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Abstract

Helitrons are the only group of rolling-circle transposons that encode a transposase with a helicase domain (Hel), which
belongs to the Pif1 family. Because Pif1 helicases are important components of eukaryotic genomes, it has been suggested
that Hel domains probably originated after a host eukaryotic Pif1 gene was captured by a Helitron ancestor. However, the
few analyses exploring the evolution of Helitron transposases (RepHel) have focused on its Rep domain, which is also
present in other mobile genetic elements. Here, we used phylogenetic and nonmetric multidimensional scaling analyses
to investigate the relationship between Hel domains and Pif1-like helicases from a variety of organisms. Our results reveal
that Hel domains are only distantly related to genomic helicases from eukaryotes and prokaryotes, and thus are unlikely
to have originated from a captured Pif1 gene. Based on this evidence, and on recent studies indicating that Rep domains
are more closely related to rolling-circle plasmids and phages, we suggest that Helitrons are descendants of a RepHel-
encoding prokaryotic plasmid element that invaded eukaryotic genomes before the radiation of its major groups. We
discuss how a Pif1-like helicase domain might have favored the transposition of Helitrons in eukaryotes beyond simply
unwinding DNA intermediates. Finally, we demonstrate that some examples in the literature describing genomic
helicases from eukaryotes actually consist of Hel domains from Helitrons, a finding that underscores how transposons
can hamper the analysis of eukaryotic genes. This investigation also revealed that two groups of land plants appear to
have lost genomic Pif1 helicases independently.
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phylogenetic groups (Poulter et al. 2003; Thomas et al. 2014;
Heringer and Kuhn 2018), Proto-Helentron elements seem to
constitute a subtype of Helentrons with derived Helitron-like
structural features (Thomas et al. 2014). Although all Helitrons
have RepHel proteins with two major domains, distinct var-
iants, or specific variant lineages, can encode additional
domains in their transposase or/and additional genes.
Likewise, specific sets of structural features, like inverted
repeats, can be used to identify major lineages or variants
(fig. 1).

The Hel domain present in Helitron transposases is a su-
perfamily 1 helicase, more specifically from the Pif1 family
(Kapitonov and Jurka 2001; Thomas and Pritham 2015).
Pif1 helicases have been found in essentially all eukaryotes
studied to date (Bochman et al. 2010) and are involved in
several processes, like DNA replication and repair, telomere

Introduction

Helitrons are DNA transposable elements (TEs) found in a
wide variety of species from all eukaryotic kingdoms but
make up variable genomic proportions across different taxa.
For instance, they constitute between 0.1% and 6.6% of the
genomic DNA in plants and between 0% and 10% in animals
(reviewed in Kapitonov and Jurka [2007] and Thomas and
Pritham [2015]). These TEs have been shown to mobilize
within a genome by a process known as rolling-circle (RC)
transposition (RCT) (Grabundzija et al. 2016, 2018) which
could be viewed as a variation of the RC replication (RCR)
process employed by several groups of plasmids and viruses
from prokaryotes and eukaryotes (reviewed in Chandler et al.
[2013] and Wawrzyniak et al. [2017]). In Helitrons, the RCT is
executed by the Rep/Helicase (RepHel) transposase, which is
composed by two major domains: an endonuclease (Rep)

domain and a superfamily 1 helicase (Hel) domain (Thomas
and Pritham 2015) (fig. 1).

Helitrons can be classified into four structural and coding
variants, namely Helitron, Helentron, Helitron2, and Proto-
Helentron (Thomas and Pritham 2015). In contrast to the first
three variants, which have been shown to represent distinct

maintenance, Okazaki fragment maturation, disruption of
protein—-DNA complexes, resolution of nucleic acid second-
ary structures, mitochondrial DNA maintenance, among
others (reviewed in Boule and Zakian [2006]; Bochman
et al. [2010]; and Muellner and Schmidt [2020]). Although
typically known as eukaryotic proteins, Pif1-like helicases can
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also be found in some prokaryotic species, bacteriophages,
and eukaryotic viruses (Bochman et al. 2011). We henceforth
refer to eukaryotic and prokaryotic proteins that perform
genomic-related tasks as genomic Pif1 helicases, in order to
distinguish them from Pif1-like viral helicases or Hel domains
found in Helitron transposases.

The structural and mechanistic similarities between eu-
karyotic and prokaryotic RC transposons initially prompted
the hypothesis that Helitrons could be descendants of bacte-
rial elements (e.g, 1591 family). Furthermore, it was suggested
that Helitron ancestors could have given rise to eukaryotic
RCR viruses, as these viruses were only found in plant species
at that time (Kapitonov and Jurka 2001). Conversely, because
geminiviruses had been found integrated into plant chromo-
somes, it was also proposed that Helitrons could likewise be
derived from an ancient genomic integration of a eukaryotic
RCR virus (Feschotte and Wessler 2001). However, as revealed
by recent findings, Rep domains from Helitrons are distantly
related to proteins from prokaryotic TEs and eukaryotic vi-
ruses, and share more similarities with RCR plasmids and
viruses from bacteria (Heringer and Kuhn 2018; Kazlauskas
et al. 2019). In spite of these similarities, the prokaryotic plas-
mid and viral elements which are more closely related to
Helitrons do not encode a helicase domain (Heringer and
Kuhn 2018), what makes the origin of Hel domains a still
unsolved issue. The absence of helicases on the coding
sequences of prokaryotic RC TEs, together with the presence
of introns in some Hel domains from plants and
Caenorhabditis elegans Helitrons, have been considered as
tentative evidences that a Helitron ancestor acquired its Hel
domain by capturing a helicase gene from its eukaryotic host
(Kapitonov and Jurka 2001, 2007; Thomas and Pritham 2015).
However, we still lack information about the evolutionary
origins of Helitron Hel domains and their relationship with
other helicases, as these issues have never been investigated in
detail.

The fact that Pif1 family helicases are present in virtually all
eukaryotes but absent in RC mobile genetic elements (MGEs),
except Helitrons, renders the investigation about the origin of
Hel domains more difficult. Moreover, to our knowledge
there are no automated methods to clearly distinguish geno-
mic Pif1 helicases from Helitron Pif1-like helicases. Regarding
the later issue, both genomic and Helitron Pif1-like sequences
can be found in eukaryotic genomes and sometimes is not
possible to discriminate them without a more detailed anal-
ysis. For instance, Blastp searches on eukaryotic genomes us-
ing Pif1 proteins as queries often result in multiple significant
hits, even though most eukaryotic species apparently have
only one or two genomic Pif1 helicases (Bochman et al. 2010).
Therefore, although up to few hits are expected to represent
genomic Pif1 helicases in eukaryotic species, most of them
often constitute Helitron Pif1-like protein sequences. In addi-
tion, some eukaryotes apparently have multiple genomic Pif1
paralogs (Bochman et al. 2010, 2011; Harman and Manna
2016), which makes their distinction from Helitron Pif1-like
helicases even more complex.

In the present study, we retrieved prokaryotic, eukaryotic
and viral Pif1-like proteins in silico using a stepwise searching
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method to avoid classifying Helitron coding sequences as ge-
nomic helicases. After doing so, we were able to investigate
the relationship between Hel domains and Pif1-like genes
from a wide variety of organisms and MGEs. Our results reveal
further valuable information about the evolution of RepHel
transposases, indicating that Hel domains are only distantly
related to genomic Pif1 helicases and were likely present in
Helitrons before they invaded eukaryotic hosts. We discuss
the general implications of our findings considering the
known mechanistic features of RepHel transposases and
Pif1 helicases, also demonstrating how the similarities be-
tween these proteins can interfere with their classification
and analysis.

