V. Codon usage bias analysis
512  a) Nucleotide sequence composition analysis

513  The nucleotide composition of CDSs, specifically the A%, T%, G%, and C% composition of
514  the Rep/Cap genes of CRESS-DNA viruses, were analyzed using Automated Codon Usage
515  Analysis (ACUA) Software*.

516 b) Relative Synonymous Codon Usage (RSCU) Analysis

517 RSCU value is the ratio between the observed to the expected value of synonymous codons
518 for a given amino acid. When the RSCU value is one, it indicates that there is no bias for that
519 codon®®’’. This study determined the RSCU values using the ACUA Software’®. The

13


https://toolkit.tuebingen.mpg.de/tools/clans
https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi
https://doi.org/10.1101/2022.03.09.483724
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.09.483724; this version posted March 10, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

520 nucleotide sequences of Rep/Cap genes of CRESS-DNA viruses obtained from the NCBI
521  nucleotide public database were used for this analysis.

522  c¢) Effective Number of Codons (ENc)

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

528  VI. Determining the selection and mutation pressure
529 a) ENc-GC3s plot

530 In this analysis, the ENc values are plotted against the third position of GC3s of codon values
531 to determine the significant factors such as selection or mutation pressure affecting the codon
532 usage bias’®. The expected curve was determined by estimating the expected ENc values for
533  each GC3s as recommended in previous publications®®~*. The ENc and GC3s for every gene
534  were obtained from an online CAI analysis server (http://ppuigbo.me/programs/CAIcal/)47.
535 The genes would lie on or around the expected curve when mutation pressure only affects
536  codon bias. In contrast, they would fall considerably below the expected curve if codon bias
537 is influenced by selection and other factors*®~*.

538  b) Neutrality plot analysis

539  In a neutrality plot, GC12 values of the codon are plotted against GC3 values to evaluate the
540 degree of influence of mutation pressure and natural selection on the codon usage patterns.
541  The GCI12 and GC3 values for the nucleotide sequences of Rep/Cap genes of CRESS-DNA
542  viruses were obtained from an online CAl analysis server
543 (http://ppuigbo.me/programs/CAIcal/)47.

544  ¢) Parity Rule 2 (PR2)-bias plot

545 The PR2-bias, the AT bias [A3/(A3+ T3)] is plotted against GC-bias [G3/(G3 + C3)] to
546  mutation pressure and natural selection affecting the codon usage bias®®. The A3, T3, G3, and
547  C3 values of nucleotide sequences of Rep/Cap genes of CRESS-DNA viruses were obtained
548  using the ACUA Software™.
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563 FIGURE LEGENDS

564  Figure 1: CLANS analysis-based classification of CRESS-DNA virus Rep protein. (A)
565 Representative CRESS-DNA virus Rep protein sequences were clustered using CLANS
566  Toolkit by their pairwise sequence similarity network. A total of 1160 amino acid sequences
567 of Rep protein (Supplementary Data 1) of CRESS-DNA viruses were used in this analysis
568  Classification of clusters was carried out by a Network-based method using offset values and
569  global average with maximum rounds 10000 in CLANS Toolkit analysis. The P-value < 1¢™*
570  was used to show the lines connecting the sequences. (B) Phylogenetic relationship of Rep
571  protein of CRESS-DNA viruses. The maximum-likelihood method inferred the evolutionary
572  history using the Subtree-Pruning-Regrafting algorithm in PhyML 3.3 1. A total of 1509
573  amino acid sequences of Rep protein (Supplementary Data 5) of CRESS-DNA viruses were
574  used in this analysis.

575  Figure 2: Sequence similarities (CLANS) analysis-based CRESS-DNA virus capsid
576  protein clustering. (A) A total of 1823 amino acid sequences of Cap protein of CRESS-
577  DNA viruses (Supplementary Data 6) were used and classified by their pairwise sequence
578  similarity network using CLANS. The clusters were classified using the Network-based
579  method using offset values and global average with a maximum of 10000 in CLANS Toolkit
580  analysis. The P-value < le ™ was used to show the lines connecting the sequences. (B)
581  Pairwise sequence similarity based on CRESS-DNA virus capsid protein and +RNA viruses
582  relationship. Representative CRESS-DNA virus capsid protein sequences and their
583  relationship with RNA viruses using CLANS Toolkit. A total of 1967 amino acid sequences
584 of Cap protein of CRESS-DNA viruses and +RNA viruses were used in this analysis
585  (Supplementary Data 8). The clusters were classified using the Network-based method
586 using offset values and global average with a maximum of 10000 in CLANS Toolkit
587  analysis. The P-value < 1e > was used to show the lines connecting the sequences.

588  Figure 3: Phylogenetic relationship of CRESS-DNA virus Cap protein superclusters.
589 (A) Phylogenetic tree depicting the genetic relationship between the CRESS-DNA virus Cap
590 protein supercluster formed by the clusters C1, C14, and C17. The details of sequences in
591  each cluster (Supplementary Data 7) and alignment are provided in Supplementary Data
592  10. (B) The phylogenetic tree represents the genetic relationship between the CRESS-DNA
593  virus Cap protein supercluster created by the clusters C2, C7, C8, C11, C12, C15, and C18.
594  The details of sequences in each cluster (Supplementary Data 7) and alignment are provided
595 in Supplementary Data 11. The maximum-likelihood method inferred the evolutionary
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596 history using the Subtree-Pruning-Regrafting algorithm and bootstrap values in PhyML
597 3.3 1.

