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Resumo

Elementos de transposicao (TEs) sdo sequéncias de DNA modveis e abundantes em
genomas procarioticos e eucariodticos. Em eucariotos, TEs podem ser divididos em duas
classes, denominadas classe |, que utilizam intermediarios de RNA para se transporem, e
classe Il, que utilizam intermediarios de DNA. Cada uma destas classes compreende
diferentes subclasses, que por sua vez sao divididas em superfamilias e familias. Helitrons
representam uma subclasse de elementos dentro da classe Il que se transpdem por meio de
um mecanismo unico em eucariotos, sendo encontrados em todos os principais grupos
taxondmicos deste dominio da vida. Estes transposons impactam genomas eucarioticos por
ocuparem fragdes consideraveis do DNA de seus hospedeiros, além de estarem envolvidos
na mobilizagdo e duplicagcdo de fragmentos cromossOmicos adjacentes. Embora a
compreensao sobre varios aspectos relacionados aos Helitrons tenha avancado
consideravelmente nas duas décadas que sucederam a descoberta destes elementos, sua
origem evolutiva e detalhes do seu mecanismo de transposi¢cdo sdo temas que permaneceram
amplamente inexplorados durante o mesmo periodo. Neste trabalho, investigamos a origem
dos Helitrons através de analises evolutivas dos dois dominios principais presentes na sua
transposase. Os resultados das analises de cada dominio revelam aspectos distintos, porém
complementares, sobre a origem dos Helitrons. Em conjunto, nossos achados indicam que
estes elementos descendem de plasmideos procariticos que, apds invadirem genomas
eucarioticos, passaram a utilizar a transposicdo como mecanismo de replicagdo em seus
hospedeiros. Este cenario se opde as principais hipéteses apresentadas até o momento para
explicar a origem dos Helitrons e dos dominios da sua transposase. Além disso, com base
nas evidéncias obtidas neste trabalho e em outros estudos, propomos que a transposase dos
Helitrons desempenha fungbes cataliticas mais complexas do que havia sido sugerido
anteriormente. Por fim, nossa investigagcao paralela sobre a evolugdo de uma familia de
Helitrons presente em artropodes ilustra a capacidade notavel destes transposons invadirem
novos genomas hospedeiros por meio de transferéncias horizontais que podem ocorrer entre

ordens ou mesmo classes distintas de organismos.

Palavras-chave: Helitrons. Elementos de transposi¢ao. Transposon. Transferéncia horizontal.



Abstract

Transposable elements (TEs) are mobile DNA sequences found in a large number of
copies in prokaryotic and eukaryotic genomes. In eukaryotes, TEs can be divided into two
classes, named class |, which use RNA intermediates to transpose, and class Il, which use
DNA intermediates. Each one of these classes include different subclasses, which in turn are
divided into superfamilies and families. Helitrons represent a subclass of elements within class
Il that transpose by a mechanism that is unique in eukaryotes, being found in all major
taxonomic groups from this domain of life. These transposons impact eukaryotic genomes by
occupying considerable DNA fractions of their hosts, also being involved in the mobilization
and duplication of adjacent chromosomal fragments. Although the understanding about
several aspects related to Helitrons has advanced considerably in the two decades that
followed their discovery, their evolutionary origin and details of their transposition mechanism
are subjects that remained largely unexplored during the same period. In this work, we
investigate the origin of Helitrons using evolutionary analyses of the two major domains present
in their transposase. The results from the analyses of each domain reveal distinct, albeit
complementary, aspects about the origin of Helitrons. Together, our findings indicate that these
elements descend from procaryotic plasmids that, after invading eukaryotic genomes, started
using transposition as the replication mechanism in their hosts. This scenario opposes the
main hypotheses that have been advanced to explain the origin of Helitrons and the domains
of their transposase. Furthermore, based on the evidence provided in this work and other
studies, we propose that Helitron transposases execute more complex catalytic functions than
it was previously suggested. Finally, our parallel investigation about the evolution of a Helitron
family found in arthropods illustrate the marked capacity of these transposons to invade new
host genomes through horizontal transfers that can occur between distinct orders or even

classes of organisms.

Keywords: Helitrons. Transposable elements. Transposon. Horizontal transfer.
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1. INTRODUGAO
1.1 Elementos de transposigao

Elementos de transposicao (TEs), sdo sequéncias de DNA capazes de se mover nos
genomas dos seus hospedeiros, e assim se replicar de maneira independente destes. TEs
representam fragées consideraveis do DNA de praticamente todos organismos eucariotos,
sendo que a proporgdo ocupada por estes elementos apresenta uma forte correlagdo com o
préprio tamanho genémico de seus hospedeiros. Além de impactar diretamente o tamanho
gendmico de eucariotos, TEs estao frequentemente associados a mutagdes, polimorfismos,
rearranjos cromossdmicos e, em alguns casos, sao fonte de fatores moduladores da atividade

génica (revisado em Bourque et al. 2018, Wells & Feschotte 2020).

Apesar de estarem associados a inovacbes evolutivas benéficas para os seus
hospedeiros em alguns casos isolados, os TEs representam entidades genéticas
essencialmente ‘egoistas’ que geralmente evoluem nos genomas em que habitam de forma
neutra ou afetando estes negativamente. Por esta razao, é esperado que, com o passar do
tempo, linhagens de TEs sejam eliminadas dos seus genomas hospedeiros por selegéo
negativa e/ou deriva genética em algum momento de sua evolugdo. De fato, assim como
outros parasitas, TEs podem utilizar diferentes estratégias para evadir tais processos que
promovem sua eliminagdo. Entretanto, durante longos periodos evolutivos (dezenas ou
centenas de milhdes de anos) de transmisséao vertical em seus genomas hospedeiros, tais
estratégias seriam capazes de apenas adiar a extincdo aparentemente inevitavel destes

elementos (revisado em Schaack et al. 2010).

Ao contrario da herancga vertical, o processo conhecido como transferéncia horizontal
(horizontal transfer, HT) ocorre através da transmissdo de um segmento de DNA de um
organismo para o genoma de outro (Wallau et al. 2018, Van Etten & Bhattacharya 2020),
sendo assim uma alternativa para TEs escaparem sua extingdo. Deste modo, a HT de TEs
para novos genomas hospedeiros representa o principal mecanismo para explicar a

persisténcia destes elementos no longo prazo (Schaack et al. 2010).
1.1.2 Classificag¢ao dos TEs

Quanto a sua classificagdo, TEs eucaridticos podem ser divididos em duas classes
principais, definidas pelo tipo de intermediario de transposi¢cdo gerado. Cada uma destas
classes pode ser dividida em subclasses, definidas pelo mecanismo enzimatico em que
intermediarios sdo gerados e inseridos, além de superfamilias e familias, definidas pela
relagcdo filogenética dos seus membros (Bourque et al. 2018, Wells & Feschotte 2020).

Elementos de classe |, também conhecidos como retrotransposons, utilizam intermediarios de
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RNA para se replicar. Estes intermediarios sdo gerados por transcricdo e posteriormente
transcritos reversamente em DNA antes de serem integrados em um novo local do genoma
hospedeiro, sendo que os elementos geradores dos intermediarios permanecem intactos. Por
esta razao, os elementos pertencentes a classe | também sao referidos como sendo do tipo
“copia-e-cola”. Ja elementos de classe Il, também conhecidos como transposons de DNA,
utilizam intermediarios de DNA para se replicar. Como a grande maioria dos grupos de TEs
nesta classe geram intermediarios por meio da excisdo do proprio elemento doador e
reinsercdo em uma nova localidade do genoma hospedeiro, estes elementos também séo
referidos como sendo do tipo “corta-e-cola”.

Entretanto, dentro da classe Il, ha duas subclasses de elementos que utilizam
mecanismos de transposigao distintos do padrdo geral corta-e-cola, os Polintons (ou
Mavericks) e os Helitrons. A primeira dessas subclasses compreende os Polintons que,
apesar de nao terem sido estudados em detalhe quanto ao seu mecanismo de transposigao,
provavelmente sintetizam intermediarios de DNA diretamente a partir dos elementos doadores
(Wells & Feschotte 2020). Mesmo que sejam considerados como TEs, o conjunto de
evidéncias obtidas nos ultimos anos indica de forma inequivoca que Polintons teriam se
derivado de integragdes virais em genomas hospedeiros e, por isso, provavelmente deveriam
ser classificados como virus (Krupovic et al. 2014, Krupovic & Koonin 2015, Koonin & Krupovic
2017, Bellas & Sommaruga 2021).

1.2 Helitrons

A segunda subclasse de elementos da classe |l que ndo utilizam um mecanismo de
transposic¢ao do tipo corta-e-cola compreende os transposons conhecidos como Helitrons.
Estes elementos eucariéticos foram identificados pela primeira vez em 2001 nos genomas de
Arabidopsis thaliana, Oriza sativa e Caenorhabditis elegans, através de analises in silico
(Kapitonov & Jurka 2001). Desde entdo, os Helitrons foram encontrados nos genomas de
todos os principais grupos de organismos eucariotos em diferentes proporgdes. Por exemplo,
Helitrons podem representar entre 0.1%-6.6% do DNA genémico em espécies de plantas e
entre 0%-10% no caso de espécies animais (Kapitonov & Jurka 2007, Thomas & Pritham
2015). Estes transposons sao encontrados em diferentes tamanhos que podem variar de
poucas centenas de pb até poucos kb em elementos nao-autdnomos (que nao codificam uma
transposase funcional), e de poucos kb até varias dezenas de kb em elementos auténomos,
dependendo do organismo hospedeiro e da familia de Helitron em questao (e.g., Kapitonov &
Jurka 2001, Pritham & Feschotte 2007, Du et al. 2009, Thomas et al. 2014, Chellapan et al.
2016).



15

Helitrons codificam uma transposase denominada RepHel, composta por dois
dominios principais: uma endonuclease (Rep) e uma helicase (Hel) pertencente a superfamilia
1 (S1H). O dominio Rep € o centro catalitico responsavel pela clivagem do DNA nas
extremidades do elemento doador e do sitio de inser¢do no cromossomo hospedeiro. Ja o
dominio Hel provavelmente é responsavel por auxiliar na separacao do DNA dupla fita
(dsDNA) do elemento doador, gerando um intermediario de DNA fita simples (ssDNA). Além
destes dois dominios comuns a todas transposases RepHel, Helitrons também possuem uma
sequéncia palindrémica de 16-20 pb localizada ~ 11 pb antes da sua extremidade 3’, capaz
de formar estruturas secundarias do tipo hairpin ou stem-loop que provavelmente auxiliam no

processo de transposi¢do (Thomas & Pritham 2015) (Fig. 1).

Sequéncias estruturais facultativas
|

— —

Stem-loo
L Y
\_|4 [ | | | |

I
Dominios ou genes facultativos

Figura 1. Estrutura geral dos Helitrons. Dominios Rep e Hel estdo presentes em todas transposases
RepHel e estruturas do tipo stem-loop sdo encontradas em todos os Helitrons. Ja os dominios, genes
e estruturas restantes podem ou ndo estar presentes em diferentes variantes dos Helitrons.

Desde a descoberta dos Helitrons, notou-se a RepHel apresenta similaridades
estruturais com transposases encontradas em elementos procariéticos (e.g., familia 1S91).
Por isso, antes que estudos experimentais fossem conduzidos, todos os modelos sugeridos
para descrever a transposicao dos Helitrons se baseavam no mecanismo utilizado por TEs da
familia IS91 (Feschotte & Wessler 2001, Kapitonov & Jurka 2007, Thomas & Pritham 2015,
Dias et al. 2016). Este mecanismo (Fig. 2), denominado transposi¢éo por circulo rolante
(rolling-circle transposition, RCT) representa uma variagédo do processo conhecido como
replicagéo por circulo rolante (rolling-circle replication, RCR), utilizado por diversos grupos de
virus e plasmideos encontrados em organismos procariotos e eucariotos (Chandler et al.
2013, Wawrzyniak et al. 2017). Mais recentemente, analises experimentais confirmaram as
principais etapas sugeridas para descrever a transposicdo dos Helitrons, além de revelar
detalhes como, por exemplo, o fato de elementos circulares de dsDNA serem os

intermediarios viaveis de transposicao (Grabundzija et al. 2016, 2018).
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Sz RepHel (O DNApol O ssB

Figura 2. Mecanismos propostos para a transposicado dos Helitrons. (A) Principal modelo sugerido
para explicar a transposi¢ao dos Helitrons até 2016, baseado no mecanismo proposto para elementos
bacterianos da familia IS91. (B) Modelo alternativo sugerido pelo nosso grupo (Dias et al. 2016) para
explicar insergcbes em tandem de Helitrons, baseado no fato de que elementos da familia IS91 séo
capazes de gerar intermediarios circulares. Estudos posteriores confirmaram que Helitrons sao capazes
de gerar intermediarios circulares (Grabundzija et al. 2016) e que apenas intermediarios circulares de
dsDNA representam substratos de transposi¢cdo vidveis (Grabundzija et al. 2018). Desta forma, o
conjunto de dados indica que Helitrons geram intermediarios através de um mecanismo mais préximo
ao representado pelo segundo modelo (B). Em todo caso, apds a geragao de intermediarios circulares
de dsDNA, Helitrons provavelmente utilizam um mecanismo catalitico semelhante ao representado no
primeiro modelo (A) para se integrarem no sitio receptor do hospedeiro. Figura adaptada de Dias et al.
(2016).

De acordo com o que sabemos atualmente sobre os processos RCR e RCT, inclusive
em Helitrons, a transposig¢ao destes elementos se inicia com a ligagao entre a primeira tirosina
catalitica do dominio Rep e a extremidade 5 do elemento, criando um intermediario 5'-
fosfotirosina e uma extremidade 3’-OH livre no sitio doador. A fita lider ligada covalentemente

ao dominio Rep comeca a se desassociar da sua fita complementar, provavelmente com o
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auxilio da atividade de translocagao sentido 5’-3’' do dominio Hel. Ao mesmo tempo que a
extremidade 5 da fita lider comeca a ser desassociada, uma forquilha de replicagcao
possivelmente se forma no mesmo local, promovendo a sintese das fitas complementares
tanto do intermediario em desassociacdo, quanto do sitio doador a partir de sua 3’-OH
terminal. Desta forma, um intermediario de dsDNA ¢ sintetizado até que a RepHel alcanga o
lado oposto do elemento, clivando este com sua segunda tirosina catalitica e expondo uma
extremidade 3’-OH livre que ataca a primeira ligagdo 5’-fosfotirosina, resultando na formagao

de um intermediario de dsDNA circular.

Em um segundo momento, a RepHel ligada covalentemente a extremidade 5’ deste
intermediario circular se associa a um segundo local do genoma hospedeiro que é clivado
pela segunda tirosina presente na transposase, expondo uma extremidade 3’-OH livre do sitio
receptor. Esta extremidade entdo ataca a ligagdo 5’-fosfotirosina entre a RepHel e o
intermediario, ligando este ao DNA receptor. Apds alcangar o lado oposto do intermediario
circular, a primeira tirosina catalitica cliva este, gerando uma extremidade 3’-OH que ataca a
ligagdo 5'-fosfotirosina entre o sitio receptor e a segunda tirosina catalitica. Tal processo
resulta na insergao do Helitron na forma de um “loop” de DNA fita simples no sitio receptor

que provavelmente é resolvido durante a replicagao do genoma hospedeiro (Fig. 2).
1.2.1 Origem evolutiva dos Helitrons

Desde a descoberta dos Helitrons, foram propostas diferentes hipoteses para explicar
sua origem e determinar quais seriam os elementos genéticos mdveis mais proximos
evolutivamente destes TEs eucariéticos. Por um lado, a semelhanca estrutural e aparente
semelhanga funcional da RepHel com transposases de elementos procariéticos (e.g., familia
IS91) foi interpretada como um indicio de que Helitrons seriam descendentes diretos ou
parentes préoximos destes ultimos. Além disso, na época em que Helitrons foram descobertos
em espécies de plantas e animais, virus eucarioticos do tipo RCR haviam sido identificados
apenas em espécies de plantas. Tal fato foi utilizado para sugerir a hipétese de que os
Helitrons ndo s6 descenderiam de TEs procarioticos, mas talvez tivessem dado origem a virus
eucarioticos do tipo RCR (Kapitonov & Jurka 2001). Por outro lado, foi sugerida a hipotese
alternativa de que os Helitrons poderiam ter se originado a partir de integracdes ancestrais de
virus eucarioticos do tipo RCR (Feschotte & Wessler 2001). Esta hipétese foi baseada no fato
de que, ao contrario dos transposons procariéticos do tipo RCT, os Helitrons codificam uma
helicase e, em alguns casos, proteinas que se ligam a ssDNA (single-stranded binding
proteins, SSBs), similarmente a virus eucarioticos do tipo RCR. Além disso, integracdes de
virus eucariéticos do tipo RCR ja haviam sido identificadas em genomas de eucariotos, o que

demonstraria a plausibilidade do cenario proposto.
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Apesar de serem possiveis, ambas as hipoteses apresentam inconsisténcias ou
requerem a ocorréncia de eventos secundarios para serem explicadas. No caso da primeira
hipétese (origem a partir de transposons procarioticos), o principal problema se da pelo fato
de os Helitrons possuirem um dominio Rep seguido de uma helicase, ao contrario dos
transposons procariéticos que s6 codificam um dominio Rep. Para explicar esta diferenca foi
sugerido que ancestrais dos Helitrons teriam adquirido seu dominio Hel por meio da captura
de uma helicase proveniente de um hospedeiro eucarioto. As principais evidéncias que dao
suporte a esta sugestéo sédo a presencga de introns no dominio Hel de alguns Helitrons e o fato
de que o dominio Hel pertence a familia de helicases Pif1 (Kapitonov & Jurka 2001, 2007,
Thomas & Pritham 2015). Helicases da familia Pif1 sdo encontradas em praticamente todos
os eucariotos, sendo responsaveis por varias fungdes gendmicas importantes como
replicagéo e reparo do DNA, manutengao telomérica e mitocondrial, maturagao de fragmentos
de Okazaki, ruptura de complexos proteina-DNA, resolugcido de estruturas secundarias em
acidos nucleicos, dentre outras (Boule & Zakian 2006, Bochman et al. 2010, Muellner &
Schmidt 2020)

A presencga de uma helicase Pif1 na transposase RepHel também ¢é inconsistente com
a segunda hipotese (origem a partir de virus eucaridticos). Apesar de Helitrons se
assemelharem a virus eucariéticos do tipo RCR por codificarem uma proteina com um dominio
helicase, no caso dos Helitrons este dominio representa uma S1H, ao contrario dos virus
eucariodticos do tipo RCR em que sua helicase pertence a superfamilia 3 (S3H) (Krupovic
2013, Koonin & Dolja 2014). Esta caracteristica também ¢é inconsistente com o cenario
adicional proposto para a primeira hipétese (Helitrons teriam se originado de transposons
procarioticos e deram origem a virus eucariéticos). Em todo caso, até hoje nenhuma das
hipéteses apresentadas acima foi investigada em detalhe, de forma que a origem dos

Helitrons, e dos dominios presentes em sua transposase permanecem desconhecidos.

Nota-se que o conhecimento sobre os Helitrons tem avangado consideravelmente nas
ultimas duas décadas desde a sua descoberta, principalmente no que diz respeito a sua
prevaléncia e influéncia nos genomas eucarioticos e, mais recentemente, ao seu mecanismo
de transposicdo. Apesar disso, vemos que durante este mesmo periodo pouco, ou quase
nada, foi revelado sobre a sua origem evolutiva e sua relagdo com outros elementos genéticos

moveis.
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2. OBJETIVOS

O objetivo geral do presente trabalho consistiu em investigar a origem evolutiva dos
Helitrons utilizando analises filogenéticas moleculares das sequéncias de aminoacidos dos

dominios presentes em sua transposase (RepHel).
Os objetivos especificos foram:

Investigar as relagdes evolutivas entre o dominio Rep presente nos Helitrons e proteinas

codificadas por outros elementos genéticos moéveis encontrados em procariotos e eucariotos.

Testar as duas principais hipéteses acerca da origem dos Helitrons, sendo a primeira a de
que estes teriam se originado de transposons procaridticos, e a alternativa a de que os

Helitrons teriam se originado de virus eucaridticos ou seriam parentes préximos destes.

Investigar as relacdes evolutivas entre helicases presente nos Helitrons e as encontradas em
diferentes organismos e elementos genéticos moveis, de forma a testar a hipétese de que os

Helitrons teriam adquirido seu dominio Hel de um gene Pif1 eucaridtico.

Utilizar os dados obtidos nas analises anteriores para propor um cenario abrangente sobre a

origem e evolugéo dos Helitrons.

Complementarmente, decidimos reexaminar a distribuigdo e a histéria evolutiva de uma
familia de Helitrons (Hel_c35) presente em artropodes, identificada pelo nosso grupo em um
trabalho anterior, utilizando para isso analises filogenéticas moleculares das suas sequéncias

de nucleotideos.
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Abstract: Rolling-circle replication (RCR) elements constitute a diverse group that includes viruses,
plasmids, and transposons, present in hosts from all domains of life. Eukaryotic RCR transposons,
also known as Helitrons, are found in species from all eukaryotic kingdoms, sometimes representing
a large portion of their genomes. Despite the impact of Helitrons on their hosts, knowledge about
their relationship with other RCR elements is still elusive. Here, we compared the endonuclease
domain sequence of Helitron transposases with the corresponding region from RCR proteins found
in a wide variety of mobile genetic elements. To do that, we used a stepwise alignment approach
followed by phylogenetic and multidimensional scaling analyses. Although it has been suggested
that Helitrons might have originated from prokaryotic transposons or eukaryotic viruses, our results
indicate that Helitron transposases share more similarities with proteins from prokaryotic viruses and
plasmids instead. We also provide evidence for the division of RCR endonucleases into three
groups (Y1, Y2, and Yx), covering the whole diversity of this protein family. Together, these
results point to prokaryotic elements as the likely closest ancestors of eukaryotic RCR transposons,
and further demonstrate the fluidity that characterizes the boundaries separating viruses, plasmids,
and transposons.

Keywords: Helitron; rolling-circle replication; mobile genetic element; viral evolution

1. Introduction

Rolling-circle replication (RCR) proteins are essential components of many genetic elements found
in all three domains of life. These proteins can be classified into three different groups according to
their main function: (i) Rep proteins (vegetative replication), (ii) Mob proteins/relaxases (conjugation),
and (iii) transposases (transposon mobility) [1,2]. Helitrons are the eukaryotic representatives of RCR
transposable elements (TEs), found in species from all eukaryotic kingdoms in highly variable copy
numbers [3,4]. Their transposition is thought to occur by a mechanism similar to the one proposed
for bacterial RCR TEs, like the IS91 family of elements [4-6]. Briefly, the Helitron transposase binds
to the 5”-end of the element, using one of its two catalytic tyrosines to create a 5’-phosphotyrosine
intermediate and a free 3'-OH at the donor site. The leading strand covalently bound to the transposase
is displaced, the lagging strand is synthesized, and the second catalytic tyrosine nicks the 3’-end,
promoting the formation of a double-strand circle intermediate. The transposase then cleaves the
leading strand from the circular intermediate, but this time the second tyrosine cleaves the host’s
genome, forming a free 3’-OH which attacks the first 5-phosphotyrosine linkage. After the 3’-end of
the circular intermediate is also joined to the recipient’s free 5’-end, an integrated single-strand “loop”
is formed and probably resolved during the host’s genome replication. In addition, it has been recently
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shown that Helitron transposition shares mechanistic similarities with the replication process used
by some circular viruses [7]. Despite some of the differences in their mode of propagation, the main
catalytic reaction used by all RCR elements is essentially the same [1].

Helitron transposases are composed of a typical domain, the endonuclease involved in the
initiation of RCR (RCRE or Rep), fused to a helicase domain (Hel) from the superfamily 1 (S1H)
(Figure 1) [4,8]. This protein, also known as RepHel, belongs to the HUH (named after one
of its conserved motifs with two His residues separated by a hydrophobic residue) family of
endonucleases [1]. Although HUH endonucleases from eukaryotic viruses and some plasmids
also have a helicase domain, they belong to the superfamily 3 (S3H), which is unrelated to the
one found in Helitrons. Furthermore, prokaryote viruses only encode a RCRE domain with no helicase
(Figure 1) [8,9].
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Figure 1. Modular diversity of HUH endonucleases. Schematic representation of the rolling-circle
replication (RCR) proteins included in the present analysis. Rolling-circle replication endonuclease
(RCRE) domains have the first two motifs (I and II), in addition to the third motif represented by one or
two tyrosines (Y) in the catalytic core (dots represent variable amino acid residues). Domains are not
drawn to scale, and segments after helicase domains are not represented. Based on information from
Chandler et al. [1], Koonin and Dolja [8], and the Conserved Domain Database (CDD) search tool [10].

Since Helitrons were discovered [11], a few preliminary suggestions about their evolutive origins
have been made. These can be generally divided in two scenarios: the first suggests that Helitrons
originated from a prokaryotic ancestral RCR TE [8,11], and the second adds the possibility that
Helitrons descended from an ancient eukaryotic viral integration [12]. The first scenario is mainly
based on the obvious similarities in the mode of propagation of eukaryotic and prokaryotic RCR TEs,
while the second scenario considers the fact that, in contrast to prokaryote RCR TEs, Helitron coding
sequences include a helicase domain and sometimes a ssDNA-binding protein, similarly to some RCR
proteins from eukaryotic viruses. The fact that many viral copies from geminiviruses were found to
be integrated in the tobacco genome [13] was also used to support this hypothesis. In fact, since this
scenario was first proposed, several studies showed copies from different eukaryotic RCR viruses
in host chromosomes, revealing that viral integrations of these replicons are more common than it
was previously thought (reviewed in [14]). In addition, it has been shown that several geminivirus-
and parvovirus-related sequences integrated in eukaryote genomes display TE features, and have
apparently shifted from a viral to a transposon-like mode of replication [15].
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Despite the above considerations, some differences between the RCR proteins of Helitrons and
eukaryotic viruses argue against their evolutionary relationship. Firstly, as mentioned before, helicases
from these two classes of elements belong to different superfamilies. Also, with the exception of
parvoviruses [16], all RCR proteins from eukaryotic ssDNA viruses contain only one tyrosine (Y1) in
their catalytic core [9,17], in contrast to the RepHel from Helitrons, which has two (Y2) [4] (Figure 1).
Although the number of catalytic tyrosines has been used to tentatively classify RCR proteins between
two superfamilies [17], there is currently no phylogenetic support for this distinction. In view of
these observations, and considering that domain rearrangements are not uncommon during protein
evolution [18], the first scenario (i.e., that Helitrons originated from a prokaryotic ancestral RCR
TE) seems to be more parsimonious, as the acquisition of a SIH domain would be the only major
evolutionary step in a prokaryotic to eukaryotic RCR TE transition.

The relationship between Helitrons and other RCR genetic elements was initially assessed by
Poulter et al. [19]. Although their results did not indicate a relationship between these TEs with specific
RCR entities, they provided evidence for an ancient monophyletic origin of Helitrons, which probably
occurred early on in the evolution of eukaryotes. However, the evolutionary origin of Helitrons has
not been further examined, probably as a consequence of the low sequence identity of RepHel with
any other group of RCR proteins [3].

In this study, we investigated the relationship of the Helitron RepHel with other RCR proteins
by analyzing the RCRE amino acid sequences from a wide variety of mobile genetic elements,
including TEs, plasmids, and viruses. Our results indicate that, despite being eukaryotic TEs, Helitron
transposases display more sequence similarities with prokaryotic RCR proteins from bacteriophages
and plasmids. In addition, we show that the HUH family of endonucleases can be divided into
three major phylogenetic groups comprised of RCR proteins from highly heterogeneous mobile
genetic elements.

2. Results and Discussion

2.1. Selecting and Preparing RCRE Domain Sequences

We selected a sample of 13 Helitron RepHel amino acid sequences, representing elements from
distantly-related organisms across several phyla and including the main Helitron variants (Table S1).
To analyze these TEs in a broad evolutionary context, at least three sequences of each family or group
of RCR genetic elements from prokaryotes and eukaryotes were selected. These included single- and
double-stranded viruses, plasmids, and TEs (Table S1).

Our analysis was restricted to the RCRE (or HUH) domain of the sequences (Figure 1), which has
a central role in starting RCR reactions and is the only region common to all HUH endonucleases [1]
(Figure 1). Modular rearrangements often occur during protein evolution [18] which is also the
case for several RCR virus lineages [20]. For those reasons, and considering that flanking domains
are highly variable amongst RCR elements [1], our restriction to the RCRE domain aimed to avoid
spurious evolutionary inferences. Most proteins within the HUH family have three conserved motifs
(I, II, and III) in the core region of the RCRE domain, despite the high sequence divergence between
groups [1,2,21]. Only amino acid sequences containing all three conserved motifs in their typical
arrangement (I-II-III) were selected for our analysis; this is because some HUH endonucleases display
their motifs in the reverse order (e.g., III-II-I) [1,2], and these also have highly divergent amino
acid sequences, which prevent reliable sequence alignments. A total of 115 amino acid sequences,
representing the overall diversity of all known HUH endonucleases, were selected for the analysis
(Table S1).

To reduce spurious alignments of the RCRE sequences, we conducted a stepwise alignment
approach, which consisted of aligning each group of closely-related sequences separately, excluding
segments flanking the RCRE domain and trimming the portions that were exclusive of individual
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taxa. The resulting sequences (Data S1) were aligned using PSI-Coffee, which is a method considered
suitable for highly divergent protein sequences with little or no structural information available [22,23].

2.2. Major RCR Protein Phylogenetic Groups

A phylogenetic analysis was conducted and pairwise divergence values between sequences
were used to generate non-metric multidimensional scaling (NMDS) ordinations. As expected for an
analysis that includes highly divergent sequences, clade support values between major groups were
low, although we observed an overall agreement between our results and the known topology for
most of the clades (Figure 2). Our results support the monophyletic nature of all Helitron variants and
the lack of any clear relationship of these TEs with other specific groups or families of mobile genetic
elements, as previously suggested [19]. Nonetheless, in both the phylogenetic analysis (Figure 2) and
NMDS ordinations (Figure 3) we observed an overall distinction between Y1 and Y2 RCR proteins,
which we henceforth refer to as Y1 and Y2 groups. An exception is a third clade, composed of elements
from both variants, which we refer to here as the Yx group because the number of tyrosines of the
catalytic core of its members does not relate with the canonical Y1 and Y2 division. Although the
resulting phylogeny revealed a basal segregation of Yx RCR proteins and the rest of the sequences,
the Y2 group appears to be more closely related to Y1 RCR proteins, and perhaps constitutes a
derivative clade of the Y1 group (Figures 2 and 3).
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Figure 2. Phylogenetic analysis of RCRE domain sequences. Clade colors indicate each tyrosine group:
Y1 (green), Y2 (red), and Yx (blue). Taxa colors represent the family of each element (box on the upper
right). See Table S1 for taxa information. Phylogeny inferred by the Maximum Likelihood method
(LG+G+I). The same phylogeny, with the numerical support values represented, is shown on Figure S1.
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The topology observed within the Yx group is roughly in agreement with previous results [24],
indicating that this clade represents a bona fide phylogenetic cluster composed of archaeal viruses and
bacterial TEs. Recent analyses using different methods have also shown that parvoviruses belong to a
separate clade from other eukaryotic RCR viruses [25]. However, we did not expect that parvoviral
RCR proteins (AAV2, AAVS5, and SLP) would group together with Yx elements (Figures 2 and 3).
Although structural similarities indicate a distant relationship between parvoviral and other RCR
proteins [26], the positioning of these viruses in the Yx group might also be the consequence of long
branch attraction [27], so this result should be treated with caution.
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Figure 3. Non-metric multidimensional scaling (NMDS) of evolutionary divergence between RCRE
domains. (A) Ordinations with taxa represented by their sequence abbreviations. Colors indicate
the different classes of mobile genetic elements. (B) Same ordinations of (A), with colors indicating
the tyrosine group of each taxa. The scaling represents euclidean distances for two dimensions
(stress: 0.26382).

As revealed by the results from both analyses, the assignment to a specific catalytic tyrosine
group is not contingent on the element class (Figures 2 and 3). For instance, bacterial plasmids, and
eukaryotic and archaeal viruses have members in more than one group. Likewise, the element class
does not always predict its topology, even within the same tyrosine group. For example, some Y1
viral families are closer to Y1 plasmids than other Y1 viruses, and the same is true in the Y2 group.
This phenomenon has been observed in different studies and emphasizes the marked fluidity at the
boundaries separating different classes of mobile genetic elements (reviewed in [8,9]). Thus, our results
indicate that the tyrosine group division is the only informative phylogenetic feature encompassing
the whole HUH endunuclease family.

2.3. Helitron Transposase is More Similar to Prokaryotic Proteins

Even though the Helitron RepHel does not appear to be phylogenetically closer to any single
family of proteins, they clustered within the Y2 group which, apart from Helitrons, is exclusively
composed of prokaryotic viruses and plasmids (Figures 2 and 3). On the other hand, sequences
from prokaryotic TEs clustered within the Yx group, even though some of them (including the 1S91
family) have two tyrosines in their catalytic core and share a similar transposition mechanism with
Helitrons [4-6,28]. It is also notable that RepHel proteins appear to be only distantly related to RCR
proteins from eukaryotic viruses, which almost exclusively belong to the Y1 group. These observations
indicate that the core domain from Helitron transposases is more similar to proteins from prokaryotic
viruses and plasmids than to prokaryotic RCR transposases or to eukaryotic viral proteins.