Results

Finding Genomic Helicases

Before conducting searches to retrieve genomic Pif1-like hel-
icases, we first expanded our sample of Helitrons from differ-
ent variants (Helitrons, Helentrons, and Helitron2) selected
previously (Heringer and Kuhn 2018). Consensus sequences
from the helicase domains (Hel) found in those Helitrons
were used as queries to obtain Pifl-like helicases from a
wide diversity of organisms (see Materials and Methods).
Because Helitrons are found throughout a large portion of
eukaryotic genomes, the distinction between genomic Pif1
and Helitron Pif1-like helicases (Hel domains) across individual
species is highly prone to identification errors (supplementary
fig. S1, Supplementary Material online). For that reason, we
initially selected only organisms lacking Helitron Rep sequen-
ces in their genomes, so that genomic Pif1 helicases could be
correctly identified before our analyses. Helitron Rep sequen-
ces can be used as unique identifiers for the presence of
Helitrons as they are exclusive of these RC elements and do
not have genomic counterparts in eukaryotes.

The larger or smaller representation of specific taxonomic
groups in the Pif1 helicases selected initially, depended on the
number of available genomes and on the presence or absence
of Helitrons in each taxon. For instance, although our searches
on Embryophyta (land plants) revealed the presence of Pif1-
like proteins in most species, only the common liverwort
Marchantia polymorpha was devoid of Rep sequences from
Helitrons, thus being the single representative of land plants
selected in the first round of searches.

Although almost all retrieved sequences from prokaryotes
and eukaryotes were annotated as genomic Pif1 helicases, one
of the hits from the searches on archaea was a TraA relaxase
annotated as belonging to a species from the Methanothrix
genus (Methanothrix sp. accession number: TFH49976.1).
This hit displays a relatively low sequence coverage (62%)
and identity (24%) to the query (Helentron Hel consensus)
(supplementary data S1, Supplementary Material online).
Nevertheless, as TraA relaxases constitute a group of proteins
involved in conjugation of bacterial plasmids and are also
known to have a helicase domain (Alt-Morbe et al. 1996;
Pérez-Mendoza et al. 2006), we decided to include additional
TraA relaxase representatives in our analysis. To do that, the
Methanothrix TraA relaxase (TFH49976.1) was used as query
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Fic. 1. Helitron structural and coding variants. Each variant can be identified by a set of structural (symbols) and coding sequences (colored boxes).
Helitrons, Helitron2, and Helentrons are major phylogenetic variants, with Proto-Helentrons representing an internal group of Helentrons that have
intermediate features found in Helitrons and Helentrons. Adapted from Thomas and Pritham (2015).

in Blastp searches on the nonredundant protein sequences
(nr) database from GenBank (Sayers et al. 2019). Interestingly,
the best hits from this search consisted of TraA sequences
from the phylum Proteobacteria (supplementary table S1,
Supplementary Material online), with no hits from archaeal
species, indicating that TFH49976.1 could either represent a
horizontally transferred gene (from a bacterium to an
archaeon) or a misannotated sequence from a bacterium
species (discussed in the next topic).

Using our stepwise search and selection method (sche-
matic workflow depicted in fig. 2), we retrieved an initial
sample of 76 putative genomic Pif1 helicases from a wide
variety of eukaryotes, prokaryotes, and plasmids, all lacking
Helitron sequences in their genomes. After retrieving this sam-
ple of genomic (and plasmid) helicases, we further expanded
the number of proteins in our data set by selecting Pif1-like
helicases in all major groups of eukaryotes, prokaryotes and
viruses, without filtering taxa by the presence of Helitron
sequences. In addition to Hel domain consensus sequences,
this time we also used the Saccharomyces cerevisiae Pif1
(NP_013650.1) as a query in Blastp searches. The proteins
identified and selected previously with the Rep-filtering pro-
cedure were used to aid in the classification of this new set of
Pif1-like proteins as genomic helicases or Hel domains from
Helitrons by their relationship revealed in the phylogenetic
analysis. We also included eukaryotic and prokaryotic viruses
in this step of Blastp searches. All taxa selected for further
analyses are shown in supplementary table S1,
Supplementary Material online.

Phylogenetic Analysis

We used our final sample of 310 aligned protein sequences
from Helitrons, eukaryotic and prokaryotic organisms, plas-
mids and viruses, to infer their phylogenetic relationship using

the Maximum Likelihood method. Our resulting phylogeny
revealed seven well supported major clades (or groups),
named as follows: 1) TraA, 2) Myoviridae, 3) nucleocytoplas-
mic large DNA viruses (NCLDV)/Baculoviridae, 4) Helentron/
Helitron2, 5) Helitron, 6) Prokaryotic, and 7) Eukaryotic clade
(fig. 3). The TraA clade included exclusively TraA relaxases
and constitute a sister group of the Myoviridae clade, which is
composed by helicases from a subset myoviruses. The
NCLDV/Baculoviridae group included helicases from a subset
of NCLDV and all retrieved baculoviruses. Together with the
Helentron/Helitron2 and Helitron clades, they represent a basal
group relative to the Prokaryotic and Eukaryotic major clades,
as shown in the rooted tree (supplementary fig. S2,
Supplementary Material online). The Prokaryotic clade
includes most bacterial, archaeal and bacteriophage sequen-
ces. In contrast, the Eukaryotic major clade, which formed a
sister group with the Prokaryotic clade, included all eukaryotic
sequences, plus some bacterial, archaeal, eukaryotic viruses,
and bacteriophage sequences, being the most diverse group
in the phylogeny.

Regarding the distribution of Helitron variants, we ob-
served two distinct and well supported clades, one with
Helitron and the other containing Helentron plus Helitron2
sequences (fig. 3). However, the connection between these
two clades, and between each one of them and other
groups of helicases, have low branch support values, and
thus are presented collapsed in the phylogeny (fig. 3; sup-
plementary fig. S2, Supplementary Material online).
Considering previous analyses involving the Rep domain
(Poulter et al. 2003; Heringer and Kuhn 2018) and the fact
that a monophyletic origin of all Helitrons seems more par-
simonious, the observed paraphyletic distribution of two
major Helitron groups in our phylogeny could represent a
methodological artifact (see Discussion). Nevertheless, the
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Fic. 2. Workflow with the methodology used in our study. See Materials and Methods for a more comprehensive description.

fact that Helitrons in general did not group closer to any
other major clade, indicates that Hel domains are only dis-
tantly related to genomic Pif1 helicases and belong to
completely independent lineages. An interesting aspect of
the Helentron/Helitron2 major clade is the presence of a Hel
domain from the dinoflagellate Symbiodinium microadria-
ticum (CAE7237458.1) branching externally to the diver-
gence of Helitron2 and Helentron sequences (fig. 3;
supplementary fig. S2, Supplementary Material online).
This RepHel lacks the apurinic—apyrimidinic (AP) endonu-
clease domain typical of Helentrons, and the element cor-
responding to this transposase (CAJNJV010003184.1) is
structurally more similar to a Helitron2 variant (fig. 1).
Hence, this Helitron2-like element appears to represent an
intermediate variant that should be more closely related to
the common ancestor of Helentron and Helitron2 elements.
To our knowledge, this is the first identification of a putative
evolutionary intermediate between two Helitron variants. In
this specific case, the putative intermediate variant was not
identified before most likely because the S. microadriaticum
sequence (CAE7237458.1) was submitted only recently
(February 2021).

