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Figure S1. Length distribution of crAss-like contigs, showing the medians. The filtering step
eliminated many of the short contigs, bringing the total number from 805 to 370 and raising the
median length from 2,291 to 17,485 bases.

Duplication is one of the main phenomena that fuel gene-level evolution [1]. It is more
common in dsDNA viruses compared to other kinds of viruses [2]. After the duplication, the two
homologous sequences can undergo different evolutionary paths, splitting the functions of the
original gene (i.e. subfunctionalization); likewise, one sequence may develop entirely new purposes
(i.e. neofunctionalization) [3]. The duplication could also be exploited by the organism as a way to
up-regulate the gene expression [4,5]. A frequent destiny, though, is for one of the two copies to
accumulate mutations under neutral evolution that render it useless; for this reason, we speculate
that the duplication of RepL has been beneficial to the virus, and has thus been favored by natural
selection. This hypothesis is even more appealing when considering the high impact of purifying
selection on viral evolution, due to their large population size [6,7]. The gene relative to the RepL
protein was found in two copies in the crAssphage reference genome, named
Reference_crAssphage.1_45 and Reference_crAssphage.1_91. The latter sequence (219 aa) is longer
than the former (185 aa); the presence of two paralogs with similar lengths was verified in a total of
16 contigs. The paralogs arose through an ancient gene duplication, as supported by the RepL
phylogenetic tree, which shows a distinct separation between the two ORFs (Figure S2a). This last
observation is further corroborated by our finding of two copies of the gene in a contig coming
from baboon gut metagenomic datasets (contig ID: Baboon.2.2). RepL proteins, which were first
found in Staphylococcus aureus plasmids, are known to increase the number of copies of the
plasmids they’re found in; this prompts us to speculate that the duplication has led to a faster
reproduction of the virus, and thus to the conservation of the duplicated sequence. Besides the
aforementioned RepL genes, a total of three gene duplications has been newly detected in the
collection of crAss-like phage contigs, including duplications of Reference_crAssphage.1_44,
Reference_crAssphage.1_73, and Reference_crAssphage.1_74. Not much can be said about the other
duplicated genes; most duplication events are found in single genomes, and it is then impossible to
tell whether they’re advantageous or not. One possible exception is Reference_crAssphage.1_74,
which has been found duplicated in six related genomes; this gene, though, is one of the many that
were not annotated and present top-performing methods as Argot2.5 and I-TASSER have not been
able to unequivocally predict a putative function though a weak hypothesis has emerged and this
protein could be a potential kinase. It is unlikely that duplicated genes are the product of an
insertion as is the case with the Dut dUTPase, as the paralogs do not appear to align with different
regions of the reference protein sequence. The first has been classified as a membrane protein and is
located in the replication module; the duplication is found in a single contig coming from a
Canadian sample. The paralogous genes are in close position in the genome and are both encoded
on the forward strand. One of the two copies appears to be shorter and highly divergent from the
other sequences in the homologous protein group, suggesting an accumulation of deleterious
mutations. An additional duplication of the short paralog of the RepL protein is present in a single
genome (Personal_sample.1, Table S1), which is thus the only one featuring three RepL copies. In
particular, Reference_crAssphage.1_73 encodes for a tail sheath protein that, following the reference
genome structure, is included in the short module composed of tail and structural proteins. Finally,
six contigs contain duplications of the Reference_crAssphage.1_74 sequence (i.e. Gut.14, Gut.03,
Gut.07, Gut.05, Activated_sludge.3 and Gut.06). In the phylogenetic tree of the protein these
sequences are very closely related (Figure S2b). No annotation is available for this ORF; it can be
hypothesized that it encodes for a structural protein, as it is surrounded, in the reference genome,
by structural protein-encoding genes, and it is in proximity to capsid genes. This is confirmed by
the iVIREONS structural protein score (0.62) and HHTOP prediction of transmembrane structure
[9]. Argot2.5 failed to predict a function for this ORF, whereas I-TASSER predicted a kinase with a
putative ATP-binding pocket with low confidence (Table S2). Furthermore, these six contigs
containing the gene duplication (i.e. Gut.03, Gut.05, Gut.06, Gut.07, Activated_sludge.3, and Gut.14)
are rather distant from the reference crAssphage genome and many of their ORFs do not match
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with the reference. A final remark has to be made regarding the impact that incomplete contigs
have in the investigation of gene duplications: a genome which has not been completely assembled
and remains split in two or more contigs has, first and foremost, a chance of having missing genes;
more importantly, paralogs may be located in different contigs representing fragments from the
same genome, thus potentially preventing the recognition of duplicated genes.

