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Abstract

and an XPG nuclease.

genomes.

superfamily of eukaryotic DNA transposons.

Background: DNA transposons are ubiquitous components of eukaryotic genomes. Academ superfamily of DNA
transposons is one of the least characterized DNA transposon superfamilies in eukaryotes. DNA transposons
belonging to the Academ superfamily have been reported from various animals, one red algal species Chondrus
crispus, and one fungal species Puccinia graminis. Six Academ families from P. graminis encode a helicase in addition
to putative transposase, while some other families encode a single protein which contains a putative transposase

Results: Systematic searches on Repbase and BLAST searches against publicly available genome sequences
revealed that several species of fungi and animals contain multiple Academ transposon families encoding a
helicase. These AcademH families generate 9 or 10-bp target site duplications (TSDs) while Academ families lacking
helicase generate 3 or 4-bp TSDs. Phylogenetic analysis clearly shows two lineages inside of Academ, designated
here as AcademH and AcademX for encoding helicase or XPG nuclease, respectively. One sublineage of AcademH in
animals encodes plant homeodomain (PHD) finger in its transposase, and its remnants are found in several fish

Conclusions: The AcademH lineage of TEs is widely distributed in animals and fungi, and originated early in the
evolution of Academ DNA transposons. This analysis highlights the structural diversity in one less studied
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Introduction

Transposable elements (TEs), or transposons are ubiqui-
tous components of genomes in all three domains of life
[1, 2]. TEs are traditionally classified into 2 classes: Class
I retrotransposons and Class II DNA transposons [3].
Autonomous retrotransposons encode a reverse tran-
scriptase and during the transposition, the information
of RNA is transformed into DNA by reverse transcrip-
tion. DNA transposons do not have a process of reverse
transcription in their transposition cycle. At least 5
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independent DNA-cleaving/recombining enzymes (DDE
transposase or DDD/E transposase, tyrosine recombin-
ase, serine recombinase, HUH nuclease, and Casl endo-
nuclease) have been incorporated into TEs and related
mobile genetic elements [4, 5]. DDE transposase or inte-
grase is the most ubiquitous enzyme that functions as
transposase of DNA transposons, as well as of long ter-
minal repeat (LTR) retrotransposons and of retroviruses
[6]. Eukaryotic DNA transposons are now classified into
around 20 superfamilies [1]. Most of these superfamilies,
such as Mariner/Tcl and Harbinger/PIF1, are known to
encode a DDE transposase.

© The Author(s). 2020 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if

changes were made. The images or other third party material in this article are included in the article's Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons
licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the
data made available in this article, unless otherwise stated in a credit line to the data.


http://crossmark.crossref.org/dialog/?doi=10.1186/s13100-020-00211-1&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
mailto:kojima@girinst.org

Kojima Mobile DNA (2020) 11:15

DDE transposase is topologically a member of
RNaseH-like fold [6]. The conserved core of the transpo-
sase domain is P1-p2-B3-al-f4-a2/3-p5-ad-a5. Three
acidic residues, DDD or DDE play the central role in the
transposition. The first D is located on 1 and the sec-
ond D on or just after p4. The last D or E is on or just
before a4. In the case of the integrase encoded by hu-
man immunodeficiency virus type 1 (HIV-1), the dis-
tance between the second D and the last E is 35
residues. In some DNA transposons, the catalytic core
domain between 5 and a4 is extended by “insertion do-
main.” In the case of RAGI, recombination activating
gene 1, which originated from an eukaryotic DNA trans-
poson superfamily Transib [7], the insertion domain is
264 residues in length and entirely a-helical [6]. The
transposase encoded by Hermes, a member of eukaryotic
DNA transposon superfamily #AT, contains a 288-aa-
long insertion domain [6].

The Academ superfamily of eukaryotic DNA transpo-
sons was first described by Kapitonov and Jurka [8] from
various animals. To date, Academ has been found from
animals, fungi, and plants [1]. In animals, Academ is
widely distributed and found from genomes of 7 phyla:
Chordata, Hemichordata, Echinodermata, Annelida, Mol-
lusca, Arthropoda, and Cnidaria. In contrast, in fungi and
in plants, only one species of each group is reported to
have Academ transposons: a red alga Chondrus crispus [9]
and a pathogenic fungus Puccinia graminis [10], while the
wide distribution of Academ in fungi was suggested [11].
The transposase domain of Academ is predicted to be a
DDE transposase [12]. An entirely a-helical insertion
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domain was predicted between 5 and a4, as are the cases
of RAG1 and Hermes. Another insertion domain was pre-
dicted between B2 and 33, unlike any other transposases.
Many of Academ families encode a large protein that con-
tains three recognizable domains, a transposase, an XPG
nuclease, and a putative Cys8 zinc finger [8] (Fig. 1). These
three domains can be recognized among Academ families
from animals and C. crispus. The Academ families from P.
graminis do not encode an XPG nuclease. Instead, they
encode a superfamily II helicase as a separate protein [10]
(Fig. 1). This lineage was designated as AcademH. 1t is not
yet known whether the presence of helicase is a recently
acquired characteristic specific for Academ families from
P. graminis, or it is an ancient trait shared by various Aca-
dem families from diverse organisms.

In this study, many families of AcademH from other
fungi and animals were characterized. No intact AcademH
transposons were found from vertebrates, but some fish ge-
nomes still contain remnants of AcademH transposons.
AcademH shows 9 or 10-bp target site duplications (TSDs),
although other Academ shows 3 or 4-bp TSDs. The se-
quence comparison and phylogenetic analysis revealed two
independent lineages with different TSD length and protein
composition inside of the Acadern DNA transposons.

Results

Academ families encoding a superfamily Il helicase
Manual inspection of Repbase entries revealed that be-
sides 6 AcademH families from P. graminis, Academ-1_
ADi, Academ-2_ADi, Academ-3_ADi from the coral
Acropora digitifera, and Academ-2_CGi from the Pacific

Transposase XPG nuclease Cys8
acaem-1ap [ [ [ [ [ (T T
CxxC HxxC D DH YE DD/ AD  (1381aa)
DxD DxD
acaderm-_ccri | [ [ [ | I [ T 0
CxxC CxxH D DH YE DD [/ \D (2031aa)
CxxC CxxC ExE DxD
Helicase
AcademH-6_PGr | “ I I I ” | | ‘I I I” |
D DH YE (879aa) GK DE TGR (822aa)
Academb-1.CVi | | I e | I I | |
D DH YE (960aa) GKDE TGR (450aa)
AcademHP-1_Skow | 1T W] I
D DH YE (994aa) GK DE TGR (456aa)
Fig. 1 Schematic structures of proteins encoded by Academ transposons. Encoded proteins are shown as open boxes, and inside them, protein
domains are shown as colored boxes. Conserved residues are shown as bars in red and blue. Protein lengths are shown in parentheses.
Transposase and helicase proteins of AcademH families are encoded in opposite directions
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oyster Crassostrea gigas also encode a superfamily II
helicase protein. Using the helicase protein sequences
from these families as queries, Censor search [13]
against published genome sequences was performed. It
led to the characterization of AcademH families encoding a
helicase protein from 7 species of basidiomycetes fungi
(Laccaria bicolor, Puccinia coronata, Puccinia horiana, Puc-
cinia striiformis, Puccinia triticina, Serpula lacrymans), one
species of fungi in Mucoromycotina (Lobosporangium
transversale), and another oyster Crassostrea virginica, in
addition to more families from the three species above
(Table 1 and Supplementary Dataset S1). Non-autonomous
DNA transposons showing similarity in terminal regions
with AcademH families were also found from three cnidar-
ians (Exaiptasia pallida, Orbicella faveolata, and Stylo-
phora pistillata) and the Yesso scallop Mizuhopecten
yessoensis (Table 1 and Supplementary Dataset S1).