One of the prokaryotic sequences in the Eukaryotic major
clade is a Pif1-like helicase from a Rickettsiales bacterium
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(MBO87943.1), positioned before the radiation including
most eukaryotic Pif1 sequences (fig. 3). Most phylogenetic
analyses conducted to date place the order Rickettsiales as
the closest relative of mitochondria (reviewed in Roger et al.
[2017]). Although this hypothesis has been challenged by
some studies (Roger et al. 2017; Martijn et al. 2018), a recent
analysis that used more robust methods confirmed the close
relationship between Rickettsiales and the mitochondrion
ancestor (Fan et al. 2020). Hence, the topology observed in
our phylogeny seems to reflect the known evolutionary link
between eukaryotic Pif1 proteins and their prokaryotic ances-
tor, which probably belonged to the symbiont that later gave
rise to mitochondria (Bochman et al. 2011).

Another marked feature observed in our phylogeny is the
presence of Pif1-like sequences from three eukaryotic species
(Perkinsela sp., Phytomonas sp., and Strigomonas culicis) pre-
ceding the prokaryotic radiation within the Eukaryotic major
clade (fig. 3; supplementary fig S2, Supplementary Material
online). These sequences belong to kinetoplastids from the
phylum Euglenozoa which, accordingly, is considered the
group that diverged earliest during eukaryotic evolution
(Cavalier-Smith et al. 2014). Although other kinetoplastid spe-
cies are grouped separately from these three basal taxa (fig. 3),
this distribution could be explained by the presence of
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The rooted tree with all taxa names and branch support values is shown in supplementary figure S2, Supplementary Material online.

multiple Pif1 paralogs in species from this class, which have
been shown to encode up to eight Pif1-like genes (Liu et al.
2009; Bochman et al. 2010). If these three basal sequences
represent some of the Pif1 paralogs adapted for kinetoplastid-
specific functions (Bochman et al. 2010), a process of positive
evolution following subfunctionalization, might have caused
them to be artificially positioned externally in relation to
other eukaryotic Pif1 helicases. In addition to kinetoplastids,
other taxa also displayed a somewhat scattered distribution
on the Eukaryotic major clade, instead of forming monophy-
letic clusters. For instance, amoebal Pif1 helicases were
grouped in five separate clades (fig. 3). Interestingly, a scat-
tered distribution of amoebal Pif1-like proteins was also ob-
served in a previous study and it was explained as the result of
horizontal gene transfer (HGT) and duplication events
(Harman and Manna 2016). Also in the Eukaryotic major
clade, eukaryotic viruses, mostly NCLDVs, were found

dispersed in different clades, sometimes closer to eukaryotic
and prokaryotic organisms than to other groups of viruses
(fig. 3; supplementary fig. S2, Supplementary Material online).
Although noteworthy, this result agrees with the growing
evidence for multiple HGT events between these large viruses
and a variety of organisms (reviewed in Barreat and
Katzourakis [2021]).

Overall, the scattered topology observed for several taxa
from the Eukaryotic major clade might have been the conse-
quence of two main factors. First, as a result of our searching
and selection method designed to retrieve Pif1-like helicases
with the highest similarity to specific queries. Because we only
selected the best results from each taxonomic group, and
eukaryotes may have multiple Pif1 genes adapted for distinct
functions, it is likely that our sampled sequences represent a
mixture of paralogs and orthologs. Second, as a consequence
of several HGT events between eukaryotes, prokaryotes, and
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viruses. Eukaryotes have been involved in HGT exchanges not
only with viruses, as mentioned above, but also with multiple
prokaryotic groups and sometimes with distinct eukaryotic
taxa (reviewed in Husnik and McCutcheon [2018] and Van
Etten and Bhattacharya [2020]). Thus, it is possible that Pif1
genes have been horizontally transferred several times during
the evolution of eukaryotes.

In the Prokaryotic major clade, cases of interspersed
branches from bacteria, archaea, and phages were also abun-
dant, and indicate that several HGT events involving Pif1-like
genes have occurred between these taxa (fig. 3). Although
horizontally transferred sequences represent a relatively small
fraction of eukaryotic genomes, in prokaryotes, HGT has long
been considered a primary source of new genes and a major
driver of evolution. These gene exchanges are not limited to
closely related organisms, as they have been shown to cross
prokaryotic domains and sometimes occur between bacteria,
archaea and viruses (reviewed in Koonin [2016]). Hence,
based on our phylogenetic analysis, it is reasonable to con-
clude that Pif1-like helicases are also members of the large set
of gene families that have been horizontally transferred
among prokaryotic organisms. Regardless of the particular
explanations for each case, the frequent grouping of relatively
distant taxa observed in the Eukaryotic and Prokaryotic major
clades indicates that, in addition to ordinary vertical inheri-
tance of genes, other events (e.g, HGTs and gene duplica-
tions) have shaped the evolution of genomic Pif1 helicases
extensively.

Other interesting results were also revealed by the phylo-
genetic analysis. For instance, the TraA and Myoviridae clades
formed sister groups with good branch support (fig. 3; sup-
plementary fig. S2, Supplementary Material online). This re-
sult suggests a closer than expected relationship between
replicons with completely distinct modes of propagation,
underscoring the highly dynamic modularity that is typical
of MGEs. Finally, as previously indicated in our Blast results, a
protein annotated as belonging to the archaeon genus
Methanothrix (TFH49976.1) grouped with TraA relaxases
from Proteobacteria species, more specifically in the
Desulfobacteraceae family (Desulfobacteraceae bacterium
and Desulfosarcina cetonica) (fig. 3; supplementary fig. S2,
Supplementary Material online). To verify whether this
TraA gene derives from an HGT event or misannotation,
we first used its protein sequence (TFH49976.1) as a query
in separate Blastp searches against bacteria and archaea in the
nr database. In this case, the query was significantly more
similar to bacterial than archaeal sequences. We also used
the nucleotide sequence corresponding to the protein (ac-
cession number: SPBB01000211.1) as a query in Blastn
searches against bacteria and archaea in the nucleotide col-
lection (nr/nt) and Whole Genome Shotgun (WGS) contigs
databases. In this case, no hits with significant similarity were
found in archaea. The query displays a significant identity (up
to 75%) to bacterial genes, although limited to short stretches
that cover up to 15% of the query length. Furthermore, the
contig corresponding to the query only contains the TraA
gene without flanking sequences that could be used to de-
termine if this gene was integrated into an archaeal genome.
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Therefore, this putatively archaeal TraA gene is significantly
more similar to bacterial than archaeal sequences, both at the
amino acid and nucleotide level. Because this sequence is part
of a metagenome assembly (BioSample: SAMN11127048), the
possibility of misannotation or contamination in this case is
very likely. Together, our analyses indicate that this TraA gene
is likely from a bacterial plasmid misannotated as belonging
to an archaeon. Regardless of those considerations, knowing
the host species of this protein sequence does not change the
interpretation of our results.

NMDS Analysis

The estimated evolutionary divergence between sequences
were used to represent their distances in two dimensions
with nonmetric multidimensional scaling (NMDS) analysis.
By doing so, we intended to visualize their spatial arrange-
ment without assuming cladistic relationships, and also verify
if their distribution replicates the overall topology observed in
the phylogeny.

The arrangement of Pif1-like helicases in the resulting
NMDS ordination showed an overall segregation of proteins
into seven major clusters (fig. 4). It also displayed a large
divergence between Hel domains from the two major clades
previously observed in our phylogeny (fig. 3), with Helentron
and Helitron2 sequences forming a single group distinctly
segregated from Helitron variant sequences. In addition,
Helitron Pif1-like domains from all variants did not appear
to be more closely associated with any other specific major
group, being roughly equidistant from genomic and viral
helicases found in prokaryotes and eukaryotes (fig. 4).

