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T-number arrangement have been determined in CRESS-DNA viruses, although sub-
genomic elements of geminiviruses can be packaged in nongeminate capsids (63, 64).

Interestingly, CruV-420 contains not one but two different tombusvirus-related
capsid proteins. A recent compilation of CRESS-DNA viruses from animal metagenomes
also contains four genomes with two different capsid proteins each (32). Whether these
viruses use two different capsid proteins in their capsid (as some RNA viruses do [65]),
or whether these are intermediates in the exchange of capsid genes, as predicted from
the gene capture mechanism proposed by Stedman (19), is unclear. If the latter is true,
capsid gene acquisition by CRESS-DNA viruses may be much more common than
previously thought.

Crucivirus Rep. The Reps of CRESS-DNA viruses typically contain an endonuclease
domain characterized by conserved motifs I, II, and III and a helicase domain with
Walker A and B motifs, motif C, and an Arg finger (Fig. 2B) (13). The majority (85.9%) of
the crucivirus genomes described in this data set contain all of the expected Rep motifs
(Table S4). However, five genomes (CruCGE-110, CruCGE-296, CruCGE-436, CruCGE-471,
and CruCGE-533) with overall sequence homology to other Reps (35.8, 32.7, 49.7, 60.2,
and 57.2% pairwise identity with other putative Reps in the databases, respectively)
lack any detectable conserved motifs within their sequence. Thus, these sequences are
considered capsid-encoding crucivirus-like circular genetic elements (CruCGEs).

The endonuclease catalytic domain of Rep (motif II), including HUH, was identified
in 441 of the genomes, 95.2% of which had an alternative HUH, with the most common
arrangement being HUQ (70.0%), also found in circoviruses and nanoviruses (10, 25, 39)
(Fig. 2B). Crucivirus motif II deviates from the HUH motif by additionally replacing the
second hydrophobic residue (U) with a polar amino acid in 26.2% of genomes (Fig. 2B;
Table S4), with 53 Reps with the sequence HYQ (12.0%) also found in smacoviruses (10,
24, 45).

FIG 2 Protein conservation in cruciviruses. (A) (Top) Distribution of domains, isoelectric point, and conservation in a consensus capsid protein. Four hundred
sixty-one capsid protein sequences were aligned in Geneious 11.0.4 with MAFFT (G-INS-i, BLOSUM 45, open gap penalty 1.53, offset 0.123) and trimmed
manually. The conservation of the physicochemical properties at each position was obtained with Jalview v2.11.0 (88), and the isoelectric point was estimated
in Geneious 11.0.4. The region of the capsid protein rich in glycine is highlighted with a green bar. (Bottom) Structure of a cruciviral capsid protein (CruV-359)
as predicted by Phyre2 showing sequence conservation based on an alignment of the 47 capsid protein sequences from the capsid protein-based clusters. (B)
Conserved motifs found in cruciviral Reps after aligning all the extracted Rep protein sequences using PSI-Coffee (94). Sequence logos were generated at
http://weblogo.threeplusone.com to indicate the frequency of residues at each position.
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We identified 13 putative Reps in these crucivirus genomes that lack all four motifs
typically found in S3H helicases (e.g., CruV-166, CruV-202, and CruV-499 [Table S4]).
Recent work has shown that the deletion of individual conserved motifs in the helicase
domain of the Rep protein of beak and feather disease virus does not abolish ATPase
and GTPase activity (66). The absence of all four motifs may prevent these putative Reps
from performing helicase and ATPase activity using previously characterized mecha-
nisms. However, it is possible that crucivirus Reps that lack these motifs are still capable
of ATP hydrolysis and associated helicase activity. Alternatively, these activities may be
provided by host factors (67), or by a viral replication-enhancer protein—as is the case
with the AC3 protein of begomoviruses (68).

We identified 36 crucivirus genomes whose putative rep genes contain in-frame
stop codons or in which the HUH and SF3 helicase are in different frames, suggesting
that their transcripts may require intron splicing prior to translation. Acceptor and
donor splicing sites identical to those found in maize streak virus (69) were found in all
these sequences, and the putatively spliced Reps were annotated accordingly. In five of
the 36 spliced Reps, we were unable to detect any of the four conserved motifs
associated with helicase/ATPase activity, which are encoded in the predicted second
exon in most cases. CruV-513 and CruV-518 also contain predicted splicing sites in their
capsid gene.

FIG 3 Diversity of cruciviral proteins. (A) Capsid protein diversity. Pairwise amino acid identity (%PI) between the capsid proteins predicted for 461 cruciviral
sequences. The alignment and analysis were carried out with SDT, using the integrated MAFFT algorithm. (B) S-domain diversity. (Left) Pairwise identity matrix
between the capsid protein predicted S-domains of the 461 sequences described in this study. The alignment and analysis were carried out with SDT, using
the integrated MAFFT algorithm (87). The colored boxes indicate the different clusters of sequences used to create the capsid protein-based cluster sequence
subset. (Right) Unrooted phylogenetic tree obtained with FastTree from a manually curated MAFFT alignment of the translated sequences of the S-domain
(G-INS-i, BLOSUM 45, open gap penalty 1.53, offset 0.123) (93, 96). The colored branches represent the different clusters observed in the matrix. Scale bar
indicates substitutions per site. (C) Rep diversity. (Left) Pairwise identity matrix between all Reps found in cruciviral genomes in this study. The alignment and
analysis were carried out with SDT, using the integrated MUSCLE algorithm (87). (Right) Unrooted phylogenetic tree obtained with FastTree from a PSI-Coffee
alignment of the translated sequences of Rep trimmed with TrimAl v1.3 (93–96). The colored branches represent the different clusters that contain the
Rep-based cluster sequence subset. Scale bar indicates substitutions per site. (D) Pairwise identity frequency distribution. The frequency of pairwise identity
values for each of the putative proteins or domains analyzed is shown.
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