With two of these characterized AcademH protein se-
quences (AcademH-6_PGr and AcademH-1_CVi) as
queries, BLASTP search against the non-redundant pro-
tein sequences (nr) at NCBI BLAST website hits many
proteins from diverse fungi and animals (Supplementary
Table S1). In fungi, proteins related to AcademH trans-
posases were found from three subdivisions (Agaricomi-
cotina, Pucciniomycotina, Ustilaginomycotina) within
Basidiomycota, one subdivision (Pezisomycotina) within
Ascomycota, and one subdivision (Mortierellomycotina)
within Mucoromycota. Despite the report that Academ
transposons are widely distributed in fungi [11], no other
fungal group was revealed to contain AcademH transpo-
sons in this analysis. In animals, genomes from 9 phyla
(Porifera, Cnidaria, Mollusca, Annelida, Brachiopoda,
Priapulida, Chordata, Hemichordata, and Echinoder-
mata) encode proteins related to AcademH transposases.
Most of these protein sequences were encoded by
single-copy, non-repetitive sequences. Basidiomycetes
fungi with more than 5 protein hits and all other species
were further analyzed. If their terminal inverted repeats
(TIRs) longer than 10 bp and TSDs adjacent to TIRs could
be detected in flanking 10,000-bp sequences, they were
considered as full-length Academ transposons (Table 1
and Supplementary Dataset S2). Most of these single-copy
Academ transposons encode a helicase protein. The se-
quence lengths, numbers of uninterrupted full-length cop-
ies, and the sequence identities to the consensus
sequences are shown in Supplementary Table S2.

Secondary structure-based protein homology search
HHpred was performed with helicase proteins encoded
by AcademH DNA transposons. The top hit was RecQ
DNA helicase from Escherichia coli, followed by U5
small nuclear ribonucleoprotein 200 and RNA helicase
Vasa. The pairwise alignment generated by HHpred and
multiple protein alignment generated by MAFFT were
combined. It revealed that AcademH helicases conserve
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all motifs important for catalytic reactions, nucleic acid
binding, and ATP binding (Fig. 2a). Censor search using
helicase proteins encoded by AcademH against Repbase
hit some families of KolobokH, a lineage of Kolobok
DNA transposons encoding a helicase [14]. However,
helicases encoded by AcademH and KolobokH are not so
closely related to each other and are likely acquired in-
dependently in these two lineages of DNA transposons
(data not shown). Helicases encoded by Helitron DNA
transposons are Superfamily I helicases related to PIF1
helicase [15], and thus, there is little sequence similarity
between helicases encoded by AcademH and Helitron.

Academ families without helicase often, but not al-
ways, contain 1 long open reading frame for a large pro-
tein containing three recognizable domains: a
transposase, an XPG nuclease, and a putative Cys8 zinc
finger (Figs. 1 and 2). Here, Academ families with XPG
nuclease are designated as AcademX. In contrast, Aca-
demH usually contain introns and encodes two proteins
in opposite directions. These two proteins are encoded
without overlapping. None of AcademH families encode
an XPG nuclease or a Cys8 zinc finger.

Longer TSDs generated by AcademH than AcademX
families

It is reported that AcademX DNA transposons generate 3-
bp or 4-bp TSDs [8, 16]. In contrast, AcademH generates
relatively long TSDs. Fungal AcademH families generate
9-bp TSDs with some exceptions (Fig. 3, and Supplemen-
tary Fig. S1). Animal AcademH families generate 9 or 10-
bp TSDs (Fig. 4 and Supplementary Fig. S2). In the gen-
ome of coral A. digitifera, both lineages of Academn DNA
transposons (AcademH and AcademX) are present. Aca-
demH is usually inserted with 9-bp TSDs. AcademX gen-
erates 3-bp TSDs the same as previously reported
AcademX DNA transposons from animals.

Sequence comparison against reported non-autonomous
TEs deposited in Repbase revealed that some of non-
autonomous DNA transposons whose classification has not
yet been determined are either AcademX or AcademH
(Supplementary Table S3). DNA transposons with 8-bp or
9-bp TSDs show sequence similarity to AcademH termini
while DNA transposons with 3-bp TSDs show sequence
similarity to AcademX termini. One fungal species Mel-
ampsora larici-populina, closely related to Puccinia, and
Nematostella vectensis, similarly to other cnidarian species,
contain non-autonomous AcademH families (Table 1 and
Supplementary Tables S2 and S3).

The presence of a pyrimidine (C or T) at the 5’ terminus
and a purine (G or A) at the 3" terminus is shared among
almost all Academ families (Figs. 3 and 4). Some Academ
families contain > 100-bp TIRs, represented by 526-bp TIRs
of AcademH-1_LoTr and 575-bp TIRs of AcademH-16_
CVi, while some have shorter than 10-bp TIRs; for
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Table 1 AcademH distribution
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Classification

Organism

AcademH families

Fungi/Basidiomycota

-Pucciniomycetes/Pucciniales

-Agaricomycetes/Auriculariales
-Agaricomycetes/Atheliales

-Agaricomycetes/Agaricales

-Agaricomycetes/Amylocorticiales
-Agaricomycetes/Boletales
-Agaricomycetes/Hymenochaetales

-Agaricomycetes/Polyporales

-Exobasidiomycetes/Tilletiales

Fungi/Ascomycota
-Pezizomycetes/Pezizales
Fungi/Mucoromycota

-Mortierellomycetes/Mortierellales

Metazoa/Porifera

-Demospongiae/Haplosclerida

Metazoa/Cnidaria

-Anthozoa/Scleractinia

-Anthozoa/Actiniaria

Metazoa/Priapulida
-Priapulimorpha/Priapulimorphida
Metazoa/Mollusca

-Bivalva/Ostreoida

Puccinia coronata

Puccinia graminis

Puccinia horiana
Puccinia sorghi

Puccinia striiformis

Puccinia triticina 1-1 BBBD Race 1

Melampsora larici-populina
Exidia glandulosa HHB12029
Fibularhizoctonia sp. CBS 109695
Gymnopilus dilepis

Hebeloma cylindrosporum h7
Laccaria bicolor S238N-H82
Panaeolus cyanescens
Plicaturopsis crispa FD-325 SS-3
Serpula lacrymans

Schizopora paradoxa
Dichomitus squalens LYAD-421 SS1
Trametes cinnabarina

Trametes pubescens

Tilletia caries

Tilletia indica

Ascobolus immersus RN42

Lobosporangium transversale
Mortierella verticillata NRRL 6337

Amphimedon queenslandica

Acropora digitifera

Orbicella faveolata
Stylophora pistillata
Exaiptasia pallida

Nematostella vectensis

Priapulus caudatus

Crassostrea gigas

AcademH-1_PCor to 17_PCor, AcademH-14N1_PCor,
AcademH-N1_PCor to N13_PCor

AcademH-1_PG to 6_PG, AcademH-N2_PGr to N6_PGr,
AcademH-2B_PGr, AcademH-N3B_PGr

AcademH-1_PHor, AcademH-N1_PHor to N25_PHor
AcademH-N1_PSor

AcademH-1_PSt to 18_PSt, AcademH-N1_PSt
to N12_PSt

AcademH-1_PTrit to 6_PTrit, AcademH-1B_PTrit,
AcademH-N1_PTrit to N20_PTrit

AcademH-NT1_MLP
AcademH-1_ExGl

AcademH-1_FiCBS
AcademH-1_GyDi

AcademH-1_HeCy

AcademH-1_LB, AcademH-2_LB
AcademH-1_PaCy, AcademH-2_PaCy
AcademH-1_PICr to 3_PICr
AcademH-1_SLL