As we have mentioned, in addition to the RCRE domain, RepHel proteins also have a S1
helicase domain (Figure 1); more specifically, this S1 helicase belongs to the Pifl family [4]. Although
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Pif1 helicases are present in essentially all eukaryote genomes, they also have been found in some
prokaryotes [29,30]. Because all known prokaryotic Y2 RCR proteins lack a helicase, this domain
could have been acquired from a prokaryote host by the Helitron ancestor before it colonized the first
eukaryote genome. However, considering that Pif1 helicases are ubiquitous in eukaryote genomes and
found less frequently in prokaryotes, it seems more plausible that Helitrons acquired their helicase
domain from a eukaryotic host. Indeed, a preliminary analysis of Pifl sequences from Helitrons,
eukaryotes, and prokaryotes indicates that the helicase domain from Helitrons is closely related to
fungal proteins (Figure S2). Interestingly, the helicase domains from distinct Helitron variants formed
separate clusters with different fungal proteins, suggesting that Helitrons acquired their helicase
domain from at least two independent events (Figure S2).

These results support the hypothesis of an ancient origin of Helitrons during the initial radiation
of eukaryotes, and suggest that neither prokaryotic TEs, nor eukaryotic viruses, are among their
closest relatives. Instead, we provide evidence for a closer relationship of these eukaryotic TEs
with prokaryotic viruses and plasmids with Y2 RCR proteins, even though it is not possible to
determine which specific family shares the most recent common ancestor with the RepHel (Figure 4).
Thus, our proposition is that Helitrons descend from a prokaryotic Y2 mobile element that integrated in
the genome of an early eukaryote ancestor. Like all other known prokaryotic Y2 elements, the Helitron
progenitor probably coded an RCR protein devoid of a helicase domain and was dependent of its host
for correct replication/transposition. Subsequently, each of the incipient Helitron variants acquired a
eukaryotic helicase by the recombination of its RCRE domain with a host helicase gene. In any case,
a comprehensive understanding of the Helitron origins will probably rely on the future discovery of
new groups of RCR genetic elements.

Yx Viruses

]%Q >
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i( ‘Q
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Y1 Plasmids
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Figure 4. Proposed scenario for the origin of Helitrons and other RCR elements. Arrows represent
putative pathways to explain the observed relationship among RCR elements. Virion images were
obtained from VIPERdD (http://viperdb.scripps.edu) [31].
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Finally, although the RCRE phylogeny does not coincide with the taxonomic division of distinct
genetic elements classes (viruses, plasmids and TEs), we suggest that the HUH family of endonucleases
is composed by three major radiation groups (Y1, Y2 and Yx). Interestingly, most of the HUH
endonucleases can be assigned to one of these groups simply by having a tyrosine residue at a specific
position in the RCRE domain, regardless of the element’s class. The extreme diversity observed in each
of these groups underscore the dynamic nature of mobile genetic elements which, in the long term,
do not evolve under the usual taxonomic constraints acting upon their hosts.

3. Materials and Methods

3.1. Sequences Retrieval and Selection

RepHel amino acid sequences from Helitrons were retrieved from Repbase (https://www.girinst.
org/repbase/) [32] and GenBank (https://www.ncbi.nlm.nih.gov/genbank/) [33], using elements
from previous studies as a reference (e.g., [11,19,34]). The structure of these proteins was verified using
the Conserved Domain Database (CDD) search tool (https:/ /www.ncbi.nlm.nih.gov/Structure /cdd/
wrpsb.cgi) [10]. RepHel sequences that could be clearly assigned to one of the three main Helitron
variants [4] were selected: canonical Helitron (6 sequences), Helitron2 (1 sequence), and Helentron
(6 sequences). Sequences representing each family or group of RCR proteins were retrieved on
GenBank [33], based on several references (e.g., [9,21,24,35-37]). A total of 115 amino acid sequences
were selected for the alignment (Table S1).

3.2. Sequence Alignment

Each family or group of sequences were aligned separately using the M-Coffee mode from T-Coffee
(http:/ /tcoffee.crg.cat/) [22] before being manually trimmed in order to exclude flanking portions of
the RCRE domain and the segments that are exclusive of individual taxa. The trimmed sequences
(Data S1) were aligned with PSI-Coffee (http:/ /tcoffee.crg.cat/apps/tcoffee /do:psicoffee) [22] before
manual correction. Alignment positions with less than 90% coverage were excluded.

3.3. NMDS and Phylogenetic Analysis

Pairwise evolutionary divergence between sequences was estimated using the Poisson correction
model on MEGA? [38]. The values were used to generate non-metric multidimensional scaling (NMDS)
ordinations with the R package vegan [39], representing euclidean distances for two dimensions.
NMDS and plotting of ordinations were conducted in RStudio v1.1.442 (Boston, MA, USA) [40].
The best-fit evolutionary model for the alignment (LG+G+I) was determined using MEGA?7 [38] and
the Smart model selection (SMS) in PhyML (http://www.atgc-montpellier.fr/phyml/) [41]. Maximum
Likelihood phylogeny was inferred from 5000 replicates using MEGA?Y [38], and the final phylogenetic
tree edited using iTOL v4.2.3 (https:/ /itol.embl.de/) [42].

Supplementary Materials: Supplementary materials can be found at http:/ /www.mdpi.com/1422-0067/19/10/
3079/s1.
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Abbreviations

RCR Rolling-circle replication

TE Transposable element

RCRE Rolling-circle replication endonuclease domain

SIH Superfamily 1 helicase

S3H Superfamily 3 helicase

RepHel Helitron transposase (Rep/Helicase)

ssDNA Single-strand DNA

NMDS Non-metric multidimensional scaling
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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.

Key words: Helitrons, transposon, Pif1, helicase.

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
maintenance, Okazaki fragment maturation, disruption of

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

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, 1S91 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

2

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 Pif1-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-Mérbe 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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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

3
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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

4

(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.

6

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 Pifl-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 Pif1 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
0. 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 (NMUH01001479.1) as queries against
Brassicales and commelinids, respectively. Although the

8

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 Pifl 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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Fic. 5. Cladogram of plant groups that appear to have lost genomic Pif1 helicases. Only major clades are represented, with Poales and Brassicales
indicating the orders of O. sativa and A. thaliana, respectively. Red bars mark the two branches that lack sequences with significant similarity to
genomic Pif1 helicases. Phylogeny adapted from Li et al. (2019).
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Fic. 6. A hypothesis for the evolution of Helitrons. We propose that Helitrons descend from prokaryotic plasmid-like elements (first box) that
invaded eukaryotic cells during their early evolution. After invading eukaryotes, Helitrons shifted to a predominantly transposon-like mode of
propagation. During their subsequent adaptation to specific hosts, Helitrons diverged into distinct variants (Helitrons, Helentrons, and Helitron2)
and captured additional domains. Arrows represent major steps during the evolution of Helitrons.
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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 &) 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 d). 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
atanearby 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 Pifl 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

n

42

220z Asenuer 2z uo 1sanb Aq G900FY9/vECaesSW/|L/6E/a101E/AqW /WO dnodlwapede//:sdjy wolj papeojumoq



Heringer and Kuhn - doi:10.1093/molbev/msab334

MBE

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 Pif1 homologs indepen-
dently (fig. 5). Even granting that Brassicales and commelinids
may have genomic Pifl 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.

12

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.hivlanl.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 Miiller 2010) and the final tree visualized using
FigTree v.1.4.2 (http://tree.bio.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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Abstract

In a previous study we found that a Helitron transposon became integrated as a segment in
the genome of a symbiotic Cotesia vestalis bracovirus (CvBV) from the parasitoid wasp C.
vestalis. We presented evidence that this Helitron, named Hel _c35, initially invaded the C.
vestalis genome through a horizontal transfer (HT) event from a dipteran species and was later
transferred horizontally from C. vestalis to a lepidopteran species. We have also anticipated
that, as more species would have their genomes sequenced, more HT events involving
Hel_c35 might be detected. Here, we investigated the evolution of Hel_c35 in arthropods using
a more updated data set to reassess our previous findings. Most species (95%) in the present
analysis had their genomes sequenced only after our initial study was published, thus
representing new descriptions of taxa harboring Hel_c35. Our results expand considerably the
number of putative HTs involving Hel_c35 and suggest that several recent HTs took place in
Europe, probably from C. vestalis to other insects. We argue that many of these HT events
were likely favored by the behavior of this wasp and the stability conferred to Hel_c35 DNA
circles by CvBV particles.

Introduction

Horizontal Transfer (HT) events are defined as the exchange of DNA segments
between organisms without the involvement of vertical inheritance (Wallau et al. 2018, Van
Etten and Bhattacharya 2020). Although HTs are major drivers of evolutionary change in
prokaryotes, they are considerably less frequent in eukaryotes, especially in multicellular
organisms (Husnik and McCutcheon 2018, Van Etten and Bhattacharya 2020).

In contrast to most genomic components, transposons are DNA segments capable of
moving from a locus to another and, as a consequence, they can be found in multiple copies

on most eukaryotic genomes, thus being one of the genetic entities most likely to be involved
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in successful HTs among eukaryotes. Indeed, as the number of eukaryotic sequenced
genomes has increased considerably in the last few decades, the number of described
examples of horizontal transposon transfers (HTTs) between eukaryotes has also increased,
as well as the availability of new bioinformatic methods to detect those events (Schaack et al
2010, Wallau et al. 2018).

We have previously described a Helitron transposon from the parasitoid wasp Cotesia
vestalis, which was found to represent one of the circular segments of the symbiotic virus C.
vestalis bracovirus (CvBV) (Heringer et al. 2017). This Helitron was named Hel_c35, as it was
first characterized from the CvBV segment 35 (HQ009558.1). The Hel_c35 has 5,294 bp and
appears to be autonomous, containing a 4,538 bp gene encoding its transposase
(AEE09607.1) consisting of 1,384 amino acids. In the same work, we showed that, not only
this CvBV Helitron originated after a HTT event (from a Drosophila species to C. vestalis), but
also that this transposon was later transferred horizontally from C. vestalis to the domestic silk
moth (Bombyx mori). Those HTTs were probably facilitated by the close interactions between
C. vestalis and its potential hosts, which are mediated by CvBV and a fundamental part of this
wasp’s life cycle. However, as we anticipated in our study, any HT analysis is subject to a
different interpretation in the future as more species with sequenced genomes become

available (Heringer et al. 2017).

Here, we reassessed our earlier propositions using an updated data set that includes
genomes sequenced more recently, providing both a larger and more diverse sample of
species. Our results reveal that Hel_c35 elements can be found in a considerably wider range
of arthropod species from different orders than it was previously suggested. Likewise, our
analysis indicates that presence of Hel ¢35 sequences in a large number of species are most
likely the result of HT events. In particular, the investigation of sequences more similar to
Hel _c35 elements from C. vestalis suggests that several recent putative HTs took place in
Europe and were probably facilitated by the parasitoid behavior of this wasp, together with the

association between Hel_c35 and CvBV.

Results and Discussion

We Blastn searched sequences similar to Hel_c35 (> 80% identity covering > 70% of
the query) in all arthropod genomes available on GenBank (Sayers et al. 2019) using the
complete CvBV Helitron sequence as a query. A total of 285 sequences from 117 species were
retrieved for further analyses (Table S1). Although the vast majority of taxa consisted of
Lepidoptera species, several different insect orders and two spider species were found to

harbor Hel_c35 sequences.
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After aligning all the retrieved Hel c35 sequences, we conducted a phylogenetic
analysis using the Maximum Likelihood method. The resulting phylogeny shows that Hel ¢35
sequences from specific taxa (insect order or Lepidoptera superfamily) are mostly scattered
across different branches, instead of representing the overall topology expected from their
evolutionary relationships (Fig. 1). In addition, although several lepidopterans from the same
superfamily grouped together, many of those clades contain species from distinct families. At
the same time, taxa from the same family were found in separate clades, even though they

were grouped with species from the same superfamily (Fig. S1, Table S1).

Despite the diversity and incongruent topology observed in the resulting phylogeny, its
Hel_c35 sequences have > 80% sequence identity, what would place its earliest origin at ~ 33
million years ago (MYA), assuming that this transposon evolves neutrally. This diverge time is
at least 15 times more recent than the one estimated for the split between arachnids and
insects (> 500 MYA) (Kumar et al. 2017) and several times more recent than the estimated
time of divergence between most insect orders (Misof et al. 2014). The patchy distribution of
taxa, together with the marked deviation between observed and expected divergence times
among sequences, strongly indicate that Hel_c35 has been involved in multiple HTT events

during its evolution.

Given the large number of sequences included in our phylogeny, we decided to focus
our analysis in the main clade containing the CvBV Hel ¢35 sequence (zoomed in clade on
Fig. 1). This well supported clade (SH-aLRT branch support = 0.95) (see also Fig. S1 for
support values) contains species from seven insect orders, along with a variety of lepidopteran
species from 6 different superfamilies. Similarly to the phylogeny as a whole, most of this clade
topology does not reflect the evolutionary relationships between species. Moreover, the
estimated evolutionary distances between many sequences in this clade (Table S2) also
strongly deviate from their expected divergence times. For example, the cat flea
Ctenocephalides felis and Drosophila ficusphila were the two species with the largest number
of pairwise differences per site (0.0751) between their Hel_c35 sequences. Using a
conservative assumption of one generation per year for all species, this clade would have
originated ~ 12.5 MYA, which strongly contrasts with the estimated divergence time between
most taxa included in this clade. For instance, C. felis and D. ficusphila are estimated to have
diverged > 200 MYA, and all Lepidoptera species are estimated to have diverged from Gryllus
bimaculatus (Orthoptera) > 300 MYA (Kumar et al. 2017). In both examples, if Hel_c35 has
been exclusively evolving neutrally and being inherited vertically, no sequence homology
would be expected in Hel_c35 copies between groups. This contrasts strikingly with the

observed sequence nucleotide identity > 92% between all sequences in this clade.



Lepidoptera superfamilies:

—— Papilionoidea

Geometroidea

Noctuoidea

Bombycoidea

Drepanoidea

Tortricoidea

HQ009558.1 Cotosta vostalis bracovirus segment ¢35

CAJHZMO10000079.1 760808.766097 Pararge aegeria
CAJHZMO010000138.1 366440.371729 Pararge aegeria
CAJHZMO10000041.1 658925.664220 Pararge aegeria
CAJHZMO10000038.1 5963116.5968405 Pararge aegeria
CAJHZMO010000045.1 4316124.4321413 Pararge aegeria
CAJHZMO10000059.1 2265283.2270572 Pararge aegeria
CAJHZNO10000005.1 288029.293318 Pararge aegeria
CAJHZMO10000271.1 10360.15649 Pararge aegeria
UIGX01030406.1 1.5288 Pararge aegeria
CAJHZMO10000011.1 2007535.2012824 Pararge aegeria
CAJHZN010000001.1 159388.164677 Pararge acgeria
CAJHZM010000102.1 657339.662628 Pararge aegeria
CAJHZMO010000035.1 19926.25209 Pararge aogeria
CAJHZMO010000092.1 631160.636449 Pararge aogoria

CAJVQMO10000016.1 22902664.22907953 Pyrgus maivao ..

W

54

52

CAJHZMO10000110.1 4182854423571 Pararge aogoria
CAJVQMO10000016.1 22913002.22918291 Pyrgus matvae
CAJHZNO10000001.1 169618.174307 Pararge acgeria
Non-Lepidoptera taxa: CAJHZMO010000080.1 261023.266312 Pararge aegeria
CAJHZMO10000036.1 7433354.7438643 Pararge aegeria
CAJHZM010000014.1 1104039.1109328 Pararge aegeria
CAJHZM010000130.1 1148594.1151884 Pararge aegeria
CAJHZMD10000035.1 670716.676005 Pararge aegeria

%Qz Polydnaviridae

Hymenoptera CAJHZMO010000059.1 423418.428707 Pararge aegeria \
CAJHZMO010000104.1 145538.150827 Pararge aegeria 4
JZSAD1007369.1 21189.25964 Cotesia veslatis \\

Coleoptera CAJHZM010000002.1 2420860.2426149 Pararge aegeria 47

CAJHZMO10000012.1 12234942.12240231 Pararge acgeria
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Figure 1. Phylogeny of Hel_c35 sequences. Maximum Likelihood phylogeny including all 285 Hel ¢35
sequences retrieved from arthropod genomes is represented on the left. A clade containing sequences
closely related to the CvBV Hel ¢35 is featured on the right. Lepidoptera species from different
superfamilies are represented by different colors. Non-lepidopteran arthropods are represented in black.
Branches with < 0.7 SH-aLRT statistical support were collapsed. The same phylogeny with branch
supports and all taxa names is shown on Fig. S1.

A deviation from the expected pairwise nucleotide differences per site between species
is even more pronounced in the clade comprising taxa with sequences more closely related to
the CvBV Hel _c35 (zoomed in clade on Fig. 2). All sequences in this proximal clade have >
99% identity between each other, even though they include species from 3 insect orders that
diverged up to > 300 MYA (e.g.,, Hymenoptera and Lepidoptera) and 6 Lepidoptera
superfamilies that diverged up to > 100 MYA (e.g., Bombycoidea and Tortricoidea) (Kumar et
al. 2017). Considering the largest value of pairwise nucleotide differences per site among taxa

in this clade, which is found between Apotomis turbidana and Habrosyne pyritoides
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(0.009830), its earliest origin would be ~ 1.64 MYA, in contrast to the estimated divergence

time for some species included, which are higher by up to two orders of magnitude.

Some of the most conspicuous examples of recent HTTs are shown on the clade
containing the Hel ¢35 sequences from C. vestalis (including CvBV), Pararge aegeria and
Pyrgus malvae (Fig. 1). The phylogenetic relationships between these three species are
represented as a polytomy containing sequences with > 99.95% identity, what puts its earliest
date of origin at 0.068 MYA (68 thousand years ago). Considering that P. aegeria and P.
malvae diverged > 70 MYA and these two Lepidoptera species have diverged from C. vestalis
> 300 MYA, these values are at least three orders of magnitude higher than the maximum

estimated divergence time for Hel_c35 sequences in this clade.

Even though the phylogenetic topology and level of identity between Hel_c35
sequences strongly suggest the occurrence of multiple HTTs, these events also require some
degree of geographic overlap between species to be inferred (Loreto et al. 2008). To verify if
the geographical distribution of the analyzed species provides further evidence for HTT events,
we represented our phylogeny by color coding the taxa according to the geographical locations
where the species were sampled. Sample locations were assigned into one of seven regions
defined by their biogeographic realm, bioregions and/or expected migration barriers. Several
topological incongruencies consisting of distantly related taxa grouping together on Figure 1
represent species sampled in the same region (Fig. 2 and Fig. S2), indicating that, in some
cases, the geographical distribution of species appears to better explain the phylogenetic

relationships of their Hel ¢35 sequences.

Interestingly, 11 from the 14 species belonging to the CvBV immediate clade
correspond to samples from Europe (zoomed in clade on Fig. 2). From those 11 species, nine
were derived from the island of Great Britain (Table S1). The remaining two species were
collected in Romania (P. malvae and Fabriciana adippe) but can also be found in Great Britain
(Butterfly Conservation 2022a, 2022b). Although the C. vestalis samples used in our analysis
derive from East Asia (China and South Korea), this wasp species can also be found in several
European countries (Furlong et al. 2013), including Great Britain (Broad et al. 2016). Hence,
12 out of 14 species in this clade containing the CvBV Hel_c35 sequence overlap
geographically in Great Britain, indicating this island as the most probable region where those

HTT events occurred.
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Figure 2. Geographical distribution of arthropod species containing Hel_c35. The same phylogeny of
Hel ¢35 sequences from Fig. 1 is represented, but with colors corresponding to the geographical
location where the species were sampled (Table S1). A clade with species containing sequences closely
related to CvBV Hel_c35 is featured expanded on the right. The same phylogeny with branch supports
and all taxa names is shown on Fig. S2.

Although it is difficult to infer the direction of HTTs, the diversity of Lepidoptera
superfamilies at the base of most clades suggests that species in this order are the earliest
donors of horizontally transferred Hel ¢35 sequences. However, considering the large number
of potential HTTs in the presented phylogeny, it is also possible that Lepidoptera species could
have received Hel ¢35 sequences by secondary HTT events. For example, a HTT from a
lepidopteran to a dipteran, which later transferred this transposon to another Lepidoptera
species. The diversity and broad distribution of dipterans in the phylogeny (Fig. 1 and Fig. S1)
indicate that species from this order were also basal donors of Hel_c35 elements. Nonetheless,

because of mechanical and physiological constraints, direct HTs between insects should be
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considered rare events. In those cases, it is reasonable to expect the involvement of species
like C. vestalis as likely HT vectors or intermediates, due to their life history which is thought
to facilitate those events (Schaack et al 2010, Wallau et al. 2018). That is particularly relevant
for the putative HTTs in the clades more closely related to the CvBV Hel _c35 (Fig. 1). This
Helitron appears to be autonomous and its copies are likely protected by a viral capsid and
envelope when injected every time C. vestalis lay eggs in its potential hosts (Heringer et al.
2017). Hence, we suggest a preferred direction for those specific HTT events, which is from

the parasitoid to other species.

Considering the topology revealed by our phylogenetic analysis, the geographical
distribution of the species and their natural history, we suggest the following hypothesis to
explain the putative HTTs involving sequences more closely related to the C. vestalis Hel_c35
element. The originally Palearctic/eastern Asian distribution of C. vestalis (Hiroyoshi et al.
2017) and several other lepidopterans and dipterans harboring closely related Hel_c35
sequences (Heringer et al. 2017) indicates that C. vestalis acquired Hel_c35 by HT from an
insect species within those orders, less than 12.5 MYA. In our previous work (Heringer et al.
2017) we suggested a drosophilid as the most probable donor of the C. vestalis Hel_c35, given
the evidence available at the time. Although our results showing eastern Asian drosophilids
near the base of the CvBV Hel_c35 clade provide some support for that hypothesis, we cannot
reject that lepidopterans from the same geographical region could also have been potential
donors. In any case, after this HTT event, a Hel ¢35 sequence became one of CvBV
segments, which in turn facilitated other HTTs from C. vestalis to multiple species from several

insect orders (Fig. 3).

Lepidoptera species are overrepresented in our phylogeny, what could indicate a
genome sequencing bias favoring this order. On the other hand, this could likewise be a
consequence of lepidopterans being more frequently attacked by parasitoid wasps. This
feature might be particularly relevant to explain the putative HTTs indicated in the immediate
clade containing the CvBV Hel_c35 sequence (Fig. 1). Despite being considered a specialist
parasitoid of the diamondback moth (Plutella xylostella), C. vestalis is known to attack
lepidopterans from at least ten different families within eight superfamilies (Hiroyoshi et al.
2017). In view of the high diversity of lepidopteran larvae that can be targeted by C. vestalis, it
is reasonable to expect that unspecific attacks to larvae from other insect orders could also
occur in some conditions, even if rarely. In fact, the diversity of insect orders found in the main
clade containing C. vestalis/CvBV in itself might be considered as evidence for the occurrence
of those unspecific attacks. As we previously suggested (Heringer et al. 2017), the detection

of HTs involving parasitoid wasps and species outside the known range of hosts targeted by



those wasps could be used to indicate potential cryptic interactions to be confirmed in future

ecological and behavioral studies.

Figure 3. Hypothesis for HTTs involving Hel_c35 sequences closely related to the one found in CvBV.
Arrows represent the probable direction of HTTs and numbers indicate the order which most HTTs
events in each geographical region occurred. The earliest event from a Diptera or Lepidoptera species
to C. vestalis and CvBV (1) was followed by HTTs from CvBV to multiple insects from several orders,
initially to species found in Southeast Asia (2) and more recently to species from Europe (3). Although
most HTTs in 2 appear to have occurred earlier than those in 3, some European species are
interspersed with, or more basal in relation to some Southeast Asian species, indicating that this
chronological division is not clear cut.

Overall, the results presented here differ from our previous findings (Heringer et al.
2017) in some important aspects. Firstly, the single best hits from 24 species were retrieved in
our earlier work, as opposed to the current analysis, in which 285 sequences from 117 species
were included, even though we used a more stringent selection criteria in the latter. For
instance, here we considered the same minimum query coverage (> 70%) and identity (> 80%)
as previously, but using the whole CvBV Hel_c35 (5,294 bp) as a reference, as opposed to a
region of ~ 838 bp only containing the Rep coding sequence. The sampled species in our
former analysis belonged to five insect orders, with one spider species, in contrast to the
current sample that comprises 117 species from eight insect orders and two spider families.

Therefore, not only the resulting data set presented here is larger, but is also more diverse. It
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is also worthwhile mentioning that using this more stringent sequence selection criteria, only
five out of 24 species from the previous analysis were included in the current study. Only one
of the new species included in the present data set (Heliconius wallacei) had its genome
sequence already available before the previous study was conducted (November 2015),
although we cannot explain the reason for this absence. The remaining 111 new species all
had their genome sequences made available only after our previous work (Heringer et al 2017)

was submitted (September 2017) and represent 95% of the current data set (Table S1).

The larger number of species in the present analysis revealed a more complex scenario
regarding the evolutionary history of Hel_c35 sequences more closely related to the one found
in C. vestalis. We previously suggested that East/Southeast Asia was probably the
geographical region in which the most recent HTTs of Hel_c35 involving C. vestalis had
occurred (Heringer et al. 2017). Although the evidence provided here still is consistent with a
scenario in which the C. vestalis Hel_c35 originated from a HTT that probably occurred in
East/Southeast Asia < 12.5 MYA, our current results also indicate that this Helitron was
probably horizontally transferred more recently to multiple insect species in Europe in the last
few million years. In spite of those significant differences, our results presented here confirm
the previous hypothesis that, as new genome sequencing projects would become available,
new HT events would probably be detected, resulting in new interpretations about the evolution
of Hel_c35.

Given the large amount of putative HTTs involving C. vestalis as a donor of Hel ¢35
sequences to other species, and the evidence for CvBV being an important promoter of these
events, we consider that future sequencing C. vestalis and/or CvBV genomes from different
lineages and geographical locations will be essential to confirm our proposed scenario. For
instance, we expect that if Hel _c35 copies turn out to be absent in genomes from European
lineages of C. vestalis, our main hypotheses regarding the direction and geographical location
of the most recent HTTs would be refuted, at least partially. Likewise, an absence of Hel_c35
in CvBV genomes from outside East Asia would contradict our suggestion that CvBV has been

a major HTT vector of Hel_c35 copies.

Materials and Methods

We Blastn searched all arthropod genomes available (as in October 2021) on the
Whole Genome Shotgun (WGS) contigs database from GenBank (Sayers et al. 2019) using
the Hel_c35 sequence from CvBV (HQ009558.1) as a query. In order to include only highly
similar elements in our analysis, we downloaded all Blast aligned sequences from hits with >

80% sequence identity covering > 70% of the query. Those downloaded hits are sometimes
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composed by multiple separate matches which, together, cover > 70% of the query, instead of
continuous sequences with the minimum query cover size. Hence, to include only sequences
covering > 70% (3,705 bp) of the query, we adapted a Biopython (Cock et al. 2009) script for
that purpose and also to edit FASTA sequence descriptions in order to contain only the hit
accession number, the sequence match range and the species name (Data S1). The resulting
285 sequences (Data S2) were aligned using the E-INS-i method in the MAFFT online service
(Katoh et al. 2019). For the phylogenetic analysis, the best-fit evolutionary model (GTR+G+l)
was selected using the Smart Model Selection (SMS) in PhyML (Lefort et al. 2017). The
maximum likelihood phylogeny of sequences was inferred using the best topology from NNI
and SPR methods, six random plus one parsimony starting trees and 10 substitution rate
categories across sites, modelled with estimated gamma-shaped distribution parameter and a
proportion of invariant sites. Branch supports were estimated using the approximate likelihood
ratio test (aLRT) with the nonparametric Shimodaira—Hasegawa correction (SH-aLRT). The
phylogenetic analysis procedures described above were conducted on PhyML 3.1 (Guindon
et al. 2010). All branches with < 0.7 SH-aLRT statistical support were collapsed using
TreeGraph 2 (Stoéver and Mdller 2010), with the final tree edited and visualized using FigTree
v.1.4.2 (http://tree.bio.ed.ac.uk/software/figtree/; last accessed December 15, 2022). The

species taxonomy and sample collection locations were obtained from their corresponding
accession on GenBank (Sayers et al. 2019), and additional information about the geographical
distribution of organisms included in our analysis was obtained from various Web sources. The
average nucleotide differences per site between groups in the main clade containing CvBV
Hel c35 (Table S2) was calculated using MEGA X (Kumar et al. 2018), and their divergence

time estimated using the equation:

in which T is the number of generations, K is the number of substitutions per site, and r is the
rate of nucleotide substitution. We considered that r is equal to the mutation rate (u), as
expected for neutral mutations (Graur and Li 2000), and a value of y equal to 3.0 x 10 for
insect species (Liu et al. 2017). To obtain a conservative estimation for the maximum time of
divergence between sequences we considered one generation per year for all insect species.
Hence, in our equation, the value found for T is equal to the diverge time between species

given in number of years.
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6. DISCUSSAO GERAL

Os resultados apresentados no Capitulo 1 sugerem que, a despeito de os Helitrons
serem transposons exclusivamente eucarioticos, estes elementos pertencem a uma linhagem
filogenética de replicons tipicamente procaridticos. Apesar de os Helitrons terem uma origem
procaridtica, modo de replicagao por transposi¢cao e possuirem uma proteina com atividade
enzimatica semelhante as encontradas em transposons procarioticos que utilizam RCT,
nossos resultados indicam que Helitrons nao sao parentes proximos destes ultimos. Por outro
lado, a hipétese de que Helitrons seriam descendentes ou mesmo teriam dado origem a virus
eucarioticos do tipo RCR também nao é sustentada pelos resultados das nossas analises

utilizando o dominio Rep.

Ao contrario, nossos dados indicam que Helitrons sao parentes sao mais
proximamente relacionados a plasmideos e virus procarioticos, formando com estes um grupo
filogenético composto por elementos circulares que se replicam por RCR e possuem duas
tirosinas cataliticas no seu dominio Rep. Apds sua publicagao (Heringer & Kuhn 2018), estes
resultados foram corroborados por um estudo independente que analisou as relagbes
evolutivas entre proteinas Rep de elementos procariéticos e eucarioticos (Kazlauskas et al.
2019).

Ja os resultados no Capitulo 2 argumentam contra a hipotese de que os Helitrons
teriam adquirido seu dominio Hel apds a captura de uma helicase Pif1 eucariética. Apesar de
helicases Pif1 serem tipicamente codificadas por genomas de eucariotos, esta familia de
proteinas também é encontrada em diversos genomas de arqueias e bactérias, além de virus
eucarioticos e procarioticos. A distribuigdo filogenética das proteinas analisadas demonstra
que o dominio Hel evoluiu independentemente de da linhagem que deu origem a helicases
Pif1 eucaridticas, indicando que Helitrons ja possuiam uma transposase contendo seus dois

dominios antes de invadirem seus primeiros hospedeiros eucariotos.

Sugerimos que Helitrons representam um grupo de plasmideos procaridticos que,
apos invadirem organismos eucariotos, passaram a se replicar por transposicdo nos genomas
de seus hospedeiros (Fig. 6 do Cap. 2). Esta hipétese se baseia no conjunto de dados
revelados no presente trabalho e em outros estudos, sendo estas evidéncias apresentadas a
seguir. Primeiramente, apesar de terem se tornado transposons, Helitrons geram
intermediarios de dsDNA circulares para se mover no genoma (Grabundzija et al. 2018). Além
disso, estes elementos possuem em sua transposase um dominio Rep mais proximamente

relacionado com proteinas de virus circulares e plasmideos (Cap. 1, Kazlauskas et al. 2019).

Por outro lado, o dominio helicase presente em relaxases TraA de plasmidios parece

ser filogeneticamente relacionado a familia Pif1, que inclui o dominio Hel (Cap. 2). Apesar de
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remota, esta relagdo sugere que Helitrons poderiam representar parentes distantes de
plasmideos atuais. Mesmo considerando que a similaridade entre a transposase RepHel e a
relaxase TraA provavelmente resulta de convergéncia evolutiva, tal fato ainda indicaria a
existéncia de paralelos entre os processos enzimaticos conduzidos por estas duas proteinas
distintas. Recentemente, a estrutura da RepHel associada a extremidade 5’ ssDNA do Helitron
foi resolvida por crio-microscopia eletrénica, revelando que esta transposase apresenta uma
estrutura tridimensional notavelmente similar a encontrada na relaxase Tral (Kosek et al.
2021). Assim como a semelhanga na sequéncia de aminoacidos observada para o caso da
relaxase TraA, a similaridade estrutural entre Tral e RepHel muito provavelmente resulta de
convergéncia evolutiva pelo fato de ambas as proteinas desempenharem reagdes cataliticas

analogas.