Pif1 helicases from the Eukaryotic and Prokaryotic major
groups formed two separate, albeit closely related clusters.
Although genomic Pif1 helicases in the Eukaryotic group
showed a tendency for clustering with sequences from
more closely related taxa, in the Prokaryotic group, sequences
from bacteria and archaea displayed a highly interspersed
distribution. In both major groups viral sequences were
mostly scattered among genomic Pif1 helicases (fig. 4).
These distinct arrangements in the Eukaryotic and
Prokaryotic major groups confirm the taxonomic incon-
gruences and complex evolutionary history of genomic Pif1
helicases indicated by the phylogenetic analysis.

In sum, the resulting NMDS ordination recapitulates the
main features observed in the phylogeny, that is, the segre-
gation of seven major clades, the distant relationship between
Hel domains from Helitrons and genomic helicases, and the
indication of multiple HGT events involving Pif1-like helicases
from eukaryotes, prokaryotes, and viruses.

Reassessing the Classification and Number of Pif1
Genes in Eukaryotes

As we have mentioned, Blastp searches on eukaryotic
genomes using Pif1 helicases as queries often result in multi-
ple significant hits. Because Helitrons are pervasive in most
eukaryotic groups and their transposase includes a Pif1-like
Hel domain, it is always possible that some of those hits
constitute Helitron coding sequences, instead of genomic hel-
icases. For example, during our preliminary analyses we
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dimensions.

performed a Blastp search to identify putative genomic Pif1
helicases in the fungus Rhizophagus clarus, using the human
Pif1 domain (6HPH_A) as a query, and found many candidate
genes, together with RepHel sequences. However, a more
detailed inspection revealed that some putative genomic
Pif1 helicases are in fact Hel domains from Helitron coding
sequences lacking the Rep domain in the same ORF (supple-
mentary fig. S1, Supplementary Material online). Thus, with-
out more careful analyses, the structural resemblance
between genomic and Helitron-derived Pif1 domains can hin-
der the proper identification of sequences from this protein
family. Indeed, to avoid classifying Hel domains as genomic
Pif1 helicases, we excluded all species with Helitrons in their
genomes from our initial Blast searches.

Although some eukaryotes are thought to have multiple
genomic Pif1 helicases (Bochman et al. 2010, 2011; Harman
and Manna 2016), most species from this domain of life ap-
parently encode one or two Pif1 genes (Bochman et al. 2010).
Considering that distantly related eukaryotes like
Schizosaccharomyces pombe and humans only need one
Pif1 helicase to carry out genomic functions, species with
supposedly multiple Pif1 paralogs should be evaluated care-
fully. Thus, we reassessed three cases in the literature referring
to genomic Pif1 genes from eukaryotes, which could have
included Helitron-derived sequences inadvertently.

In the first example, Arabidopsis thaliana was described as
having three genomic Pif1 helicases (CAB91581, NP_190738,
and CAB63155) (Bochman et al. 2010). After examining the
structure and sequence of these proteins we found that all of
them are either RepHel proteins or Pif1-like sequences with
significant identity to Helitron transposases (supplementary

table S2, Supplementary Material online). Interestingly, a phy-
logeny of Pif1 sequences presented in the same work
(Figure 1in Bochman et al. 2010) displays a single Pif1 helicase
from Oryza sativa (ABB47755) grouped together with the
three A. thaliana proteins mentioned above. Because these
three proteins were shown to be derived from RepHel trans-
posases, and Helitrons are known to be abundant in the
genomes of A. thaliana and O. sativa (Yang and Bennetzen
2009; Xiong et al. 2014), we examined this Pif1-like sequence
from O. sativa. After inspecting its structure, we found that
this O. sativa Pif1-like protein represents a RepHel transposase
containing both of its major domains (supplementary table
S2, Supplementary Material online). Hence, all these four
proteins classified as genomic Pifl helicases from
A. thaliana and O. sativa constitute either RepHel transpo-
sases or Pif1-like Hel domains from Helitrons.

In the second example, the fungal pathogen of insects
Metarhizium robertsii ARSEF 23 (formerly M. anisopliae
ARSEF 23) was described as the eukaryote harboring the larg-
est number of Pif1 genes, with 23 paralogs (Bochman et al.
2011). We conducted a Blastp search on the genome of this
species using the human Pifl domain (6HPH_A) and the
S. cerevisiae Pif1 (NP_013650.1) as queries and found that,
although M. robertsii appears to have up to 25 proteins
with some similarity to Pif1 helicases, only 16 of them cannot
be readily classified as RepHel transposases, that is, do not
contain a Rep domain sequence. Of these 16 proteins, 11
either display significant similarity to RepHel transposases
or belong to a cryptic RepHel ORF (truncated transposase
with a Rep sequence upstream the Pif1 ORF), and one does
not correspond to a Pif1 helicase (supplementary table S3,
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Supplementary Material online). Hence, only four helicases
from M. robertsii could represent genomic Pif1 candidates,
with the other 20 Pif1-like sequence clearly being derived
from Helitron transposases.

In the third example, it was suggested based on in silico
analyses that A. thaliana could have up to 11 Pif1 genes
(Knoll and Puchta 2011), with this large number of paralogs
being attributed to Helitrons capturing and multiplying ge-
nomic Pifl sequences. However, after inspecting all
A. thaliana Pif1-like proteins on GenBank, retrieved after
a Blastp searches using the human Pif1 domain (6HPH_A)
and the S. cerevisiae Pif1 (NP_013650.1) as queries, we
found that all of them either represent RepHel proteins
directly or derive from Helitron transposases (supplemen-
tary table S4, Supplementary Material online). Although we
anticipated that some sequences would derive from
Helitrons, the fact that all retrieved A. thaliana Pif1-like
proteins appear to represent RepHel transposases directly
or indirectly was unexpected, considering the widespread
distribution of genomic Pif1 helicases in eukaryotes. To in-
vestigate whether this apparent lack of genomic Pif1 homo-
logs is exclusive from A. thaliana, we conducted a Blastp
search using the same method on O. sativa, which is esti-
mated to have diverged from A. thaliana ~163 Ma (Li et al.
2019). Like what was observed in A. thaliana, we found
many Pif1-like sequences in O. sativa, with all results rep-
resenting RepHel transposases directly or indirectly (sup-
plementary table S5, Supplementary Material online).