AcademH-1_ScPa, AcademH-2_ScPa
AcademH-1_DiSq

AcademH-1_TrCi, AcademH-2_TrCi
AcademH-1_TrPu

AcademH-1_TiCa, AcademH-2_TiCa
AcademH-1_Tiln

AcademH-1_AsIm, AcademH-2_AsIm

AcademH-1_LoTr
AcademH-1_MoVe, AcademH-2_MoVe

AcademH-1_AQ to 3_AQ, AcademH-N1_AQ
to N2_AQ

Academ-1_ADi to 3_ADi, AcademH-4_ADi to 7_ADi,
AcademH-N1_ADi to N14_ADi

AcademH-N1_OrFa to N6_OrFa
AcademH-1_StPi, AcademH-N1_StPi to N3_StPi

AcademH-1_ExPa to 2_ExPa, AcademH-N1_ExPa
to N3_ExPa

AcademH-NT_NV, NTA_NV, N2_NV, N2A_NV

AcademHP-1_PrCa

Academ-2_CGi, AcademH-1_CGi to 3_CGi,
AcademH-2N1_CGi, AcademH-N1_CGi to
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Table 1 AcademH distribution (Continued)
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Classification Organism

AcademH families

Crassostrea virginica

-Bivalva/Pectinoida Mizuhopecten yessoensis
Metazoa/Hemichordata

-Euteropneusta Saccoglossus kowalevskii

Metazoa/Echinodermata
-Echinoidea/Echinoida

Metazoa/Chordata
-Leptocardii/Amphioxiformes Branchiostoma floridae

Branchiostoma belcheri

Strongylocentrotus purpuratus

N3_CGi, AcademH-2B_CGi

AcademH-1_CVi to 16_CVi, AcademH-2N1_CVi,
AcademH-7N1_CVi, AcademH-N1_CVi to N2_
CVi, AcademHP-1_CVi

AcademH-N1_MiYe to N3_MiYe

AcademHP-1_SKow to 2_SKow,
AcademH-N1_SKow, AcademH-N1B_SKow

AcademHP-1_SP

AcademH-N1_BF
AcademH-1_BBe, AcademH-2_BBe

example, AcademH-2_PSt and AcademH-N13_PHor have
8-bp TIRs.

AcademHP, a sublineage of AcademH with PHD zinc
fingers

Although no proteins from vertebrates were hit in the
first iteration of PSI-BLAST search with the transposase
of AcademH-1_CVi or AcademH-6_PGr as a query, the
protein sequences from the four teleost fishes were hit
in the second iteration. They are from the climbing
perch  Anabas  testudineus (XP_026195931, XP_
026196227, XP_026196228, XP_026196229), the Califor-
nia yellowtail Seriola lalandi dorsalis (XP_023286175,
XP_023286176), the spiny chromis damselfish Acantho-
chromis polyacanthus (XP_022063315, XP_022063316,
XP_022063317, XP_022063318), and the rohu Labeo
rohita (RXN19178, RXN19557). Besides these species,
the genomes from a species of thornfishes Cottoperca
gobio, the Siamese fighting fish Betta splendens, the bi-
color damselfish Stegastes partitus, and the spotted sea-
bass Lateolabrax maculatus contain related sequences
(Supplementary Table S4). These proteins do not have
all residues conserved among AcademH transposases
(Fig. 2b, XP_026196227; and data not shown). Further
investigation revealed that apparently intact AcademH
transposons related to these proteins are present in the
genomes of two deuterostomes: AcademHP-1_SP from
the purple sea urchin Strongylocentrotus purpuratus and
AcademHP-1_SKow from the acorn worm Saccoglossus
kowalevskii (Fig. 2). These families encode 2 plant home-
odomain (PHD) fingers between the second D and the
last E catalytic residues (Figs. 1 and 2). One PHD finger
contains 1 histidine residue sandwiched by 4 and 3 cyst-
eine residues (Cysy-His-Cysz). PHD fingers share an abil-
ity to bind to tri-methylated lysines on histones [17],
and thus, it is expected that the PHD fingers in the

transposases of AcademHP families also bind to his-
tones. Several copies of AcademHP families show 9-bp
TSDs similarly to other AcademH families (Supplemen-
tary Fig. S3). One AcademHP sequence was also found
as a single-copy sequence from the genome of Priapulus
caudatus, although it encodes only one PHD finger
(Fig. 2). Another protein encoded in the genome of P.
caudatus (XP_014663285.1) contains 2 PHD fingers, al-
though no TIRs flanked with recognizable TSDs were
detected around the sequence encoding this protein.
Thorough investigation revealed that other AcademH
families from animals also contain a zinc finger motif
between the second D and the last E catalytic residues,
but they are CCHH-type (Fig. 2B2).

AcademH and AcademX, two distant linages inside of
Academ superfamily
HHpred analysis with Academ transposases did not indi-
cate any specific relationships with other transposases.
The transposase domains of Academ are considered to
belong to the DDE transposases, and thus to the RNa-
seH fold, based on Yuan and Wessler [12] which re-
ported the conserved motifs and residues among
Academ transposases. With more divergent transposases
included in this analysis, fewer conserved residues are
recognized (Fig. 2b). Only 7 residues, including the pro-
posed DDE triad, are conserved among diverse Academ
transposases. Compared with other DDE transposases,
the first catalytic D and the second catalytic D are very
distant (138-192 residues apart) in Academ transpo-
sases. The conserved G/A/E/QxxH motif following the
second catalytic D residue might correspond to C/DxxH
motif in MuDR, P, hAT, Kolobok and Dada, predicted to
be located at the beginning of insertion domain [12].
The phylogenetic analysis revealed that Academ super-
family can be classified into two large groups, AcademH
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(a) Superfamily II Helicase

Vasa (2DB3_B)
SNRNP200 (6AHO_X)
RecQ (1OYW A)

PTPIQKC (14) AQTGSGKTAAF (24) VSPTRELAIQIF (37) IATPGRLLD (15) VLDEADRM (26)
PTPIQRQ (14) AETGSGKTAAF (25) AIILAPTRELAQ (40) IATPGRLID (15) VLDEADRM (50)
FRPGOEE (14) MPTGGGKSLCY (13) VSPLISLMKDQV (37) YIAPERLML (15) AVDEAHCT (28)

AcademH-1_PSt (Puccinia)
AcademH-4_PGr (Puccinia)
AcademH-3 PCor (Puccinia)
AcademH-6_PCor (Puccinia)
AcademH-11 PSt (Puccinia)
Academ-1_ADi (Acropora)
Academ-2_ADi (Acropora)
Academ-2_CGi (Crassostrea)
AcademH-3 CVi (Crassostrea)