Apesar de possuirem caracteristicas de plasmideos, o conjunto de resultados
apresentados nos dois primeiros capitulos indicam que cada um dos dois dominios principais
da transposase RepHel se assemelha mais a proteinas encontradas em elementos genéticos
moveis de grupos distintos. De um lado, o dominio Rep claramente pertence a um grupo de
proteinas responsaveis pela replicagéo de plasmideos e virus procariéticos do tipo RCR (Cap.
1); do outro, o dominio Hel representa um dos clados mais basais de helicases Pif1 (Cap. 2).
De fato, a divergéncia dos dois grandes grupos do dominio Hel (Helitrons e
Helentrons/Helitron2) parece ser tao antiga quanto as principais radiagdes basais de proteinas
semelhantes a helicases Pif1. A profundidade desta divergéncia evolutiva entre dominios Hel
de Helitrons e Helentrons/Helitron2 é tdo acentuada que dominios Hel sequer formam grupos

monofiléticos na nossa analise (Fig. 3 e Fig. S2 do Cap. 2).

Por fim, no Capitulo 3 exemplificamos a capacidade que os Helitrons possuem de se
propagar horizontalmente cruzando a barreira das espécies, muitas vezes entre organismos
de ordens ou mesmo classes diferentes. Em um trabalho anterior (Heringer et al. 2017)
haviamos identificado um Helitron, denominado Hel_c35, que se tornou um dos segmentos
do virus simbionte Cotesia vestalis bracovirus (CvBV) associado a vespa parasitoide C.
vestalis. Neste ultimo estudo, também haviamos demonstrado que elementos Hel ¢35 se
encontravam distribuidos de forma desigual em genomas de diversas espécies de insetos em
diferentes ordens, além de uma espécie de aracnideo. Tal distribuicdo desigual e irregular ja
indicava que este Helitron estaria envolvido em varios eventos de HT. De fato, nossos
resultados sugeriam que o proprio elemento Hel_c35 presente em CvBYV teria se originado
apos a HT de um diptero para C. vestalis, seguida pela insergao deste Helitron no genoma
proviral de CvBV. Além disso, nossas analises apontavam para um segundo evento de HT,

de C. vestalis para a espécie de mariposa Bombyx mori.
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Os resultados apresentados no Capitulo 3 descrevem a evolugdo de elementos
Hel c35 e sua distribuicdo em genomas de artropodes utilizando uma amostra
consideravelmente maior de espécies e analises mais robustas. Além de atualizar nossos
achados anteriores (Heringer et al. 2017) ao revelar uma quantidade e diversidade
consideravelmente maior de espécies com elementos Hel ¢35, nossos resultados sugerem
que esta familia de Helitrons possivelmente esta envolvida em dezenas de eventos de HT.
Varias destas HTs estdo associadas a espécies que contém sequéncias mais similares ao
elemento Hel ¢35 encontrado em C. vestalis, provavelmente foram transferidas
horizontalmente desta vespa parasitoide para outras espécies de insetos e facilitada pela

presenca do Helitron Hel ¢35 em particulas virais de CvBV.
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7. CONCLUSOES

Desde que os Helitrons foram descritos pela primeira vez em 2001, estes elementos
tém se revelado cada vez mais como componentes gendmicos importantes e versateis em
diversos grupos de organismos eucariotos. Algumas das caracteristicas mais bem
estabelecidas sobre os Helitrons nas ultimas duas décadas dizem respeito a sua capacidade
de ocupar fragbes consideraveis dos seus genomas hospedeiros, capturar, mobilizar e
duplicar fragmentos cromossémicos. Apesar disso, informagdes sobre a sua origem e
mecanismo de transposi¢cao permaneceram obscuras até recentemente. O objetivo central
deste trabalho foi o de elucidar a origem e relagdes evolutivas destes elementos através do
estudo de sua estrutura codificante, composta por dois dominios principais. Nossos resultados
indicam que Helitrons representam transposons descendentes de plasmideos procarioticos
que invadiram o genoma dos seus primeiros hospedeiros eucariéticos em um periodo préximo
a origem deste dominio da vida. Apesar do dominio catalitico central da sua transposase
RepHel se assemelhar mais a proteinas encontradas em um grupo de plasmideos e virus
bacterianos, Helitrons diferem destes Ultimos por codificarem um dominio helicase em sua

transposase.

Em conjunto com dados revelados em outros estudos, nossos resultados sugerem que
este dominio helicase nao representa uma aquisicdo evolutiva posterior a invasao dos
Helitrons em genomas eucarioticos. Ao contrario, a estrutura composta por dois dominios
principais na transposase RepHel parece anteceder a origem dos Helitrons em eucariotos e
ser indispensavel para a transposicao destes elementos. De fato, a similaridade estrutural
entre a transposase RepHel e relaxases encontradas em plasmideos indica que o dominio
Hel desempenha uma fungdo complexa que vai além da simples atividade tipica de uma
helicase. Neste cenario, os dominios Rep e Hel desempenhariam fungbes enzimaticas
essenciais, complementares e necessariamente concatenadas nas principais etapas do

processo de transposi¢cédo dos Helitrons.

Para além dos aspectos fundamentais sobre a origem e mecanismo de transposicao
destes elementos, nosso estudo de uma familia de Helitrons encontrada em artrépodes ilustra
como a evolugdo destes transposons em genomas hospedeiros pode ser altamente complexa.
Tal complexidade se da pela capacidade dos Helitrons de invadir novas espécies por
transferéncia horizontal, sendo que analises filogenéticas de suas sequéncias comumente
resultam em topologias incongruentes com as relagdes evolutivas de suas espécies
hospedeiras. A evolugao desta familia de Helitrons analisada no nosso Ultimo capitulo é

particularmente notavel ndo sé por incluir multiplos eventos de transferéncia horizontal entre
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diferentes ordens de artrépodes, mas também pela associacdo entre um elemento desta

familia com o virus simbidtico de uma vespa parasitoide.

Os aspectos revelados sobre os Helitrons neste trabalho, e em outros estudos
recentes, sobre a sua origem, evolugdo, mecanismo de transposicdo e estrutura da sua
transposase, abrem caminho para futuras investigacdes mais profundas sobre cada um
destes temas. No campo das analises in silico, 0 aumento no nimero de espécies com
genomas sequenciados podera contribuir com cenarios mais completos sobre a origem dos
Helitrons, seja revelando variantes estruturalmente mais semelhantes a sua forma ancestral
ou replicons evolutivamente mais proximos dos Helitrons. Ja analises in vitro poderao
confirmar se as similaridades estruturais entre transposases RepHel e relaxases de fato se
traduzem em semelhangas funcionais. Por fim, a compreensao mais detalhada da estrutura e
processos enzimaticos conduzidos por esta transposase Unica em genomas eucariotos cria

novas possibilidades na investigacao de ferramentas de engenharia genética.
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Supplementary Material

Group

Sequence ID

Supplementary Table S1. Taxa information

Taxon name

Familv/Groupa
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#of m_b Accession

Eukaryotic viruses

Bacterial viruses

Msv

WDV
BMCTV
TYLCSV
cLeev
SsHADV
PFFFGmV
HPAGmV
BBTV

FBNS

Scsv

FBNY
mMvDC2
o)

SGCV

ZFeV
HSCycl
DACycl
CACycl
DCircV
SARCircV
MpaCircvi
MpaCircv2
MpaCircV3
MpaCircva
MpaCircVs
RsaCircV
BcCircV
CsalDNAV
AcrBV1
AHEaBV
AAV2
AAVS

s

phix174
phageNC3
ERBP1

P2
Sphage_RE2010
phiE122
phi_Lf

SVTSs2
Rhizob_R404
RSIBR1
GkshoV_Hs
GkshoV_Bird

GkshoV_Marine

Maize streak virus

Wheat dwarf virus

Beet mild curly top virus

Tomato yellow leaf curl Sardinia virus

Cotton leaf curl Gezira virus

Sclerotinia sclerotiorum hypovirulence associated DNA virus 1
Pacific flying fox faeces associated gemycircularvirus 12
Human plasma-associated gemycircularvirus

Banana bunchy top virus

Faba bean necrotic stunt virus

Subterranean clover stunt virus

Faba bean necrotic yellows C11 alphasatellite

Milk vetch dwarf C2 alphasatellite

Porcine circovirus 1

Silurus glanis circovirus

Zebra finch circovirus

Cyclovirus PK5510 (H. sapiens)

Dragonfly associated cyclovirus 1

Chicken associated cyclovirus 1 (NGchicken8)

Diporeia sp. associated circular virus

Circovirus-like genome SAR-A

McMurdo Ice Shelf pond-associated circular DNA virus 1
McMurdo Ice Shelf pond-associated circular DNA virus 2
McMurdo Ice Shelf pond-associated circular DNA virus 3
McMurdo Ice Shelf pond-associated circular DNA virus 4
McMurdo Ice Shelf pond-associated circular DNA virus 5
Rodent stool-associated circular genome virus

Bat circovirus ZS/China/2011

Chaetoceros salsugineum DNA virus

Amphibola crenata associated bacilladnavirus 1
Avon-Heathcote estuary associated bacilladnavirus
Adeno-associated virus 2

Adeno-associated virus 5

Slow loris parvovirus 1

Enterobacteria phage phiX174
Enterobacteria phage NC3

Eel River basin pequenovirus
Escherichia virus P2

Salmonella phage RE-2010
Burkholderia virus phi€122
Xanthomonas phage Lf

Spiroplasma phage SVTS2
Rhizobacter sp. Root404 (Inovirus Gp2 family protein)
Ralstonia virus RSIBR1
Gokushovirus WZ-2015a (H.sapiens)
Gokushovirus WZ-2015a (Bird)

Marine gokushovirus

Geminiviridae
Geminiviridae
Geminiviridae
Geminiviridae
Geminiviridae
Genomoviridae
Genomoviridae
Genomoviridae
Nanoviridae
Nanoviridae

Nanoviridae

Nanovirus-associated alphasatellite

Nanovirus-associated alphasatellite

Circoviridae
Circoviridae
Circoviridae
Circoviridae
Circoviridae
Circoviridae
Unclassified:
Unclassifiedc
Unclassiﬁedc
Unclassiﬁed:
Undlassified”
Ur\classifiedc
Unclassifiedc
Unclassifieq:ic
Unclassiﬁedc
Bacilladnaviridaed
Bacill.’-xdnaviridaed
Bacilladnaviridaed
Parvoviridae
Parvoviridae

Parvoviridae

Microviridae
Microviridae
Microviridae
Myoviridae
Myoviridae
Myoviridae
Inoviridae
Inoviridae
Inoviridae
Inoviridae
Microviridae
Microviridae

Microviridae

AAF97764.1
CAAS7625.1
AAC54875.1
CAA43466.1
AAF97439.1
YP_003104796.1
AMH87729.1
YP_009181996.1
NP_604483.1
YP_003104737.1
Q9ICP7.1
NP_619565.1
NP_619760.1

e e e e e e T T )

NP_065678.1

YP_009091696.1

e

YP_009134739.1
ADD62457.1
YP_009021893.1
ADU77011.1
AGG39813.1
ACQ78172.2
AIF71501.1
AIF71504.1
AlIF71507.1
AlIF71509.1

i I e e e e

AIF71512.1
AEMO05803.1
AEL87784.1
YP_473359.1
YP_009345107.1
YP_009345097.1
YP_680422.1

YP_068408.1

N N N B R o= e e

YP_009111339.1

NP_040703.1
AAZ49040.1
YP_009126954.1
NP_046795.1
YP_007003504.1
YP_001111165.1
AAC54630.1
AAF18311.2
WP_056466193.1
ATW64834.1
ALS03579.1
ALS03530.1

N N N N N N N N N N N N N

YP_008798246.1



Archaeal viruses

Prokaryotic TEs

Plasmids
Eukaryotic

Bacterial

Archaeal

HRPV1 Halorubrum pleomorphic virus 1
HRPV2 Halorubrum pleomorphic virus 2
H_rubripr Haloarcula rubripromontorii
SNJ1 Natrinema virus SNJ1

Riliisidl Halopelagius inordi

H_thailandensis
CN_piranensis
Therm_BRNA1

Thaum_SCGC

1s91

15801
151294
ISCR1

ISCR2

ISCR3

15608
Rhiz_NXC24

ISDra2

pPpulchr
pECOYNIM
pPASb11
pPAPh2
pPaWBNy
pamM
pFTB14
pUB110
pBC1
pKYM
pSK89
pNost
pTD1
pAYWB
pOYM
pCPa
plm

plLa
pQA504
pSAP110B
pMV158
pE194
pADB201
pWVO01
pPhasyl
pHT926
pUnnamed2
pGL3
pSA1
PpHGN1
pGRB1
pZMX201

pHF2

Halococcus thailandensis JCM 13552
Candidatus Nitrosopumilus piranensis
Thermoplasmatales archaeon BRNA1

Marine Group | thaumarchaeote SCGC AAA799-P11

Insertion sequence 1S91 (Escherichia coli)

Insertion seq 1801 (Pseud i)

Insertion sequence 1S1294 (Escherichia coli)

Insertion sequence ISCR1 (Citrobacter freundii)

Insertion e ISCR2 (K i iae)

Insertion sequence ISCR3 (Pseud. ginosa)

Insertion sequence I1S608 (Helicobacter pylori)
1S200/1S605 insertion sequence (Rhizobium sp. NXC24)

Insertion sequence I1SDra2 (Deinococcus radiodurans)

Pyropia pulchra (red algae) plasmid
Onion yellows phytoplasma EcCOYNIM_2000

Candidatus Phytopl australiense plasmid pPASb11

Candid. Phytopl. australiense plasmid pPAPh2

Paulownia witches'-broom phytoplasma plasmid pPaWBNy-1

Bifidobacterium pseudocatenulatum plasmid p4AM
Bacillus amyloliquefaciens plasmid pFTB14

Stanhul

us aureus plasmid pUB110

Bacillus coagulans plasmid pBC1
Shigella sonnei plasmid pKYM

occus aureus pl id pSK89

Nostoc sp. plasmid (‘pNost’)

Treponema denticola plasmid pTD1

Aster yellows witches'-broom phytoplasma AYWB plasmid pAYWB-II

Onion yellows phytoplasma plasmid pOYM

Candidatus Phytoplasma australiense plasmid pCPa

L oides plasmid r protein
Lactobacillus acidophilus plasmid replication protein

Lactococcus lactis plasmid pQAS04

Staphylococcus epidermidis plasmid SAP1108
Streptococcus agalactiae plasmid pMV158
Staphylococcus aureus plasmid pE194
Mycoplasma mycoides pADB201

Lactococcus lactis plasmid pwV01
Phage-plasmid hybrid Phasyl

Brevibacillus borstelensis plasmid pHT926

Fusobacterium nucleatum subsp. polymorphum plasmid "unnamed2"

ptolyngbya boryana plasmid pGL3
Streptomyces cyaneus plasmid pSA1.1
Halobacterium sp. plasmid pHGN1
Halobacterium salinarum plasmid pGRB1
Natrinema sp. CX2021 plasmid pZMX201

Haloferax sp. Q22 plasmid pHF2

Pleolipoviridae
Pleolipoviridae

e
Haloarculaceae
Sphaerolipoviridae

e
Haloferacaceae

e
Halococcaceae

e
Nitrosopumilaceae

e
unclassified Thermoplasmatales

e
unclassified Thaumarchaeota

1S91 Group
1S91 Group
1S91 Group
ISCR Group
ISCR Group
ISCR Group
15200/1S605 Family
15200/15605 Family

15200/15605 Family

Gemini_AL1
Gemini_AL1
Gemini_AL1
Gemini_AL1
Gemini_AL1
Viral_Rep
Rep_1
Rep_1
Rep_1
Rep_1
Rep_1
Rep_1
Rep_1
Rep_2
Rep_2
Rep_2

Rep_2
Rep_2
Rep_2
Rep_2
Rep_2
Rep_2
Rep_2
Rep_2
Phage_GPA
PHA00330
PHA00330
Unclassified
Unclassified
DUF1424
DUF1424
DUF1424

DUF1424

MR R R B R N NN

B R R R R R N NN

e

L e e e I I

-

N N N N N N N N N =
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YP_002791886.1
YP_005454258.1
KOX95265.1
NC__003158.1f
WP_092894117.1
EMAS56448.1
AJM92193.1
WP_015491922.1
WP_048071526.1

523782
P24607.1
CAA07835.1
AFL38296.1
SBN37579.1
ATE47644.1
2A6M_A
AVA22184.1

WP_010887312.1

AAF36424.1
YP_006959597.1
YP_001965310.1
YP_001965305.1
YP_001708784.1
NP_613078.1
P13963.1
AAA88362.1
AAA98048.1
AAA98159.1
AAB02112.1
AAA25513.1
AAA98363.1
ABC65794.1
YP_002600752.1
YP_001966814.1
WP_002815993.1
WP_003549058.1
AEU41945.1
YP_006939186.1
YP_001586272.1
P03858.2
NP_040430.2
NP_053450.1
P19071.1
BAA07788.1
ALQ43495.1
AAA25610.1
BAA34784.1
$06780
P17565.1
YP_232880.1
AKN10606.1



pHK2
pNB101
pML
pTP2
Helitrons
Helen_A_aeg
Helen_D_rer
Helen_D_kik
Helen_N_vec
Helen_M_cir
Helen_C_gig
Hel2_F_oxy
Hel_A_tha
Hel_c35
Hel_M_luc
Hel_A_nid
Hel_C_ele

Hel_A_gam

Notes:

Haloferax lucentense DSM 14919 plasmid pHK2
Natronobacterium sp. AS-7091 plasmid pNB101

Methanohalophilus mahii plasmid pML

Thermococcus prieurii plasmid pTP2

Helitron-2_Aae (Aedes aegypti)
Helitron-2_DR (Danio rerio)
Helitron-1_DK (Drosophila kikkawai)
Helitron-1_NV (Nematostella vectensis)

Helitron-like seq e (Mucor circinelloides)

Helitron-10_Cgi (Crassostrea gigas)
FoHelil (Fusarium oxysporum)
HELITRON1 (Arabidopsis thaliana)
Hel_c35 (Cotesia vestalis bracovirus)
HELIBAT1 (Myotis lucifugus)
Helitron-1_AN (Aspergillus nidulans)
HELITRON1_CE (Caenorhabditis elegans)
HELITRON1_AG (Anopheles gambiae)

DUF1424
DUF1424
DUF1424
PHA00330

Helentron
Helentron
Helentron
Helentron
Helentron
Helentron
Helitron2
Helitron
Helitron
Helitron
Helitron
Helitron

Helitron

N N NN

N N N N N N N N N N N NN
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YP_006961960.1
NP_942603.1
NP_976268.1

YP_007974244.1

Helitron-2_Aae &
Helitron-2_DR &
Helitron-1_DK .
Helitron-1_NV &
EPB86818.1
Helitron-10_cGi ®
FoHeli1
AAD15468.1
AEE09607.1
HELIBAT1 &
XP_662882.1
NP_493834.1

HELITRON1_AG

 Plasmids were classified by their RCRE protein family. Helitrons were assigned to their structural variant according to Thomas and Pritham
(2015). ® Number of tyrosines in the catalytic core. The colors indicate the tyrosine group (Y1 = green, Y2 =red, Yx = blue), as shown in figures
2 and 3C. © Sequences representing unclassified viruses were sampled from Zawar-Reza et al. (2014). 4 Family proposed by Kazlauskas et al.
(2017). ¢ Viral sequence integrated in the genome of indicated taxon. "Translated ORF was obtained from nucleotide sequence, according to

Wang et al. (2016). ® Sequences retrieved from Repbase (Bao et al. 2015).
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Supplementary Figure S1. Phylogenetic analysis of RCRE domain sequences. Same phylogeny as in Figure 2, with branch
support numerical values displayed. Only values above 50% are shown.
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Supplementary Figure S2. Phylogenetic and NMDS analysis of helicase sequences. (A) Phylogeny of helicase domain
sequences inferred by the Neighbor Joining method (Poisson correction). (B) Phylogeny of helicase domain sequences inferred by
the Maximum Likelihood method (LG+G+I). (C) NMDS of evolutionary divergence between helicase domain sequences with
scaling representing euclidean distances for three dimensions (stress: 0.08666). See Table S2 for taxa information.
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Supplementary Table S2. Taxa used in the helicase domain analysis *

Group Sequence ID Taxon name Accession
Prokaryotes
M_phaeus Myroides phaeus WP_090404604.1
F_chilense Flavobacterium chilense WP_068841780.1
C_lonarensis Cecembia lonarensis WP_009185623.1
P_salivibrio Pontimonas salivibrio WP_104912779.1
C_Zambryskibact Candidatus Zambryskibacteria OHB14600.1
Algoriphagus_sp Algoriphagus sp. WP_100627322.1
A_bacterium Alphaproteobacteria bacterium 0JV13697.1
C_Vogelbacteria Candidatus Vogelbacteria OHA59397.1
Aalborg_AAW1 SR1 bacterium Aalborg_AAW-1 AKH32407.1

Gulosibacter_sp

Gulosibacter sp.

WP_087008023.1

Bacteroides_sp Bacteroides sp. CDC65823.1
S_novella Starkeya novella PZQ84937.1
Fungi
P_parasitica Parasitella parasitica CEP10706.1
G_dilepis Gymnopilus dilepis PPQ64766.1
C_cinerea Coprinopsis cinerea XP_001829007.2
H_opuntiae Hanseniaspora opuntiae OEJ83279.1
T_phaffii Tetrapisispora phaffii XP_003684282.1
E_granulatus Elaphomyces granulatus 0OXV06635.1
R_clarus Rhizophagus clarus GBB91117.1
T_mesenterica Tremella mesenterica XP_007002293.1
A_glauca Absidia glauca SAL95951.1
Termitomyces_sp Termitomyces sp. KNZ79783.1
Leucoagaricus_sp Leucoagaricus sp. KXN86260.1
S_stellatus Sphaerobolus stellatus KI)35046.1
S_cerevisiae Saccharomyces cerevisiae NP_013650.1
Mammals
F_damarensis Fukomys damarensis XP_010639595.1
H_glaber Heterocephalus glaber EHA98492.1
S_boliviensis Saimiri boliviensis XP_010349962.1
S_araneus Sorex araneus XP_004619712.1
M_murinus Microcebus murinus XP_012614176.1
H_sapiens Homo sapiens NP_079325.2
S_harrisii Sarcophilus harrisii XP_012398677.2
M_domestica Monodelphis domestica XP_007479627.1
G_variegatus Galeopterus variegatus XP_008566201.1
C_cristata Condylura cristata XP_004687737.1
E_edwardii Elephantulus edwardii XP_006899697.1
O_afer Orycteropus afer XP_007956003.1
Helentron
Helen_A_aeg Helitron-2_Aae (Aedes aegypti) Helitron-2_Aae °
Helen_D_rer Helitron-2_DR (Danio rerio) Helitron-2_DR b
Helen_D_kik Helitron-1_DK (Drosophila kikkawai) Helitron-1_DK °
Helen_N_vec Helitron-1_NV (Nematostella vectensis) Helitron-1_NV °
Helen_M_cir Helitron-like sequence (Mucor circinelloides) EPB86818.1
Helen_C_gig Helitron-10_Cgi (Crassostrea gigas) Helitron-10_CGi p
Helitron2
Hel2_F_oxy FoHelil (Fusarium oxysporum) FoHeli1®
Helitron
Hel A tha HELITRON1 (Arabidopsis thaliana) AAD15468.1
Hel_c35 Hel_c35 (Cotesia vestalis bracovirus) AEE09607.1
Hel M _luc HELIBAT1 (Myotis lucifugus) HELIBAT1 °
Hel_A_nid Helitron-1_AN (Aspergillus nidulans) XP_662882.1
Hel_C_ele HELITRON1_CE (Caenorhabditis elegans) NP_493834.1
Hel_A_gam HELITRON1_AG (Anopheles gambiae) HELITRON1_AG b

Notes: * Prokaryotic, fungal and mammalian sequences were retrieved from Genbank (Benson et al. 2017) by using Helitron sequences as a

reference. Sequences retrieved from Repbase (Bao et al. 2015).
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Supplementary Data S1. Trimmed amino acid sequences used in the alignment

>MSV

VNTFLTYPHCPENPEIVCQMIWELVGRWTPKY IICAQEAHKDGDMHLHALLQTEKPVRITDSRFFDIEGFHPNIQSAKSVNKVRDYILKEPL
>WDV
KYLFLTYPQCTLEPQYALDSLRTLLNKYEPLYIAAVRELHEDGSPHLHVLVQONKLRASITNPNALNLRMFHPNIQAAKDCNQVRDYITKEVD
>BMCTV
KNIFLTYPRCSVIKEDALEILKNIPCPSDKLFIRVSQEKHQDGSLHLHALIQFKGKAQFRNPRHFDITHFHPNFQGAKSASDVKQYIEKDGD
>TYLCSV
KNYFLTYPKCDLTKENALSQITNLQTPTNKLFIKICRELHENGEPHLHILIQFEGKYNCTNQRFFDLVSFHPNIQGAKSSSDVKSYIDKDGD
>CLCGV

KNYFLTFPKCSLTKEEALEQIQKISTASNKKY IKICRELHEDGQPHLHVLLOQFEGKFKCONQRLFDLVSFHPNIQGAKSSSDVKSYIDKDGD
>SsHADV

KYVLLTYAQCELDAFRVMDKLS LLGAECIIGREHHEDGGTHLHCFAEFGRKFRSRKADVFDVDGHHPNITSRGTPEKGYDYAIKDGD
>PFFFGmV
RYALLTYAQCDLDPFAVVNHLAELAAECIIGREDHADGGIHLHAFVDFGKKYRTRNTRTFDVEGYHPNISSRRTPEEGYDYAIKDGD
>HPAGmV
RFCIVTYSQTDFDADAIVRILHRDCRGCIVARESHLDGGTHYHAFVDYGTPRDWTNSRRWDVLGVHPNIKVSRTPFNAYAYVGKDKN
>pPpulchr
RLFFLTYPCGLTKELILRELRKIVVVVSKERESGDGYDHFHVLLEAKTKKNYKDPRCFDILGVHGKYETVRNRKRSLKYICKEGD
>pECOYNIM
QONIFLTYSQCDLSKEEIKTFIINLCNEKKLQINYLIIGIENHQDKGKHHHVFFQLNKQFRTRDLTIFNIPKYSPHIEPIKDTTDVRNYVKKDGD
>pPASb11
KDIFLTYSKCPLGKEKIHNHIKQLMESKNQKIAYIISNTENHQDKEIHTHVLFQLNKRCNLTSQRFFDLDGYHPKIENTRDVEKAIEYIKKDGD
>pPAPh2
RDIFLTYSKCPLGKEKIHNHLKQLLASKKKEIKYIISNNENHQODKEIHTHVFIQLKKQIEITNQRFFDIEGYHPKIETARDVEKSVSYIKKDKD
>pPaWBNy
KDIFLTYSKCPLGKDKIHNHIKQLMASKKKEIQYLITNQENHKDKEIHSHVLFQLTKSATFNGERFFDIEGFHPEIEVARDIEKSISYIKKDGD
>BBTV

VCWMFTINNPTTLPVMRDEIKYMVYQVERGQEGTRHVQGYVEMKRRS SLKQMRGFFPGAHLEKRKGSQEEARSYCMKEDT

>FBNY
KRWCFTLNYKTAVERESFISLFSRDELNYFVCGDETAPTTNQKHLQGYVSLKKMIRLGGLKKKFGYRAHWEIAKGDDFQNRDYCTKETL
>MVDC2
KRWCFTLNYKTALERETFISLFSRDELNYFVCGDEIAPTTGQKHLQGYVSMKKLIRLGGLKKKFGSIAHWEIAKGDDFQNRDYCTKETL
>FBNS

ICWCFTLNNPLSPIFLHESMKYLVYQTEQGESGNIHFQGYIEMKKRTSLAGMKRLIPGAHFEKRRGTQGEARAYAMKEES

>SCSV

ICWCFTLNNPLAPLSLHESMKYLVYQTEAGDNGTIHYQGYVEMKKRTSLVQMKKLLPGAHLEKRRGSQGEARAYAMKEDS

>PCV

KRWVFTLNNPSEEEKNKIRELPISLFDYFVCGEEGLEEGT PHLQGFANFAKKQTFNKVKWY FGARCHIEKAKGTDQONKEYCSKEGH
>SGCV
KRYVFTLNNYTTEEYARIDNVGADGLARYMITGKEVGENGTPHLQGFINLKVKKRFSQIKEMLGSRCHIEKARGTDLENRVYCSKEGS
>ZFCV

KRWVFTLNNPTEQEVESVKSLPPSEYHYAIVGKEKGEQGT PHLQGFLHLKKKVRLNQMKQLIPRAHFEIARGSDEDNEQYCSKEGD
>HSCycl
RRFCFTWNNYTELNYALCQEFIKKYCKYGIVGKELAPTTNTPHLQGFCNLQKPMRFSTIKKRLDNGIHIEKSMGSDTQNQTYCSKSGE
>DACycl

RRFVFTWNNYTPSDFETCITFLDNFCKYGI IGKEKCPTTQTPHIQGFCNLSKPMRFNNIKKHLHNSIHIEKANGSDEQNKIYCSKSGE
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>CACycl
RRFVFTWNNYPIEAYDKCEKYLTKFCKYGIVGEEIAPETGTPHLQGFCNLHKPTRFSTIKKHLDNSIHIEKANGSDIDNQKYCSKSGI
>DCircV
RNWVETLNNYVDADRVVIGERLANDATYVCYQPEIGASGTPHLQGLVVFANPRTLGGVKRLISDRVHLE PMRGTFAEAHAYCSKDDT
>SARCircV
KAWCFTLNNYTENEHGALVQRFSDFDDKYYFIVGCEIGAQGTPHLQGYIEKKVGRFRPLPCFEVLRDGKNAMHFERAKGNRKQNYNYCSKDGD
>MpaCircVl
KHWQFTLNNPTQDERNVLAELGDQPTTQYLIYGDEVGASGTPHLQGHVSFVQRYRFNQVKNWVSPRAHLELVRLLRRHIEYCKKDGA
>MpaCircV2
RCVCVTIHVDNIFWELQKWNQSLTYGIGQLELGLNGSTHWOMYFENNTAISLTQWKQLLGCKRAHVETRKGTALLAIEYCKKEET
>MpaCircV3
RNFVFTWNNYSDASKTYLSTLACKYVAYAEEVAPTTGTRHLQGFIAFTNAKTIQQARSKLPGCHVETMNGS IAQSEDYCSKAGT
>MpaCircVv4

KYWVFTWHGPPKDDEGNRAS PALWPE PQFDADMMDALQYQOMEIAPSTGKYHYQGAVAFKTRKRSDPLREALAI PGAWTQMMRGSDKDQVYTNKEET
>MpaCircV5

KHWCFTVNNYTDEDIHKLSKASLLLQPLVSSCIYQQEVPGQESATPGTPHLQGFISFKTKQSFKF TKNLVSDRAHVEVAKGTPQONRIYCSKAKD
>RsaCircV

RYYMLTIPYSLFTIPDPLPEGLVWLKGQPERGENGYEHWQLICCTRKKCRASAVKRLFCPQAHVELTRSAAADEYVWKDDT

>BcCircV

RYWLLTIPYEHFTPYLPPNCAYIKGQLEQGSNTSYLHWQLVVYFSQKKSLNYVKLIFGDGIHCEPSKSKAAEEYVWKEDT

>CsalDNAV

SRCIVTFFPKDNDRRWLKPETYFGPNPDNFQCWCGQFEICPRTGALHAHIYFECVRSRRLRFVRTAALFRKYHHRVHIKKARTVSKKQRQSAINYV
LDDAK

>AcrBvV1

GRCIVTLFPPDSEPKWLDPSTYYTDPASVVKIWVGQFEITPETNQIHAHIYIEFHHKKRPKFNLFVKMFTDIGKHVNVKSPKKSNNTQRQGAVNYC
MKDET

>AHEaBV

RSGLLTIHPPSSHPSWLKPETWFPQCDDILEIWCAKFEKGEDTGNLHVHIYFKLKHSNTIRFELLQKWI TKHVTGFDFKPQRSATKNSTQCVVNYV
LKPET

>p4M
TDWLLTIRRELPDGSERTVDDVVNALQGIFDAAIGQPEKGEGGYRHYQI FAQGKRQRFSTLKKKLTAAGLGDAHVEPRKGSVSEAVGYCSKEKT
>pPAYWB

CELVINANKITKSKIENILELKKKAIQONYAYILHDKDTYQONEKEAQLNGKKIGDLKSPHYHIYLRFNYAYDTKHIAQWFNTQDNFVSKIKGRFSDA
LMYMTHANS

>pOYM

CELVINKTLITKTKIETILETKKKAIQNYAYILHDKDIYQONEKEAQLNGKKVGDIKAPHWHIYLRFNYSQDTKHISQWFNTQENFVSKIKGRFSDA
LMYMIHANR

>pCPa

CELVIKADLIKQTEIEKVLESKKKVIQSYAFILHDNDKYLNEKEAKENGKSVGDYKI PHWHIMLRFHQSQEFKYIAKWENTTENFVSQIKGRFTDA
LLYLTHANR

>pLm
RTFMYTQQLOHLPFQDVAAFQSRLENINVAEYAFIIHDQDTVDGHPVTSHIHAVLRYQNARSVDSVAKQVSDKAQY IEIWNGNYANAYAYLVHKTD
>pLa
RQFMYTQDLDHLPFKKEDLKTLLEKSSAEEWAY ILHDKDIGKNGKT IRPHFHVVMKFKDAKTISRVAKLFNDKQEYIEVWRNTIGNAYSYLIHETS
>pQA504