Given the distant relationship between A. thaliana and
O. sativa, we tried to estimate when genomic Pif1 helicases
could have been lost during the evolution of these land
plant lineages. To do that, we conducted a series of Blastp
searches on taxonomic ranks above A. thaliana and
O. sativa using the human Pifl domain (6HPH_A) and
the yeast Pif1 (NP_013650.1) as queries. Interestingly, geno-
mic Pif1 homologs appear to have been lost in Brassicales
and commelinids, the taxonomic groups from which
A. thaliana and O. sativa belong, respectively (fig. 5). The
best hits within these groups corresponded to RepHel pro-
teins (supplementary table S6, Supplementary Material on-
line). Conversely, the best hits from searches in taxa outside
Brassicales (malvids) and commelinids (Liliopsida) were Pif1
proteins with low similarity to RepHel transposases, despite
some of the species with putative genomic Pif1 helicases
also having Helitron proteins (supplementary table S6,
Supplementary Material online). To further confirm the ab-
sence of genomic Pif1 homologs in the mentioned groups,
we first used the best hits from searches in malvids
(EOX92974.1) and Liliopsida (MQL92731.1) as queries in
Blastp searches against Brassicales and commelinids, respec-
tively. The results still indicated a lack of genomic Pif1
homologs in Brassicales and commelinids, as the best
hits also corresponded to Helitron sequences (supplemen-
tary table S7, Supplementary Material online). Additionally,
we conducted Blastn searches using the nucleotide
sequences corresponding to EOX92974.1 (CM001879.1)
and MQL92731.1 (NMUHO01001479.1) as queries against
Brassicales and commelinids, respectively. Although the
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search against commelinids did not retrieve hits with sig-
nificant similarity to the genomic Pif1 from Liliopsida, the
result from Brassicales revealed a hit in Bretschneidera sinen-
sis (JACX)D010000007.1) with 74% identity to the genomic
Pif1 nucleotide sequence from malvids. This hit from
B. sinensis translates to an ORF that appears to be intact,
therefore representing a Pif1 gene that has not been anno-
tated yet, which explains its absence in Blastp results.
Interestingly, B. sinensis (family Akaniaceae) belongs to
the most basal clade from Brassicales (Edger et al. 2018),
indicating that genomic Pif1 homologs were probably
lost shortly after the origin of this order and before the
major radiation that gave rise to most extant families of
Brassicales.

Although regions flanking genomic Pif1 helicases from
malvids and Liliopsida up to tens of kilobase pairs on both
sides display similarity to Brassicales and commelinids
sequences, this similarity covers only limited portions of their
length, as indicated by Blastn searches. Because this observed
similarity is not contiguous over the whole span of flanking
sequences, it is not possible to define whether they corre-
spond to homolog regions, and therefore we could not de-
termine what caused Pif1 genes to be lost in Brassicales and
commelinids. However, it is noteworthy that most of the
genomic Pif1-flanking regions with significant identity to
sequences from both groups correspond to TEs, particularly
LTR retrotransposons, as determined by searches using the
Censor tool in Repbase (Kohany et al. 2006). Although with
the current data presented it is not possible to ascertain what
caused genomic Pif1 helicases to be lost in Brassicales and
commelinids, the presence of long TE sequences in the vicin-
ity of those genes in the closest taxonomic groups could be
related to these events. For instance, TEs flanking these Pif1
genes could have promoted ectopic recombinations between
insertions, leading to the deletion of large chromosome seg-
ments in Pif1 gene loci (Kent et al. 2017). However, more
extensive analyses would be necessary to pinpoint the precise
boundaries of these deleted chromosomal segments and to
describe the mechanisms responsible for those events.
Nonetheless, our results indicate that at least two major
groups of land plants appear to have lost genomic Pif1 homo-
logs independently (fig. 5) and that usual functions performed
by this gene might be carried out by different proteins in
species from these taxa.

Discussion

The Evolutionary History of Helitrons Takes Shape

Because Pif1 helicases are known to be typically eukaryotic
proteins (Bochman et al. 2010), and Hel domains found in
some RepHel transposases have introns, it has been suggested
that an Helitron ancestor likely captured a Pif1 gene from its
eukaryotic host (Kapitonov and Jurka 2001, 2007; Thomas
and Pritham 2015). However, our results indicate that
Helitrons already encoded a Hel domain before invading eu-
karyotic genomes (fig. 6), as genomic Pif1 helicases from pro-
karyotes and eukaryotes formed sister groups in our analyses,
with Pif1-like Hel domains being only distantly related to
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them. Nonetheless, in addition to a RepHel with its archetypal
double-domain structure, Helentrons also have an AP endo-
nuclease domain in their transposase (fig. 1), which was prob-
ably captured from a non-LTR retrotransposon residing in the
same eukaryotic host (Thomas and Pritham 2015). The cap-
ture of an AP endonuclease gene likely marked the evolution-
ary origin of Helentrons from Helitron2-like ancestors, which
also gave rise to the Helitron2 variant. Our identification of an
intermediate Hel domain from S. microadriaticum branching
externally to Helentron and Helitron2 sequences constitute
the first direct evidence for a Helitron2-like element as the
ancestor of both variants. Besides the AP endonuclease from
Helentrons, several other domains have been incorporated to
specific Helitron lineages during their evolution in eukaryotic
genomes (Thomas and Pritham 2015) (fig. 6). However, the
function of AP endonucleases and other coding sequences
captured by Helitrons from eukaryotes have not been deter-
mined yet.

Although the evolutionary proximity of Helentron and
Helitron2 lineages was expected (Thomas and Pritham 2015;
Heringer and Kuhn 2018), our results indicating that Hel
domains from the Helitron variant form a distinct group
from the Helentron and Helitron2 variants (figs. 3 and 4) con-
trasts with the monophyletic distribution previously observed
for Helitron Rep domains (Poulter et al. 2003; Heringer and
Kuhn 2018). Assuming the more parsimonious scenario in
which Helitrons constitute a monophyletic group, the result-
ing paraphyletic distribution of Hel domains might have been
caused by faster evolutionary rates that occurred on this pro-
tein region. The same topology was not observed for Rep
domains in previous studies, probably due to a higher ten-
dency for amino acid sequence conservation in this portion of
Helitron transposases. If Hel domains evolved under less con-
strained evolutionary pressures or went through a stronger
positive selection imposed by their hosts, these processes
could have potentially masked their monophyletic nature.
Furthermore, the widespread distribution of Helitrons in
eukaryotes (Thomas and Pritham 2015) and the overall sim-
ilarity between RepHel and host phylogenies, indicate that
Helitrons began to diverge before the emergence of most
eukaryotic kingdoms (Poulter et al. 2003). As time estimates
of major eukaryote radiations date back to approximately 1
billion years ago (Douzery et al. 2004; Berney and Pawlowski
2006), the first Helitron lineage divisions likely have a similar
age. Thus, a rapid evolution of Hel domains that occurred
through a very long period of time might have contributed to
blur the monophyletic nature of Helitrons in our analyses.

An independent example supporting the hypothesis
that each domain from RepHel proteins have evolved under
distinct evolutionary pressures can be viewed in the phylog-
enies of Helitron Rep and Hel domains inferred by Poulter
et al. (2003), which present distinct topologies. In their Rep
domain phylogeny, Helitron sequences from the fungus
Phanerochaete chrysosporium clustered with Helentrons, in-
stead of Helitrons. Conversely, in the Hel domain phylogeny,
all elements segregated into variant-specific clades, indicating
that distinct Helitron variants display a more pronounced
sequence divergence in this region. Furthermore, in the Hel
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phylogeny, Helitron clades were connected by relatively longer
branches when compared with the Rep domain tree, similarly
to the observed between our results presented here for Hel
domains (supplementary fig. S2, Supplementary Material on-
line) and on our previous study involving Rep domains
(Heringer and Kuhn 2018). It is worth mentioning that, in
contrast to our phylogeny, the one presented by Poulter et al.
(2003) did not display a polyphyletic distribution for Hel
domains. The reason for that might be related to the smaller
sample size and diversity of Helitrons used in the latter analysis
when compared with the one presented here.

Altogether, these observations suggest that each domain
from RepHel transposases has evolved under distinct evolu-
tionary rates. These differences could be derived from selective
pressures that constrained the Rep amino acid sequence to a
higher degree, and/or favored a more rapid evolution of the
Hel domain to optimize its interaction with host components.
Hence, a very early radiation of Helitrons, combined with rel-
atively faster evolutionary rates that have occurred in Hel
domains since they first invaded eukaryotes, probably explain
the spurious paraphyletic distribution between major Helitron
groups in our results. In this case, the observed topology could
represent a result of long-branch attraction (Bergsten 2005).