AKPLOTT (14) AGTGFGKSRIP (17) LNPLDALGNNQV (34) YLSPEIFLN (20) VVDEAHLI (50)
PKEQQLD (14) AGTGFGKTRIA (16) LNPLDALGDNQV (34) YLSPETFVD (20) VIDEAHII (47)
AKVLQVD (14) AGTGFGKSRIA (17) LNPLDTLGDNQV (34) YLSPEIFLN (20) VIDEAHMI (48)
PKDLQVE (14) AGTGYGKTRIS (15) LNPLDSLGDDQV (34) YLSPEVFLN (20) VVDEAHMI (47)
AKETIQIS (14) AGTGYGKSRIA (17) LNPLDTLGDNQV (36) YLSPEVLLN (20) VVDEAHMV (47)
LRESQFQ (14) LPTGCGKSLIF (27) ISPLLSLMQDQV (33) YISPESTLA (20) VVDEVHCV (35)
LKPKQVK (14) KPTGYGKSIIF (29) VSPLNSLIRDQI (44) FTHPEAVLS (20) VIDEAHCI (28)
VKKEQEQ (14) LPTGYGKSLPY (21) CSPLMALMRDQC (31) FASPEYLVG (16) VVDEFHTI (33)
LKKEQROQ (14) LPTGYGKSLPY (19) CCPLIALMEDQV (30) LASPELLVG (16) VIDEFHTI (35)

AcademHP-1 SKow (Saccoglossus)

LKPEQID (14) LPTGFGKSICY (20) ISPLRSLMYDQV (35) FMSPEALLF (21) AIDECHVL (27)

KolobokH-1 RIr(Rhizophagus)

Motif

Vasa (2DB3_B)
SNRNP200 (6AHO_X)
RecQ (1OYW A)

LREGQLE (14) IKTGGGKTLCY (13) ISPLKALIEDQK (39) FITPKKLCL (19) VIDEAHCI (27)
[+ I Ia Ic II

FSATF (56) TIVFVETKR (19) HGDRLQSQRE (14) IATSVASRGLDIKNIKHVINYD (7) YVHRIGRTGRVGN
FTATM(57) IIIFVNQKK (19) HGGKGQEQRE (14) VATDVAGRGIDIQDVSMVVNYD (7) YIHRIGRTGRAGK
LTATA (54) GITYCNSRA (19) HAGLENNVRA (14) VATVAFGMGINKPNVRFVVHED (7) YYQETGRAGRDGL

AcademH-1_PSt (Puccinia)
AcademH-4_PGr (Puccinia)
AcademH-3 PCor (Puccinia)
AcademH-6_PCor (Puccinia)
AcademH-11 PSt (Puccinia)

MSATC (65) TLIYSGTRR (30) HACTGEKDKL (14) SCTMALGLGONWTRVRSVIHMG (6) VGOMIGRCGRDGR
LSATC (65) TLIYSGTRN (30) HAVTGNLDKV (14) SCTMALGLGQNWSRVRRVIHLG (6) ICOMIGRCGRDGK
LSATC (65) TLVYSGSRN (30) HSCTGDKDKE (14) SCTMALGLGQNWKRVRAVAHMG (6) IGOMIGRCGRDGK
LSATC (65) TIIYSGTRN (30) HSCTGEEDQA (14) SATMALGLGQNLKRVRCVVHMG (6) IVOMVGRCGRDGS

LSATC (65) SLVYLPTRS (30) HSCTGDLTKV (14) SCTMALGLGONWKRVRMVAHLG (6) LEOMIGRCGRDGR

Academ-1_ADi (Acropora)
Academ-2_ADi (Acropora)
Academ-2_CGi (Crassostrea)
AcademH-3 CVi (Crassostrea)

LTATA (62) TIIYCQTVK (32) HSGSOESVKT (16) VATIAYGMGVNCKGVSRVIHFG (7) YLOETGRCGRDGI
LTATA (64) TIMYLPLR- (35) HAPQTIAMKD (16) FATVAMGMGVDIQAIRTVIHVE (7) YFQETGRAGRDGK
LSATC (59) TILYCTSIK (22) HSETPEDVKN (18) TTTSALGMGVDIRQYYSVILYG (7) TVQEIGRVGRDGK
LSATC (61) TLVYCKSIK (23) HSETTNETKL (17) VATSALGMGIDVEECHSVVLYG (7) LLOECGRIGRDGK

AcademHP-1 SKow (Saccoglossus)

LTATC (62) ATIYVRTIT (33) HGALASTDQE (15) ICTVAFGMGVNIPDLNIVVHWG (7) YNQEVGRAGRNGD

KolobokH-1 RIr(Rhizophagus)

LTATC (61) IIIYCATOQL (21) HGGIGDEQRQ (14) IGTNAFGMGINSSDVYLIVHCV (7) LIQEIGRAGRNGN

Motif

(b) Academ transposase

Academ-1_AP (Acyrthosiphon)
Academ-2_BF (Branchiostoma)
Academ-1_CSa (Ciona)
Academ-1 NV (Nematostella)

IIT v IVa. v & Va VI

YVCDNADHN (151) TTCVVTLDQPLYLKTREI (15) RLGGFHLLMSYLGSI (147) GHYNYA (34) SNKYFCGTWSDMIIEQS
TAMDNIDHN (161) QI PVMTADQPIYALAKQI (15) MFGGLHIELAALRSV (128) NNTKYA (33) SRREFSGMAIDQAHEQA
CVWDNNDAN (159) DFAVVTYDLAVAIKAYST (13) MLGSFHIELAFYGAV (156) NRPNYA (30) TSKDYSRSAVDLSLEQT
LAADNNDLN (164) EDTVITFDLAIYIKAKQT (13) RLGGFHIALNFLSLL (162) DRENYS (33) SGQPFSQVWTDMALEQS

Academ-1_CCri (Chondrus)
Academ-4_CCri (Chondrus)
Academ-15 CCri (Chondrus)

VQMDNFDIH (181) RYVVCGGDQPTFKMIVKL (29) FPGFFHIEKQSLYPL (163) GHIKYQ (44) DHRGWVYVHLDELQEMF
LOFDNWDTT (181) RHVVVGGDQPSYKMFVET (33) FPGLFHTEKQAMYST (185) THLKYQ (44 ) DRRGWTYVHMDESLEML
ASIDNINIK (179) KFLVVQGDQVTFHVIFEK (19) ICGVFHGDKTYLLDT (163) NKNKYQ (38) RRREGVHVHHDEAQELG

AcademH-3 PGr (Puccinia)
AcademH-5_ PCor (Puccinia)
AcademH-7_PCor (Puccinia)
AcademH-9 PCor (Puccinia)
AcademH-1_TrPu(Trametes)
AcademH-1_AsIm(Ascobolus)
AcademH-1_PaCy (Panaeolus)
AcademH-3 P1Cr(Plicaturopsis)
AcademH-1_LoTr (Lobosporangium)
AcademH-1_FiCBS(Fibularhizoctonia)
AcademH-2_LB(Laccaria)
AcademH-1_GyDi (Gy pilus)
AcademH-1_MoVe (Mortierella)
AcademH-1_TiCa(Tilletia)
AcademH-2 ScPa(Schizopora)