SVFGFTQQFKADMWDWADDEKAVCFPNGVPDTARIMKRVAERLYVYLIGDIKKANAPDRPHAKDLFKYSAIIHDKDMSFAWDTKTN SKVIVPKELH
MHAVIELPSKRDLSFISTAIGIRPEQIEVPRGRYGRENMLAYLVHAKD

>pSAP110B

TKFMYTQQLKYLNLSIEQLKNNLENDAY IQDFAMINHNKDLDENNQONVAEHLHVF IKLNQOKT IDYVADLVDDKAQY IEFFDKSNKSRNEQNGYLY
LLHKTK
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>pMV158

TFLLYPESIPSDWELKLETLGVPMAISPLHDKDKSSIKGOQKYKKAHYHVLY IAKNPVTADSVRKKIKLLLGEKSLAMVQVVLNVENMYLYLTHESK
>pE194
TFVLYPESAKAEWLEYLKELHIQFVVSPLHDRDTDTEGRMKKEHYHILVMYEGNKSYEQIKIITEELNATIPQIAGSVKGLVRYMLHMDD
>pADB201

TLLVYPDSAPENWKEILDONGVEYFGALHDKDVNPDGTIKKPHYHIVLAYSGPTTFNNVKTLCNT LNSPKPLPLDGVGGMWRYMTHKDN

>pWv01l

GFLLYPDSIPNDWKEKLESLGVSMAVSPLHDMDEKKDKDTWNSSDVIRNGKHYKKPHYHVIYIARNPVTIESVRNKIKRKLGNSSVAHVEILDYIK
GSYEYLTHESK

>pFTB14

GWIFLTLTVRNVKGERLKPQISEMMEGFRKLFQYKKVKTSVLGFFRALEITKNHEEDTYHPHFHVLLPVKRNYFGKNY IKQAEWTSLWKRAMKLDY
TPIVDIRRVKGRVKIDAEQIESDVREAMMEQKAVLEISKYPVKDTD

>pUB110

RWLFLTLTVKNVYDGEELNKSLSDMAQGFRRMMQYKKINKNLVGFMRATEVTINNKDNSYNQHMHVLVCVEPTYFKNTENYVNQKQWIQFWKKAMK
LDYDPNVKVQMIRPKNKYKSDIQSAIDETAKYPVKDTD

>pBC1

QWLFLTLTVRNTSPESLPETISAMFEGFNRLTKYKAFKTSVKGYFRALEVTKNRDPHSEWFGTYHPHFHVLLCVPSSYFKKKELY ITEQEWTDLWK
KAMKLDYTPIVHVQRVKPKEQLEDMETYEEQLKNAIREQNAILEVSKYPVKDTD

>PKYM

RWLFLTLTVRNCEIGELGTVLTAMNAAFKRMEKRKELSPVQGWIRATEVTRGKDGSAHPHFHCLLMVQPSWFKGKNYVKHERWVELWRDCLRVNYE
PNIDIRAVKTKTGEVVANVAEQLQSAVAETLKYSVKPED

>pSK89

QFIFLTLTTPNVTDEHLESE IKNYNHAFQKMFKRKKVNAITKGYVRKLEITYNSKRDDYNPHFHVIMAVNKSYFKDTKAYISQKEWLNLWRDVTGI
SEITQVHVQKIKONSNKELYEMAKYSGKDSD

>pNost

RWLFVTLTVKNCAITDLRETLTWMNKSFKRFSELKAFPAEGY IKTVEVTRGKTPDGSAHPHFHVLMMVKPSYFGVGYLSQAKWVEMWRKSLRVDYK
PILDVQSLNPODSLIGLLAEVIKYSVKESD

>pTD1

DFIFITLTVKNCSADELPATLEMMTKGWRRLAMTAMCEFRRSFEGTFKALEITVNKKTGEYHPHYHILAAVKKGYFRKSNPDYISQENLIKLWQKV
CKLDYEPNVDIRRVKNSTYKAVAEVAKYSVKATD

>ARAV2

YEIVIKVPSDLDEHLPGISDSFVNWVAEKEWELPPDSDMDLNLIEQAPLTVAEKLQRDFLTEWRRVSKAPEALFFVQFEKGESYFHMHVLVETTGV
KSMVLGRFLSQIREKLIQRIYRGIEPTLPNWFAVTKTRNGAGGGNKVVDECYIPNYLL

>ARAVS

YEVIVRVPFDVEEHLPGISDSFVDWVTGQIWELPPESDLNLTLVEQPQLTVADRIRRVFLYEWNKFSKQESKFFVQFEKGSEYFHLHTLVETSGIS
SMVLGRYVSQIRAQLVKVVFQGIEPQINDWVAITKVKKGGANKVVDSGY IPAYLL

>SLP

WELVIKLKYDWIEDLEGSDDPWYDWPEDEIDIYMAILGIKAIKAITRVLRERSKNKTCNYFGQIEQGGEFFHIHLLFEVDGFVSFLLGRMFETLRQ
TLRNSVYFGYPFEVSSEIAITKVKTGGRNKVQDGSYIVNYLL

>SNJ1

HHSVISPPEELYIDAEFPEQELISVAQEFMEEIGMQGIALYHSWSGGDDHDDDIGEWKKRLFADRDWHGDVREELQHRPHVHLIGACPWFPMGDVT
KLTHAETDWVIHRITGKRDGNSSVSLADMRSVARAVVYALSHCA

>H_inordinatus

HHVVFSPPRDWFLQAQDPLDKTFKLIGDILTNHFDAAGRVYYHGWSGGDDLEDDLGEWKNRLFEGRDWETDVRHELEPRPHFHAVVASPFI PGEGV
TDRIHDETGWVIKRIADEKSKRSIDGIDALARVVTYCMSHTS

>H_thailandensis

IHAMFSPEQDWT ISRVDGMRSESYELAQEAGVTGGGALLHMWRT TDDLDGEFKKWKYRETYGQGWRQATEVAPHVHQIATAPEFEPEQGDWVAKRV
RTLDAMRSLSHPSSYEDVAGLAMYLLSHTA

>CN_piranensis

LHNIVSIPFELYLTKDGRKKLRAKAIKYLKEFDIDGGVMIDHPYRFSKDLESARLSPHLHLIVTGWLDGQKVKELYEKTGWIVTNVSTIETWNDCY
NLSKYLLSHSA

>Therm_BRNAL
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VHVVVSPPQDLRFMRSKEGFRIMVNKVIRVLKDFQVDTGALVFHPWRQCGDRDGSFPSSSFVWRAGPHFHAVGYGYVPEDRIKEFHERTGWI LKVV
HDKSDVVSPTATLAYLLTHAG

>Thaum_SCGC

IHLILAVPENQRELPVKLLRQRMSHILKLGNIKGGSVIFHPFRFSKTQHRWYAS PHFHLVGFGKSSDIKNAFGRYGWYVKEAGERESVFQTFCYLL
SHCG

>1891

QHIVFTLPCQYWSLVFHNRWLLAEMSRIAADVILEICHQTDVEPGIFTVIHTWGRDQOWHPHIHLSTTAGGVTSGHTWKNLHFYARKVMSMWRYRI
TRLLSRKYPELVIPDELAVGNSKRDWNCFLDTYRRGWNVNISRVMDNATHVAVYFGSYLK

>IS801

QHLVFTLPDTLWPLFFYNRWLLDALFRLAADNLIYAAKRRGLRVGIFGALHTYGRRLNWHPHVHLSVTAGGLDEQGVWKNLSFHKEALRRRWMWLV
RDYLLGQPLSQLTMPPPLAHILCESDWRRLILAGGQHWHIHLSKKTKNGRKTVNYLGRYLK

>I151294

VHLVFTLPDTLWPVFESNRWLLNDVCRLAVENLLYAARKRGLEPGIFCAIHTYGRRLNWHPHVHVSVTCGGLNKHGQWKKLSFLKDAMRSRWMWNM
ROLLLKAWSEGMAMPESLSHITTESQWRSLVLKGGKYWHVYMSKKTAGGRNTARY LGRYLK

>ISCR1

ROWVLSFPFQLRFLLARHPQLLSIVYRTLSTHLIKKAGYTKASAQTGSVTLIQRFGSALNLNVHYHMLFLDGVYAEDDYGKQRFHRKALAHTLSHR
IARCMEKRTLTQLHGASVTYRIAVGPQQGRKVFTAGFSLHAGVMAEAHQRDKLERLCRY IS

>ISCR2

ROWVLSFPFQLRFLFASRPEILGIVYRVIATHLVKKAGHTHQVAKTGAVTLIQRFGSALNLNVHFHMLFLDGVYVEQSHGSARFRWKALTHTIAHR
VGRYLERQPMTPLLGHSITYRIAVGSQAGRKVFTAGFSLHAGVAARADERKKLERLCRYIS

>ISCR3

ROWVLSFPYPLRFLFASKPEALGIVQRVIAGWLADQAGIDRASAQCGAVTLIQRFGSALNLNIHFHMLWLDGVYVEATRRELRLHRRALAAT IAHR
VCRHLTRKSMDGLRMSSITYRIATGRDAGCKVVTGGFSLHAGVAAEAHESHKLEKLCRYIT

>IS608

HNVVYSCKYHIVWCPKYRRKVLVGAVEMRLKEIIQEVAKELRVEIIEMQTDKDHIHILADIDPSFGVMKFIKRILRQEFNHLKTKLPTLWTNSCFI
STVGGAPLNVVKQY IENQQN

>Rhiz_NXC24

RIVVPDIPHHVTQRGNGRAQTFFCDDDYALYRDLLAHHCRAADVEVWGWVLMPNHVHLI LVPADADGIRRALRVHRAYAGHIHARLRRTGHFWQGR
FGCVPMDEEHLAAALRYVALNPV

>ISDra2

RGYVYQLEYHLIWCVKYRHQVLVGEVADGLKDILRDIAAQNGLEVITMEVMPDHVHLLLSATPQQAI PDFVKRRMFVAY POLKEKLWGGNLWNPSY
CILTVSENTRAQIQKYIESQHD

>phix174

FIVFDTLTLADDRLEAFYDNPNALRDYFRDIGRMVLAAEGRKANDSHADCYQYFCVPEYGTANGRLHFHAVHFMRTLPTGSVDPNFGRRVRNRRQL
NSLONTWPYGYSMPIAVRYTQDAFSRSGWLWPVDAKGE PLKATSYMAVGEFYVAKYVN

>phageNC3

FFVFDTLTLADDRLQAFNENPNALRDYFRTVGRAVLRAEGRSVKDSYNDCYRYLCVPEFGGQHGRLHWHVVHMVRTLPLGSHDPNFGRKVRNYRQI
NSFRGMWPYGFTQPIAVRYQHDAY SRKGWLWPVDKSGKAMQSKPYQAVAWYVTKYVA

>ERBP1

YCIFNTLTVNESSIEKVFEKGSRIFSDYVRSLDRGVGIATHKNWRQAVTKRKEGNEFHTYFAVVERGTKNGRLHIHVIHMMKELPNGCVDPNAGRA
IPNRREVTYLKRYWKYGYSAPIAVRFNTNDAFGKKYWRFPVKEVAKNRFESLECKDAGSIIGY IGKYMT

>P2

VGMFITLTAPSKYHPTRQVGKGESKTVQLNHGWNDEAFNPKDAQRYLCHIWSLMRTAFKDNDLQVYGLRVVEPHHDGTPHWHMMLFCNPRQRNQII
EIMRRYALKEDGDERGAARNRFQAKHLNQGGAAGYIAKYIS

>Sphage_RE2010

CAVFYTITCPSRFHSTLNNGRPNPTWTNATVRQSSDYLVGMFAAFRKAMHKAGLRWYGVRVAEPHHDGTVHWHLLCFMRKKDRRAITALLRKFAIR
EDREELGNNTGPRFKSELINPRKGTPTSYIAKYIS

>phiE122

RGVMFTLTCPSRFHAVTTTDSWVRPNPRYDDVDPRAAQAYLRKVWQRTRAELKREGIVYFGMRVAEPNHDGTPHWHGLVFADKIERF CSVMRKHGL
RDSGDEPGAQRHRVRFEMIDRAKGSAVGYVAKYIS

>phi_Lf

AWYFLTLTYRDGSDSSPRDVSELFKRMRGHFNRLKSGRARWNRESFRYVWVGELTQRFRPHYHVMLWVPQGMEFFGKVDQRGWWPHGSSQIEKARNC
VGYLAKYAS

>SVTS2
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NLSFLTLTYAVNEKDVKKCKNDLKLFFNNINRWWNNPIRSKNHKGILKYMYTYEYQKRGAVHFHI ILNQKIPNSVVQQYWKHGINKNIKVRAGSNE
DVVKYLAKYIV

>Rhizob R404

RPAMLTLTYREVGQWNPKHISDLLOQRIRVWVRRRGHGLRYVWVAELQQRGALHYHLLLWLPRGLT LPKPDKQGWWTHGSTRIEWARKPAGYLAKYA
S

>RSIBR1

VTHMITLTTRECITDLDWFLGLWDAFRRAMARYSQFHY IAVPELQKRGAWHMHVAVSGRVALNLARRVWLKVVGGRGKGYCHIRNPQGAHFGKQWK
LDALASYVAKYIG

>GkshoV_Hs

SNYFVTLTYRPDALPYTKDGKPTLRPKDLTNFFKRLRKHKKGNEKIRYFACGEYGEKKGRPHYHVALFNLKLDDLKPLGPSQGYMLYKSKTLONIW
GLGFVVIGELTYKSASYISRYVM

>GkshoV_Bird

ENYFVTLTYDNDNVPLSQMHMNTLKKRDFQLFMKRLRKRGNDGIRFFACGEYGSTTMRPHYHAILFNLHLDDLEKLYEKDGMVYYTSQFLQSVWKK
GFVIITSMTWETCAYVARYVC

>GkshoV_Marine

SSSFITLTYDNKHLPPNNSLDY THWQKFIRSLKKRNNGKSIRYFGVGEYGENFGRPHFHAILFGHTFNDLIPMHSNISKSQQLLSAWPRGFVSVGD
VTPESISYVCGYVQ

>HRPV1

SGVMVTLTTDPKRY DSMLDGLMDAWONLHETLNYLEGTRLDFIRALEFGGSGLPHLHVCVFGVPY IDHRWLKHYWSHAEIVHIHGMNKRGNDSWIM
TSGTHAGKSVAGYLGKYLS

>HRPV2

NAVFCTLTTDPKKFDSLYDAVMSINENFHRLMSYLRSVTGRPRETLDYIKVLEFTSAGY PHLHVLFFDVPWLVDKRELSAKWKQGQIVDLYPLVHR
DDDDWVEEQTRSDDVYQSKTAGSYVGKY IS

>H_rubripr

NAVLVTLTTDPKRQDSLLDGIDSINENLNRLLSYFDSVTGRPRDRPDYIKALEFTEKGY PHLHVLFFDVPWLCDKSEVAAKWAQGEIVDVYPLTYR
DDEDWVRERTRDDGHEKESTAGAYLGKYLS

>pPhasyl

NVGFLTLTFRDHVTDPKEAQRRFNSLKTNILAKRYRAYIRVMEPMKSGRIHYHLLVALHSDIRTGFDFPAVYRQDYSSANKAIRSEWSFWRKTAPK
YGFGRTELMPVRSNSEGIGRYVGKYIS

>pGL3

RLSFITLTLPPAVAEDLSGRWAHVVDLMKRRLPTEIIACTEVQEKVALHLHIVMVGRHSRGSPRQLEKMWSECCETAVRNVIEPNERVTSRVTNSR
TESESNGNGNATGNTSSNANSNGNANGNIHTEVNWNAAVNVQRIKKSASAYMGKYLS

>pHT926

KPVFMTLTFAENVTDVDLANKAFKQF IRKLNGHVYGRGRVGLKYVTVIEFQKRGAVHYHCVFFNLPFIDSGVIASLWGQGF IKVNSMKKRDGTNCD
NVGAYVTKYMQ

>pSAl

PRVFATLTAPELGIPLDPATYDASDLWRYFTIYLRRESRVSFKVAEYQKRGAVHFHAVIRFDGAGDQPARTLHWGTQLDVQPIGAFGHGEE ITEQA
VASYVAKYTT

>pUnnamed?2

KSTFLTLTFKENIQDIERANREFTLFIKRLKRYLKNQOLKYIATWELQQRGAIHYHLVLFSVPYIDNKKLGELWANGFIKINKIKETVKNEAVGVY
ITKYFV

>pHGN1

HTAMVTLTASTTEEDGGPRPLVDHLRDLLSSWSAVYDALRHTLEDREFEYLAIIEPTPAGYAHIHLGVFVKGPVVAEQFQDVLDAHVKNSEGAGRE
AHRAVVEDDEDEAAVSIRRSARPDREDGIENLGAYLAAYMA

>PGRB1

HTGMVTLTASSTDDEGRLRPPLEHFEDLLESWEAVRRALARVLEGREWEYLAILEPHESGYVHIHLGVFVRGPVVAEQFEPVLDAHLRNCPTAGED
AHQVFDENGDEDAVRVRRSSHPSRSGGVENLGAYLAAYMA

>PZMX201

HTAMLTFTASSRPNGQPIPPVDHLDELLASWDALTTALDRVLGDRRYARLGILEPHNNGYLHIHVAVFIDGKVEQEDFAPVIRSHVNNCEYATEDA
HDPTSEDTISIRHAGDPKRDSDVIGELAIYLAEYLG

>pHF2

TTAMLTLTASHRNEKGGWRCPADHMRDIMDGY DAARKQLHQVLSGRKWEYARVWE PHADGYGHLHIAVFVEDDLRADDFEPVMRSHVENCGPAGSK
AHDPAGDSVSVRDDVENLGSYISEYIG

>pHK2
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ATAMLTFTASSVPNGERLPPVEHTDALHDSYDGVRDTLRNTLDADEWGYWLQAEPHNACYSHLHVGVYFDAAVVGPEFERVIDKHVEECEYASFSA
HDYRNTDYLNDSISLNAGVENMGSYLAAYMG

>pNB101

TMVMVTLSASSENAKGGRRCPADHMRDIARGWNSARKALHRVLRRFEWE YAKVWE PHQSGYGHMHVAVAVDDPIEGETFRPVVRSHVENVEPAGSA
AHGLNAVGMGDTVSVNREVENLGSYISEYIG

>pTP2

DAVFLTLTTDPSRFSNLYEANRQFSHSFNRFMSRLRGYFARRGQHLEYIAVYEFTKSGLLHAHVIIFGVRYVISRWWSQGRVVYIYRLRNVDGRWV
WARRRPRDVRAGEGAEDYLKKYLR

>pML

PITMITLTTYQDSQYSVKKHKVDHEQALEMLVDGFRKLRELITRICEGHTPDYFWILEPHESGYPHMHLCYLEEFTEGEQEHIKSIWGAGEQVDFS
FRKPEDTVRS IRNY LMKYMS

>Helen_A_aeg

PTMFLTLSASETQWPLLLKQLHKLTLVNDDAVTCCLYFNKLVDVLMGILSSPRYVVDFFKRIEFQHRGS PHAHIMLWLANDPNETVSELIRKVCSI
SAIHLSETISHTFTCYKRNEKRCRFNIPYWPMNEERTLYEYYLDVLRSSIQRPTIFLKRSMNEMWTNPFNPWIAEKLRSNMDLQFILDVYSCACYL
AGYVN

>Helen D _rer

PTFFCTFSAAEMRWPEIVTVIKAQEILRSNPVTVMRMFEKRVDALMAHLLLSPEVEDFFYRVEFQARGS PHIHLLAWVKDAPDPEEDNFIDRYVSC
KLPDPNVDPELHKIVTNHSKSCKKGKVVCRFGFPKLPMPKTMITMDDYLNYAEGLTTGSAVLLKRDPKETWVNGYNPDLLRAWNANMDIQYILDAY
SCIMYMLSYVS

>Helen D kik

PTFFITFSAAESKWNELLVTLSRLRLIRSDPVTCSRYFDFRFROQLIKLFKSSETLVHYYWRIEFQHRGSPHSHGMYWFSGAPKLEGPEFIDRFITT
TGDDPELQEVIKHSSSCLREGQEFCRFQMPYPPMPETMVLFEEYKFAIRSSLKKPQVFLRRKFSDRLVNAYNRDILGLHRANMDIQFILDAFACCS
YIINYIN

>Helen N_vec

ATLFCSFSSAETQWMHLLRILGQLRLIQSDPVTCARHFDYQVNQFLTNFLFSSKISDWFYRVEYQQRGSPHIHMLMWLEDAPQFQIDSFIDKIITC
QKPVDNADLLVLVRHSHTCRKNTSSKCRENYPQPPMKQTMIIKONYLLAVSSSINTPTVFLKRNPNELRINNYNPDCLSAWRANMDIQFVLDVYAC
AVYIVNYIS

>Helen M cir

PTLFITLSAAESKWTELLAMLKKIWLVQSDPVTCASYFDYRFRELKKTRTAPCNVQEYFFRTEFQHRGSPHIHMLIWLEDAPRILPDSFVDGIITC
EKEWDGSPATWDDI IKHTATCKRKDQIVCRFNIPFLPMDVTRVLVDAYIYSIRSTLKTTKVFLRRTPNQVLTNSYNRKILSMFRSNMDLQFIVDGY
ACCSYVADYIN

>Helen_C_gig

PTWFCSFSAAETKWIPLLKTLGKLRLIKSDPVTCSRYFDYRFQRFLHGVLLHKEVVDYFFRVEFQQRGS PHVHMLLWVKNAPNVSSDSEFVDRYVSC
SKSGADPVLVRHAKTCMKKNKP ICRFNFPIPPMPKTVTLFETYTLAIRSSLTQSKLFLKRQPYEIRINSYNCTLLKSWLANMDIQFILDPYACATY
IVSYIS

>Hel2 F oxy

PGAFITFSPADLHWRSLYQHMPQYRLLROQNPHIAAFHFYRRYTLFRDIVLSKKSITDYWDRYEWQGRGS PHNHGLYWMDNCPGADMEDTWGFHVTA
INPEPSRTLRLSQIVEAANVANPERECRFDFPRALRELAAVIGRSYYVFEAARNDSLMNNFNPATI ILGWLANIDISPCTSLAVITYAAKYCS

>Hel A tha

PDLFITFTCNPKWPHITRYCDKRLNPKDRLDIIARIFKIKLDSLMNDLTVKKKTVASMY TVEFQKRGLPHAHILLFMHAKSKLPTSDDIDKLISAE
IPDKEKEPELYEVINVKSPCMVDGECSKLYPKKHQDITKVGSDGYPIYRRRKIDDYVEKGGIKCDNRYVMPYNKKFSLRYNAHINVEWCNQNDS IK
YLFKYIN

>Hel ¢35

PDLFITFTCNPKWIEITQLLLPGQTSSDRHDITARIFRQKIRSLMNFIVKQRDTRCWMY SIEWQKRGLPHAHILIWLVERIQPDQIDDIICAEIPD
YEVDPDLHDVVNPQSPCMVDGKCSKRYPRKLTAETVTGNDGYPLYRRRSPDDKVKRMDFVVDNSWIVPYSPLISKSFKTHCNVEYCNSVKSIKYIC
KYVT

>Hel M luc

PDLFITMTCNPKWADITNNLORWQKVENRPDLVARVFNIKLNALLNDICKFHKVIAKIHVIEFQKRGLPHAHILLILDSESKLRSEDDIDRIVKAE
IPDEDQCPRLFQIVNPNS PCMENGKCSKGY PKEFQNATIGNIDGYPKYKRRSGSTMS IGNKVVDNTWIVPYNPYLCLKYNCHINVEVCASIKSVKY
LFKYIY

>Hel A nid

PSLFITFTANPAWDEVTRELRPGETWEDRPDIVSRVFNILRAEMVDELCKKKVAPGRFFTIEYQKRGLPHMHLVLFLEERERFLDAAHIDEMVSAE
LPDPREDLELYKLVNSRAPCCDKNMI YCTKRFPKAEQYETQPIEEGY PLYRRRADPRGAYNDMVRIDNTWVVPYNPYLLKRFRSHINVEVCRGVDV
IKYITKYIY

>Hel C_ele
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PDIFLTFTCNPAWTEI SENLGPRQSASDRPDLIARVFKLKVVDALFDDLLNRDHVAAYISVFEWQKRGLPHVHMLLTMAENSKPRTSEDIDKIVQA
EIPNPDNEPELHRIVNPHSPCMVDGHCSKRYPKDFHPSTTLNVDGYPGYRRRDDGRYVEYGTQHLDNRRVVPYNKWLLLRYNAHMNVEICGFIEAV
KYLFKYVY

>Hel A gam

PDLFITVTCNPKWPEITQCLLPRQQAPDRPDVIVRVFRLKLKAILNDLTMGIEVARIHVIEFQKRGLPHAHILVILAEEDK PQTPADYDKIVSAEL
PNPATSSQLFETVNPAAPCMKDGTCEKGFPKSFCEQTRSMDNGY PQYRRRNNGRSVTVKGIELDNRYVVPYNPWFTHKYNCHINVEVCTSISSVKY
LYKYVY
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9.2 Material suplementar do Capitulo 2
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Supplementary Material

84

Supplementary Figure S1. Conserved domains from sequences containing Pif1 domains. (A) Human Pif1 domain. (B) Best
candidate for the genomic Pif1 sequence in the fungal species Rhizophagus clarus. (C) Example of a Helitron transposase
sequence with the Rep and Hel (Pif1) domains. (D) Example of a second candidate genomic Pif1 gene from R. clarus structurally
similar with the human Pif1 domain. (E) Coding sequence upstream from the ORF in (D) containing a Rep domain, indicating that
(D) is part of a broken RepHel ORF starting in (E). Image from the Conserved Domain Database (CDD) search tool (Lu et al.

2020).
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Supplementary Figure S2. Phylogeny of Pif1-like sequences. Same phylogeny as in Figure 3 (main text), displaying branch
support values and taxa names (see Table S1 below). Specifications of the procedures used for phylogenetic inference are

described in the Materials and Methods.
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Supplementary Table S1
Group Abbreviation* Taxon/Host name Accession
Helentron
Helen Aalb Aedes albopictus XP_029715674.1
Helen D rer Danio rerio XP_021330385.1
Helen L ser Lucilia sericata XP_037823532.1
Helen N vec Nematostella vectensis XP_032223796.1
Helen M cir Mucor circinelloides 1006PhL EPB86818.1
Helen C gig Crassostrea gigas XP_019922950.2
Helen C qui Culex quinquefasciatus EDS39572.1
Helen G occ Galendromus occidentalis XP_028966621.1
Helen Lroh Labeo rohita RXN14713.1
Helen A cal Astatotilapia calliptera XP_026026780.1
Helen M sac Melanaphis sacchari XP_025191627.1
Helen A mil Acropora millepora XP_029180665.1
Helen D gig Dendronephthya gigantea XP_028394532.1
Helen Lana Lingula anatina XP_013378814.1
Helen C cuc Choanephora cucurbitarum 0B282310.1
Helen S pur Strongylocentrotus purpuratus XP_011671010.2
Helen O fav Orbicella faveolata XP_020609775.1
Helen A dig Acropora digitifera XP_015779364.1
Bemisia tabaci LIED01008227.1
Perkinsus marinus ATCC 50983 XP_002772304.1
Helitron2
Hel2 F oxy Fusarium oxysporum AKC01507.1
Hel2 P il Purpureocillium lilacinum 0AQ59778.1
Hel2 P chl Pochonia chlamydosporia 170 XP_018136201.1
Hel2 F mon Fonsecaea monophora XP_022510545.1
Hel2 M ani Metarhizium anisopliae KFG84029.1
Ectocarpus sp. CCAP 1310 34 CAB1116976.1
Papaver somniferum R2C87713.1
Symbiodinium microadriaticum CAE7237458.1
Helitron
Hel A tha Arabidopsis thaliana AAD15468.1
Hel X lae Xenopus laevis XP_041421549.1
Hel C ele Caenorhabditis elegans NP_493834.1
Hel A ara Anopheles arabiensis XP_040164812.1
Hel B nap Brassica napus XP_022553550.1
Hel B vul Beta vulgaris subsp. vulgaris XP_010692805.1
Hel C sup Chilo suppressalis RVE40746.1
Hel M dem Microplitis demolitor XP_008549021.2
Hel F can Folsomia candida XP_021953640.1
Hel E jap Eumeta japonica GBP49736.1
Hel C pur Claviceps purpurea 20.1 CCE31728.1
Hel R del Rhizopus delemar RA 99-880 EIE75949.1
Hel A can Ancylostoma caninum RCN43056.1
Hel N ame Necator americanus XP_013304266.1
Hel P inf Phytophthora infestans T30-4 XP_002905633.1
Hel H ann Helianthus annuus XP_022020320.1

Brassica rapa

Capsella rubella

Ananas comosus var. bracteatus
Erythranthe guttata
Helianthus annuus

Oryza sativa Japonica Group
Setaria italica

Panicum virgatum

Papaver somniferum
Aquilegia coerulea

Panicum virgatum
Eragrostis curvula

Aegilops tauschii subsp. strangulata

Thalictrum thalictroides
Papaver somniferum
Ceratodon purpureus
Phytophthora rubi
Plasmodiophora brassicae
Chondrus crispus

XP_033143622.1
XP_006279329.2
CAD1820584.1
XP_012840144.1
XP_022031972.1
ABA95557.1
RCV07316.1
XP_039834415.1
XP_026386115.1
PIA60703.1
XP_039793773.1
TVU37829.1
XP_020197274.1
KAF5187279.1
XP_026391420.1
KAG0566608.1
KAE9276432.1
CE098944.1
XP_005716008.1
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Porphyra umbilicalis 0S5X80228.1
Streblomastix strix KAA6365738.1
Bacteria
C collierbacteria Candidatus Collierbacteria bacterium KKT34677.1
Rickettsiales Rickettsiales bacterium MB087943.1
cd WWE3 Candidate division WWE3 bacterium 0GC46700.1
Prevotella sp Prevotella sp. EID32542.1
Curtobacterium sp Curtobacterium sp. PZF21459.1
Aillinoisensis Alkanindiges illinoisensis TEU24735.1
Clavibacter sp Clavibacter sp. RU49579.1
C Uhrbacteria Candidatus Uhrbacteria bacterium PIQ67211.1
C Pacebacteria Candidatus Pacebacteria bacterium PIR60552.1
Leucobacter sp Leucobacter sp. RRD35472.1
B ovatus Bacteroides ovatus CDB60500.1
Hyphomonas sp Hyphomonas sp. Mor2 WP_070961327.1
C Zambryskibacteria Candidatus Zambryskibacteria bacterium OHB16576.1
Flavobacteriaceae Flavobacteriaceae bacterium QCX39293.1
Parabacteroides Parabacteroides WP_075965667.1
C Falkowbacteria Candidatus Falkowbacteria bacterium PKM88561.1
Aalborg AAW1 Candidate division SR1 bacterium Aalborg AAW-1 AKH32407.1
P faecalis Pseudoclavibacter faecalis WP_019619849.1
C Moranbacteria Candidatus Moranbacteria bacterium PID52462.1
bigini ulum sp biginit ulum sp. PHS28547.1
Candidatus Levybacteria bacterium MBP6882245.1
Candid. Buch bacteria bacterium MBD3359246.1
Candidatus Magasanikbacteria bacterium RIFOXYA2 OGH84178.1
Chloroflexi bacterium MBI2830749.1
Psychrobacter sp. FDAARGOS 221 WP_096064617.1
Enhydrobacter sp. HS ONG38169.1
Bifidobacterium merycicum WP_033523136.1
Rickettsiales bacterium MBL6664806.1
Proteobacteria bacterium NBR95534.1
Sphingobacteriia bacterium MBN8828841.1
Candid philales bacterium MBQ7287145.1
Cyanobacteria bacterium SIG32 MBE7709962.1
Mycoplasma sp. MBQ6280177.1
Acidobacteria bacterium NMD11668.1
Brevinematales bacterium NPV00061.1
Spirochaetes bacterium HHG53312.1
Candidatus Collierbacteria bacterium CG10 PIR99148.1
Thermoanaerobaculia bacterium MBP7674859.1
Henriciella sp. NQY15510.1
Spirochaetales bacterium MBT3274541.1
SARS6 cluster bacterium MBL6903300.1
Clostridia bacterium MBR5312660.1
Spirochaetaceae bacterium MBQ7366747.1
Archaea
uncult archaeon uncultured archaeon VVB99669.1
C Micrarchaeota Candidatus Micrarchaeota archaeon 01026558.1
C Aenigmarchaeota Candid. Aenig haeota archaeon OIN88664.1
archaeon CGO7 archaeon CG07 PIU63205.1
C Pacearchaeota Candidatus Pacearchaeota archaeon 0GJ22063.1
M mazei Methanosarcina mazei TAH75514.1
Thermopl. Ther I archaeon RLF60972.1
Nitrosarchaeum sp. MBS3922931.1
Methanosarcinales archaeon NKQ38702.1
uncultured archaeon VVB74890.1
Candidatus Woesearchaeota archaeon MBI5066474.1
Candid Meth hylophilaceae archaeon MBR3410882.1
Nanoarchaeota archaeon MBU4069976.1
Eukaryota
S cerevisiae Saccharomyces cerevisiae NP_013650.1
H opuntiael Hanseniaspora opuntiae OEJ88177.1
H opuntiae2 Hanseniaspora opuntiae OEJ88178.1
T phaffii Tetrapisispora phaffii XP_003684282.1
C viswanathii Candida viswanathii RCK63232.1
P griseal Pyricularia grisea XP_030977745.1
P grisea2 Pyricularia grisea XP_030984166.1
H sapiens Homo sapiens NP_079325.2
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D discoideum Dictyostelium discoideum
A subglob Acytosteli bglob

A castellanii Acanthamoeba castellanii
E dispar Entamoeba dispar

P fungivorum Planoprotostelium fungivorum
C fasciculata Cavenderia fasciculata

H album Heterostelium album

T socialis Tetrabaena socialis

T socialis2 Tetrabaena socialis

M conductrix Micractinium conductrix
Helicosporidium sp Helicosporidium sp.