598 Figure 4: Host codon usage selection pressure on Rep gene of CRESS-DNA virus
599  evolution. (A) Representing the A, T, G, and C fraction; (B) Represent the ENc values; (C)
600 represent the codon usage fraction and RSCU values; (D) Represents ENc plotted against
601  GC3s; (E) Neutrality plot analysis of the GC12 and that of the GC3; and (F) Parity Rule 2
602  (PR2)-bias plot (Total of 1115 nucleotide sequences of Rep gene of CRESS-DNA viruses
603  were used in this analysis).

604  Figure 5: Host codon usage selection pressure on Cap gene of CRESS-DNA virus
605 evolution. (A) A, T, G, and C fraction; (B) ENc values; (C) Codon usage fraction and
606  RSCU values; (D) ENc plotted against GC3s; (E) Neutrality plot analysis of the GC12 and
607 that of the GC3; and (F) Parity Rule 2 (PR2)-bias plot (Total of 1134 nucleotide sequences
608  of Cap gene of CRESS-DNA viruses used in this analysis).

609  Supplementary Figure 1: Pairwise amino acid sequence similarity network-based
610 CRESS-DNA virus classification of Rep protein of CRESS-DNA viruses. (A) A total of
611 1160 amino acid sequences of Rep protein of CRESS-DNA viruses (Supplementary Data 1)
612  were clustered by CLANS. The clusters were classified using the Network-based method
613  using offset values and global average with a maximum of 10000 in CLANS Toolkit
614  analysis. The P-value < 1¢™ was used to show the lines connecting the sequences. (B) Sub-
615  clustering of the cluster 1 and 2 protein sequences of CRESS-DNA viruses Rep proteins into
616 10 different clusters (cluster a to j) at a P-value threshold of 1e™*.

617  Supplementary Figure 2: A total of 1823 amino acid sequences of Cap protein of CRESS-
618  DNA viruses were (Supplementary Data 6) used and classified by their pairwise sequence
619  similarity network using CLANS. The clusters were classified using the Network-based
620 method using offset values and global average with a maximum of 10000 in CLANS Toolkit
621  analysis. The P-value < 1e™ was used to show the lines connecting the sequences.

622  Supplementary Figure 3: Phylogenetic relationship of CRESS-DNA virus Cap protein
623  cluster C3 and C4. (A) Phylogenetic tree depicting the genetic relationship between the
624  CRESS-DNA virus Cap protein cluster C3. The details of sequences in the cluster
625 (Supplementary Data 7) and alignment are provided in Supplementary Data 12. (B)
626  Phylogenetic tree depicting the genetic relationship between the CRESS-DNA virus Cap
627  protein cluster C4. The details of sequences in the cluster (Supplementary Data 7) and
628  alignment are provided in Supplementary Data 13. The maximum-likelihood method
629 inferred the evolutionary history using the Subtree-Pruning-Regrafting algorithm and
630  bootstrap values in PhyML 3.3 1.

631  Supplementary Figure 4: Phylogenetic relationship of CRESS-DNA virus Cap protein
632  cluster C6 and C7. (A) Phylogenetic tree depicting the genetic relationship between the
633 CRESS-DNA virus Cap protein cluster C6. The details of sequences in the cluster
634 (Supplementary Data 7) and alignment are provided in Supplementary Data 14. (B)
635  Phylogenetic tree depicting the genetic relationship between the CRESS-DNA virus Cap
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636  protein cluster C7. The details of sequences in the cluster (Supplementary Data 7) and
637  alignment are provided in Supplementary Data 15. The maximum-likelihood method
638 inferred the evolutionary history using the Subtree-Pruning-Regrafting algorithm and
639  bootstrap values in PhyML 3.3 1.

640  Supplementary Figure 5: Phylogenetic relationship of CRESS-DNA virus Cap protein
641  cluster C10, C11 C13, C16, C19, and C20. (A) Phylogenetic tree depicting the genetic
642  relationship between the CRESS-DNA virus Cap protein cluster C10. The details of
643  sequences in the cluster (Supplementary Data 7) and alignment are provided in
644  Supplementary Data 16. (B) Phylogenetic tree depicting the genetic relationship between
645 the CRESS-DNA virus Cap protein cluster C11. The details of sequences in the cluster
646  (Supplementary Data 7) and alignment are provided in Supplementary Data 17. (B)
647  Phylogenetic tree depicting the genetic relationship between the CRESS-DNA virus Cap
648  protein cluster C13, C16, C19, and C20. The details of sequences in each cluster
649  (Supplementary Data 7) and alignment are provided in Supplementary Data 18. The
650 maximum-likelihood method inferred the evolutionary history using the Subtree-Pruning-
651  Regrafting algorithm and bootstrap values in PhyML 3.3 1.
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Supplementary Figure 5
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