LCIDNIDFE (149) ELQIMDGDLGTLQNMECL (19) LLGASHTLWNIAQAT (149) GLTHYA (30) SGRPNHFVAKDFFLETE
LCIDNLDFE (149) RLLMLDGDLGTCVNVKCL (19) LLGASHTLWNIGHAT (149) KLSNYA (30) TGRQKHFSPKDLFLEKQ
ICIDNLDME (148) RLQVMDGDLGTVQNFENCL (19) QLGASHTLWNIASAT (149) GITNYL (30) TGRLNHFVAKDFWLEIQ
ICLDNLDME (149) RLQPMDADLGTCQONFENSL (19) QLGASHTLWNIAQAT (163) GLTHYS (30) SGRPGHFVAKDFLLETQ
YAFDNLDFQ (174) YVTLIHGDLGSYEKVLSV (19) VMGLFHLKMASADAT (157) GKHKYA (30) TGKPHAFRAIDWIVELL
LCMDNADYT (157) SIMLLKGDLKTKAMVDGG (19) GMGLFHLHFATRRLV (154) KQKNYA (30) SGREGKWMPDDLYCEWI
MCYDNINIK (146) RPILSINDQLTNSRIRSG (19) APGLFHTDMNFQLGI (165) GSNNYS (30) TGRKGHFIPVDLNIEHL
VSHDNVNIP (158) QLIVWVGDQLTVDRLRGL (19) VFGWLHLEMAVENSL (149) GQSNYA (31) GGRRDGFVPDDMAQEHN
IVYDNINMA (132) RRILIAGDQLTVSRLRSL (19) VIQLFHLOMLLASTI (144) STKNYA (30) TGQPNRWIPADLYQEHN
YAYDNVDMD (170) QVILVHGDLLTGERIHSL (19) VMGLFHLKMACADAI (166) GKHKYA (30) TGTKGRFRAIDWWVEHN
LQFDNVQNY (146) RLLLVGGDGLTYEKMIQL (19) ILADWHAEWTDLSRT (221) SHSKYT (30) TGKEGGFSAADFLQEFF
FAYDNFDIH (175) SVLLVHGDLLTKERLDSV (19) VPGLFHFKMACADAL (159) GKHKYA (30) TGKPKGFRGVDWLVERN
IVYDNLNIA (142) NNTIIAGDQMTVSRLLTL (19) TLQLFHLDMNLCGTI (136) GNTNYA (30) KGCDGGWMATDMLQENH
VCHDNCQFP (191) RMCTHGGDLGTVNLLLGA (19) VPHLFHARMAALRMI (186) TTMHYG (30) SGREGHWREVDHVQEEH
VVWDNLNIA (145) GVILCAGDQLTISLLDKA (20) QPGLFHGFMNSTRMI (156) SMPKYA (29) TGKEGRFKAVDLLOEHL

AcademH-1_AQ(Amphimedon)
AcademH-1_BBe (Branchiostoma)
Academ-3 ADi (Acropora)
AcademH-1_CVi (Crassostrea)
AcademH-8 CVi (Crassostrea)

TVGDNIDKN (138) QSILLGGDQMSCAMARRYV (19) VVEDWHSKLCFLTAC (166) GRTNYS (30) HGLPARNIPCDLYMEHL
IIFDNLNFF (138) CPIFAGGDRLSEGNSRNI (19) KYEDWHAIRNLCFVH (224) GHTQYA (31) GGGVGKNISLDLRLEHL
ITFDNIDFH (137) DSQLFAGDQLTVERATNV (19) QLGDWHAAVKILDLI (238) HSTKYA (30) GGGKGKNIALDLDLEHS
IIGDNWDKD (137) EPVFFGGDRLTDERIQSA (19) KIEDFHRLMNFLEAT (218) NKVKYM (30) QGGKNNNISLDEYLEML
ILGDNLDIT (144) EKVVEGGDVLTNERAFSA (19) RPEGLHREMNFLLGI (212) KHTKYK (29) KGGIGQSIPNDNCVEIQ

AcademHP-1_PrCa (Priapulus)
AcademHP-1_SP (Strongylocentrotus)
AcademHP-1_SKow (Saccoglossus)

XP_ 026196227 (Anabas)

LCFDNVNQR (139) FTLPLYADGLSCERGNDA (19) GIQEWHKRCLLLQDI (227) HHPKYF (30) NGGKGKNIAMDLHMEFL
LCIDNVQKG (135) TQTLVSGDGLTIERILHA (19) TPQEFHKEILLLQDS (286) RHPKYL (30) TGKPGGNIGMDLGTEHI
LCWDNVQKL (134 ) YNVVCHGDQLSIERMVDA (19) RPQEFHKRCITMQDT (284 ) NHYKYL (30) KGGAGNNIPLDLVNEFL

(Bl) PHD fingers in insertion

AcademHP-1_SP (Strongylocentrotus)
AcademHP-1_SKow (Saccoglossus)
AcademHP-1_PrCa(Priapulus)
XP_014663285.1 (Priapulus)
XP_026196227 (Anabas)
AcademHP-1_SP (Strongylocentrotus)
AcademHP-1_SKow (Saccoglossus)
XP_014663285.1 (Priapulus)
XP_026196227 (Anabas)

(B2) Zinc finger in insertion
Academ-3_ADi (Acropora)

AcademH-1_CVi (Crassostrea)
AcademH-8 CVi (Crassostrea)

FCCDESKKA (143) YHILCCGDITNTDKTEQS (21) APQEFQKEHLFHEEM (282) EHLQLF (30) QGKAGGNISLDLLTELM
DN D H | ] Y D E

* * ZnF *

domain of AcademH transposase

(PHD1) GYCLCKSEKNDDM----VLCCS-STCHKA-WFHLSCVGLTAAPD-KEKDWYCSADCESGPSY
(PHD1) DYCVCKTDLGGTM----IECSALSQCKRGRWFHLDCVELQPESV-PDDEWWCSPDCEQ—SS
(PHD) LYCVCKQDFPGSAM---IFCEN-RNCRRGTWFHLECIGMKEDDV-PDGKWYCCISCHT-SA
(PHD1)  --—----—---- VM----ILCCSLS-CKVG-WYHISCVQLKQEPS-SDEDWYCSSECAGSSTY
(PHD1) PFCYCREEKPGEK---LVRCCS-NLCPAI-WFHESCARAQTLSD-PHEDWFCSPECSSDGTY
(PHD2) IYCVCQRKVDPEGNTNMAQCALKGNCRGHEWYHHRCIGLQLTDL-LPEKWYCSEECAL
(PHD2) IYCFCKKKEDTDDDKWIG-CDREFMCPNGEWFHMRCVGLNQCPD---GSWFCSDDCQV
(PHD2) VYCSCHHKCAEDM----VQCALKQNCRNAEWYHKSCKGIAQDEC-LPDAWYCGEACHL
(PHD2) IYCHCKEQKGGEM----IQCGLTDKCRRHEWYHRDCLTAAEQNRGEQTPWFCSESCLL

domain of AcademH transposase

FPCRFQGCPFSFKFDGKSRRKHELAHNP
LKCHY--CENTYKFSNTLQYHEKKIHNV
YLCAV--CGKEYCKSGWLKRHLEKKHHW

Fig. 2 (See legend on next page.)
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(See figure on previous page.)

Fig. 2 Motifs of protein domains conserved in the Academ superfamily. Conserved residues are shown in red. The lengths between motifs are
shown in parentheses. a Superfamily Il helicase. The motif names are shown below alignment. b Academ transposase. Conserved residues are
shown below alignment. Asterisks indicate three catalytic residues. ZnF indicates the location where animal transposases encode PHD fingers or

another zinc finger motif, which are shown in (B1) and (B2), respectively

and AcademX, corresponding to the protein coding abil-
ity (Fig. 5). AcademX can be further divided into two lin-
eages, consistent with the difference in TSD length and
distribution. AcademX with 3-bp TSDs are distributed
among animals. AcademX with 4-bp TSDs has been
found only from the red alga C. crispus. Two clusters for
AcademH correspond to the AcademH from fungi and
animals. The three AcademHP families with the Aca-
demHP transposase-like protein encoded on the genome
of A. testudineus (XP_026196227.1) clustered together
inside of animal AcademH. AcademH transposons from
closely related organisms are often clustered together,
for examples, three families from Mucoromycote fungi
(AcademH-1_LoTr, AcademH-1_MoVe and AcademH-2_
MoVe) or five families from the oysters in the genus
Crassostrea (AcademH-8_CVi, AcademH-1_CVi, Aca-
demH-4_CVi, Academ-2_CGi, and AcdemH-2_CVi). All
AcademH families from the genus Puccinia are very
closely related. However, deeper phylogeny of AcademH
transposases is not consistent with their host phylogeny.
Considering the small number of genomes from which
AcademH families were characterized, and low bootstrap
supports for deeper nodes, the contribution of horizontal
transfer to the AcademH evolution remains to be
investigated.