C sorokiniana Chlorella sorokiniana

M polymorpha Marchantia polymorpha
M polymorpha2 Marchantia polymorpha
Blastocystis sp Blastocystis sp.
Blastocystis sp2 Blastocystis sp.

P multistriata

P multistriata2
C roenbergensis
N gaditana

P oligandrum

P oligandrum2
B saltans

L braziliensis
Tgrayi

L seymouri
Phytomonas sp
Perkinsela sp

A deanei

S culicis

G muris

Pseudo-nitzschia multistriata
Pseudo-nitzschia multistriata
Cafeteria roenbergensis
Nannochloropsis gaditana
Pythium oligandrum
Pythium oligandrum

Bodo saltans

Leishmania braziliensis
Trypanosoma grayi
Leptomonas seymouri
Phytomonas sp.

Perkinsela sp.

Angomonas deanei
Strigomonas culicis

Giardia muris
Polysphondylium violaceum
Tieghemostelium lacteum
Acytostelium subglobosum LB1
Trichogramma pretiosum
Nicrophorus vespilloides
Danio rerio

Crassostrea gigas
Dendronephthya gigantea
Actinia tenebrosa
Amphimedon queenslandica
Caenorhabditis elegans
Salpingoeca rosetta
Quercus suber

Pyrus x bretschneideri
Hydra vulgaris

Perkinsus olseni

Rhodndend:

on grier
Prunus persica

Nicotiana tabacum

Manihot esculenta

Lupinus angustifolius

Arachis hypogaea

Rhodamnia argentea

Papaver somniferum

Kingdonia uniflora

Thalictrum thalictroides
Nelumbo nucifera

Colocasia esculenta
Cinnamomum micranthum f. kanehirae
Spinacia oleracea

Marchantia paleacea

Ceratodon purpureus
Physcomitrium patens
Selaginella moellendorffii
Selaginella moellendorffii
Entamoeba invadens I1P1
Symbiodinium microadriaticum
Trypanosoma brucei equiperdum

XP_642006.1
XP_012757294.1
XP_004352499.1
XP_001738818.1
PRP79697.1
XP_004367121.1
XP_020433530.1
PNH12573.1
PNH01360.1
PSC73053.1
KDD76138.1
PRW33669.1
OAE29545.1
OAE19993.1
0A012860.1
0A014610.1
VEU33680.1
VEU34803.1
KAA0155673.1
EWM28750.1
TMWS55246.1
TMW67775.1
CUE63209.1
XP_001562602.1
XP_009312949.1
KPI83497.1
CCW70641.1
KNH07790.1
EPY29325.1
EPY23385.1
TNJ28558.1
KAF2073656.1
KYQ93685.1
XP_012754920.1
XP_014228054.1
XP_017781591.1
NP_942102.1
XP_034314500.1
XP_028415325.1
XP_031556309.1
XP_003388034.1
NP_001293174.1
XP_004991536.1
XP_023909855.1
XP_009351018.1
XP_002163633.2
KAF4753487.1
KAG5544865.1
XP_020415763.1
XP_016507676.1
XP_021598660.1
XP_019426349.1
XP_029145904.1
XP_030518540.1
XP_026396572.1
KAF6167112.1
KAF5202456.1
XP_010275116.1
MQL92731.1
RWR91934.1
XP_021855182.1
KAG6555887.1
KAG0621209.1
XP_024357988.1
XP_002987435.1
XP_024538624.1
XP_004258641.1
CAE7678393.1
RHW71036.1
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Trypanosoma rangeli XP_029239885.1
Marchantia paleacea KAG6541057.1
Ceratodon purpureus KAG0609116.1
Aphanomyces astaci XP_009828150.1
Naegleria fowleri KAF0979914.1
Chondrus crispus XP_005717394.1
Gracilariopsis chorda PXF40737.1
Giardia intestinalis ATCC 50581 EET02286.1
Leishmania martiniquensis KAG5479457.1
Bodo saltans CUF06097.1
Porphyra umbilicalis 0SX74557.1
Porphyra umbilicalis 05X70336.1
TraA (plasmids)

Methanothrix sp Methanothrix sp. TFH49976.1

D bacterium Desulfobacteraceae bacterium RPI73598.1

D cetonica Desulfosarcina cetonica WP_054694573.1

Sphingobium sp Sphingobium sp. B2 WP_145206887.1

Sphing; sp Sphit sp. AAPS WP_133192514.1

Phenylobacterium sp Phenylobacterium sp. CCH9-H3 WP_068876894.1

S macrogoltabid. Sphit is macrogoltabid WP_054590692.1

A tumefaciens
Mesorhizobi

Agrobacterium tumefaciens
Mesorhizobium sp. B4-1-1

sp
A excentricus

Asticcacaulis excentricus

AYM81042.1
WP_140901472.1
WP_013478970.1

Eukaryotic viruses

Emiliania huxleyi virus 9981

Marseillevirus LCMAC101

Marseillevirus LCMAC102

Marseillevirus LCMAC103
Sicyoidochytrium minutum DNA virus
Organic Lake phycodnavirus 1

Organic Lake phycodnavirus 2
Chrysochromulina ericina virus
Phaeocystis globosa virus

uncultured Mediterranean phage

Virus NIOZUU159

Invertebrate iridescent virus 22
Invertebrate iridescent virus Kaz2018
Armadillidium vulgare iridescent virus
Hydra MELD virus

Mimivirus AB566017

Mollivirus kamchatka

Mollivirus sibericum

Erinnyis ello granulovirus

Clostera anastomosis granulovirus B
Choristoneura fumiferana granulovirus
Phthorimaea operculella granulovirus
Cydia pomonella granulovirus

Pieris rapae granulovirus

Cryptophlebia leucotreta granulovirus
Matsumuraeses phaseoli granulovirus
Diatraea saccharalis granulovirus
Lymantria xylina nucleopolyhedrovirus
Orgyia pseudotsugata nuclopolyhedrovirus
Orgyia leuc ig nucl "“
Epinotia aporema granulovirus
Agrotis segetum granulovirus
Spodoptera litura granulovirus
Spodoptera frugiperda granulovirus

Mocis latipes granulovirus

Xestia cnigrum granulovirus

M tra configurata nucleopolyhedrovirus B
Plutella xylostella granulovirus

Sucra jujuba nucleopolyhedrovirus

Hyposidra talaca NPV
Lambdina fiscellaria nucl
Peridroma alphabaculovirus
Chori: a biennis er
Trichoplusia ni ascovirus 2¢
Heliothis virescens ascovirus 3h

oy
ovirus

irus

CAZ69470.1
QBK85639.1
QBK86258.1
QBK87070.1
BCU09408.1
ADX05998.1
ADX06411.1
YP_009173733.1
YP_008052747.1
ANS04235.1
QPI16828.1
YP_009010863.1
QNH08436.1
YP_009046811.1
DAC81588.1
ARR75030.1
QHN71346.1
YP_009165351.1
ARX71979.1
YP_009506054.1
YP_654526.1
NP_663278.1
AlU36910.1
ADO85536.1
NP_891963.1
QOD40078.1
YP_009182312.1
YP_003517787.1
QW071653.1
YP_001651017.1
YP_006908627.1
YP_009513161.1
YP_001257069.1
AXS01146.1
YP_009249960.1
NP_059294.1
QNH90674.1
QKV50030.1
YP_009186748.1
YP_010086327.1
YP_009133285.1
YP_009049868.1
YP_008004327.1
YP_803305.1
AYD68236.1
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Pandoravirus salinus YP_008437119.1

Acanthamoeba castellanii medusavirus BBI30459.1
Sylvanvirus sp. AYV86632.1
Prokaryotic viruses
Acinetobacter phage vB AbaM ME3 YP_009595951.1
Podoviridae sp. DAJ82417.1
Prokaryotic dsDNA virus sp. QDP67633.1
Microbacterium phage PauloDiaboli QIG57888.1
Myoviridae sp. DAU76505.1
Bacteriophage sp. AFB75491.1
Siphoviridae sp. ctAUQ2 DAD87486.1
Siphoviridae sp. DA003073.1
Podoviridae sp. DAQ71114.1
Podoviridae sp. ctfN46 DAJ22427.1
Bacteriophage sp. DAL07837.1
Bacteriophage sp. DAY30538.1
uncultured Caudovirales phage CAB4198187.1
Myoviridae sp. DAM57115.1
Escherichia phage FV3 YP_007006388.1
Escherichia phage LL12 AXC42890.1
Erwinia phage pEp SNUABM 01 YP_009851551.1
Erwinia phage Henal YP_009854417.1
Escherichia phage 4MG YP_008857219.1
Salmonella phage GEC vB MG QPI14547.1
Raoultella phage Rol YP_009835918.1
Acinetobacter phage ABPH49 AXN57909.1
Cronobacter phage CR8 YP_009042324.1
Klebsiella phage vB KaeM KaOmega QEG12160.1
Escherichia phage UPEC06 QUL77343.1
Pseudomonas phage pf16 YP_009595586.1
Prokaryotic dsDNA virus sp. QDP60500.1
Prokaryotic dsDNA virus sp. QDP64781.1
Vibrio phage 1.164 AURS91792.1
Vibrio phage 1.124 AUR89562.1
Bacteriophage sp. DAE75004.1
Siphoviridae sp. ctqk313 DAF60248.1
Bacteriophage sp. DAP73423.1
Siphoviridae sp. ctqgBH20 DAE16492.1
Ackermannviridae sp. DAG97916.1
Myoviridae sp. DAX71650.1
Klebsiella phage AmPh EK29 QFR57062.1
Enterobacter phage myPSH1140 YP_010093920.1
Edwardsiella phage PEi20 YP_009190175.1
Shigella phage SP18 YP_003934641.1
Myoviridae sp. ctCo31 DAF95488.1
Vibrio phage VH7D YP_009006117.1

*Sequences with abbreviated names were selected in the first round of the analysis. The ones without abbreviation were selected afterwards, without
filtering taxa with Helitrons in their genomes (see text).



Supplementary Table S2

Species Accession Classification Hit from Blastp

Oryza sativa ABB47755 RepHel protein -
Arabidopsis thaliana CAB91581 RepHel protein -

NP_190738 79% cover, 59.50% identity to RepHel RIA05759.1
CAB63155 67% cover, 49.65% identity to RepHel XP_018453621.1
Supplementary Table S3

Accession Identity Cover E-value Classification Hit from 2" Blastp
*XP_007819664.1 41.68% 98% 7.00E-106 No significant identity to RepHel -
*XP_007816514.1 29.64% 92% 9.00E-49 No significant identity to RepHel
*XP_007826535.2 28.97% 92% 3.00E-26 RepHel -
*XP_007816691.2 26.38% 88% 6.00E-26 RepHel -
*XP_007825309.2 28.26% 87% 6.00E-20 RepHel -
*XP_007825293.2 28.42% 37% 3.00€-17 No significant identity to RepHel -
*XP_007816587.2 26.48% 87% 1.00E-16 RepHel -
*XP_007817134.1 29.06% 46% 5.00E-16 98% cover, 97.90% identity to RepHel (Best hit) EXU95784.1
*XP_011411820.1 31.74% 38% 2.00E-12 95% cover, 74.31% identity to RepHel (second best hit) KJK85320.1
*XP_007816591.2 29.35% 42% 4.00€-11 RepHel (cryptic) -
*XP_007826337.2 31.29% 31% 7.00E-11 RepHel
*XP_007816573.2 30.07% 30% 3.00€-10 RepHel -
*XP_007816551.2 30.07% 30% 5.00E-10 RepHel -
*XP_007826745.1 29.79% 33% 2.00E-09 100% cover, 76.55% identity to RepHel (Best hit) EXU95911.1
*XP_007817473.2 30.54% 35% 1.00€-08 97% cover, 78.37% identity to RepHel (second best hit) XP_007816587.2
*XP_007817117.2 22.46% 66% 3.00E-08 RepHel -
*XP_007826647.1 22.75% 47% 3.00€-08 100% cover, 85.49% identity to RepHel (second best hit) KJIK73666.1
*XP_007825291.2 31.62% 40% 2.00€E-07 No significant identity to RepHel -
*XP_007817091.1 26.67% 66% 3.00E-07 RepHel (cryptic) -
*XP_011411726.1 26.70% 44% 4.00€-05 68% cover, 96.19% identity to RepHel (Best hit) EXU95304.1
*XP_007826148.1 40.00% 16% 1.00E-04 78% cover, 89.06% identity to RepHel XP_007816591.2
*XP_007817793.2 30.66% 30% 2.00E-04 46% cover, 62.30% identity to RepHel (second best hit) EXU94892.1
*XP_007826598.2 43.18% 10% 0.02 Not Pif1 helicase -
**XP_007826758.1  35.00% 8% 5.00E-05 89% cover, 76.07% identity to RepHel (Best hit) KID81362.1
**XP_007816555.1  31.96% 10% 4.00E-04 RepHel -

*Result of Blastp search using the human Pif1 domain (accession 6HPH_A) as a query against Metarhizium robertsii ARSEF 23.

**Result of Blastp search using the yeast Pif1 (accession NP_013650.1) as a query against Metarhizium robertsii ARSEF 23 (only hits that did not overlap
with the ones from the search using the human Pifl domain).
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Supplementary Table S4
Accession*® Identity* Cover* E-value* Classification Hit from 2" Blastp
*AAG52281.1 27.23% 91% 2.00E-27 RepHel -
*AAM15154.1 26.46% 93% 4.00€-25 RepHel -
*AAD25596.1 27.19% 93% 7.00E-24 RepHel -
*BAB02793.1 25.39% 90% 3.00E-21 RepHel -
*CAB91581.1 24.72% 90% 3.00E-21 RepHel -
*AAD32757.1 25.92% 93% 1.00E-20 RepHel
*AAG51081.1 25.73% 94% 4.00E-20 RepHel -
*BAB01023.1 26.91% 79% 6.00E-20 RepHel -
*AAD15468.1 24.36% 94% 2.00E-19 RepHel
*AAGS52315.1 25.73% 90% 2.00E-19 RepHel (cryptic) -
*BAB11364.1 27.73% 86% 4.00€-19 RepHel -
*CAB81576.1 24.71% 89% 2.00E-16 RepHel (cryptic)
*AAC28215.1 30.93% 41% 5.00E-16 93% cover, 69.83% identity to RepHel (best hit) CAB91581.1
*AAC62789.1 24.79% 82% 8.00E-16 80% cover, 78.30% identity to RepHel (best hit) AAD15468.1
*0AP18984.1 37.69% 29% 1.00E-12 RepHel -
*AAD25621.1 37.50% 28% 1.00€-12 RepHel -
*BAB02227.1 36.72% 28% 4.00E-12 RepHel (cryptic) &
*AAD20107.1 24.52% 85% 1.00E-11 RepHel
*CAA0384207.1  33.57% 31% 6.00E-11 99% cover, 75.32% identity to cryptic RepHel (second best hit) XP_010421223.1
*AAD15325.1 25.57% 79% 9.00E-10 RepHel -
*AAG51717.1 30.06% 38% 7.00€E-09 RepHel -
*OAP08664.1 28.14% 57% 1.00E-07 RepHel (cryptic) -
*NP_190738.1 30.93% 40% 2.00E-07 85% cover 44.56% identity to RepHel (best hit outside Brassicaceae) XP_030934889.1
*CAA0385759.1  30.93% 40% 2.00E-07 85% cover 44.56% identity to RepHel (best hit outside Brassicaceae) XP_030934889.1
*VYS60096.1 30.93% 40% 2.00E-07 85% cover 44.56% identity to RepHel (best hit outside Brassicaceae) XP_030934889.1
*AAF06079.1 32.79% 27% 1.00E-06 RepHel (cryptic) <
** Same hits - - - - -

* Result of Blastp search using the human Pif1 domain (accession 6HPH_A) as a query against Arabidopsis thaliana.

** Result of Blastp search using the yeast Pif1 (accession NP_013650.1) as a query against Arabidopsis thaliana (only hits that did not overlap with the ones
from the search using the human Pif1 domain).



Supplementary Table S5
Accession Identity Cover E-value Classification Hit from 2" Blastp
*AAKS54302.1 27.39% 93% 5.00E-26 RepHel
*ABF97674.1 26.19% 93% 2.00€-25 RepHel -
*XP_025876548.1 26.17% 93% 3.00€-25 RepHel (cryptic) -
*AAP52492.2 27.25% 91% 8.00E-25 RepHel -
*AAM92800.1 27.25% 91% 8.00E-25 RepHel
*XP_015613561.1 27.25% 91% 8.00E-25 RepHel -
*AAN09850.1 27.25% 91% 1.00€-24 RepHel -
*AAP52578.2 27.25% 91% 1.00€-24 RepHel -
*XP_015613597.1 27.25% 91% 1.00€-24 RepHel -
*XP_025879680.1 26.79% 92% 1.00€-24 RepHel (cryptic) -
*BAF26194.2 27.25% 91% 1.00€-24 RepHel -
*BAH91204.1 26.37% 92% 1.00€-22 RepHel
*EEC77075.1 25.93% 91% 2.00€-22 RepHel (cryptic) -
*XP_015624412.1 25.44% 92% 3.00€-22 RepHel (cryptic) -
*BAD81603.1 25.89% 88% 5.00E-22 RepHel
*BAF04484.1 25.89% 88% 6.00E-22 RepHel -
*BAH93748.1 27.51% 93% 3.00E-21 RepHel -
*XP_025879790.1 25.96% 93% 7.00E-21 RepHel (cryptic) -
*AA034493.1 26.45% 93% 2.00E-20 RepHel
*BAF08763.2 24.59% 89% 2.00E-19 RepHel -
*AAX95750.1 25.32% 93% 3.00€-19 RepHel -
*XP_025879706.1 25.24% 93% 2.00E-18 RepHel (cryptic) -
*XP_015621010.1 26.68% 84% 3.00E-18 RepHel (cryptic) -
*BAH92578.1 25.11% 93% 3.00€-18 RepHel -
*CAD40309.2 25.11% 93% 3.00E-18 RepHel -
*XP_025878111.1 26.52% 69% 5.00E-18 100% cover, 59.24% identity to RepHel (best hit) BAD81603.1
*AAP54489.2 29.12% 62% 2.00E-17 100% cover, 90.36% identity to RepHel (best hit) BAF04484.1
*BAC55632.1 26.88% 69% 4.00E-17 RepHel -
*AAM93454.1 26.52% 66% 2.00E-16 100% cover, 100% identity to RepHel (best hit) AAMS92800.1
*BAHI93891.1 36.31% 36% 5.00E-16 RepHel
*ABA99439.1 24.08% 81% 6.00E-16 99% cover, 70.98% identity to cryptic RepHel (best hit) EEC77075.1
*ABA95256.2 25.32% 81% 7.00E-16 RepHel -
*XP_025878227.1 38.46% 32% 2.00E-15 99% cover, 81.39% identity to cryptic RepHel (best hit) XP_015637912.1
*XP_015620800.1 39.31% 74% 2.00E-15 RepHel (cryptic)
*CAE76063.1 34.93% 32% 2.00E-15 RepHel (cryptic) -
*CAE76056.1 34.93% 32% 3.00€-15 RepHel -
*XP_015637912.1 38.19% 68% 8.00E-15  RepHel (cryptic)
*BAC84865.1 37.50% 68% 1.00€-14 RepHel -
*BAF22399.2 37.50% 68% 2.00E-14 RepHel -
*BAD01692.1 37.50% 68% 2.00E-14 RepHel -
*CAH66128.1 37.50% 68% 2.00€-14 RepHel -
*AAX95983.1 37.50% 68% 2.00E-14 RepHel -
*AAU44208.1 35.66% 67% 3.00E-14 RepHel -
*ABA94634.1 35.66% 67% 3.00E-14  RepHel
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*ABA94947.1 35.66% 67% 3.00E-14 RepHel -
*BBD82308.1 35.66% 67% 3.00€-14 RepHel -
*ABA95236.1 35.66% 67% 3.00€-14 RepHel -
*AAT85173.1 34.93% 74% 3.00E-14  RepHel (cryptic)

*AAV44035.1 34.97% 67% 7.00E-14 RepHel -
*AAK13103.1 26.43% 71% 9.00E-14 RepHel -
*BAS88751.1 24.79% 71% 1.00E-13  RepHel (cryptic) -
*XP_015627019.1 23.96% 69% 1.00E-13 RepHel (cryptic)

*BAF14458.1 24.79% 71% 1.00E-13 RepHel (cryptic) =
*XP_025880731.1 24.58% 72% 2.00E-13  RepHel -
*ABA94881.2 37.06% 68% 2.00E-13  RepHel

*AAKS4292.1 33.95% 35% 2.00E-13 RepHel -
*ABB47755.2 33.95% 35% 2.00E-13 RepHel -
*KAB8095338.1 24.79% 71% 2.00E-13  RepHel (cryptic) -
*EEC77085.1 24.79% 71% 3.00€-13 RepHel

*BAH94916.1 33.95% 35% 3.00E-13  RepHel (cryptic) -
*CAD40616.1 24.79% 71% 4.00E-13 RepHel -
*BAD68127.1 31.21% 32% 3.00E-12 RepHel

*EEC82986.1 32.81% 29% 1.00E-11 RepHel

*BAF04591.1 34.42% 32% 8.00E-11  RepHel (cryptic) -
*ABA93595.1 37.80% 28% 1.00E-10  RepHel (cryptic) -
*BAF29741.2 35.38% 65% 1.00E-09  RepHel (cryptic)

*BAG93269.1 27.44% 48% 2.00E-09  RepHel (cryptic) -
*XP_025880729.1 24.93% 67% 2.00€E-09 96% cover, 97.98% identity to RepHel (best hit) BAH91022.1
*BAD68018.1 27.44% 48% 2.00E-09 100% cover, 100% identity to RepHel (best hit) BAG93269.1
*ABA98117.1 35.38% 65% 2.00E-09  RepHel (cryptic)

*BAF08718.2 31.88% 35% 1.00€-08 RepHel -
*ABA99343.2 50.88% 13% 3.00E-08  RepHel (cryptic) -
*BAF24192.1 31.86% 25% 3.00E-08 RepHel -
*ABA95557.1 25.94% 46% 4.00E-08  RepHel (cryptic) -
*BAH94086.1 28.03% 35% 3.00E-07  RepHel -
*AAT85232.1 31.43% 23% 3.00E-07  RepHel -
*XP_015650422.1 28.03% 35% 3.00E-07  RepHel

*EEE67922.1 28.03% 35% 5.00E-07  RepHel -
*BAH91022.1 24.44% 67% 3.00E-06 RepHel =
*BAH94330.1 25.77% 52% 4.00E-06 RepHel

*XP_025880332.1 27.50% 34% 6.00E-06  RepHel (cryptic)

*ABA96519.2 28.17% 31% 0.016 RepHel -
*BAF05239.1 23.11% 56% 0.02 RepHel (cryptic) -
*AAQ56555.1 41.51% 9% 0.036 RepHel

*AAL75753.1 27.42% 24% 0.038 RepHel -
**XP_025877503.1  26.47% 34% 2.00E-06  RepHel -
**ABA97607.1 24.17% 33% 3.00€-05  RepHel (cryptic)

**KAB8082674.1 27.42% 17% 1.00E-04  RepHel (cryptic)

**BAH92476.1 31.47% 16% 0.047 RepHel (cryptic) =

* Result of Blastp search using the human Pifl domain (accession 6HPH_A) as a query against Oryza sativa.
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** Result of Blastp search using the yeast Pif1 (accession NP_013650.1) as a query against Oryza sativa (only hits that did not overlap with the ones from
the search using the human Pifl domain).

Supplementary Table S6
Group* Species Accession Identity Cover E-value Classification Hit from 2" Blastp
Brassicales *  Brassica napus XP_022547407.1 26.84% 93% 8.00E-33 99% cover, 88.42% identity to RepHel KAF8111651.1
*  Camelina sativa XP_010436751.1 27.27% 94% 1.00€-31 97% cover, 58.80% identity to RepHel RID40682.1
*  Brassica napus XP_022551638.1 26.88% 93% 1.00E-30 RepHel -
*  Brassica rapa XP_033148559.1 26.88% 93% 1.00€-30 RepHel -
*  Brassica napus XP_013725746.1 26.88% 93% 1.00E-30 RepHel -
*  Brassica napus XP_013719709.1 26.88% 93% 1.00E-30 RepHel -
*  Raphanus sativus XP_018453621.1 26.67% 93% 5.00E-30 RepHel -
*  Brassica rapa XP_033143195.1  27.90% 94% 9.00E-30 RepHel -

*  Arabidopsis thaliana x KAG7586339.1 26.92% 94% 9.00E-30 RepHel -
Arabidopsis arenosa
*  Eutrema salsugineum XP_024013997.1 27.10% 93% 1.00E-29 RepHel -

**  Brassica napus CAF2097984.1 26.52% 40% 3.00€-12 RepHel
**  Microthlaspi erraticum  CAA7047626.1 26.77% 42% 1.00€-11 RepHel
**  Microthlaspi erraticum  CAA7039386.1 26.24% 44% 1.00€-11 RepHel (cryptic)
**  Microthlaspi erraticum  CAA7015018.1 26.77% 35% 3.00E-11 RepHel (cryptic)

**  Brassica napus XP_022544095.1 25.07% 35% 6.00E-11 RepHel

**  Raphanus sativus XP_018460436.1 26.18% 33% 8.00E-11 RepHel (cryptic)

**  Brassica napus XP_013694041.1 25.76% 33% 1.00E-10 RepHel

**  Brassica rapa RID62868.1 25.93% 40% 1.00E-10 RepHel

**  Brassica napus XP_022564371.1 26.10% 33% 1.00E-10 RepHel

**  Brassica napus XP_013694540.1 27.87% 33% 1.00E-10 100% cover 95.47% identity to RepHel ~ XP_022548462.1

Commelinids * Zea mays ONM60906.1 29.15% 92% 4.00E-28 RepHel -

*  Zeamays ONM39160.1 28.05% 92% 2.00E-27 RepHel -
*  Sorghum bicolor XP_002446095.2 27.16% 93% 1.00E-26 RepHel -
*  Musa acuminata ABF70031.1 26.94% 93% 2.00E-26 RepHel -
*  Zeamays AQK52428.1 28.33% 92% 2.00E-26 RepHel -
*  Zeamays AQK60686.1 27.53% 92% 2.00E-26 RepHel -
*  Zeamays PWZ05004.1 26.82% 95% 3.00E-26 RepHel -
*  Sorghum bicolor XP_021314672.1 26.94% 93% 3.00€-26 RepHel -
*  Zeamays PWZ225377.1 28.33% 92% 3.00€-26 RepHel -
*  Zeamays ONM39853.1 27.53% 92% 5.00E-26 RepHel -

**  Zeamays AQK64577.1 26.61% 35% 1.00€-13 RepHel -

**  Oryza sativa Japonica XP_025876548.1  26.65% 33% 8.00E-14 RepHel (cryptic) -

Group

**  Zeamays AQK84207.1 26.61% 35% 2.00E-13 RepHel -

**  Zeamays PWZ13396.1 27.27% 35% 2.00E-13 RepHel -

**  Zea mays PWZ06906.1 25.84% 35% 2.00E-13 RepHel -

**  Zeamays AQK97791.1 26.33% 35% 3.00E-13 RepHel -

**  Zeamays ONMS55810.1 26.61% 35% 4.00€-13 RepHel -

**  Zeamays PWZ04632.1 26.99% 35% 5.00E-13 RepHel -

**  Zeamays PWZ11828.1 26.61% 35% 8.00E-13 RepHel -

**  Oryza sativa Japonica AAK13103.1 27.24% 33% 8.00E-13 RepHel -

Group




Malvids *  Theobroma cacao EOX92974.1 43.82% 98% 2.00E-102 No significant identity to RepHel -

*  Theobroma cacao XP_017972716.1 43.59% 98% 1.00E-100 No significant identity to RepHel -
*  Durio zibethinus XP_022774647.1 43.09% 98% 1.00E-99 No significant identity to RepHel -
*  Herrania umbratica XP_021274232.1 42.99% 98% 2.00E-99 No significant identity to RepHel -
*  Corchorus olitorius 0OMO060853.1 42.12% 97% 7.00€-94 No significant identity to RepHel -
*  Punica granatum XP_031384248.1  40.79% 97% 1.00E-92 No significant identity to RepHel -
*  Rhodamnia argentea XP_030518540.1 41.07% 98% 2.00E-92 No significant identity to RepHel -
*  Eucalyptus grandis XP_010035891.2  40.75% 98% 3.00€-92 No significant identity to RepHel -
* Rhodamnia argentea XP_030518284.1  40.93% 98% 9.00E-92 No significant identity to RepHel -
*  Punica granatum PKI33626.1 40.56% 97% 1.00E-91 No significant identity to RepHel -

**  Corchorus capsularis 0MO061479.1 40.06% 52% 7.00E-66 No significant identity to RepHel -

Liliopsida *  Colocasia esculenta MQL92731.1 41.90% 96% 1.00E-89 No significant identity to RepHel -
*  Asparagus officinalis ONK72744.1 36.41% 92% 1.00€-74 No significant identity to RepHel -
*  Asparagus officinalis XP_020262994.1 37.87% 83% 2.00E-73 No significant identity to RepHel -
*  Zostera marina KMZ75646.1 34.50% 70% 2.00E-44 No significant identity to RepHel -
*  Zostera marina KMZ70362.1 35.32% 59% 4.00€-39 No significant identity to RepHel -
*  Zosteramarina KMZ65819.1 36.67% 55% 1.00E-36 No significant identity to RepHel -
*  Zostera marina KMZ67804.1 43.62% 33% 3.00E-32 No significant identity to RepHel -
*  Zostera marina KMZ56065.1 36.00% 39% 2.00E-30 No significant identity to RepHel -
*  Zostera marina KMZ65715.1 32.45% 60% 1.00€-29 No significant identity to RepHel -
*  Zostera marina KMZ68271.1 43.80% 31% 4.00E-28 No significant identity to RepHel -

**  Same hits - - - - - -

* Results of Blastp searches using the human Pifl domain (accession 6HPH_A) as a query against the corresponding group. The 10 best hits from each
search are shown.

** Results of Blastp searches using the yeast Pifl (accession NP_013650.1) as a query against the corresponding group. The 10 best hits from each search
are shown (only hits that did not overlap with the ones from searches using the human Pif1 domain).

Supplementary Table S7
Group Species* Accession* Identity* Cover* E-value*  Classification Hit from 2nd Blastp
Brassicales Brassica oleracea XP_013639271.1 28.21% 84% 7.00E-22  RepHel -
Raphanus sativus XP_018465781.1 26.99% 90% 9.00E-21  RepHel (cryptic) -
Brassica rapa XP_033147243.1 26.82% 84% 3.00E-20  RepHel -
Brassica oleracea XP_013629542.1 26.72% 90% 2.00E-19  RepHel (cryptic) -

Eutrema salsugineum  XP_024006484.1  25.64% 88% 7.00E-19  RepHel (cryptic) -
Eutrema salsugineum  XP_024007971.1  28.40% 81% 3.00E-19  100% cover, 95.18% identity to RepHel (best hit) XP_024004792.1
Eutrema salsugineum  XP_024014429.1  25.46% 88% 8.00E-19  RepHel (cryptic) -

Capsella rubella EOA12259.1 26.56% 82% 5.00E-19  RepHel (cryptic) -
Capsella rubella XP_023633617.1 26.69% 84% 2.00E-18  RepHel -
Capsella rubella EOA12327.1 27.17% 84% 2.00E-18  RepHel (cryptic) -
Commelinids  Oryza sativa XP_025876548.1  27.31% 84% 2.00E-26  RepHel (cryptic) -
Oryza sativa AAK54302.1 26.81% 82% 7.00E-25  RepHel -
Oryza sativa BAH94916.1 26.38% 82% 7.00E-25  RepHel (cryptic) -
Sorghum bicolor 0QuU91688.1 25.93% 80% 2.00E-24  RepHel -
Zea mays AQK95425.1 28.15% 84% 3.00E-24  RepHel (cryptic) -

Triticum dicoccoides XP_037419736.1 24.84% 82% 3.00E-24  RepHel -
Triticum dicoccoides XP_037474121.1 26.05% 83% 3.00E-24  RepHel -
Triticum urartu EMS67201.1 24.84% 82% 4.00E-24  RepHel -
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Sorghum bicolor XP_021305262.1 27.43% 80% 2.00E-24  100% cover, 99.19% identity to cryptic RepHel XP_002444425.2
(best hit)

Sorghum bicolor XP_002452524.1  28.15% 80% 3.00E-24  99% cover 94.29% identity to cryptic RepHel XP_002444425.2
(best hit)

* Results of Blastp using the best hits from searches in malvids (E0X92974.1) and Liliopsida (MQL92731.1) (see Table S6) as queries against Brassicales and
commelinids, respectively. The 10 best hits from each search are shown.