In summary, our phylogenetic and NMDS analyses indicate
that RepHel proteins evolved independently from genomic
Pif1 helicases found in prokaryotes and eukaryotes. Thus, in
spite of previous hypotheses about the origins of Hel
domains, it is unlikely that a Helitron ancestor captured a
Pif1 gene from its eukaryotic host. Instead, we suggest that,
before entering eukaryotic cells, Helitrons already encoded
RepHel proteins, branching into two major lineages after
they invaded eukaryotic genomes (fig. 6). From there on,
Hel domains probably evolved under relatively faster rates,
which could explain their distribution into marked separate
groups, in contrast to what was observed in analyses of Rep
domains (Poulter et al. 2003; Heringer and Kuhn 2018).

Helitrons May Be Descendants of Plasmid-Like
Elements

Although it seems clear that neither Rep nor Hel domains
have originated from genomic proteins, the ancestor of
Helitrons probably resided within a prokaryotic cell. If this
ancestor already had a transposon-like mode of propagation,
it is conceivable that their descendants (or their remnants)
could still reside in genomes of some unknown prokaryote
lineages. However, even assuming the hypothesis of a trans-
poson ancestor as correct, it is unlikely that such elements
would be found, as sequences that do not benefit cellular
functioning directly (like TEs) are subject to extremely rapid
turnover rates in prokaryotes (Sela et al. 2016, Wolf et al.
2016). A second possibility is that prokaryotic ancestors of
Helitrons had a predominantly plasmid-like mode of replica-
tion before they became eukaryotic TEs. This scenario not
only agrees with the current lack of Helitron-like sequences in
prokaryotes, but with the close relationship found between
Rep domains from Helitrons and RC bacterial plasmids
(Heringer and Kuhn 2018; Kazlauskas et al. 2019) and the
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fact that Helitrons generate plasmid-like intermediates during
transposition (Grabundzija et al. 2018).

It is worth mentioning that a TraA relaxase was the only
protein from a MGE retrieved in our Blast searches using Hel
domains as queries. Similarly to RepHel transposases, TraA
and other plasmid relaxases possess Rep-like and helicase
domains within the same protein (Pérez-Mendoza et al.
2006; Chandler et al. 2013). Although Rep-like domains found
in relaxases display an inverted orientation of their main cat-
alytic motifs when compared with RepHel transposases, both
enzymes have an overall similar architecture, consisting of a
Rep followed by a helicase domain. In addition, despite their
inverted orientation, the 3D topology of these motifs in relax-
ases and RCR proteins is essentially the same (Chandler et al.
2013). Interestingly, the cryo-EM structure of the RepHel in
complex with the Helitron 5'-end ssDNA was solved only
recently, revealing an even higher degree of organizational
similarity with relaxases, particularly with Tral (Kosek et al.
2021). As mentioned by the authors, the structural similarity
between these two classes of proteins does not imply a close
evolutionary relationship, which is also supported by our
results and previous studies involving the Rep domain
(Heringer and Kuhn 2018; Kazlauskas et al. 2019). If these
structural resemblances are most likely the result of conver-
gent evolution, they would suggest the existence of functional
parallels between relaxases and RepHel transposases.
Nonetheless, the fact that a group of relaxases was retrieved
in our searches by sequence similarity with Hel domains from
Helitrons could still indicate a distant evolutionary relation-
ship between these proteins.

Based on these considerations, we propose that Helitrons
descend from prokaryotic plasmid-like elements that shifted
to a transposon mode of propagation after invading eukary-
otic cells (fig. 6). Importantly, a transition from an RCR plas-
mid to an RC TE would likely not require major adaptations,
as the replicative processes employed in both types of MGEs
work by the same basic enzymatic steps, only differing in the
number of DNA substrates and type of final products in-
volved (Chandler et al. 2013; Wawrzyniak et al. 2017).

What Is the Function of Pif1 Helicases in Helitrons?

Experimental assays revealed that Helitrons have to generate
dsDNA circle intermediates in order to transpose, as sSDNA
circular elements transfected into human cells were not viable
substrates for host genome integration (Grabundzija et al.
2018). The formation of dsDNA intermediates could be
achieved by the concomitant synthesis of leading and lagging
strands while the element’s leading strand is being “peeled-
off,” or by the addition of a short lagging strand primer on the
unwound leading strand before an ssDNA circle is formed. In
either case, these processes would require the recruitment of
replication fork and DNA repair machinery components
(Grabundzija et al. 2018), both of which Pif1 helicases are
part of Bochman et al. (2010) and Muellner and Schmidt
(2020). For instance, Pif1 stimulates the activity of DNA po-
lymerase ¢ (Pol d) during DNA repair and replication (Pike
et al. 2009; Wilson et al. 2013; Koc et al. 2016) through its
interaction with the proliferating cell nuclear antigen (PCNA)

(Wilson et al. 2013; Buzovetsky et al. 2017; Dahan et al. 2018).
In addition, Pif1 has a role in fork convergence, resolving the
stalling of these structures, which are expected to occur in the
final stages of linear and circular DNA replication (Deegan
et al. 2019). Another relevant feature of Pif1 helicases is their
preference for binding and unwinding forked structures
(dsDNA with ssDNA overhangs) (Ramanagoudr-Bhojappa
et al. 2013; Li et al. 2016), which are substrates expected to
be formed in the first stages of RCT, when RepHel nicks the
Helitron’s leading strand in its 5'-end (Dias et al. 2016;
Grabundzija et al. 2016, 2018).

The combination of those Pif1 attributes suggests that the
Hel domain could aid in the RepHel association to forked
DNA structures during the initial steps of transposition and
help to recruit replication machinery components from hosts
(e.g, PCNA and Pol §). Although prokaryotic RC TEs, which
are thought to transpose similarly to Helitrons, do not encode
helicases, it is possible that a Hel domain merged to a Rep
protein confers mechanistic advantages for RCT in eukaryotic
cells and maybe is essential in this environment. Indeed, it has
been shown that a mutation in the Walker A motif from Hel
domains causes Helitrons to lose their transposition activity in
cells (Grabundzija et al. 2016). In addition, the RepHel cryo-EM
structure reveals a considerable interface between the cata-
lytic portion of Rep and the Hel domain, suggesting that they
act in conjunction to unwind dsDNA and generate sufficient
ssDNA to allow strand cleavage as transposition starts (Kosek
et al. 2021). Thus, it is conceivable that a Hel domain also
favored the invasion and colonization of eukaryotic genomes
by Helitrons, which would explain their pervasiveness in this
domain of life that lacks other groups of RC TEs.

Additionally, the Hel domain could facilitate the final
stages of transposition, when the RepHel associated with a
circular intermediate binds its target site before integration. In
contrast to prokaryotic RC TE insertions, which are guided by
site specificity (Garcillan-Barcia et al. 2002), Helitrons integrate
between AT, TT, or TC dinucleotides, depending on the var-
iant, with no preference for unique sequences (Thomas and
Pritham 2015). Hence, the RepHel in complex with a Helitron
intermediate could initially bind its target site by associating
with specific DNA or chromatin structures, instead of using
sequence guided recognition. In this case, an initial contact
would be favored by the known affinity of Pif1 helicases to
DNA secondary structures typically found in recombination
sites and gene promoters (Bochman et al. 2012; Byrd and
Raney 2015; Muellner and Schmidt 2020). Indeed, experimen-
tal assays revealed that active Helitrons appear to preferen-
tially target highly expressed gene regions (Grabundzija et al.
2016). After a structure-based association mediated also by
Hel, the Rep domain would be able nick the recipient strand
at a nearby AT, TT or TC dinucleotide site, before transferring
an ssDNA intermediate to the host’s chromosome, forming a
heteroduplex and completing transposition (Kapitonov and
Jurka 2007; Thomas and Pritham 2015; Dias et al. 2016).