Discussion

The diversity and distribution of Academ

The Academ superfamily of DNA transposons has been
found from three different groups of eukaryotes: ani-
mals, fungi and red algae. With a relatively small num-
ber of sequences, the phylogeny and structural
characteristics of Academ are straightforward. The Aca-
demX lineage encodes one large protein containing a
transposase, an XPG nuclease and a putative zinc finger.
It is distributed in animals and red algae. AcademX gen-
erates relatively short (3 or 4-bp) TSDs upon integration.
The AcademH lineage encodes two proteins, one of
which is a transposase and the other of which is a super-
family II helicase. AcademH generates relatively long (9
or 10-bp) TSDs upon integration. AcademH is distrib-
uted in animals and fungi. AcademHP is a sublineage in-
side of AcademH and this lineage encodes one or two
PHD fingers between the second D and the last E cata-
lytic residues. In vertebrates, the genomes of some tele-
ost fishes keep remnants of AcademHP copies.

Functional implications for helicase in the life cycle of
AcademH

The length of TSDs is one of the hallmarks of superfam-
ilies of DNA transposons. In general, inside of the

5’ junction

Transposon family 3’ Jjunction

Puccinia coronata

GGACGCACATTTTTCCGAACTTAACCCAAG
CAGGCCATTTGATCCCTAACTTAACGCAAG
CCTTGGGACGTTTGTCTAGCTTAACACAAG
GACCATGTACAGTGGCTAGCTTAACCCAAG
GAAAAGGCTTGAACGCTAGCTTAACTAAGC
GGCTGAGGTCAGTTTCTAACTTAACTAAGT
GGGATAGGCTCAACGCTAACTTAACAACAA
TTAAGGCACTTACGGCGAACTTAACAAAGT
CATATGTGCGGCATTCGAACTTAACAGCAA
GTGGAGCCCAAGGAGCTAGCTTAACACAAG
GAATGGATTTCTTCACAAACTTATCAAAGT
ATCGTACGTTGAGCCGAACTTAACACAAGT
AAATGGGTGTAAATGCTAACTTAACACAAG
TAGCCCTTTAAGCTGCTAACTTAACACAAG
GAGCTGGGAACTAATCAAACTTAACACAAG
AAATTGATGCCTGTGCAAACTTAACAACAA
AGGCACATGGGGGGCCTAACTTAACAAAGT
TTGTAAGTGGCATCTCTAACATAAGTAAGT
TGGACGAGTGCGCAGCTAGCTTAACCCAAT
ACGGGTAGGGTGATGCTAACTTAACACAAG
AAATCTAAGAAGGTGCTAATTTAACACAAG
GTACAATAGACCTTTCTAACTTAACTAAGT
TGGCTGGTTGCAAAGCTAACTTAACACAAG
CACCCACATCAGTCACGAACTTAACACAAG
CATACGCAGTAATACCGAACTTAACGCAAG
CACACCTGTCAGTCACAAACTTAACGCAAG
AACAGGATTCATACCCTAACTTAACAAAGT
TACATGGACTGGGGACTAACTTGACACAAG
TAATGTGGTCCTGCCCTAGCTTATCACAAG
ATACTATACACACCCCGAACTTAACGCAAG

AcademH-1_PCor
AcademH-2_PCor
AcademH-3 PCor
AcademH-4_PCor
AcademH-5 PCor
AcademH-6_PCor
AcademH-7_PCor
AcademH-8 PCor
AcademH-9 PCor
AcademH-10_PCor
AcademH-11_PCor
AcademH-12 PCor
AcademH-13 PCor
AcademH-14_PCor
AcademH-15 PCor
AcademH-16_PCor
AcademH-17_PCor
AcademH-N1_PCor
AcademH-N2_PCor
AcademH-N3_PCor
AcademH-N4_PCor
AcademH-N5_PCor
AcademH-N6_PCor
AcademH-N7_PCor
AcademH-N8 PCor
AcademH-N9_PCor
AcademH-N10 PCor
AcademH-N11_PCor
AcademH-N12 PCor
AcademH-N13 PCor

GCTTTGTTAAGCTCGACATTTTTCACGCTC
GCTTAGTTAAGCTAGATTTGATCCTAGGGA
ATTGTGTTAAGCTAGGACGTTTGTGAGGAA
GCTTAGTTAGGCTAGGTACAGTGGCTGGAA
GCTTAGTTAAGCTAGGCTTGAACGGCCGTA
ACTTAGTTAAGTTAGGGTCAGTTTCGTCCT
GCTTAGTTAAGCTAGGGCTCAACGTATATG
ACTTAGTTAAGTTTGCACTTACGGTAGAAA
GCTTTGTTAAGCTCGTGCGGCATTGTGCTG
ATTGTGTTAAGCTAGAAGGAGAGATGAACT
GCTTTGTTACGCTCGATTTCTTCAATCATC
GCTTAGTTAAGCTTGCGTTGAGCCTACAGT
GGCTTTGTTAAGCTTGTGTAAATGGAGGAC
CTTATGTTAAGCTAGTTTAAGCTGAGTCTG
GCTTTGTTAAGCTCGGGAACTAATTGGGTT
GCTTAGTTAAGGTTGATGCCTGTGAGTCAA
ACTTTGTTAAGTTAGAT CATTTT
CTTGTGTTAAGTTAGGTGGCATCTCAAAGT
GCTTAGTTAGGCTAGAGTGCGCAGGTGGCA
GCTTTGTTAAGCTAGAGGGTGATGCATCTT
ACTTAGTTAAGTTAGAAGAAGGTGGTAATA
ACTTAGTTAAGTTAGTAGACCTTTGGGGTC
CTTATGTTAAGCTAGGTTGCAAAGCGACCC
GCTTAGTTAAGCTCGCATCAGTCAGGGGTT
GCTTTGTCAGGCTCGCAGTAATACCAATCG
GCTTTGTTAGGCTCGGTCAGTCACATTTCA
ACGTTGTTAAGTTAGATTCATACCCTTGTT
CTTATGTTAAGCTAGGACTGGGGAAGGGAG
GCTTAGTTATGCTTGGGTCCTGCCTATGTA
GCTTTGTTAAGCTTGTACACACCCACCACC

Fig. 3 Termini and TSDs of Academ superfamily of DNA transposons from the fungus Puccinia coronata. Only one representative insertion is
shown for each family. TSDs are colored in red. All termini and TSDs characterized in the study are shown in Supplementary Fig. S1
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5’ junction Transposon family 3’ junction