Supplementary Data S1. Consensus sequences of the Hel and Rep domains from Helentron (including Helitron2) and Helitron
variants.

>Helentron_Hel_consensus
LNKEQREFFYHVLHLIKTSPEPFYLFLSGGAGVGKSHLIKALYQALLKYLNSLPGFRGPKVLLAAPTGKAAFNISGTTLHSLLKLPISQSPYKPLSASRLNTLRCKLRDLKLLIIDET
SMVGSRMFNWINNRLRDIKGSDEPFGGISIIAVGDLFQLPPVGDKPIFKDPENYILARNLWWEFFKMFELTEIMRQRDDKAFAEALNRLREGQLTDEDIKLLKQRVVTEKNRPSDALH
LFATNDEVNEYNNEVLDRLKGEKIQIKAIDVVIGARTKADTRKTGGLAKLLQLAVGARYMLTRNLDVEDGLVNGAGTVK

>Helitron_Hel consensus
QLNEEQRRAYDTILAAVSDGSGGLFFLDGPGGTGKTFLYKTLLAAIRSQGKIVLCVASSGIAALLLPGGRTAHSRFKLPLNLNETSVCGIKKQSKLARLLKEAKLI IWDEAPMAHKHA
LEAVDRLLKDIMNNDQPFGGKVVLLGGDFRQILPVVPRGTRADIVNACLKSSY LWPNFKTLKLTKNMRVTSGEDQEFSEWLLKIGDGNLNVDGEGLIEIPEDFLIIEEIIEEIYPDIT
DAQNPEFFSERAILAPKNEDVDELNEYILDRLPGEERIYLSIDSVVTDDSEAENYPTEFLNSLNPSGLPPHELRLKVGAPVMLLRNLNPKRGLCNGTRLVITKL

>Helentron_Rep_consensus

PTLFCTFSAAETKWPHLLKILGKLVDNKYTEDELENLDWDEKCRLIQSDPVTCARYFDKRVDALLT TLLLSPAQPFGKVVDYFYRVEFQORGSPHIHMLLWLEDAPKFGVDSDEEVIE
FIDKIITCQKPDLNELKDLVNRQTHRHTHTCKKKNKKSCRFNIPQPPMPKTMILYPLEDDDSERKELKEKWKKIKDLLNDKEGSFDTFEEFLAKLNLSEEDYLLAVRSSLKRPTVFLK
RQPNELRINNYNPDILKAWRANMDIQFILDVYACAMYIVSYIS

>Helitron_Rep_consensus

PDLFITFTCNPKWPEITENLLPGQTAEDRPDIVARVFKLKLKSLLNDLTKKHVLGKVRAWIYVIEFQKRGLPEAHILLILKEEDKPRTPEDIDKIISAEIPDKETDPELYEIVTSNMI
HGPCGAANPSSPCMVDGKCSKRFPKKFQEETVINVDGYPLYRRRNNGRGVEKGGIELDNRWVVPYNPYLSLKYNAHINVEVCNSIKSIKYLFKYVY

Supplementary Data S2. Final alignment of Pifl-like amino acid sequences used in the phylogenetic and NMDS analyses.

>Helen_A_alb

--DE----SSKP--—-~ MQIFFTGPAGCGKTFTLRILMET---I-N--R--YSQ-~
AHNAQK-NAYVACASTGKAAVAI------— GG--=--— TTVHSA-FRI---T--M SR-R---A---N SK---L1S
------ Q-=-L-========-=--YRNAF--AN--IKAVIIDEVSM--IGADILNT-IHARLQDIS ---G ---N- mmmmmm e
DPFGG INIVFCGDLRQLPPVN AR
- -—— -=--PVYKP--TG---NSF~---~HGA-VLWQA---==-=~ L-DFLPLVKVMR-===Q-T==========~ D--V-=-=
--------- EFSSILTKIGNG---QQM-T----=-A E ---TK--LI- ES--RF -RTVE-

YE----

VNVLVSGDVMQLPPVN AR--
——————— AVFKP--PS---NTI----CGA—VVWQS--------

VTVHSA~-FKL

=VRCIIIDEISM=-~CSSHVFHG-VNTRLQAMT =~~~

LDLFACGDLKQLPPVR

-=--PVFTA--TK---SSI---GGKA-ILWQS--
- AE--

A% MRLYHTSADVQSYNDSAIP-VT----E---8S
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--I-- ATD IYT G YR TEAERRNAIG K-~
MHR KD TR- D-T--
E--D----- G-=--= LVNGAIGQLRHV
RLNVKQRE-ICMEV--~ GL QHIFVSGAGGVGKSTVIKTIFQS-~--V-T--R-~HYDNNL

NFAPDS-VKVLLCSYAGKAAYII------~ GG--—=== VIVHTA-FVL-=-P-=V===== TK-Y---G---G-----QMPP---LN PASA

S---H LITEL--RD--CQWIIIDEVSM--LGGKMATY-IEQRCREIK R N T-
DPFGG INIIVVGDFGQIPPVQ DS

MIFKP-PNITELSLL---LESN-FNWRD--=--==~ F-KMFELTEIMR-==-Q-K========-~ GE--K---~

--------- AFIEALNNLCWG---T-L-T E E MK--LF-KS--RQ VKNE

==IRLYCFNKQVDAFNAAKIF-EC-~~

ISLVVFGDLRQLPPVG
WIFSA-PSNDPYSVI-~~-YGS~-TLWDM~-~

==IHLLCTNAEVDNWNAIKLN=-SI-=-~
ADD QVK

KLKTTAKYMVTVNIN--
>Helen_M sac

----- IFNCDQRH=-FVLHV=====~
GINPDD-ARILLCAYTGKAAFGI-~-~~-
i

ISIISVGDFNQLPPVG=====m=m=mm
WYFQPNSSRNPLAPL----AGA-PLWEP-~~

MD.
MD

A e mmmmmm——————————— IHLFATNNEVDKYNNQVLS-RM-=---N---T
K ALD VS G
----- v KA
------ YGL---=======PKNL--~--~FLRVGARYMVTVNMD=~========T====T==D====-G-----LVNGTTGILKAT
>Helen M cir
----- RLNSKQRL-LLTHI------IHH----I-RNSRDESRYRYFDTAIAPPTNTTFAP-----LHLLVTGGAGTGKSMLINTLYQS---L-I--R--EFDSDR
DRDMAS-PSVLLCAPTGIAAFNI--==-== GG~ QTIHSI-FDL---P--1 SQ-G---T LST---LS ASVS
—————— H---§--=--==-=----MSVAL--RD--LRVVIIDEISM--VGSLQFGW-IDKRLRDIF D S Q-
KPFGG ISIFVFGDFLQLPPVM AA
PVYSR--AVSPGNAIPG-LLSF-NLWSL-------- F-EPYKLTQIMR----Q-R--======== DD==L====
————————— RFAVALNHLAIG---E-L-T D AD RS--LF-QS--RV-------=-VNLS-----SEQM-
QQI-KDFA AFPLPADENTNDGAT-Q-==========
P e IILCRTNNEVENFNRLILD-GI----Q---G E E-A-V-S
V AFD VSM G VE SQFDONAI ER-NT-
GDN AN PR N=Ve=
—————— KGL-=-=-=======IKNL-~-=---RLKVGGKYIISRNVK=-=========T====§==D=====G-----IVNGAGCILKRI
>Helen_C_cuc
----- KLNNLOQRD-FLNHV======INH-===I-RENTD--=~~==-GVDGP~~~-=~-MP-~-~~-LKLFVTGGAGTGKSLLIKTLYQA~~~L~-V--R--FYDEDP-============
HRDYNS-PTILLTAPTGKAAFNI----=-~ KG-==——~ QTINSA-FLL---P--1I NQ-S---D INQ---LS PEIS
H S MTVAL--AE--LRVVIIDEISM--ISSRVFLW-IDKRLRDIF D S E-
QPFGG----~-! RHVILFGDFLQLPPVK GQ
SIFAK--PTDNLDLLTSTLRVQ-EIWHS-==-==-= F-KVHRLTEIMR~—=~0=R-~~———r—=—= DD—Ar=——
--------- LFAKALNNMAIG---A-M-T P SD VA--LF-EG--RL VASL-----PDDV-

----- SLNKTQAA-IFYTI------RQWCQONRV-WGL: NP EQ FFYFVSGGAGCGKSHVIKCVYTE---A-T--K--ILRQLPQ---------

LREDGDLSI-PTVLLSAFTGTAAFNI------- SG------ KTLHSI-LKL---P--K------| NL-K---P---P: YQG---L GNSL
D---D VRAEL--RH--VEILIIDEISM--ISKDFFAY-INWRFQQIR G S

-K KPFGG ISVIVVGDFYQLPPPG KA---K--P

CVYEE DVL-DFWKD=-~-=--H--F-QIVTLTEIMR----Q-K~
-RA--LL-LQ--AV~-

K LDTI QVAVGVRIMVIRNLD-========= V-===E==D-===~ G-==== LVNGCFGKIGNI
>Helen_L_roh
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----- SLNETQAA-IFYTV------RQWCQKRV-WGH N EQ FFYFLSGGAGCGKSHVIKCIHTE---A-T--K--ILRQLPR--======~
LREEGDLSV-PTVLLSAFTGTAAFNI-- -SG- --KTLHSL-LKL---P--R------SL-K---P---P------ YQG---L GNAL
--E VRAGL--RD--VEILIIDEVSM--ISKDMFAY-INWRLQQIK G S

B O e KPFGG-===~ ISCLVVGDFYQLPPLG

e LEIFATNKEVOKYNTETVQ-AL---~Y-=~T
D--- AED YRK

P V-
K -DDL LDLI----- EVAVGVRVMITRNLD---------= N=s==sE==he=ses Grm=== IVNGCFGKIGNI

--------- D---E-===========-VRASL--5N--AEILIIDEISM--VSKDLFAY~- IHWRLQQIK~-~-~-~
=K KPFGG-----MSILAVGDFYQLPPLG
CVYED NVL-DLWKD
------------ SFAEVLNRIRVK---Q-K-TDS--LEA DD KA--LL-TQ--AI HDIK
DCP ====S=N
B Attt LHIYATNKEVDKENSATVT-AL H S D
Q AED: YRK D RR TGDMVLLA
EM M KG N
K -GDL~ PDNI QAAPGVRVMIIRNLD========== e T G LVNGTFGTITNI
>Helen A mil
----- TLNKKQKE-FFYHI--====LHL----I-KTSD KP FYYFLSGGAGVGKSHLVKSLYQA-=-A-L--K--YYNSKA-============
GEDFNE-VKILLLAPTGKAAFGI------~ KG-=---~ NTIHST-FAI---P--V-==-=== CQ-S---L---K NYKP---LD SSRL:
N D= LRCKL--HA--VKLIFLDEISM--VGNTMENIQINNRLKDIK === S R-
EFFGG VSIIALGDLFQLEPVM DS
YVEKN-MKNAEYAAL----- AP-NIWQE-----L--F-TMFELDEIMR---=Q-R-========~ DS--K---—
--AFAEILNRLREG---N-H-T P E IA--KL-KQ--RC
PN YP:
F e e e PHLFIQNSKVDEFNNKVHL-AA----T---G: D K-Y-N-I
s AID SVI G AN SAELRDKI LK-Q--
————— 1 P LD PR- K-T--
------ KQL==========ASNL=====QLAAGERTELVVNLR==========T====D==D=====G==~==~MINGAGNI IKRI
>Helen N_vec
————— TLNKEQKE-FFYHV------LHL----I-KTSG EA-----FYCFLSGGAGVGKSHVTKALYQA---A-L--K--YYNTRP---==========
GVNFAE-TKILMLAPTGKAAYNI------- KG-==--~ NTIHSA-LAV---P--A--——-- CQ-S---L---K NYKK---LD: SSRL:
N T LRCQI--GG--LKLIFVDEISM--VGNTMFNVQFNNRLKDIK G S S-
LPFGG VSIVAIGDLFQLQPVM DG
YIFKD-MDNDEYGVL=-===~ AP-NVWQE-~---L--F-KMFELKEIMR-

II--KL-KE--RI
-AQ -=--YP ~K=Dmmmmmmmmmmm

MTNGAGSVINVS

EP FYCFLSGGAGVGKSHVTKALYQA---A-L--K--YYNSRA-----=-==--==
GDSFAQ-TRVLMLAPTGKAAYTIT-—-===-~ e NTIHSA-LAI---P--A----== CQ-§---L-=-K=-====TYKR---LD SNRL
N---S LRTQL--GG--VKLIFIDEISM--VGNTMFNVQIDNRLKDIK G s P-
————— LPFGG VSITAIGDLFQLQPVM DD
YIFND-LK-TEYGIL----- AP-NLWQE-----L--F-KMFELKEIMR---=Q-R-========= ES--K----

DG=~
SP-NLWNE-----H--F-RMFELTEIMR
--------- EFAEILNRLREG N-Y-T N DD LL--KI-KT--RC VTET--
----- E Ccp P-D---
R PRLFIRNDNVDKYNEAVYN-RA----T G N K-Y-S-1
K AQD SVI G N TVELRDKI LN-Q--
A L K M LR N=P-=
KQL: ARTL QLAVGLRTEMVLNVR---------- Pe===Dr=Domes= Ger==s LTNGASNIIKLI

GEDFRT-IRVALVAPTGKAAYNI======= GG=====~ HTIHSL=LKI===P==A===a=x NQ
N S-- FRYKL--GS--LKVLFIDEVSM--VGSKMLSF-INERLKELK N N D-
RLFGG VSIVAIGDLFQLKPVF DN
WIFEN--PNNDYYPL----- AT-NLWQK-----H--F-HMYELTEIMR----Q-K---------- DS--K----

--------- EFAEILNRLREG---H-H-T D KD IK--VL-SE--RQ LDQS
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5Q K-P

K-F-Q-T
PKHLENNT- KK-Q-~-
e HK= === mmmmmmm K-T-~-

GENPDD-VKVVKAAPTGKAAFNI------- KG------ NTLHSA-FKI---P--A------ NR-G---F---E YCA---LD: SDRL
N T IRAQL--KK--LKTIFIDEISM--VGSGMFNF-LNARLQQIM ---G T K-
ELFGG ISLITVGDLFQLKPVE DK
WIFEN--SAIGYSAL-----, AS-NIWTE-----N--F-TLFELTEIMR----Q-K--========

LTNGAECMIENI
>Helen_C_gig

————— DLNEQQKE-FFNHV--- LYAFLSGGAGVGKSVLTRALYQA
HENPDN~-IHVMLCAPTGKAAHNI Bt L e L GR-G===F~==A======YKP-~-~LD~-
—————— N===T============-LRTKF~~I5~-~-LKVIFIDEISM~-~VGHNMFNF~INLRLQEIK
TSIVTVGDLFQLRPVM DN

PHLFTTRNEVTQYNYDIYN-KA---DN---§ E
AID------WVI S SC DENVKAKV LS-R--
P DD YA K=Te=
SAEL----- FLVIGIAAEITSNVN Vv Q--D G ITNGASCVIKQF

>Helen_S_pur

————— TLNTGQYK-VFSYI
GSNPEA-VRVLLTAPTGTAAFNI

N T LRCKL--AD--LDILIIDEVSM--VGCDLLMT-VDQRLREIK ---G v N
KIFGG ISVLAFGDLYQLAPVC OK
e FVFED--AADLFARL-----, AG-SLWQD-----N--F-QFAELDEIMR----Q-K---======= DD--R----
--------- AFAELLNRIRVG---E-Q-T Q E ===MI--TL-EQ~-Cl~=-—r—===ISPS~~~——=———=
D-DN P S-D
LHVFATNARVNEYNTEKLS-KV----E---G: P I-R-R-C
AVDEs=== KKP CLK-SH-
TD- AR F-T--
s et DRV ool ELKVGSRVMLTRNMD-- LVNGALGTVVDF
>XP_002772304.1_Perkinsus_marinus_ATCC_50983
————— KLNEDQAR-IVDEV------RQQAR-NIYAATEE--------IAARP------KP-----IQWFLTGGAGVGKSFVIHVIRNL---V-Q--R--ELHL-----=---—=--—-
MDFPKR-VGCLVTATTGCAAFAI---~-~ -QG--=----ATLHTT-FHL---P--L-=====TV-G-==T---YQ----SMEP---LS QAKV
B===E VRESF--LG--VEFLIIDEVSM--LGYPGLVA-VHQRLOQIR D E-
DWEGG VNVICVGDMFQLPPVM: QT
PVYGQLRGLAGMKQL ===~ AV-HLWKD-----L--F-EIRELREIMR----Q-Q-========= NG==S====
————————— AFAEALNRLRLG---E-S5-T E DD LR--LF-RS--RI VNSA
P P-D
Crmssentsas LRLFRTNAACDAYNTEMLS-KT-~~-R---G v A-Y-E-I
v AKT T PG
----- e T IT DV Q-A--
------ GGV==========REVL-----TLKTGCRIMIVRNVD I----E--R G IVNGATGTLVKI
>Hel2_F_oxy
----- SLNPEQRI-VYDTV------MGH----F-LTQ P S0 LLLHVDGGGGTGKSYLINLLSAH---L-Q-~-§--ATGG-~--=-=-=-===-=
----RG-TPVWRAAPTGVAGNQI------- SG-=--=~ TTLHSL-LHL---P--1I NK-D FKP---1S PVDK
T-—-Q LOKKL--KD--IKYLIIDEKSM--LRLRQLSW-IDDRLREAFPN-============= R N E-
EFFGG LNILLVGDFFQLPPVL QK
PLCYD-KEVQGV-EI----KGR-NAYRR-======= FDKSVFLKVVQR-===Q-R========== GDDQE---~-
————————— AFRTALGELRLL---Q-L-S M ES WK--LL-ST--RV----===--QAKL-~-~---DD--~

==LRVYATKDRVNEYNHYHLD-RL~=~

—————— MDH----F-LTK S sQ LLLHVDGGGGTGKSYLINLLSAH=~-L-Q-~A=-ARAG-==============
------- $G=--=-=---TTLHSL-LHL---P--I-===--NK-D-=====-==----~FKP---LL PTDM-
LQKKL--KD--TKYLIIDEKSM--LGLRQLSW-IDDRLREAFPN K N E-

LSILLVGDFFQLPPVL
----- PLYYD-KEVQGV-EI
ES

ARA: AP DD K-A-~

>Hel2 P_chl
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LNQ E sQ LLLHVDGGGGTGKSYLINLLSAH-=-L=Q-~A=-AAGG===========m===
----RG-TPVWRAAATGVAGNQI -~~~ ~=TTLHSL-LHL-=-P==I======NK-D========= --FKP---1S AIDK
LOKKL--KD--IKYLIIDEKSM--LGLRQLSW-VDDRLREAFPS R N D-

-------------------------- - mmmmmmmmmmm e e e QEV-ARF== === === mmmmm e e e e e e e e A=K mmm mm e e

Ammmmmmmm e LRVYATKDRVNEYNHYHLD-RL----S-=-R = V-1-0-V

AAA: AR DD K-A--

>Hel2_P_lil
----- TLNPEQRI-VYDTI
RP-SPIWRAAPTGVASNQI

—————— N---A-==========---LOKKL-~-RD--VRYLVIDEKSM- - LGLRQLSW-VDKRLRQVRPS === ===========R========
EFFGG ISIILVGDFFQLPPIA NK
PLYFD-GPLKDLHEI----SGQ-TAYRA--====== FNHTVFLKKAQR-===Q-Q========== GDDQA----
--------- GFRLALEELRGL---K-L-S I ES WK--LL-SL--RV--=-=====-QAKL-----5Q---
REV-DSF' D-A---
A----mmmmmmm s LRIYSKKARVNEYNYEHLV-RL----K---H P A-I-Q-V
M ARN-~—~—— IGN G
ADK AT SE Q-A--
------ GNL----------AGQF-----PLCIGARLMLTQNIW | Gt i & G LVNGAQGTVYDI
>Hel2 F mon
----- QLERQQORR-LYDFV------VAD----Y-AGEL AGLPP PQ FLLNLDGKAGTGKSFVIMLISAT---L-Q--Q--MATNAG-============
----RQ-FPILRAAPTGVAAHGI------~ SG-====~ RTLHAL-LRL-==P==I=-===== KF-P---K---§ YEK---LS QONL
Q---A-- AQSTM--RE--IRYLIIDEKSM--IGLKMMSW-MDORLREIY ===P T RD-
LPFGG INIIIAGDFCQLPPVA MK
PLFFQ-GQLVDPTEV----AGR-TLYNL--=-=-== FDKTIELNVIKR-=~~Q-D-~~—=m==== GQTTE----
——————— AIAFREALNALRED---R-V-T v DD WG--LL-TT--RV AGII
PHEI-PTF D-D
A--—mmmmmmm e IHIYGKKQQVNEVNHARMR-DL----Q---Q B V-L-K-I
s ATH E G L K=
ANE AS SD- A-A--
------ GNL==========HAEL=====PLALGTRIMLTENIW=~========V====E==R=====G====~LVNGALGTVRDI
>CAB1116976.1_Ectocarpus_sp._ CCAP_1310/34
————— SLNERQRN-CYDVV------RDH----F-ENE RE EP-----LRMMVLGTAGTGKSYLVYALSRL---L
----- G-GFLRRAAPTGMAAFLI-------AG------STLHSL-LRL---P--V RQ-G RN---LO: GQSL
K---A: LONSL--TG--VKYIIIDELSM--VSQSQMAW-VDRRLRQGT A v D-
KPFGG: ISLIMTGDLGQLQPVG GT
PLYKQ-NPAAALNV----~ EGY-AAYSL--- -FQDVFILDRVQR-~--Q-T-AAAA---NDDD-QR-~-~~

WD--LL-LK--RQ

—————— R---R---=-========-MQVDF--KD--TKLIIIDEYSM--IGRKMLAN-IDLRLRDIF: S T S-
————— EPFGN ISIVLVGDMRQLPPVF DT
PLYAE--GGGELQLT GTLSYSV

FKQCVRLEQVFR----Q-5-GV-
=-==-WK--LF-FT--RS

>Blastocystis_sp

————— SLSAEQKS-VLETV L KG
~K-DKVEVTASTGIAACNI======~ GG=====~ ITIHSF-AGL===G==I=====~ TN-M-==D===V=mmmmmn NQ---T-~
B ey G AVERW-~KA-~-CQVLIIDEISM-~LDGRLFDM-LEYVGRTVR ---N

VH--VI-ES--MA

DEESDE-EF-
————— §-——=-—————————————-TKLFALNNDVNRYNQQKLD-AL----D---5 P A-V-D-Y-----
A SID N G v E
E-S Y L-Y Q LG
K-S CQA PARL----- TLKLGAQVMLVKNLS v S--D: G LVNGCRGVVVSF
>Blastocystis_sp2
————— SLSEDQRK=VYTAA======V=m=m====
--A-NRVFVTASTGIAACNI ~=TTLHSF-ASI-==G==L-====~ GD=E===§===I======= TK===Cmmmmmmmmmmm e e HRV==L==Q==~
=Nr==sKs=cKesassssnsasasy) AKKRW--QD--CVVLIIDEISM--LDGCFFDK-LEAVSRRIR: G D E=
SCFGG IQITACGDFFQLPPVG LG---K--N
KV===== I YCFES: ECWNT----VI--Q-RTLIMTKVFR----Q-K----------- D==B====

--------- EFQALLRDIRYG---K-V-8 o} RS RT--LL-QR--LE RNEL
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----- LLTSEQOK-IVNLI VD GG KNVFFTGSAGTGKSFVLKHLVSK-—-=L-R--K-—-KYP===mmmmmmmmmme

——————— KSVYVTAATGIAAVNI-------GG----=-TTLHSF-AGI---K--L-=--=-GV-A---P---A -QR---L A-----VEI--L--Q---

B e LLQKW--LD--CSVLIIDEISM--IDAELFEK-LDTIGQMVR ---G N N
QPFGG IQLVLVGDFFQLPPVH GN

YAFEC KAWKK-=---51-=D-ISVELTTVMR----Q-K=--========— E--T----

TLKVGAQVVLLRKIE LVNGSRGVVVDF

>KAF2073656.1_Polysphondylium_violaceum

-KLTKEQQK-IVNLI VE KNVFFTGSAGTGKSFVLKHLVSK

~-KSVFVTAATGIAAVNI--====~ GG=====~ TTLHSF-GGI--=K==L-===== GV=A=-=-=P-==A-~

mmmKm e ————— ALQKW-~-LD--CRVLIVDEVSM~-~IDSELFEK~LDTVAQIVR:
QPFGG IQLVLVGDFFQLPPVY GN

Prmmmmmmmmmmmm e TKLYSTNASVDEENSAALE-QL----A---8§ E P-H-S-F
AYD T G s K-E--
- L L-E N LD-========== R-D--
PA MQKL----- TLKVGAQVVLLRKLE---==-=-=- K--=-H==D-===-= e LVNGSRGVVIDF

>KYQ93685.1_Tieghemostelium_lacteum
----- PLTSEQEK-IVNLI

C ==KSVFVTAATGIAAVNI ~TTLHSF-AGI
-K--- ===YLORW--RD--VKVLVIDEISM-~-IDSELFEK-LNTIGKIIR ---G N
LPFGG IQLVLVGDFFQLPPVL: GS
e YTFES POWES I--D-MCLELTTVMR----Q-K--=====-==- Ee=le===
--------- EFINVLNSIRVG---R-V-H D GI -==-VK--SL-QQ--CA RPLD
V-SN G V-L:
P TKLYTTNQSVDDENTLALG-AL----T---G E P-K-V-Y
E SFD: S G H K-D-=
M I-V: N LD: N-D--
e PRE Lot TLKVGAQVVLLRKLE K====N=-=D Lo LVNGSRGVVVDF
>XP_012754920.1_Acytostelium_subglobosum_LB1
————— TLTPEQER-VVNLI v DG----KKNVFFTGSAGTGKSFVLKHIVAR---L-R--E--KHE

- KAVYVTAATGIAAVNI----- = GG~ n e =Y TLHSP-AGT ==Kl wmmmaGH G PommmPare
-S R T YTKRW--TE--AKVLVIDEISM--VDAELFEK-LDVIARTLK V- N D-
KPFGG IQLVLCGDFFQLPPVV- GS
YAFEC EAWKR--=--CV--D-ECVQLTTVMR---=Q-K=-========== E--G----
————————— VEVKVLNNLRRG---Y-V-T P EA IK--VL-QD--CD---------RPLD-—————————
I-SN G V-L
Pommmmmmmmmmmmmo e TKLYSTNQHVDDENTKALE-AL----E---G E P-T-T-F
T SID S G S E~E-~
----- B K-D N 1E R-D--
------ CPA----------PQQL-----TLKVGAQVVLLRKLD- -~ ----G-A----K--§-=----H-----LVNGSRGVVVDF
>A_subglobosum
----- TLSPEQRH-VVDLV- L GG SSIFFTGSAGTGKTYVLREIIQA---L-R--F=-LHG================
——————— DCVHVTASTGIAACNV----==-GG-=---==TTLHSF-AAI---G--L------GD-K---P---2 KD---Y I RSI--A--G---
e e e NLLRW--RQ--TKVLVIDEISM--ISAELLDK-LDQIGRALR: S S
RPFGG IQLVLVGDFCQLPPVS KQ---T
RA S YCFRA VCWEM----MI--D-HSILLTKVYR-===Q-K-========== D--D---=
—mmmmm e KFVKVLNELRFG---V-I-§ D VG LT--TL-NQ--CV-======== SNNL----- D----

==TVLYPHRAKCDAENERKLQ=AL==~

>C_fasciculata
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----- TLSEEQRF-VLDHV: KG--==-NNIFLTGGGGTGKSYLLRIMISC--~-L~-R--K--KFK
= ~-V-NELYATASTGVAAVNI -=-TTVHSF-GGI---G--L------GT-K---P---A -ET---L
-CKCLVIDEISM--ISKTIFDL-LDYLAKRIR S N
----- IQLIVVGDEFSQLPPVV==seancnasansseassND==aRe=Kk=llQscccsormamnesasnnansdssasn s aatennne
YMHQ= ===~ Qrmmmm———— FCFLS=mmmmmmmm—m— e PAFKQ-===LF=TQ=-NSFNLTQVYR====Q=S=mmmmmmm=mm D==T====
D ED ===I1Q--LI-ND--RT
--------------------------------------------------------------------- T T o o o w5 o
Pormmemarenneammnnnne TILYPKKVNVHEENIKQLA-LI N E K- E=¥~T~F:
K ADD Y G D PeQwe
H M GF T-N-~
------ CQA--========PEIV=-=----KLKTGAQVLLMVNQD-~-========F====K-=K-====K~-~=--LVUNGSRGVIVGR
>XP_014228054.1_Trichogramma_pretiosum

----- EMTAEQSQ-VLEYV===-=-=~L~-
--DVTIATASTGVAACHI

i i
KPFGG IQLILCGDFFQLPPVS-========== =KR=r=Dr=E=
QS=====] K FCFQS KAWAS-==--CI--Q-MNFELKKVHR-===Q=T=========== D=<P====
--------- QFISILNQLRMG---Q-V-T D ET TK--IL-QE--TS RQTI
E-TK G =I=L===
A---mmmmmmm s TRLCSHVNEANEINETQLE-KL----8---G V. S-K-T-Y
M AED: S D E S-=
----- L-- T-R s LD: Q-0--
------ LTV----------PNKL-----VLKVGAQVMLLKNIS-------==-L--=--S--A-----G-----LVNGARGVVVKF
>XP_017781591.1 Nicrophorus_vespilloides
----- PLTIEQRD-VLDAC L SG ONLFFTGSAGTGKSYLLRKIIGA---L-P--P
- --DVTVATASTGVAACHI------~ GG-====~ TTLHQF-AGI---G--8§-----~ SD-G---S---L ER---A; K===== EVA N
-R: -==TSSNW--RR--CKHLIIDEISM-~-IDGDYFEK-IEAVARHVR === N D-
KPFGG IQLILCGDFLQLPPVV====== == ———m——m e KT---K--E-
NKK: R FCFQT KAWKE----CV--N-QTFELKQVHR----Q-§------—---- D-~C-~--
--KFIDILNKLRIG---E-V-S D EV: VE--TL-AR--TS KQRI
E-KD G I-L
A-——mmmm e TRLCSHMADANMINESKIK-NL----P---G E A-K-L-Y
==D-= AQD: S D N b
————— L T-K Q LD- Q-0--
------ TPV==========PGKL~====QLKVDAQVMLLKNVN=========={====§= =A== ===G= ===~ LVNGARGVVTGF
>NP_942102.1_Danio_rerio
————— KLSKEQTA-VLNAV L SG-----KNVFFTGSAGTGKSFLLKRIVGS---L-P--P
----KSTYATASTGVAACHI------- GG-====~ TTLHSF-AGI---G--S-—----~ GS-A---P---L EQ---C I-==-= ELA Q---
) ) e S S VLRHW--TS--CKHLIIDEISM--VEAEFFDK-LEATARSIR R S T=
EPFGG: IQLIVCGDFLQLPPVT---============mo KG---K--E
K. N FCFQS RSWRK----CI--H-MNMELMEVRR-=--Q-T---~~
————————— TFISLLQAVRVG---R-V-T E EV TA=--QL-LK--SA
--------------------------------------------------------------------- E-RD G ~I-Le==me=een=-

--TRLCTHKDDVELTNENKLK-QL----P

SRLL:

QLKVGAQVMLTKNLD

LVNGARGVVVDF

----- QLSEEQAA-VLRAV- L KG QSIFFTGSAGTGKSYLLKRILGS---L-P--P
——————— TGTVATASTGVAACHI---==-=-GG--===-TTLHAF-AGI ---G-~S=-=-==-GQ-A---P---L AQ---C V=====ALX Qi
“Re===P===Gmmmmmmmm o VRQGW--LN--CQRLVIDEISM--VEADLFDK-LEAVARAVR 0 Q N
————— KPFGG IQLIICGDFLQLPPVT KG---5--Q
P R FCFQS KSWKR----CV--P-VTLELTKVWR-===Q=-A-========== D--Q-==~