Taken together, these features of Pif1 helicases and
Helitrons appear to agree with a scenario in which Hel
domains play a more sophisticated role during RCT, beyond
simply unwinding double-stranded DNA elements. The
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presence of a Pif1-like Hel domain in Helitron transposases
may have provided an advantage over the recruitment of
host helicases, by concatenating the processes of DNA bind-
ing, leading strand nicking, and peeling-off, together with the
formation of circular dsDNA intermediates, all conducted by
the same enzyme. In addition, Hel domains could aid the
association between RepHel-dsDNA intermediates and tar-
get sites on host chromosomes.

Helitrons Can Hamper the Identification of Eukaryotic
Pif1 Helicases

The abundance of Helitrons in eukaryotic genomes, together
with the general similarities between Helitron Pif1-like Hel
domains and genomic Pif1 helicases from eukaryotes, make
their distinction by in silico methods complicated. Our reeval-
uation of three examples in the literature describing Pif1
proteins from A. thaliana, O. sativa, and M. robertsii demon-
strated how these problems have affected the classification
and number estimation of genomic Pif1 helicases in eukary-
otic species. In these cases, most, or all putative genomic Pif1
helicases described were shown to represent Helitron-derived
sequences.

Interestingly, during our searches for genomic Pif1 candi-
dates in A. thaliana and O. sativa we found that all Pif1-like
proteins from these species either represent complete
Helitron transposase sequences or Hel domains from broken
RepHel ORFs. After investigating higher taxonomic ranks
from which A. thaliana and O. sativa belong (Brassicales
and commelinids, respectively), we found that both of
them appear to have lost genomic Pifl homologs indepen-
dently (fig. 5). Even granting that Brassicales and commelinids
may have genomic Pif1 homologs that went undetected in
our searches, the fact that RepHel sequences represented the
best hits to eukaryotic Pif1 helicases points to a similar evo-
lutionary pattern in those distantly related groups. However,
this issue should be further investigated to determine in more
detail how the Pif1 family have evolved in land plants and if
some of them have different proteins to perform the same
functions of genomic Pif1 helicases.

Despite the examples described above, some eukaryotes
have multiple bona fide genomic Pif1 helicases. As we have
mentioned, kinetoplastids encode several Pif1 paralogs that
likely participate in distinct functions related to their unique
biology (Liu et al. 2009; Bochman et al. 2010). Furthermore,
Helitron transposases are not found in kinetoplastid genomes,
as indicated by our Blast searches and a previous analysis
(Thomas and Pritham 2015). Hence, all Pif1 helicases found
in this group might consist of genomic representatives de-
rived from gene duplications. In addition to kinetoplastids,
some amoebae also have multiple genomic Pif1 helicases,
with Acanthamoeba castellanii encoding up to nine Pif1
genes (Harman and Manna 2016). Our Blast searches revealed
that these amoebae species do not have RepHel sequences in
their genomes, which confirms that these proteins indeed
represent genomic Pif1 helicases. Thus, kinetoplastids and
amoebae are the only eukaryotic groups so far in which there
is solid evidence for species with more than two genomic Pif1
paralogs.
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Altogether, it is clear that our knowledge about the distri-
bution and number of genomic Pif1 helicases in eukaryotes is
relatively limited to a small number of species. As we have
shown, some of the attempts to identify genomic Pif1 pro-
teins in eukaryotes have been hampered by the large amount
of Helitron transposases found in this domain of life. It will be
important to establish a reliable and efficient method to cor-
rectly discriminate between these two major groups of Pif1
helicases, before they are studied in large-scale analyses.

Conclusion

Although the similarity between Hel domains and genomic
Pif1 helicases has been noted since the discovery of Helitrons
20 years ago, no study had explored their evolutionary con-
nections. Despite previous suggestions that an Helitron ances-
tor likely acquired the Hel domain by capturing a Pif1 gene
from its eukaryotic host, our results indicate that RepHel
proteins already had their archetypal structure with two
domains before invading eukaryotes. Furthermore, consider-
ing phylogenetic, structural, and mechanistic aspects of these
elements, we propose that Helitron ancestors probably had a
plasmid-like mode of replication in prokaryotic hosts, before
invading eukaryotes and shifting into a transposon. Based on
the known features of Pif1 helicases and RepHel proteins, we
also hypothesize that Hel domains likely perform a more
complex function during transposition, beyond simply un-
winding Helitron double-stranded DNA.

In addition, our reassessment of the literature describing
eukaryotic Pif1 helicases revealed that many of these exam-
ples actually represent complete or partial RepHel transpo-
sases from Helitrons, which are commonly abundant in
eukaryotic genomes. This finding highlights the need for a
careful inspection before classifying Pif1-like proteins as geno-
mic helicases in eukaryotes, particularly in species that appear
to harbor multiple Pif1-like genes. We also found that two
distantly related groups of land plants appear to lack genomic
Pif1 homologs, despite having multiple Pif1-like Hel domain
sequences derived from Helitrons. This observation should be
studied in more detail, as Pif1 helicases have been considered
essential in many genomic processes that are conserved in all
eukaryotes studied to date.

Materials and Methods

Selection of RepHel Sequences

We used RepHel protein sequences obtained in our previous
study (Heringer and Kuhn 2018), belonging to the three main
Helitron variants (Helitron, Helentron, or Helitron2) (Thomas
and Pritham 2015), as initial queries in a series of Blastp
searches on the nonredundant protein sequences (nr) data-
base from GenBank (Sayers et al. 2019). With this strategy, we
were able to retrieve a sample with a larger variety of RepHel
representatives, thus enabling the generation of more accu-
rate consensus sequences of each domain (Rep and Hel). Each
one of the initial 13 Helitron protein sequences was used as a
query to select an additional RepHel, which in turn, was used
as a query to select another sequence in a second Blastp
search round. In each of these searches the best hit, sorted
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by Max Score, was selected, excluding sequences found in
genomes of the same genus in a previous round. For the
Helitron2 variant we applied four rounds of consecutive
searches to increase the number of sequences, as it had a
single representative in our previous analysis (Heringer and
Kuhn 2018). To determine whether the additional RepHel
sequences belonged to the same variant as the initial queries,
we visually inspected their structure with the Conserved
Domain Database (CDD) search tool (Lu et al. 2020), follow-
ing the classification provided by Thomas and Pritham (2015).
This classification considers differences in amino acids within
conserved regions from the Rep domain and the presence or
absence of specific domains in the RepHel protein. A total of
41 RepHel protein sequences were selected for further anal-
yses: 18 from Helitrons, 18 from Helentrons, and 5 from
Helitron2 elements. Sequences from Helitron and Helentron/
Helitron2 variants were aligned separately using the auto
mode from the MAFFT online service (Katoh et al. 2019).
Helentron and Helitron2 sequences were aligned as a single
group because these variants are known to be closely related
(Thomas and Pritham 2015; Heringer and Kuhn 2018). Rep
and Hel domains from each protein were isolated and
trimmed, keeping only well-defined conserved regions among
aligned sequences. These conserved regions were used to
generate consensus sequences of each domain from
Helitron and Helentron/Helitron2 variants, considering the
most common amino acid in each site (supplementary
data S1, Supplementary Material online), using the
Advanced Consensus Maker tool from the HIV Database
(https://www.hiv.lanl.gov/content/sequence/CONSENSUS/
AdvCon.html; last accessed November 16, 2021).