Crassostrea virginica

GTTGCTGTAACGACCCAATCTAATTAAAAT AcademH-1_CVi ATTTTAATTAGATTGTGTAACGACCAAAGG
AATAATCCATTCATACAATCTGATTAAAAT AcademH-2_CVi ATTTTAATCAGATTGTCCATTCATATACAT
AAACACATTGCCATGCAGTCTGATTAAAAC AcademH-3 CVi GTTTTAATCAGACTGATTGCCATGAAAATA
ATATTGTTGATTTGACAATCTGATTAAAAT AcademH-4_CVi ATTTTAATCAGATTGGTTGATTTGAATTCG
GTGTCAGTGCCGATGCAATCTAATTAAAAT AcademH-5 CVi ATTTTAATTAGATTGGTGCCGATGGTTTAT
TTGTCACTACCAAACCATCGTCGGAACCCA AcademH- 6:CVi TGGGTTCCGACGATGCTACCAAACCTACAT
CAGAGACTTTTTCCTCAATCTAATTAAAAT AcademH-7_CVi ATTTTAATTAGATTGCTTTTTCCTGAATCC
GAGTTTACCTAAATCCATCGTCGGAACCCA AcademH-8 CVi TGGGTTCCGACGATGACCTAAATCGTGTCA
TTGGGTGTTTTCAACCAGTCTGATTAAAAT AcademH-9 CVi ATTTTAATAAGACTGGTTTTCAACGCACTC
AGTGCACAATATGTGCAATCTGACTAAAGT AcademH -NE_CVi ACTTTAGTCAGATTGAAAATATGTGCTGAA
ATTAGTAAATACAGTCAATCTAATTAAAAT AcademH-N2 CVi ATTTTAATTAAATTGTAAATATAGTATATC

Acropora digitifera

CGTTCAATCACAGCTTAGCCTGCGAAAGCA Academ-1_ADi TGCTTTCGCAGGCTAGTGATGATGTTGCGG
TCAGCCAATTCCGTCCAACCTCGTTCCCAG Academ-2_ADi CTGGGAACGAGGTTGAATTCCGTCAACATG
CAGGGTCTCCGAGGATAGGCTCCTTCGCAG Academ-3 ADi CTGCGAAGGAGACTACTCCGAGGATGGCTT
AAGTCTTACTGGGATCAATCTCGTTCCCAG AcademH-4_ADi CTGGGAACGAGATTGTACTGGGATAAACTG
GCTGATACCAAGGGTCAATCTCGTTCCCAG AcademH-5 ADi CTGGGAACGAGATTGACCAAGGGTCATTTG
AGTGCCATGTTGAGATAGCCTGTGTCACAG AcademH-6_ADi CTGTGACACAGGCTAGATTTTATTGAAAAC
GCGCAGCCATAACATCAATCTCGTTCCCAG AcademH-N1_ADi CTGGGAACGAGATTGCCATAACATCCGAGG
TCTCATAGTATGTCACAACCTCGTTCCCAG AcademH-N2_ADi CTGGGAACGAGGTTGAGTATGTCATACTAT
TAGCGAGCTAAACGCTAGTCTCCTTCGCAG AcademH-N3 ADi CTGCGAAGGAGACTAGCTARACGCCGGCCA
TGACGAGAGAAGTCTCAACCTCGTTCCCAG AcademH-N4_ADi CTGGGAACGAGGTTGGAGAAGTCTTTGGTT
TCAATGTTGTTCTATCAACCTCGATTCCAG AcademH-N6_ADi CTGGGAACGAGGTTGTTGTTCTATGAGAAA
TTACCTCATCGAGACCAACCTCGTTTCAAG AcademH-N7_ADi CCGGGAACGAGGTTGCATCGAGACGAAACG
TAGACTAACTGGCGTTAGCCTGCGAGCAGG AcademH-N8_ADi CCTGCTCGCAGGCTAAACTGGCGTGGGGTT
AAGAGGCTATATAGTCAATCTCGTTCCCAC AcademH-N9 ADi TTGGGAACGAGATTGCTATATAGTGGCCTT
GGATAGGTCGCCTTTCAACCTCGTTCCCAG AcademH-N10 ADi CTGGGAACGAGGTTGGTCGCCGTTAAGGTG
GAGTTCAACTCCGGCTACCCTGAGTGCCAG AcademH-N11_ADi CTGGCACCCAGGGTAAACTCCGGCCGGACC
GCAATGCGGTTTAGTTAGCCTGCGAGCAAG AcademH-N12 ADi CTTGCTCGCAGGCTACGGTTTAGTTCCACA
TATCCCATATTGTTATAGACTGCGTGCAGT AcademH-N14_ ADi ACTGCTCGCAGTCTAACATTGTTAAGTGCC
GAAAGCTCGTTATACTAGTCC GCAAA Academ-4_ADi CTTGCTCCCTGACTATACGTTCCATTTCTC
AAGTATTAGTCTAATTAGTCTGGCAGCATG Academ-5_ADi AATGCTGCCAGACTARATGAAGGCGGGTCA
ATTCCGTAAGGGTTATAGTCCAGTCATTTT Academ-6_ADi AAAATGACTGGACTATTAACAGAGGCGAGT
GAAAACGGCAATAAATAGTCCAGGCATTTT Academ-7_ADi AAAATGCCTGGACTAARAAAACAAGACAAAT
TAATTATTCTTAGTATAGTCAGGGGGCCAG Academ-8 ADi CTGGCCCCCTGAATAGTAGCGCATGTGAAC
ACACGCCACCACTTATAGTCCATGGGCCAG Academ-9 ADi CTGGCCCATGGACTATTACAGCGGTTTCTT
TTCTTTCCCGTGTTTTAGACTGGGACAAAT Academ-N1_ADi AAATGTCCCAGTCTATTTTGCAACATTAAA
ATAAATAAACTCAAATAGTCAGGCGGTTAT Academ-N2_ADi ATAACCGTCTAACTAAAATGGAATTGGGCC
ACAAATTGACAAGGATAGTGTGGTCGCTTA Academ-N4_ADi TAAGCGGCCAGACTAGGATGCTTATGTGAA

shown in Supplementary Fig. S2

Fig. 4 Termini and TSDs of Academ superfamily of DNA transposons from two animal species, Crassostrea virginica and Acropora digitifera. Only
one representative insertion is shown for each family. TSDs are colored in red. No clear TSDs were observed for Academ-1_ADi and AcademH-
6_ADi, while a short derivative of Academ-1_ADi is flanked by 9-bp TSDs (data not shown). All termini and TSDs characterized in the study are

superfamily of DNA transposons, the lengths of TSDs
are not so divergent [4, 18]. Almost all of superfamilies
show strict restriction of TSD lengths, which allows only
1-bp difference. As rare exceptions, the #AT superfamily
shows TSDs of 5, 6 or 8-bp, and the EnSpm superfamily
shows TSDs of 2-bp, 3-bp, or 4-bp. In contrast, inside of
the Academ superfamily, AcademX generates 3-bp or 4-
bp TSDs, while AcademH generates TSDs of 9 or 10 bps
in length.

AcademH families encode a superfamily II helicase re-
lated to RecQ, while AcademX families encode an XPG
nuclease. Mutually exclusive presence of helicase or nucle-
ase in Academ transposons implies the functional similarity
of these two enzymes in the life cycle of Academ transpo-
sons. RecQ helicase family works for various DNA repair
pathways including homologous recombination and non-
homologous end joining [19]. XPG nuclease families are
needed to repair DNA damages by a process called nucleo-
tide excision repair [20]. It can be speculated that helicase
and nuclease encoded by Academ transposons are coupled
with cellular proteins in DNA repair pathway during the
transposition of Academ transposons. DDE transposases
cleave DNA at both termini of DNA transposons [21]. The
difference in how DNA repair pathway is recruited to resolve

the transposition intermediate might dictate the junction
structures different between AcademX and AcademH.