--EV ---TR--QL-QA--TA

QLKLGAQVMLVKNLS LVNGARGVVVGF
>XP_034314500.1 Crassostrea_gigas
----- KLSKEQST-ILDAV- L KG KNVFFTGSAGTGKSFLMRRIIGS---L-P
~~QHTYATASTGVAACHI-=====~ GG====== TTLHAF-AGI-==G==§=====~ GS=A===P===Le====== EQ---C-=
e P O o o e e IAQQW-~RK~~CHHLVIDEISM-~VSGAFFDK~LETVARVVR =-==K
~===KG===T==Dmmmmmmmmm e

==KSWSR===~CV~--Q-VNMELKEVRR
HQ--IL-RQ--TV HHEI--
----Q-KN G I-L---
Ammmmmmmmmmmm oo TRLCTHKEDVNKINQYHLG-KL----Q---G: E E-R-T-F
v AVD G E E R
----- Y K-D Q LE V-L--
------ SPV----------PKKV-----VLKVGAQVMLAKNLD V- Q--R G LVNGARGVVVGF
>XP_028415325.1_Dendronephthya_gigantea
----- KLNKSQLR-VLNAV======K=m=m====
--=~HNTFVTASTGVAACQI ~=MTLHSF=SGI===G==C=====~ GK=G===N===L===m==== EN-==Cr=mmmmmm e
SNE=ssRe=af=sscsssanso=s HLQQW--KN-~-CKHLIIDEISM--IDSELFDK-IEAVARALR: K N
RPFGG IQLIVCGDFLQLPPVI==========——————— KP---G--E
KK K FCFQA ESWST-==-CI=-H-KTIELIEVKR=~-=Q~§-=r—=r==—u= D==P=r==
--------- LFINILNNIRVG---R-C-P D EV VE--RL-SR--SK ENKI
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—————— CPA==========KAKL-~~--ELKEGAQVLLTKNLD ————=V G--Q G LVNGARGVVKSF
>XP_031556309.1_Actinia_tenebrosa
----- NLTSEQSE-VIKAV: R AS RNVFFTGSAGTGKTFLLRKLLGI---L-P--P
——————- EGTFVTASTGAAACHT--—---- GG--=--~ TTLHAF-AGI---G--$ GS-A---T---1 -EQ---C I----- DLA----- S---
e e ) RSRQW--KN--CKRLIIDEISM--IDGDLFDK-LEAVARSVR: N N D-
RPFGG IQLILSGDFLQLPPVW-=======——e————— KK---E--G
NNK

--------- MFVSILONIRVG-~=S~C-P~

-SLSEDQLQ-VINVI K NG DSVFITGSAGTGKSYLLQRIIGM: P
==DTTYCTASTGAAACII TTLHSF-AGI===N==T====== DA-A===P===L-=

ATD N

P N
P

jol o

S
------ CLV----------PHTL-----VLKIGAQVMLAKNID " S--R S LVNGARGIVTSF
>NP_001293174.1_Caenorhabditis_elegans

TSVFFTGSAGTGKSVILRRIIEM===L=P==A==mcm e e e e e e e

~ITLHAF~CGF===R==Y====== EN-=S===T===Pm==mm== EQ===Cm=mmmmmm e -===KQV==L==R==~
-=-MVRQW--KQ--CSHLIIDEISM-~-IDRDFFEA-LEYVARTVR N N D-
KPFGG IQLIITGDFFQLPPVS KD
----- EP v FCFES EAWSR----CI--Q-KTIVLKNVKR: Q-N: D--N
--------- VEVKILNNVRVG---K-C-D F KS --=-AD--IL-KE--SS KNQF
PS S V=1
P TKLCTHSDDADRINSSSIE-TT----Q---G D A-K-T-F
H AYD: D S
H AK A-R--
====QKKL---~-~ VLKVGAQVMLIKNID-- LCNGSRGFVEKF
>XP_004991536.1_Salpingoeca_rosetta
————— SLTPEQKD-VLMAV L SG-----RNVFFTGSAGTGKSYLIGKIIEA---L-P--K
o TTVVTASTGVAACAI----~- =-GG-=-=----TTLHAF-AGV---Q--A--=--=--GS-S---R---L
P===V NTSAW--TT--AKVLLIDEVSM--IDAPYFDQ-LEQTARRVR: R N
KPFGG: LOLVLVGDFLQLPPVT-================ KR---G--E
ET Q FCFQA KSWDA----CV--H-ECFHLSQVHR-=-==-Q~-R-========== D==R====
————————— TFVDILHRCRLG---Q-C-T P SD IT--YI-QR--SA THRL
D-Ss H I-R
= TRLCTHVKEAKQINEQQLS-KL-~~=8---G S S-K-L-F
T RSD A S P D--
----- Vmmmm e S-R s s L-A--
------ SRV=-========-EKVL-~----ELKVGAQVMLSANVN V====8--A G LANGSRGVVVKF
>M_conductrix
----- DLSDEQQR-ALQLV: Q SG RSIFFTGCAGTGKSLLLRHILRC---L-P--R
——————— NTTEVTGTTGLAACHL------=GG----=-TTINSY-AGI---G--R------GE-G---5---L ES---L v RMA G---
R T SLQRW--RA--TTHLIVDEVSM--MDGRLFDT-LEAVARKVR G S A-
APFGG IQLILSGDFHQLPPVA KG R--E-GAA:
OR K FCFEA ESWAR----CI--P-ESCFLSKVFR Q-S D--N
————————— EFVDLLGKIRSG---S-C-P------Q DK VS--QLLKT--CA RPLP-

>Helicosporidium_sp
————— PLSTEQRR-ALEAV

--HGTHVTGTTGLAASAL

--------- DFVHLLADVRRG===V=C=T======G=========
RSLENHGPGEEEERKQDQ--AGVERKQDQAGVERKEDRAGATKTEDQ- IDVIFKNDPAQP
I-Vemmmmmmmmee Smmmmmmmmm e TKLMTHRQQVAEDNARQLA-AL=-===P-=~F
R-V-F 0 AED------ E

c

PA ESRL ELKLGAQVILVRTVC
>XP_023909855.1_Quercus_suber

2
G-A
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----- FLSEEQQH-VLDLV LE KN-----SSVFFTGSAGTGKSVLMREIIAA---L-R--K--KY(Q:
REP-DRVAVTASTGLAACNV----- --VTLHSF-AGI---G--L------GK-E---D---V -PE---L
-=-SKQRW--MR--TKVLVVDEVSM--VDGELFDK-LEATIARQLR N N

DBt 8 5 o o o i e o 45 i e o e e 5 e o e o
ATWIT====TI==E-HTIGLHHVYR====Q=Kemrccccaaa D==Paca=
---IK--AF-RC--LS RKPE.
--------------------------------------------------------------------- T E D e e o e s i P e e M ) o om0 i
TELFPTRNEVDRANNERLW-KL---=Q~---G: Y D-V-V-F
ARD: G G S VVE: K-D--
R-D K LL S-N
PERI----- VLKKGAQVMLIKNVD D s LVNGSPGRVLGF

>P_griseal

==TLSNEQRH~VKDLV
KDP-DRLAVTASTGLAACNI

e B AKNRW--LR
KAWGG-----IQLVITGDFFQLPPVP~========== -DG---§--D-K
RDI====< K FAFEA ATWNT---=-SI--D-HTIGLTEVFR---=Q-K-========== D=<P====
--------- AFANMLNEMRLG---K-I-S E KT VA--NF-KS--LE RELR
F-DD: G =L~E==~
TELFPTRSEVERSNNLRLA-AL----K---§ K T-Y-R-Y
AQD S G D P-N--
R-D K LL Q-N--
PQKL----- ELRKGAQUMLIKNMD==========mmmmm e m E--—== Temmm LVNGSLGTVVGF
>XP_009351018.1 Pyrus_x_bretschneideri
----- LLSHEQRH-ILQLV: E EG HSIFYTGSAGTGKSVLLREIIKT-==L-R==R-=KYS-=======mmee———
RSL-DAIAVTASTGIAACNI---==-~| GG-====~ VTIHSF-AGI---G--L GR-E---T---A EQ---L A-=——- IKV--H--K---
===ATTRW--LR--TQVLIIDEVSM--VEGDLFDK-LARIGSLIR === K V-
EPFGG IQVIVTGDFFQLPPVA
AV K FAFEG
--EFVDILNEMRFG---R-L-T Q KS ID--KF-KS--LS REII
Y-ED G L-G
A-——mmmmm e TELFPRREDVERSNTVRMS-GI----E---G T V-H-L-F
i Qe AVD G G M ITD K-E~-~
Q R-N K LL- S-N--
------ FMA==========PETL=====KLKIGAQVMLIKNLD=============nmnncE=====T====-LVNGSIGMVVAF
>S_cerevisiae
=-CLSKEQES-IIKLA------ E NG HNIFYTGSAGTGKSILLREMIKV---L-K-=G--IY¥G--==============
—-R-ENVAVTASTGLAACNI------- GG-==—=~ ITIHSF-AGI---G--L-----~ GK-G---D---A DK---L D KKV--R--R---
=S R---K: HLRRW--EN--IGALVVDEISM--LDAELLDK-LDFIARKIR K N H
QPFGG: IQLIFCGDFFQLPPVS KD---P--N-R
PI- FAFES KAWKE----GV--K-MTIMLOKVFR-~~~-Q-R-===~

--------- KFIDMLNRMRLG---N-I-D: D ET ER--EF-KK--LS

~§====I===Re===mmmmmmmm HRERW--KN--TKILVIDEISM--IDSSLLDK-LDYIAKKLR
————— FPFGG IQLIFCGDFFQLPPVK-================
v K KAFES

-=ET:

>C_viswanathii
————— ILSKEQEY-ILKRV: M HG VSLFYTGSAGTGKSVLLRSIIKS---L-R--E--KYD

~-RGIAVTASTGLAACNI-=====~ GG-====~ ITLHSF-AGI--=-G=-L-====~ GQ=Gm==T===V=mmm=mm ES---L--
B e T ALRRW--QE-~TRVLIIDEISM-~VDGNLLDK~LNELAKRIR H

~===KN===M==D=P==m=mmmmmmmm
==KAWEE----AI--K-QTLTLKEIFR:
IN--KF-RS--LE RRLK--
----C-PE G F-V---
Pommmmmmmmmmmmmmmo SELYATRNEVERANNRKLN-SM----E---G: E I-V-T-Y
T ARD G G i LEK K==
----- R I-E M LV S-N--
FLA PKKL QLKIGAQVMCIKNYD: E R LVNGSLGKVVAF
>XP_002163633.2_Hydra_vulgaris
----- CLSAEQKK=VLDIV===m==Kmmmmmmmm RNVFITGSAGVGKSFLLNELIKS===Q=T==K====m= == m e e e
----KGVYVTASTGVAACNI ~=TTLHSF-AGI-==G==L=====~ GN-K===P===A======n SI===Le===mmmmmm——— -===FDI--L-=K==~
=K====PYKVB==reecesca—a= AKKRW--LG--CRILVIDEISM--IDAGLFST-VEEVARIVR N N N
SPFGG IQVILCGDFLOLPPVN VK
K FAFET QAWRD----VV--H-ETVVLKKVFR----Q-K----------- L--V----

--------- GEVSLLNRLRIG---Y~-L-T P LD 1E--VL-KH--CK GTAF
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====P=DD G I-K
~-TCLFPHKASCDKLNQAELS-KL----P G K- M-F-T-F

AVD W F K N-SM-
———— i o e e e e e Q-E=====mmmmmmmne Q=== mmmm e LN====mmmmmme K=T--
—————— SRY==========FKVL=====NLKVGAQVMLLNNLS = ========={====§==N=====G=~===-LVNGARGVVTKF
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=KLNIKQQL=LFDFL==~ RPLFVSGCAGTGKSALLRALRNF===W=T==R==Q=========
~N-ETVYVAAYTNLAARNV -KTCHSL-FGF~==D-=F=====~ KL-N---V---K -RP---F
--------------------------- SL--KV-=-PHCLILDEISM-~IPGQMLDK~IDEILKRAC==========mm=m=oK=mmmmmmmaNemmmmmmmommmem e meee=DE~
----- KPFGG VNLVVFGDLYQLPPVD: KN--
DTM: K PVYEA: KVWPQ =F=TLYELTENMR~===(=S~==r=cce=== E==A====
————————— LFIDNLNMLRTG---D-A -KC -=--VE--YF-NT--LT LKTP
--PTV-EN Q N
N TCLVSTHNESNSINVNCYN-AI----T---1 D QVE-T-V-V
R LNK RVL N RKSV KRD-T--
-==0TF" N v EQ E-N--
—————— MIF----------KSNL-----KLCPGTRIMVTHTTN N FCNGDFGIVESV
>YP_001651017.1_Orgyia_leucostigma_nucleopolyhedrovirus
TF----- EPIFVSGCAGTGKSALLKALRKF---W-F--K--E--=-=-=—=————=———-
----- K-KTVVVAAYTNLAARNV----- KTCHSA-FGF---D--F------KL-N---I---R -R
1 P---L--SS-KPDYVIIDEISM--IPAQMLDK-IDTKLKYSS G A TS-
EPFGG VGVVVFGDLYQLPPVD KN
VTT----- K PVYEA NVWPS F-KLFELTENMR----Q-8---——-———-- E--A----
————————— LFIDNLNSLRTG---N-T sC VD--FF-ST--LT LKQP:
PTV-EN Q N

----- TLNQSQQK-LEDYV------VSR----0 EF EPIFVSGSAGTGKSALLLALQKR-=-W-E--D==D-================u
-K-KIVMTVAYTHMAARNV- NG--====TTCHSA-FGF---D--F--=-== NL-N---L---K sY
ICNPV--PNYLIIDEISM--IPDKMLNG-IDEKLRYNT G v D-
KPFGG VNVIVEGDLYQLPPIN-=======mmmmmmmem DE---K--K
----- --NNF K --PPFYS RVWNS -L-SLYELTENMR----Q-T---~ -~E--A----
————————— EFTANLNMLRVG---D-T R KK-~-FF-DK--LV TKP
PLI-SE-===========mmmmmmmme Smmmmmmmme A
LNKK- AEE-Y-T-V--========
----------------------------------- R-=======KTF==m==m==m====-ENS-R-~
Kmmmmmmmmmmmm e e KQ- ---E-E-~-
G FCNGDVGIVTEV
————— KLNEEQQR-TIYDYV--=----TRV----K KF-----APIFVSGSAGTGKSALLIAIRDW==-C-R-=A=-E============—mmmu
----- K-KVVWIVSYTNLAARNI---=-=-~EG----=-KTTHSM-FKF---D-~F------NL-N---1 N
---------- Y-=======-===----RI--NA--PEFLIIDEISM--VPAKMLNG-IDAQLKRST ---G E D-

VNTIVFGDLYQLPPVE-

Crmmmmmm e TSLVSTHLEANHLNNICYE-YV-m==K===§=m=mmmmmmmmm e e e e e e KSKm=mmmmmmmmmmmmmmm e DKKE-Y=Q-Vmmmmmmmmmm
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--------- DFIDALNMLRIG---D-$ RC QK--FF-DD--KV: LOKS
--PSV-EE K -L-N
--TSLVSTHNEANAINEQCYK-RI----C---1 D- KEE-H-T-V

e R RGR=======mmmmmmmme D-M-~
N Qmmmmmm e NQ- -===I-D--
G v FCNGDVGEIVGI
EF----- APTFVSGSAGTGKSALLKALKKF==-W-T=-E-=-Q-============-==-
------- EG------STIHKQ-FGF---D-~F QC-Q---L---R NN
D---R NL--GA--PNYLILDELSM--VPAMMLDG-ISERLKQST R L D-

==TSLVATHREADLINAKCYA-HV---
YLLQLNY------KPE

KDGL KYCVGTRVMITHNLK FCNGDIGTVMSV
>YP_009249960.1 Mocis_latipes_granulovirus

TNR= ===V = m SF=m==m SPIFVSGSAGTGKSALLKALRHY===F=V==T==N=m=mmmmmm=
------- DG======LTIHKQ-FGF===D=~L KC=N-==L-==N
NA--GA--PNYLIIDEVSM--VPAKMLDN-IDIFLKNNT

===IVY:

SIF: RDGL KYCVGTRVMITHNLK G
>NP_059294.1 Xestia cnigrum_granulovirus

~K-KVVWVVSFTNLAARNI

—————— N-==K===============-NV--GT--PNYFILDEVSM--VPAKMLON- IKTYFQONT R M D-
————- LPFGG UNTIIFGDLYQLPPIS================ NQ---Q----
cYQ L PPYCA DIWKS ~L-RLYELTINMR----Q-§=========== E--§----
————————— DFIDALNLLRVG---D-K KC LE--FF-NQ--KV MNHS
ITV-QD Q F-E
Cmmmmmmmmmmmmm e TSLVPTHREADYINSKCYA-HI----K---§ 1 SEE-P-V-V
E YILOLSV RR S RRL HS-M--
---MVY A s Go E-E--
------ LIF--====-=--RDKL-----KYCVGTRVMITHNLK==============-G=-L-=--=-A-----FCNGDIGTVIAI

>QNH90674.1_Mamestra_configurata_nucleopolyhedrovirus_B

= -ILNEQQQK~-LFDYV--- QF EPIFVSGSAGTGKSALLKTLKAY---W-Q--D-=L---~
----- G-KHVWVVSYTHLAARNV QTIHRQ-FGF---D--L: KG-N---L R DS
ASS-FQRTV--PDYLIVDEISM--VSAKMLEG-MNIRLORMT D E D g
VPFGG VNTLIFGDLYQLPPIS------=-========= NK---RYGK
PPFKA PVWSS L-RLYELTINMR----Q-§-----—————- E--T----
Qc LN--FF-NQ--KA LEQT
--PSM-DV Q M-S
TSLVSTHAEANAINARCYK-HL----Q N T NKN-E-Q-F
—————— KNK s RKL F-S--
N K DQ ----E-Q--
MYCVGTRVMVTFNLK=============== N=-=§===== P FCNGHIGVIVSI
>QKV50030.1_Plutella_xylostella _granulovirus
F EPIFVSGSAGTGKSALLVTLTKA=—-W-T--M-=-K-—========———ouou
————— N-MRVDVGTYTNLAARNV----- KTLHKL-FGF---D--L------KM-E---L R N
==p C---F--NA--PDYLIIDEISM--VPDKMLAG-IDERLQQAG L N G
IPFGG VNVVVFGDLFQLPPIS==========mmmmmmm ND---K-=-~
——— DAA----~ K PPYYA SVWSS F-KLYELTINMR--=-Q=8=========== E--Q----

------ IIF-=========KDGM-----KYCVGTRVMITQTVP-~
>YP_009186748.1_Sucra_jujuba_nucleopolyhedrovirus
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>YP_010086327.1_Hyposidra_talaca_NPV

----- PLNEDQQK-FMCIF--—----EDM----L-TRG DT-----TPIFVSGNAGTGKTFLLKHLFKE---L-T-IN--R
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KNQ---- KAN-- KCHGA DVWKE F-QLFILTQMMR----Q-N---~
--------- EFTEALNQLRVG---N-L -RG ---IA--FF-NR--LR

---FD

TLAQGSRIMVIANCK-—============= R K----- CINGDLGVVEEC
>YP_009133285.1_Lambdina_fiscellaria_nucleopolyhedrovirus
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E STT K NG Y IKD T=R==
S A N I-Y--
===mR==§ S INGDLGVVEDF

=ALNDDQSA~FMRIC-~-~
=N-LLVERIAFSALAAQNI======= NG=====~ KTMHKL~FKF

---------- Fe============LIQDL~--MH~-~-IDVLIIDEVSM~-~IHGSYLDK~IDEILRVVM
----- VPFGG VHVIAFGDLYQLPPVV
S NPT ASS E KCYSA AVWKE -F-RLYTLRQMMR----Q-S----=-=---- Br=P=e=r
--------- DFIRALNQLRVG---D-E -KG ---I1Q--YF-NE--LR DRQK:
A-1ID SeEsesma=Es 1 g
B rmien e e e e e TTLVSTVAAAHAINTKNNK-TL----L---E NA DET-H-E-L
V: STS KVM P AVD P=pes
---FLY P H KN M-H
------ QVV=-=========-PDKL-----TLCVGSRIIVTVNCK D--8 E VNGDLGVVEKF
>YP_008004327.1_Choristoneura_biennis_entomopoxvirus
————— DCNIEQKN-FIDYLDKNIINDNI----T: NL-----YPIFITGSAGSGKSYLLRCIIDK---F-K-=D--¥=-==-mm=-mmmmommmu
----- N-INPDIAAFTAIVSKSI-------GG------RTIHSL-FKF---D--F------FG-K---C---L -K
P NVSLL--KN--MKVLIIDEISM--VSAKYLDS-INDMLMKYK K N TN-
V-FGG VEVIVFGDLYQLEPIS ND-
E NDE----- L PVYKS IVWON F-LKYQLYENMR---=Q-N-========== E==K-—===
————————— EFINALNMIRIG---K-L: DS LD--YF-NN--1IY KKSKS
NNLE-EK E N
SSESasE s RS S TTIVSTNDEAYIINTRIFD-KI----K---Q N NSE-I-Y-Y
N NANYKT KYI N YDP D-VY-
e ) De====mem——eea Km==mmmmeee e NN====m=————— I-N--
E--N S KNSDMGYIDNI
IEN----M-NKNP LDP TR LPIFISGGGGTGKSYVLKKFKDY---V-V--N--V--coecmem o e
-N-KKIAVVATQAIAATLI DG------KTIHSV-FNI---R--G------ GN-A---Q---T PD
Q R Comm! TL--TSFPYDVLIIDEISM--LNGELLDL-IENTLVTVK R S A=
MPFGG VYVCVLGDLLQLPPVN KS
----- ----PVYKA NCWKW -F-RLISLVTNVR----H-K----
————————— EFSNIMARVRIG---D-R-S A ID--IL-NE--KC
------------------------------------------------------------------- PEI-EHL=============cec=-RFE~=====c==E=Gm==========

----- IWTDSQKS-AYDGI------ITT----F-KRNV VDV QR. CPIFVTGRGGTGKSFLLHRLREY---F-E--N--H
----- G-VRVVVTATQAVAAQLV-~-~=---5G----~-KTLHST-FKI---R--R----=-IR-§---V---D SA--AF v CDI
--------- DI--FP--YDVLIIDEVSM--LSDTLLDT-IEQKLTTIR ---D R
APFGG VFVVGFGDLLQLSPVQ DR
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-——- ~==UN=-AI-NE--YC====mmm== VKTS=====mmmmm
--CEI-DKD LLE N-N
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————— RTL--KRHESTVDC AND S D
RDY=mmm- Yo T Lo
EVE RIV--- PKEL-=---=- SVFPGATLMFTANGL-========= Se===G==Ge==== P WCNGDICKVVSL
>P_oligandrum
==-SFTSEQQL-FIDLA: 2% TR. RNLLLVAPAGYGKSFVIKEIVER---F-R--H--ELTRID:

~EQ-PVYALCASTGKAASLI-====== GG=====~ RTLHSY-LGI===G==Le====~ AQ=G===T===P=m==m==DE===fm= === === === = e mm =
-=-KLEAL=-~-KA~--VQVILVDEVSM~-~VSAEFLDK-ISTYLQLLR================H=n=n=

~=KEYKR====GY==F=HPFQFTRCFR====Q=N==m=m=mm=m= N-=R====
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--------- EFVALLNEVRFG---D-C-A D RE FA--TL-QQ--RT SIDP

---QY-SN G -L-T

--MRIVSTNEEVDKINADEME-AL--~ T-G-V.
------------------------ KHA-E--
------ CR- ====E=D--

——————————— D-----K-----IVNGTQGRVIAT
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----DR---T--P-APG

==TRLCPLVAQVAAINAERLA-GL-~-

SKC PWR- K MTPKIEAT LN-A--
----- H R-A A LE K-N--
APA APYV NLKVGAQVVLLANLD: v E--H G LVNGARGVVRRF
>BBI30459.1 Acanthamoeba_castellanii_medusavirus
----- TLNEDQAA-FIRWL====== mmmmmmmmmmeeeeKN======SR=====KSAFVTGPAGTGKSALIEEATAV==~L=E==R==Q====m=mmmmm———————

--E-RNFVRTASTGAAAFNI TTTHSA-FSV-==G==A=====~ CL-L===D===I==m==nn EK===Lm===mmmmmmmme Cmmmm= KRM-DK~~M-~~
- p N R-
--=-ER---G--E-RERR
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===DA==FF=AN==RY=sasne==s RATH-----

LPKGAPAPQL-NQITRD: PEYE R-D

————— 2 e ====TRIRTNNPDVDTINLAAFD-VT R N ===P SGTSTPY-=--~-~

==G-F----EQTF--K-- SVPKSRKLQDFA: EA SPTQ

ISKHK F ELEAMQKL LI

--5-Q TA: DRPL: RLRVGVEVVIVCNID----=====~ Po==8==8==i== G -LVNGARGTVVGF

>08X74557.1_Porphyra umbilicalis

----- AASQPAAS-IVSQL======§mm=mmmmm

- -D-RSMGVCATTGMAASLI----- -GG------VTLHSW-AGL---R--P------AT-T---A---ALVGGTSASE---L
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----- TPLGG LVVLFCGDFVQLPPVS-================GQ---G--M-
5G 4 YAFRA AVWPA----LF--ADQGVLLRVNFR----QGA---=====--~ D—-§———-
————————— RFLGLLHRMRRA---E-L-S Q DD VQ--ML-NS--RV- GRST
P A-D
R VTLFSKNEQAHEHNAERLD-QL----K~--=T P A-V-E-Y
Y AVD DYKQLD--KE QG
---VAL LA A-V--
------ TAA=-=-=-=======QLVV-==~=-TLRVGAVVVLLSNQY~~========F===-HV-H-===-Q-----LCAGSRGVVVGF
>0SX70336.1_Porphyra_umbilicalis
-TIVGAERK-VCRLL T GN ECVFLTGPPGCGKTHLVNDVVKT---L-R--A--V---- e -
-G-LSVSVCGSSGVAAALV------- GG-—---- TTVHAW-AGF------ V--—=-= NGD-A---D---V AT--PL ETVLTK-VI---
P B e AKYRM--RS--AMALVIDEVGT--LSAALITR-LDVVLRDVW R A-
LPFGG LVVLFSGDFLQLAPPI GN
FAFLS GAWRE----AF-DN-RAIVLDTHWR----HIN---------—- D--R----
--------- QLLDVLLRMRVG---L-H-T T ED 1Q--LL-AT--RR SAKP
P P-N
P P-N
IWLFCHTIPAKDKNEEELR-QL----P---G P N-V-T-Y
AQD---=--~ KVKV E--
TLDS ARTL: LD ----E-G--
KLRVGAVVLVPSNCL========== A-===G==D-===~ G-==== VPAGSRGWCFVF
————— HLSQSQRI-AAYLI H GR-----HNMLLTGGAGVGKSLLADFTSKA---F-K--K--M
-N-VLVRFTSTTGNAALQLP------ NG------ TTFHSW-LGL---G--L------, AK-E---N---P------—- RT-——L——————— === A-———- VSA--A--N---
-=--VKETM--FN--TECLWIDEVSM--FPARLLEL-LNLLGQQVR K N N
RPYGG IQVILSGDFAQSMPIP---========e—o=en DK---L--N-QFQRRSDSM EEAAYI
——rm——— EKL-------- EKL E FCFQH PEWDM----LV--D-YTIYLQEVFR----Q-T-----==---— D--R----
ED Se=TK==KL=NSINKP~—=====s TTPQQEE--
==SSISSF-DDPYNQ- = FIPVD--VEHRFS=D=====

---Q--D----- L LVNGSVGIIIDF

DGSNPERLHMLLHGPGGCGKSVVIRAAAHM---L-R--Q
---VN-K---SYGKP GD---LP

Ammmmmmm oo VHLYATRRAVAESNRTYFE-EHVSRTN---A
g SPALD VNVR 6 A
————— v P D

------ GGL-=========EALV-~==-RVAVGVRVMLRHNID=-~=======V====Q==D=====G==-=-LVNGACGFVEQV
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>Perkinsela_sp

----- APSADQEK-ALKLA: L ER-----KCLYLGGPAGTGKTHVLHRIYRH---L-T--§--K----===-cmeeee—e——
----- R-QVVLVTASTGIAAQSM-------NG------RTFQHF-FGI R GD---C
QVKLI--ED--VDCILLDEVSM--MFPTILEN-FDATARLMR G S A-
EPFGG IRMILCGDFLQLPPVA. KD---K--A
AQ VIFEH PLFRD N--F-YLTALHVVHRV--YA.