Stepwise Search and Selection of Helicase Protein
Sequences

The Hel domain consensus sequences of Helitron and
Helentron/Helitron2 ~ variants  (supplementary data S3,
Supplementary Material online) were used as queries in
Blastp searches against the nr database from GenBank
(Sayers et al. 2019), which includes all available annotated
proteins for a given taxa. A sample of protein sequences
representing a wide variety of organisms were retrieved
from distinct taxonomic levels, depending on their number
of resulting hits in preliminary Blastp searches. For example, in
eukaryotes, searches were conducted from the kingdom
down to the class level, as this domain displayed a large num-
ber of significant results distributed heterogeneously across
thousands of genomes. Conversely, in bacteria we conducted
searches at the phylum level, and in archaea the whole sample
was retrieved at the domain level itself. The best hits (sorted
by Max Score) from Blastp searches using consensus sequen-
ces of both Helitron and Helentron/Helitron2 variants were
selected. Each species containing best hits had one or two
protein sequence representatives selected, depending on
whether searches using different variant consensuses re-
trieved the same or different best hits, respectively. To verify
if Helitrons were present in the genomes of species containing
selected hits, we carried out a second round of searches in
these taxa, this time using Rep consensus sequences as

queries. Blastp searches were conducted against the nr data-
base and tBlastn searches were conducted against the WGS
contigs database. Because the aim of our study was to inves-
tigate the relationship between Hel domains from Helitrons
and genomic Pif1 helicases, taxa containing hits correspond-
ing to Rep sequences in any of the two searches (Blastp or
tBlastn) were excluded at this stage. By doing so, we expected
to have avoided the inclusion of helicases derived from
Helitrons during the retrieval of putative genomic helicases,
which could result in false phylogenetic inferences. Using
these criteria, we were able to select 76 Pif1-like sequences
from a wide variety of organisms lacking Rep sequences in
their genomes. To expand our sample, we used Hel domain
consensus sequences and the S. cerevisiae Pif1 (NP_013650.1)
as queries in Blastp searches against the same groups of
organisms from the previous analysis, this time without fil-
tering taxa with Rep sequences in their genomes and includ-
ing eukaryotic and prokaryotic viruses. Because Pif1-like
proteins selected in the initial searches could be more readily
identified as either genomic or Helitron-derived helicases, they
were used to aid in the classification of sequences retrieved
without the Rep-filtering procedure by their relationship
revealed later in the phylogenetic analysis.

Alignment and Isolation of Helicase Domains

Helicase sequences from each major taxon group (Eukaryota,
Bacteria, Archaea, plasmids, eukaryotic, and prokaryotic vi-
ruses) were aligned separately with the Hel domain consensus
sequences from Helitrons and Helentrons/Helitron2 using the
auto mode from the MAFFT online service (Katoh et al. 2019)
in order to identify a common region among them.
Sequences that aligned poorly or displayed large gaps on
conserved regions were excluded using the MAFFT data set
refinement tool also available in the MAFFT online service
(Katoh et al. 2019). Segments extending upstream and down-
stream the central conserved regions were visualized using
MEGAX (Kumar et al. 2018) and trimmed to avoid spurious
alignments between nonrelated portions of proteins. This
procedure is important considering that a large majority of
prokaryotic and eukaryotic proteins contain multiple
domains that have evolved through modular rearrangements
(Bornberg-Bauer et al. 2005, Wang and Caetano-Anollés
2009). Even among genomic Pif1-like domains from eukar-
yotes, there are low levels of sequence and size similarity in
their N- and C-terminal regions extending beyond a con-
served core (Boule and Zakian 2006). Thus, when conducting
a phylogenetic analysis of highly divergent protein sequences,
it is preferable to only consider limited domain regions as
evolutionary units, because flanking segments can evolve
through distinct selective constraints. A total of 310 helicases
from Helitrons (65 sequences), eukaryotic (89 sequences) and
prokaryotic organisms (56 sequences), plasmids (10 sequen-
ces), eukaryotic viruses (48 sequences), and prokaryotic vi-
ruses (42 sequences) were selected for the next step of our
analyses (supplementary table S1, Supplementary Material
online). Trimmed helicase domains from all taxa, including
Helitrons, were aligned using the E-INS-i method combined
with mafft-homologs in the MAFFT online service (Katoh
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et al. 2019). The final alignment containing all sequences used
in the following analyses are available in supplementary data
S2, Supplementary Material online.

Phylogenetic and NMDS Analyses

The best-fit evolutionary model for the alignment
(LG+ G+ 1) was selected using the smart model selection
in PhyML (Lefort et al. 2017). The maximum likelihood phy-
logeny of aligned amino acid sequences was inferred with the
SPR method of tree topology search, six random plus one
parsimony starting trees and six substitution rate categories
across sites modeled with estimated gamma-shaped distribu-
tion parameter and proportion of invariant sites. Branch sup-
ports were estimated using the approximate likelihood ratio
test (aLRT) with the nonparametric Shimodaira—Hasegawa
correction (SH-aLRT). All these procedures were conducted
on PhyML 3.1 (Guindon et al. 2010). Branches with <0.7 SH-
alRT statistical support were collapsed using TreeGraph 2
(Stover and Mdiller 2010) and the final tree visualized using
FigTree v.1.4.2 (http://treebio.ed.ac.uk/software/figtree/; last
accessed November 16, 2021). For the NMDS analysis, pair-
wise evolutionary distances between aligned sequences were
estimated with the JTT matrix-based model and the rate
variation among sites modeled with a gamma distribution
on MEGAX (Kumar et al. 2018). NMDS ordinations with
Euclidean distances of the sequences represented in two
dimensions were generated using the R package vegan v2.5-
6 (Dixon 2003). The NMDS analysis and plotting were exe-
cuted in RStudio v1.3.959 (RStudio Team 2020) with R v4.0.0
(R Core Team 2020). All the methodology described hereto-
fore is represented as a schematic workflow in figure 2.

Search and Classification of Pif1-Like Proteins in
Eukaryotic Species

To reexamine selected examples from the literature describ-
ing genomic Pif1 helicases, which could in fact constitute
RepHel-derived sequences, we inspected the structure of
those proteins using the CDD search tool (Lu et al. 2020).
To reassess the description of species containing multiple
genomic Pif1 helicases we conducted Blastp searches in the
protein sequences from the corresponding taxa available in
the nr database from GenBank (Sayers et al. 2019) using the
human Pif1 domain (6HPH_A) and S. cerevisiae Pif1 protein
(NP_013650.1) as queries. In order to verify if the resulting
sequences corresponded to RepHel transposases, all hits had
their structural features inspected with the CDD search tool
(Lu et al. 2020). Hits that did not included a conserved Rep
domain identified by the CDD search tool were used as
queries in a second round of Blastp searches against the nr
database from GenBank to check if they might constitute Hel
domains from broken Helitron transposases (Hel domains
highly similar to RepHel proteins) or cryptic RepHel proteins
(truncated transposase with a Rep sequence upstream the
Pif1 ORF). If the best hits (sorted by Max Score) from this
second round of searches corresponded to RepHel proteins,
queries were considered as derived from Helitrons. In contrast,
if the resulting best hits did not correspond to RepHel
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sequences, queries were classified as putative genomic Pif1
helicases.

Supplementary Material

Supplementary data are available at Molecular Biology and
Evolution online.
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