Conclusions

The Academ superfamily of DNA transposons has 2
deep-branching lineages: AcademX and AcademH. Be-
sides its transposase, AcademH encodes a superfamily II
helicase, which may contribute to the generation of long
TSDs.

Methods

Characterization of Academ DNA transposons

All genome sequences used in this study were downloaded
from either of three websites: NCBI Assembly database (https://
www.ncbinlm.nih.gov/assembly), UCSC Genome Browser
(https://genome.ucscedu/), and OIST Marine Genomics Unit
(http://marinegenomics.oist.,jp/lingula/viewer/download?pro-
ject_id=47), and listed in Supplementary Table S5.

Censor searches [13] using reported Academ se-
quences as queries against genomes were performed. Se-
quences showing similarity to Academ were clustered by
BLASTCLUST in the NCBI Blast package. Censor
searches were done with consensus sequence of each
cluster and the hits with flanking sequences were


https://www.ncbi.nlm.nih.gov/assembly
https://www.ncbi.nlm.nih.gov/assembly
https://genome.ucsc.edu/
http://marinegenomics.oist.jp/lingula/viewer/download?project_id=47
http://marinegenomics.oist.jp/lingula/viewer/download?project_id=47
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Academ-3_HM Hydra_vulgaris
_F Academ-2_BF Branchiostoma_floridae
86 Academ-5_SP _purpuratus
I— Academ-1_AP Acyrthosiphon_pisum
99 Academ-2_HM Hydra_vulgaris
100

Academ-1_CGi Crassostrea_gigas
e dem-3_SP o
94
dom-3_SK ¥

Academ-1_AMi Alligator_mississippiensis
Academ-4_SK Saccoglossus_kowalevskii
Academ-1_CSa Ciona_savignyi
Academ-2_Lgigantea Lottia_gigantea
Academ-1_HM Hydra_vulgaris
Academ-1_GA Gasterosteus_aculeatus
Academ-1_SP Strongylocentrotus_purpuratus
dem-2_SP |

Academ-9_ADi Acropora_digitifera
OAcadem-4_BF Branchiostoma_floricae
Academ-7_SK Saccoglossus_kowalevskii
Academ-1_NV Nematostella_vectensis

Academ-3_BF Branchiostoma_floridae
Academ-8_SK Saccoglossus_kowalevskii

1

Academ-2_ADi Acropora_digitifera
AcademH-1_BBe Branchiostoma_belcheri 17
Academ-3_ADi Acropora_digitifera (&)
AcademH-1_AQ Amphimedon_queenslandica —
AcademHP-1_PrCa Priapulus_caudatus O |-
AcademHP-1_SKow Saccoglossus_kowalevskil £ a
XP_026196227.1 Anabas._testudineus s 2
AcademHP-1_SP Strongylocentrotus_purpuratus. !
AcademH-8_CVi Crassostrea_virginica < o
AcademH-1_CVi Crassostrea_virginica ‘Z_|
AcademH-4_CVi Crassostrea_virginica N
Academ-2_CGi Crassostrea_gigas
AcademH-2_CVi Crassostrea_virginica
—————— AcademH-2_LB Laccaria_bicolor
AcademH-1_Tiln Tilletia_indica
— L AcademH-2_TiCa Tilletia_caries
AcademH-1_MoVe Mortierella_verticillata
AcademH-1_LoTr Lobosporangium_transversale
AcademH-2_MoVe Mortierella_verticillata
AcademH-3_PICr Plicaturopsis_crispa
AcademH-1_GyDi Gymnopilus_dilepis
AcademH-1_FICBS Fibularhizoctonia_sp._CBS_109695
AcademH-1_TrPu Trametes_pubescens
AcademH-1_TrCi Trametes_cinnabarina
~5g~ AcademH-1_PaCy Panacolus_cyanescens
AcademH-2_PaCy Panaeolus_cyanescens
AcademH-2_ScPa Schizopora_paradoxa
AcademH-1_TiCa Tilletia_caries
AcademH-2_Asim Ascobolus_immersus
— L AcademH-1_AsIm Ascobolus_immersus Yy
—w AcademH-17_PCor Puccinia_coronata 9,)
Academ-1_PGr Puccinia_graminis = e
61 AcademH-8_PCor Puccinia_coronata =Y
AcademH-3_PSt Puccinia_strilformis c o
109 cademH-12_PSt Puccinia_striiformis uj_ -‘?
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extracted to characterize the complete repeat unit until
TSDs were detected.

In parallel, RepeatModeler (http://www.repeatmasker.
org/RepeatModeler/) and Repbase [1] were used for the
initial screening of repetitive families with default pa-
rameters for all animal genomes used here except for C.
gigas, C. virginica, M. yessoensis, C. teleta, P. caudatus,
and B. floridae. Consensus sequences generated by
RepeatModeler output with the annotation as Academ
were chosen to reconstruct the second consensus se-
quences using the top 10 hits with the 1000-bp flanking
sequences at both sides in the Censor search.

Single-copy sequences similar to AcademH families
were annotated as AcademH transposons if > 10-bp TIRs
and adjacent > 8-bp TSDs were detected within their 10,
000-bp flanking sequences.

The consensus or single-copy representative sequences
for all TE families reported here have been submitted to
Repbase [1], and are also available in Supplementary
Datasets S1 and S2.

Protein structure and phylogenetic analyses

Protein coding regions were predicted from consensus
sequences and representative single-copy sequences with
Softberry FGENESH  (http://www.softberry.com/berry.
phtml?topic=fgenesh&group=programs&subgroup=gfind)
[22], followed by manual curation with reference to pre-
dicted mRNA sequences available at NCBI website. NCBI
CD-Search (https://www.ncbinlm.nih.gov/Structure/cdd/
wrpsb.cgi) [23] was done to detect protein domains.
HHpred (https://toolkit.tuebingen.mpg.de/tools/hhpred)
[24] was used to find similar structures of respective
proteins.

Multiple sequence alignment was done with MAFFT
with linsi option [25]. Academ transposase domains were
extracted following the definition in [12, 16]. Protein se-
quences with truncation or internal deletion inside of
transposase domain were excluded from the analysis.
The final dataset used for the phylogenetic analysis con-
tains 86 sequences which are 319 to 541 residues in
length (Supplementary Dataset S3). Maximum likelihood
trees with bootstrap values of 100 replicates were con-
structed using PhyML [26] with the amino acid substitu-
tion model LG + G +I+F, which was chosen based on
the best Akaike Information Criterion score. The phylo-
genetic trees were drawn with the aid of FigTree 1.3.1
(http://tree.bio.ed.ac.uk/software/figtree/).

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/513100-020-00211-1.

Additional file 1: Figure S1. Termini and TSDs of newly characterized
families of Academ from the fungus Puccinia coronata. Figure S2.
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Termini and TSDs of newly characterized families of Academ from two
animal species, Crassostrea virginica and Acropora digitifera. Figure S3.
Termini and TSDs of AcademHP families from animals. Table $3. Non-
autonomous DNA transposons newly classified as Academ. Table S4.
AcademHP remnants found in teleost.

Additional file 2 : Table S1. Protein sequences showing similarity to
AcademH transposases. Table S2. Characteristics of AcademH families.
Table S5. Genome assembly sequences used in this study.

Additional file 3 : Data S1. Consensus sequences of multicopy Academ
transposons characterized in this study. Data S2. Representative
sequences of single-copy Academ transposons characterized in this study.
Data S3. Protein multiple alignment of Academ transposase domains
used for the phylogenetic analysis.
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