---YS--LI-RS--RA

>QFR57062.1 Klebsiella phage_AmPh_EK29

----- MLNKGQKK-AFDYI------ISR----1-KAG KG--=--NHITLNGPAGTGKTTMTKFIVDY==~-L=T==§==Qm=====m=== == mmmmmm o
----- GVSGVVLAAPTHAAKKVLS ----KLSG--~-TEARTIHSL-LKI-~=N--P-==-=-TT-Y-=-E---D SV---T F---
~==GDVDV~-~SE=-~LRVVVCDEASM~~YDRKLFQI~LMATIP

EIVKDP-EDM

N---mmmmmmm o KMFAFTNKSVDKLNSIIRR-RI
E__
T-E--
----- D------==--===---------AFITGEVIVMQOEPLIKELEFEGKRFN----D--L-----K-----FNNGQYVRIVSA
>YP_010093920.1 _Enterobacter_phage_myPSH1140
= ==LNEDQKD=TFNRV=====~ VER====]=KAGr=====a= RG- GHITINGPAGTGKTTMTKFIINY=~=L=I~-~
- ~GVSGVMLAAPTHGAKRVLS==~~KLAG=~=VAANTIHSI~LKI~==N==P====== TT-Y=-=--E---E -NM---L
SRS R - EVPDM--AK-~CRVLICDEASM=-~YDRKLFQI~IMATIP~===============
----- SW CLIIAIGDKSQIRPVE-============eee=pPG-=--5--T-VPA: L
s PFETH K-=--D -F-EQLYLTEVMR-===§=======m=m=m N--A----
————————— PIIKVATDIRNG---E--------WIYEHLV--DGEGVHGFTS QTALRD-FM-MT--YF
ENVKTM-EDM F-E
N RMLAFTNKSVDKLNSIIRR-RI B
Q_-
T-E--
————— E PFIVGEVVVMQEPLIKELEYDGKKFS—----E--V-----I-----FNNGQYVRILSC
>YP_009190175.1_Edwardsiella_phage_ PEi20
————— SLNKGQRE-AFDII------TSA----I-QRR NG-----ERLTLNGPAGTGKTTLTKFIIQH---I-V--R--N
-GVLGVVLAAPTHQAKKVLA----KMSG---MEANTIHRV-LKI---N--P------ MT-Y---E---D -QD---V F---
Cllae L) oL ali i EMPDM--SK~-~CNVLVCDEASM--LDGKIFKI-ILNSIP:
PH-———-! CVLIGIGDREQIQPVE------——=—=————=—— PG---S--DGTPQ I
S PFFTH P---5 F-KQVHLTEVMR----§-—-——=—-———-- N--A----
————————— PIIDVATDIRTG---G--------WLRHHII--DGHGVHEFAS TTALKD-FM-MQ--YF
DVVKTP-EDL F-E
T RMLAFTNKSVEKLNNIIRR-KL: Y

----- v PFINEEVIVMQEPFIKELEFDGKKFS----E--I- ~----FNNGEMVRIKDC
>YP_003934641.1_Shigella_phage_SP18
----- DLNTGQKE-AFDYI------TEA----I-QRR SG ECITLNGPAGTGKTTLTKFVIDH---L-V--R--N
-GVMGIVLAAPTHQAKKVLS----KLSG---QTANTIHSI-LKI---N--P------ TT-Y---E---D: QN---1 F---
-E----Q---R—————---————- EMPDM--SK--CNVLVCDEASM--YDGSLFKI-ICNSVP
EW TILGIGDMHQLQPVD: PG S--T-QQK

----- - S -=-PFFTH P——=K -F-KQIHLTEVMR
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GIVKDA=DML= === — e — M-E=-=======e==
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>DAF95488.1_Myoviridae_sp._ctCo31
----- QLNEDQRA-ALVTS======INI====L===============eeeoY=o o -NTR-==~-DSVCISGPAGTGKTFLTKVLLKI == ~L=E==S==L=========mmmmmmem o
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=T====Q-=-R-========== GDDLPKL--QD--ILFLVIDEVSM--IDEKLFKI-IYEKLP:
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S S S Sme==
--------- PIIEQGDNIRRRVONNLV=T=====

e RITAYTNNKVNELNNIIRR-VI- ==
K TDD
QIVKGELLVLQQAVMND N E--S Vss=sy FDNGEILKVLNI
>YP_009006117.1 Vibrio_phage_VH7D
----- GLTNCQQG-AMNAF" LD SD GHMTISGPAGSGKTFLMKSILAA-==L=D=-A--K-=========coce——=-

~G-KNVAMVAPTHQAKNVLH=~~~KMTG~~~RDVSTIHSL~LKI~==H==P====== DT-Y===E===D=======QK=====
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LMNGTRLQITQL

----- QLTDEQRS=VYEEI======MAS====V GVYFVYGYGGTGKTFIWNLLSAA===I=R==§==R==mmmmm === mmm e e

=-===--G-DIVLNVASSGIAALLLP---- =-8T---C KI--Q--P--~
G S---D QAELI--SK--ASLIIWDEAPM--MSKHCFEA-LDRSLCDIM Q ==l Phe===E=
----- TPFGG KVVVFGGDFRQILPVI~================PK---G--N-RAD I
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9.3 Material suplementar do Capitulo 3



Supplementary Material

Table S1
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Rank Species # of Submission Date
sequences _location
Class Insecta
Order
Lepidoptera
Superfamily
Papilionoidea
Family
Nymphalidae
Pararge aegeria 31 Scotland/UK Wellcome Sanger Institute/UK, Stockholm 2021-01-28, 2018-
University/SWE 08-08
Fabriciana adippe 1 Romania Wellcome Sanger Institute/UK 2021-04-15
Heliconius wallacei 1 Peru University of Cambridge/UK 2015-11-29
Vanessa cardui 5 Scotland/UK Wellcome Sanger Institute/UK 2021-02-13
Dryas iulia 7 Costa Rica Cornell University/USA 2021-06-28
Danaus melanippus 1 India Iridian Genomes/USA 2020-01-30
Nymphalis polychloros 1 Spain Wellcome Sanger Institute/UK 2021-02-13
Family Riodinidae
Apodemia ares 1 USA Florida Museum of Natural History/USA 2021-05-03
Emesis lacrines 1 Costa Rica Florida Museum of Natural History/USA 2021-05-03
Emesis aurimna 1 Costa Rica Florida Museum of Natural History/USA 2021-05-03
Emesis ocypore 1 Peru Florida Museum of Natural History/USA 2021-05-03
Emesis heterochroa 1 Peru Florida Museum of Natural History/USA 2021-05-03
Family
Papilionidae
Parnassius apollo 5 Germany, Italy Florida Museum of Natural History/USA, Stockholm 2021-05-03, 2021-
University/SWE 06-20
Parnassius imperator 1 China Florida Museum of Natural History/USA 2021-05-03
Parnassius smintheus 1 Canada Florida Museum of Natural History/USA 2021-05-03
Zerynthia polyxena 1 Italy Florida Museum of Natural History/USA 2021-05-03
Archon apollinus 1 Greece Florida Museum of Natural History/USA 2021-05-03
Protesilaus protesilaus 2 Peru Florida Museum of Natural History/USA 2021-05-03
Family Lycaenidae
Curetis bulis 1 Myanmar Florida Museum of Natural History/USA 2021-05-03
Cyaniris semiargus 3 Romania Wellcome Sanger Institute/UK 2021-01-25
Lysandra coridon 2 Romania Wellcome Sanger Institute/UK 2021-02-13
Lycaena phlaeas 1 Scotland/UK Wellcome Sanger Institute/UK 2021-03-17
Aricia agestis 1 Romania Wellcome Sanger Institute/UK 2021-01-25
Lysandra bellargus 1 Spain Wellcome Sanger Institute/UK 2021-03-17
Lepidochrysops patricia 1 South Africa Florida Museum of Natural History/USA 2021-05-03
Eumaeus atala 7 USA University of Texas Southwestern/USA 2021-03-02
Family Pieridae
Pieris rapae 3 Scotland/UK Wellcome Sanger Institute/UK 2021-01-25
Family Hesperiidae
Pyrgus malvae 3 Romania Wellcome Sanger Institute/UK 2021-07-21
Satarupa nymphalis 1 China Florida Museum of Natural History/USA 2021-05-03
Gindanes brontinus 1 Costa Rica Florida Museum of Natural History/USA 2021-05-03
Pyrrhopyge telassa 1 Peru Florida Museum of Natural History/USA 2021-05-03
Pyrrhopyge sergius 1 Peru Florida Museum of Natural History/USA 2021-05-03
Pyrrhopyge hadassa 1 Peru Florida Museum of Natural History/USA 2021-05-03
Pyrrhopyge kelita 1 Peru Florida Museum of Natural History/USA 2021-05-03
Pyrrhopyge crida 1 Costa Rica Florida Museum of Natural History/USA 2021-05-03
Pyrrhopyge pelota 1 Bolivia Florida Museum of Natural History/USA 2021-05-03
Celaenorrhinus cf. opalinus 1 Kenya Florida Museum of Natural History/USA 2021-05-03
Katreus holocausta 1 Cameroon Florida Museum of Natural History/USA 2021-05-03
Morvina fissimacula 1 Costa Rica Florida Museum of Natural History/USA 2021-05-03
Ouleus salvina 1 Costa Rica Florida Museum of Natural History/USA 2021-05-03
Cecropterus casica 1 USA Florida Museum of Natural History/USA 2021-05-03
Mylon lassia 1 Costa Rica Florida Museum of Natural History/USA 2021-05-03
Eburuncus unifasciata 1 Panama Florida Museum of Natural History/USA 2021-05-03
Oxynetra roscius 1 Brazil Florida Museum of Natural History/USA 2021-05-03
Duroca duroca 1 Brazil Florida Museum of Natural History/USA 2021-05-03
Charidia lucaria 1 Peru Florida Museum of Natural History/USA 2021-05-03
Aurina azines 1 Guyana Florida Museum of Natural History/USA 2021-05-03
Mimia cf. chiapaensis 1 Ecuador Florida Museum of Natural History/USA 2021-05-03
Pythonides amaryllis 1 Costa Rica Florida Museum of Natural History/USA 2021-05-03
Zopyrion sandace 1 Mexico Florida Museum of Natural History/USA 2021-05-03
Mimoniades ocyalus 1 Brazil Florida Museum of Natural History/USA 2021-05-03
Dalla cyprius 1 Peru Florida Museum of Natural History/USA 2021-05-03
Signeta flammeata 1 Australia Florida Museum of Natural History/USA 2021-05-03
Erynnis tages 1 Romania Wellcome Sanger Institute/UK 2021-01-25
Ectomis octomaculata 1 Costa Rica Florida Museum of Natural History/USA 2021-05-03
Cecropterus confusis 1 USA Florida Museum of Natural History/USA 2021-05-03
Thymelicus sylvestris 6 England/UK Wellcome Sanger Institute/UK 2021-07-21
Piruna pirus 1 USA Florida Museum of Natural History/USA 2021-05-03
Timochares trifasciata 1 Costa Rica Florida Museum of Natural History/USA 2021-05-03
Autochton oryx 1 Ecuador Florida Museum of Natural History/USA 2021-05-03
Superfamily
Geometroidea
Family
Geometridae
Campaea margaritaria 2 England/UK Wellcome Sanger Institute/UK 2021-08-18
Hydriomena furcata 4 England/UK Wellcome Sanger Institute/UK 2021-08-18
Ectropis grisescens 9 China Institute of Plant Physiology and Ecology/CHN 2021-03-22
Superfamily
Noctuoidea
Family Noctuidae
Amphipyra tragopoginis 2 England/UK Wellcome Sanger Institute/UK 2021-02-13
Griposia aprilina 1 England/UK Wellcome Sanger Institute/UK 2021-09-30
Atethmia centrago 4 England/UK Wellcome Sanger Institute/UK 2021-03-17
Mythimna ferrago 1 England/UK Wellcome Sanger Institute/UK 2021-07-06
Autographa pulchrina 1 England/UK Wellcome Sanger Institute/UK 2021-04-14
Autographa gamma 1 England/UK Wellcome Sanger Institute/UK 2021-01-25
Trichoplusia ni 1 USA Cornell University/USA 2018-10-01
Mamestra brassicae 2 Wales/UK Wellcome Sanger Institute/UK 2021-01-25
Sesamia nonagrioides 1 France Paris-Saclay University/FRA 2021-04-13
Family
Notodontidae
Clostera curtula 3 England/UK Wellcome Sanger Institute/UK 2021-04-14
Ptilodon capucinus 4 England/UK Wellcome Sanger Institute/UK 2021-09-11
Family Erebidae
Eilema sororculum 1 England/UK Wellcome Sanger Institute/UK 2021-09-24
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Spilosoma lubricipeda 3 England/UK Wellcome Sanger Institute/UK 2021-02-13
Euproctis similis 3 England/UK Wellcome Sanger Institute/UK 2021-01-25
Spilarctia lutea 11 England/UK Wellcome Sanger Institute/UK 2021-09-18
Schrankia costaestrigalis 1 England/UK Wellcome Sanger Institute/UK 2021-04-14
Arctia plantaginis 3 Finland? University of Cambridge/UK 2020-04-10
Lymantria monacha 6 England/UK Wellcome Sanger Institute/UK 2021-01-25
Lymantria dispar 5 Japan, China Laval University/CAN 2021-05-04
Superfamily
Bombycoidea
Family
Bombycidae
Bombyx mori 3 Japan The University of Tokyo/JPN 2020-11-06
Family Sphingidae
Laothoe populi 7 England/UK Wellcome Sanger Institute/UK 2021-02-13
Hyles vespertilio 1 Italy Max Planck Institute of Molecular Cell Biology and 2020-01-29
Genetics/DEU
Family Saturniidae
Samia ricini 7 India* University/JPN 2020-06-20
Superfamily Pyraloidea
Family Crambidae
Chilo suppressalis 1 China Huazhong Agricultural University/CHN 2019-01-08
Chrysoteuchia culmella 2 England/UK Wellcome Sanger Institute/UK 2021-07-06
Superfamily
Gelechioidea
Family
Blastobasidae
Blastobasis lacticolella 15 England/UK Wellcome Sanger Institute/UK 2021-01-25
lastobasis adustell 4 England/UK Wellcome Sanger Institute/UK 2021-05-19
Superfamily
Dr id
Family Drepanidae
Habrosyne pyritoides 1 England/UK Wellcome Sanger Institute/UK 2021-05-11
Superfamily
Tortricoidea
Family Tortricidae
Apotomis turbidana 1 England/UK Wellcome Sanger Institute/UK 2021-01-25
Order Diptera
Superfamily
DI .
Family Diopsidae
Teleopsis dalmanni 4 Malaysia SUNY Geneseo/USA, University of Maryland/USA 2020-09-23, 2020-
10-30
Superfamily
Syrphoidea
Family Syrphidae
Cheilosia vulpina 1 England/UK Wellcome Sanger Institute/UK 2021-09-30
I /i 3 England/UK Wellcome Sanger Institute/UK 2021-09-11
Superfamily
Tephritoidea
Family Tephritidae
Bactrocera dorsalis 1 USA Agricultural Research Service-USDA/USA 2014-12-03
Superfamily
Ephydroidea
Family
Drosophilidae
Drosophila biarmipes 7 India to SE Asia* University of Pennsylvania/USA 2019-05-08
Drosophila ficusphila 1 Taiwan Stanford University/USA 2021-04-28
Drosophila auraria 1 Japan University of California, Berkeley/USA 2019-08-21
Drosophila bifasciata 1 Japan University of California, Berkeley/USA 2019-11-15
Drosophila obscura 3 Europe*, Serbia National Institute of Genetics/JPN, Stanford 2017-10-14, 2021-
University/USA 04-28
Drosophila ambigua 1 Serbia Stanford University/USA 2021-04-28
Drosophila guanche 1 Canary Islands/ESP  Centro Nacional de Anélisis Genémico/ESP 2018-09-20
Scaptomyza montana 2 USA* Stanford University/USA 2021-06-16
flava 1 USA University of California, Berkeley/USA 2018-12-17
Superfamily Oestroidea
Family Tachinidae
Tachina fera 1 England/UK Wellcome Sanger Institute/UK 2021-02-13
Order
Orthoptera
Superfamily Grylloidea
Family Gryllidae
Teleogryllus occipitalis 4 Japan Waseda university/JPN 2020-02-22
Gryllus bimaculatus 1 Japan Tokushima University/JPN 2021-02-13
Superfamily
Eumastacoidea
Family Morabidae
viatica 1 Australia Uppsala University/SWE 2021-08-07
Order
Hymenoptera
Superfamily
Ichneumonoidea
Family Braconidae
Cotesia vestalis 1 South Korea Andong National University/KOR 2015-03-18
Cotesia vestalis bracovirus 1 China Zhejiang University/CHN 2011-05-09
segment ¢35
Family
Ichneumonidae
Mesochorus sp. 1 Costa Rica University of Georgia/USA 2021-06-16
Order
Coleoptera
Superfamily
Tenebrionoidea
Family
Pyrochroidae
Pyrochroa serraticornis 5 England/UK Wellcome Sanger Institute/UK 2021-03-17
Order
Neuroptera
Family
Chrysopidae
Chrysoperla carnea 1 England/UK Wellcome Sanger Institute/UK 2021-04-14
Order
Siphonaptera
Superfamily Pulicoidea
Family Pulicidae
Ctenocephalides felis 5 USA West Virginia University/USA 2018-08-24
Order
Phasmatodea
Family
Phasmatidae
Clitarchus hookeri 1 New Zealand Landcare Research/NZL 2017-11-16
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Class
Arachnida
Order Araneae
Superfamily
Araneoidea
Family Nephilidae
Trichonephila inaurata 1 Madagascar Institute for Advanced Biosciences - Keio 2021-07-22
iensi: University/JPN
Family Linyphiidae
Oedothorax gibbosus 1 Belgium Royal Belgian Institute of Natural Sciences/BEL 2021-07-22

*Qriginal or known distribution of the species (geographical location of biosample not available).
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Figure S1. Same Maximum Likelihood phylogeny as Fig. 1 (main text), displaying taxa names and
branch support values. Distinct Lepidoptera superfamilies are represented by different colors and
non-lepidopteran arthropods are represented in black. See Materials and Methods for details of the
phylogenetic inference procedures.
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Figure S2. Same Maximum Likelihood phylogeny as Fig. 2 (main text), displaying taxa names and
branch support values. Colors correspond to geographical locations where the species were sampled
(Table S1).
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Data S1. Biopython script to only include sequences with > 70% (3705 bp) and to edit FASTA
descriptions to contain only the hit accession number, the sequence match range and the species

name.

>>> from Bio import SeqlO

>>> large_sequences = []

>>> for record in SeqlO.parse("blast_results.txt", "fasta"):
if len(record.seq) > 3705:

large_sequences.append(record)

>>> SeqlO.write(large_sequences, "large_seq.fasta", "fasta")
>>> clean_sequences =[]
>>> for seq_record in SeqlO.parse("large_seq.fasta", "fasta"):
seq_record.id = ((seq_record.description.split()[0])+(" ")+
(seq_record.description.split()[1])+(" ")+
(seq_record.description.split()[2]))
seq_record.description = ("")

clean_sequences.append(seq_record)

>>> SeqlO.write(clean_sequences, "clean_seq.fasta", "fasta")



Data S2. List of sequences descriptions used in the analysis, with their accession number, match

range and the species name.

HQO009558.1 Cotesia vestalis bracovirus segment ¢35
CAJHZN(010000006.1 22939.28228 Pararge aegeria
CAJHZN010000001.1 159388.164677 Pararge aegeria
CAJHZN010000001.1 169618.174907 Pararge aegeria
CAJHZM010000138.1 366440.371729 Pararge aegeria
CAJHZM010000104.1 145538.150827 Pararge aegeria
CAJHZM010000080.1 261023.266312 Pararge aegeria
CAJHZM010000059.1 423418.428707 Pararge aegeria
CAJHZM010000045.1 4316124.4321413 Pararge aegeria
CAJHZM010000014.1 1104039.1109328 _Pararge aegeria
CAJHZM010000011. 1_2007535 2012824 Pararge aegeria
CAJVQM010000016.1 22902664.22907953 Pyrgus malvae
CAJHZM010000035.1 19926.25209 Pararge aegeria
CAJHZN010000005.1 288029.293318 Pararge aegeria
CAJHZM010000130.1 729237.734526 Pararge aegeria
CAJHZM010000130.1 840737.846026 _Pararge aegeria
UIGX01030406.1 1. 5288_Pararge_aegerla
CAJHZM010000036.1 7433354.7438643 Pararge aegeria
CAJHZM010000035.1 609216.614505 Pararge aegeria
CAJHZM010000035.1 617278.622567 Pararge aegeria
CAJvVQOM010000016.1 22913002.22918291 _Pyrgus _malvae
CAJHZM010000079.1 760808.766097 _Pararge aegeria
CAJHZM010000059. 1_2265283 2270572 Pararge aegeria
CAJHZM010000271.1 10360.15649 Pararge aegeria
JZSA01007369.1 21189.25964 Cotesia vestalis

CAJHZM010000038.

CAJHZM010000012.
CAJHZM010000002.
CAJHZM010000035.
CAJHZM010000041.

CAJHZM010000110.
CAJHZM010000130.

CAJHZM010000102.
CAJHZM010000092.
CAJHZM010000024.
CAJVWE(010000011.

CAJVWE(010000087.
CAJVWD010000025.

CAJVWD010000070.
CAJVWD010000025.
CAJVWD010000012.
CAJMzV010000185.

CAJMZV010000218.
CAJOSM010000467.

CAJOSM010000275.
CAJOSM010000934.
CAJOSL010000003.
CAJOSM010000568.

1 5963116.5968405 Pararge aegeria

1 12234942.12240231 Pararge_ aegeria
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1 1169967.1174606 Campaea margaritaria
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1 510413.515617 Hydriomena furcata

1 377294.382499 Hydriomena furcata

1 3716744.3722060 _Hydriomena furcata
1_996280 1001569 Amphipyra tragopoginis
1 4569479.4574767 Amphipyra tragopoginis
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CAJHUU010000108.1 3275763.3280672 Apotomis turbidana
DWQB01000133.1 862.6189 Gindanes _brontinus
DVYD01000130. 1_683 5891_Apodemla_ares
DWEO01003961.1 926.5870 Pyrrhopyge telassa
DVQA01000780.1 1045.5981 Pyrrhopyge sergius
DWOT01000734.1 76.5034 Pyrrhopyge hadassa
DVQD01000579.1 78.4419 Pyrrhopyge kelita
DWEP01000053.1 1589.6485 Pyrrhopyge crida
DWSZ010000156. 1 1.5209 Emesis lacrines
CAJZCT010000117. 1_1734641 1739951_Ellema_sororculum
DWLK01000137.1 1.4747 Celaenorrhinus cf. opalinus
DWMK01000004.1 19.5148 Katreus holocausta
DWFE01002627.1 226.5042 Pyrrhopyge pelota
NLCU02019152.1 17889.23172 Teleopsis dalmanni
JACTOK010041713.1 346.5639 _Teleopsis dalmanni
JACTOK010037361. 1_40126 45029 Teleopsis dalmanni
JACTOK010035260.1 62.5356 Teleopsis dalmanni
DWP0O01000177.1 2362.6863 Morvina fissimacula
DWMC01000015.1 734.5673 Ouleus _salvina
DVZB010000096.1 227.5537 Emesis aurimna
WUWR01000078.1 21074.25328 Hyles vespertilio
DWSV010000232.1 290.4623 Emesis ocypore
CAKAJF010000605.1 396300.401682 Griposia aprilina
DWQE01036201.1 1.5321 Parnassius _apollo
DWTE010001035.1 1801.6867 Parnassius_ imperator
DWHT01000605.1 4715.9222 Parna551us smintheus
CAJOSY010001674.1 384948.390327 Atethmla __centrago
CAJOSY010000266. 1_43501 48893 Atethmia centrago
CAJOSY010000707.1 37529.42796 Atethmia centrago
CAJOSY010001674.1 347256.352311 Atethmia centrago
CAJQZP010000349.1 456251.461622 Parnassius_apollo
CAJQZP010001011.1 5021097. 5026488 Parnassius _apollo
CAJQZP010000971. l 1549.6922 Parnassius _apollo
CAKAIX010000158.1 18940.23791 Cheilosia _vulpina
CAJUUQ010000015. 1_15920890 15926267_Myth1mna_ferrago
RSAL01000011.1 2782940.2788264 Chilo suppressalis
CAJNAL(010000544.1 199300.204585 Spilosoma lubricipeda
CAJNAL(010000084.1 2628222.2633568 Spilosoma lubricipeda
CAJNAL(010000037.1 461673.466985 Spilosoma lubricipeda
CAJQOZP010000220.1 17370713.17376024 Parnassius _apollo
DWKJOlOOOO24.l_3286 8454_Cecropterus_ca51ca
DWOG01000018.1 2139.7331 Mylon lassia
DWPY01000040.1 1418.6608 Eburuncus unifasciata
DWAC01000453.1 1451.6623 Curetis bulis
DWQQ01006667.1 124.5302 Oxynetra roscius
DWES01000095.1 1328.6454 Duroca duroca

DVYP01001143. l_l 4807_Eme51s_heterochroa
DWEU01002184.1 201.5367 Charidia lucaria
DWHR010001274.1 81.5252 Protesilaus protesilaus
DWJD01000127.1 1144.5908 Aurina_ azines
DWKU01000031.1 2444 7269 Mimia cf. _chiapaensis
DWQC01000345.1 T112.4922 Pythonldes _amaryllis
DWIN01000090. 1_544 5362 Zopyrion sandace
DWDV01005608.1 2783.7956 Mimoniades_ ocyalus
DWHJ01000209.1 1124.5942 Dalla cyprius
FAUM01003789.1 1.4923 Heliconius wallacei
JABMBV010043498.1 1630.6800 Mesochorus_ sp.
CAJQFV010000391.1 2439220.2444392 _Autographa pulchrina
DWOH01000281.1 282.5439 _Signeta flammeata
DWHW01001352. 1_2 5076 Zerynthia polyxena
CAJHUW010000011.1 6732089.6737217 Erynnis tages
CAJHUY010000088.1 316293.321449 Cyaniris semiargus
CAJHUY010000030.1 1176489.1181646 Cyaniris semiargus
CAJNAE(010000125.1 ' 547677.552484 _Lysandra_ coridon
CAJOSV010000025.1 2708796.2713947 _Lycaena phlaeas
CAJNAE(010000284. 1_175958 180754 Lysandra coridon
CAJHUN(010000073.1 4061456.4066594 Aricia agestis
CAJHUY010000065.1 1171637.1176785 Cyaniris semiargus
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CAJOSR010000320.
CAJMZN010000024.
CAJMZN010000124.

1 1406546.1411686 Lysandra bellargus
1 1507394.1512552 _Vanessa_ cardui
1_3678898 3684055_Vanessa_cardul

JFBF01000201.1 310245.315026 Bactrocera dorsalis
BLXV01000007.1 15866984.15871803 Samia ricini
DWJG01000135.1 5347.9705 Ectomis octomaculata
BLXV01000001.1 16639069.16643890 Samia ricini
BLXV01000007.1 15019349.15023900 Samia ricini
BLXV01000007.1 13697906.13703072 Samia ricini
BLXV01000004.1 17631991.17637154 Samia_ricini
BLXV01000003.1 13005615.13010779 Samia ricini
DWTU01020815.1 2.5164 Cecropterus confusis
PPHH01001895.1 1995326.2000041 Trichoplusia ni

CAJMZN010000221.
CAJMZN010000118.

1 54458.59610 Vanessa cardui
1 342983.348103 Vanessa cardui

SzUw01001905. 1_136961.14l302_Drosophlla_blarmlpes
Sz2UW01001905.1 119326.123659 Drosophila biarmipes
SzUW01001905.1 128145.132475 Drosophila biarmipes
Sz2UW01001905.1 123735.128069 Drosophila biarmipes
SzZUW01001905.1 132551.136885 Drosophila biarmipes
Sz2UW01001905.1 114917.119250 Drosophila biarmipes
SzUW01001905.1 141332.145691 Drosophila biarmipes
BLXV01000003.1 10750556.10755705 Samia ricini

JADLOZ010000452.

JADLOZ010000461.
JADLOZ010000163.
JADLOZ010000001.
CAJHUX010000250.

CAJHUX010000124.
CAJHUX010000174.
CAJHZL010000021.

CAJHZL010000102.
CAJHUA(010000005.
CAJHWT010000024.
CAJHWT010000025.

CAJHWT010000037.
CAJZHO010000673.

CAJZHO010000165.
CAJZHO010000105.
CAJZHO010000219.
CAJZHO010000021.

CAJZHO010000673.
CAJZHO010000143.

JADLOZ010000086.
JADLOZ010000127.
CAJZHO010000233.
CAJZHO010000266.

CAJZHO010000274.
CAJZHO010000256.

CAJZBM010000107.
CAJZBM010000088.
CAJZBM010000074.
CAJZBM010000044.

JADLOZ010000416.
JADLOZ010000492.

JAHESG010000032.
JAHESG010000017.
JAHESG010000029.
JAHESG010000004.
JAHESG010000016.

JAHESG010000029.
JAHESG010000009.

CAJMZN010000075.
CAJQFW010000081.
CAJMZR010001290.

1 2509044.2514246 Ectropis grisescens

1 14720351.14725555 Ectropis grisescens
1 10872915.10878112 Ectropis grisescens
1 13982744.13987947 _Ectropis grisescens
1_682937 687759 Euproctis similis

1 2633936.2638758 Euproctis similis

1 1512495.1517317 Euproctis similis

1 134729.139550 Mamestra brassicae

1 1.4272 Mamestra brassicae

l 10193835.10198656 _Autographa gamma

1 864030.868851 Pieris _rapae

1_8267413 8272232_P1erls_rapae

1 2774121.2778939 Pieris rapae

1 459067.463887 Spilarctia lutea

1 1345674.1350495 Spilarctia lutea

1 881927.886748 Spilarctia lutea

1 260539.265361 _Spilarctia lutea
1_867128 871949 Spilarctia lutea

1 453918.458739 Spilarctia lutea

1 1190670.1195491 Spilarctia lutea

1 11071347.11076164 Ectropis grisescens
1 1 29382932.29387733 _Ectropis grisescens
1 432824.437645 _Spilarctia lutea
1_548611 553432 Spilarctia lutea

1 1798316.1803137 Spilarctia lutea

1 664353.669174 Spilarctia lutea

1 62863.67683 Ptilodon capucinus

1 746415. 751235 Ptilodon capucinus

1 502408.507228 Ptilodon __capucinus
1_1818003 1822823_Ptllodon_capu01nus

1 12189676.12194702 Ectropis grisescens
1 6103834.6108866 Ectropis grisescens

1 186837.191985 Dryas iulia

1 6164655.6169460 Dryas iulia

l 7559667.7564471 Dryas iulia

1 15479610.15484420 _Dryas_iulia
1_3595041 3599846 Dryas iulia

1 3085886.3090704 Dryas iulia

1 9945615.9950420 Dryas iulia

1 4313759.4318266 Vanessa_ cardui

1 700146.704641 Chrysoperla carnea

1 460177.465027 Tachina fera

DWAK01008481.1 1. 4253_Lepldochrysops_patr1c1a

JAFELO010000258.
JAFELO010000541.

1 750129.755321 Eumaeus_atala
1 77968.82990 Eumaeus atala
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JAFELO010000139.
JAFELO010001003.
JAFELO010000370.
JAFELO010000151.
JAFELO010001549.
CAJQGC010000043.
JAECXK010000002.
JAAAKD010007556.

1 388908.393951 Eumaeus_ atala

1 188367.193567 _Eumaeus “atala

1_1179360 1184501_Eumaeus_atala

1 120296.125456 Eumaeus_atala

1 174743.179937 Eumaeus_atala

1 973037.977303 Schrankia _costaestrigalis
1 87239 91306 Drosophlla ficusphila

1 22285728.22290784 Danaus _melanippus

VNJW01002308.1 9702.14301 Drosophlla auraria
QVA0O01001492. 1_48901893 48906517 Ctenocephalides felis
QVA001000696.1 15497.20117 Ctenocephalides felis
QVA001001492.1 52438176.52442793 Ctenocephalides felis
QVA001002597.1 29873.34493 Ctenocephalides felis
QVA001001409.1 9024.13640 Ctenocephalides felis

CAJVQL010000107.
CAJVQL010000166.

CAJVQL010000077.
CAJVQL010000077.

CAJVQL010000007.
CAJVQL010000185.
CAJNAI(010000002.
CADEBC010000506.

CADEBD(010000226.
CADEBD010000226.

1 930262.935515 Thymelicus sylvestris
1_2342372 2347626 Thymelicus sylvestris
1 2140588.2145740 Thymelicus_sylvestris
1 2145744.2150856 Thymelicus sylvestris
1 627957.633205 Thymelicus sylvestris
1 1 2083593.2088691 _Thymelicus sylvestris
1 5361683.5366998 _Nymphalis polychloros
1_2189273 2194586 Arctia plantaginis

1 11524308.11529654 Arctia plantaginis
1 5511712.5517026 Arctia plantaginis

BMAV01001078.1 255549.259048 Trichonephila inaurata madagascariensis
BLKR01001327.1 272646.277539 Teleogryllus occipitalis
BLKR01000082.1 620997.625590 Teleogryllus occipitalis
BLKR01001662. 1_236479 241317 Teleogryllus occipitalis
BLKR01000118.1 545117.549975 Teleogryllus occipitalis

WIOZ01000119.1 47745.51620 Drosophila bifasciata
BOPP01000152.1 2643530.2648840 Gryllus bimaculatus
JADODW010002850.1 173738.178412 Vandiemenella viatica
JAFNEN010000473. l 151816.155317 Oedothorax glbbosus
DWOJ01002358.1 82.4857 Piruna _pirus

DWHR010000359. 1_2831 76O4_Protes1laus_protesilaus

CAJHUO010000233.
CAJHUO010000267.

1 1599422.1604185 Blastobasis lacticolella
1 2646904.2651683 Blastobasis lacticolella

DWIA01002199.1 1562.6349 Archon apollinus

CAJHU0010000037.
CAJHUO010000261.
CAJHUO010000046.

CAJHUO010000427.
CAJHUO010000318.
CAJHUO010000318.

CAJHUO010000345.
CAJHUO010000401.
CAJHUO010000228.

CAJHUO010000331.
CAJHUO010000118.
CAJHUO010000212.
CAJVQM010000028.
CAJHUO010000203.
CAJSMA(010000017.
CAJSMA(010000011.
CAJSMA010000156.
JADLOZ010000397.

CAJSMA(010000114.

1 3811342.3816132 Blastobasis lacticolella
1 1929974.1934751 BlaStObaSlS _lacticolella
1_898348 903124_Blastobasls_lactlcolella

1 199617.204394 Blastobasis lacticolella

1 112116.116892 Blastobasis lacticolella

1 123543.128316 Blastobasis lacticolella
1 691171.695944 Blastobasis lacticolella
1 1220232.1225032 BlaStObaSlS lacticolella
1_159363 l64129_Blastobasls_lactlcolella

1 164805.169582 Blastobasis lacticolella

1 176842.181594 Blastobasis lacticolella

1 73386.78146 Blastobasis lacticolella

1 32499509.32504298 Pyrgus malvae

1 1777648.1782415 Blastobasis lacticolella
1 23489.28276 Blastobasis adustella

1 3727558.3732195 Blastobasis adustella

1 848419.853213 Blastobasis adustella

1 7224651.7229441 Ectropis grisescens

1 315849.320627 Blastobasis adustella

BDQP01000130.1 301209.305884 Drosophlla obscura

JAECWW010000026.
CAJUUO010000047.

CAJUUO010000001.
JAECWW010000075.

CAJHZW010001009.
CAJHZW010000306.
CAJHZW010000292.
CAJHZW010000280.

JAFEKU010001978.
JAFEKT010001198.

1 245028.249259 Drosophila obscura
1_3826225 3831009 Chrysoteuchia culmella
1 1104634.1109407 Chrysoteuchia culmella
1 438317.443049 Drosophila obscura

1 110301.115094 Lymantria monacha

1 1864909.1869687 Lymantria monacha

1 841817.846553 _Lymantria monacha
1_101693 106468 Lymantria monacha

1 7197.11978 Lymantria dispar

1 1395550.1400311 Lymantria dispar
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JAFEKT010002896.1 71452.76223 Lymantria dispar
CAJHZW010001466.1 82990.87783 Lymantria monacha
CAJHZW010000168.1 160361.165147 Lymantria monacha
JAFEKT010001681.1 858485.863270 Lymantria dispar
JAFEKU010001203.1 63466.68240 Lymantria dispar
JAECWS010000095.1 10811294.10815056 Drosophila ambigua
DWOM01000141.1 313.5042 Timochares trifasciata
DWLJ01000697.1 3.4421 Autochton oryx

JAEIGR010000030.1 263589.268325 Scaptomyza montana
JAEIGR010000013.1 846018.850751 Scaptomyza montana
RKRM01002430.1 4632.9349 Scaptomyza flava
CAJzBV010000028.1 2548868.2553642 Melanostoma mellinum
CAJzBV010000338.1 234267.239006 Melanostoma mellinum
CAJzBV010000077.1 1060277.1065056 Melanostoma mellinum
JADWQK010000266.1 7378926.7383667 Sesamia nonagrioides
OUUW01000028.1 232789.236744 Drosophila guanche
NQIT01007758.1 22450.27113 Clitarchus hookeri
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