Another protein cluster that contains two ORFs encoded on the crAssphage reference genome

includes Reference_crAssphage.1_34 and Reference_crAssphage.1_36. According to the functional
annotation, these ORFs are recognized as two distinct regions of a dUTPase gene that are split by
the insertion of an intron-encoded endonuclease belonging to the HNH protein family,
Reference_crAssphage.1_35. The intron insertion is relatively recent and was found in nine contigs,
all of which were assembled from metagenomes of the twin sisters of a single family [8]. This can
also be seen in the phylogenetic tree where the sequences having the insertion form a single clade
(Figure S2c). There is no doubt about the recency of the HNH insertion. The protein cluster that
includes this putative HNH endonuclease is among the smallest, featuring only nine sequences,
and the position within the genome of the gene coding for the proteins belonging to this cluster is
conserved, being always located between the two ORFs coding for the previously mentioned
dUTPase. This is also shown by their close phylogenetic relationship clustering on the phylogenetic
tree, and by the origin of the samples in which the insertion was identified; in fact they all originate
from the metagenomic samples of the gut of two twin sisters. These assembled genomes are very
closely related, as they cluster together among the other sequences coming from the Reyes study
[9].
The intron is not found, nor the dut gene is split, in any other contig. The dUTPase protein family is
widespread both among prokaryotes and eukaryotes, where it plays a role of great importance in
avoiding deleterious mutations by preventing uracil to be integrated into the genome, and among
retroviruses as well [10,11]. Given the mosaic nature of viral genomes, this means that the dut gene
found in crAss-like viruses could have been incorporated early in the clade's evolution by means of
HGT from a great number of other organisms. Since dUTPase proteins have evolved independently
in many lineages of hosts and viruses, it would be interesting to investigate for the actual origin of
this specific enzyme, whether dUTPases are present in Bacteroides sp. and whether such enzymes
are related to the gene found in crAss-like family. The same could be speculated for the HNH
endonuclease: it would be easy to assume that it originated from a similar protein found in a
Bacteroides genome. The actual history of the single crAssphage strain remains uncertain, as well as
the influence of the insertion in viral fitness. Still, it is sensible to hypothesize that this mutation is
very recent and localized. Nonetheless, information about the virus-host association in the crAss-
like family is scarce [12]. Thus, it is pivotal for the scientific community to put more effort in
bacterial and viral isolation.
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Figure S2. Unrooted phylogenetic trees of the genes that underwent gene-level evolutionary
phenomena in crAss-like phages. The unrooted trees are displayed with the default root position.
(a) Phylogenetic tree of the RepL genes. The shorter sequences, matching the
Reference_crAssphage.1_45 ORF, are highlighted in red; the longer ones, which match both
Reference_crAssphage.1_45 and Reference_crAssphage.1_91, are marked in yellow. (b) Part of the
phylogenetic tree of Reference_crAssphage.1_74. Contigs coming from the same genome are
highlighted in the same color. These genomes are very dissimilar from the reference crAssphage
genome and, accordingly, the PSI-BLAST search provided significant matches only for capsid and
structural proteins. (c¢) Phylogenetic tree of the Dut protein. The genomes in which the dut gene is
intact are marked in green, whereas those in which the intron insertion has occurred are marked in
yellow. They all come from genomes assembled from the metagenomes of a pair of twin sisters.
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Figure S3. Violin plots showing the differences in distribution of Shannon information content
across the different protein groups. The capsid proteins present an unexpectedly low degree of
sequence conservation.
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Figure S4. Violin plots showing the distribution of the average Mirrortree coefficient of each cluster
of homologous proteins across the different functional categories, with the Capsid functional group
sporting the narrowest distribution.
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