
RESEARCH ARTICLE Open Access

Filamentous ascomycete genomes provide
insights into Copia retrotransposon
diversity in fungi
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Abstract

Background: The relative scarcity of Copia retrotransposons has been recently characterized in metazoans in
comparison with the other superfamilies of LTR elements. Furthermore, Copia retrotransposons have often a particular
dynamics that results in a highly predominant single clade of elements within a large host taxon, such as the GalEa-like
retrotransposons in crustaceans. Taking advantage of the skyrocketing amount of genomic data available for fungi, we
carried out the first large-scale comparative genomic analysis of the Copia clades in filamentous ascomycetes.

Results: Screening 30 completely sequenced genomes allowed us to identify more than 2500 Copia copies with
conserved LTR, which are distributed in 138 families. Their characterization revealed that fungal Copia diversity is
much broader than previously thought with at least 27 clades, 23 of which likely correspond to new ones. While
the Copia copy number is low in most species, the two clades GalEa and FunCo1 are widely distributed and highly
dominate Copia content as they both account for 80% of the detected sequences.

Conclusions: In Fungi, GalEa retrotransposons are restricted to Pezizomycotina in which they can make up an
outstandingly high proportion of the genome (up to 10% in Cenococcum geophilum). At last, we revealed that fungal
GalEa elements structurally differ from all other Copia elements with an absence of Primer Binding Site. These elements
however harbor a Conserved Hairpin Site which is probably essential for their transposition.
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Background
Transposable elements (TEs) have been identified in all
eukaryotic species investigated so far and can make up
large fractions of genomes [1]. Because of their huge
effects on genome structure and dynamics, they are con-
sidered as one of the major sources of genetic variability
in eukaryotes [2–5]. TEs are very diverse in terms of
structural features, sequences and replication mechanisms
[1, 6]. Based on their mode of transposition, TE families
are classified into two classes [1, 5]: (i) transposons (DNA
transposable elements or class II elements) replicate via a
“cut and paste” mechanism with a DNA intermediate; (ii)
retrotransposons (class I elements), a TE class specific to

eukaryotes, replicate via a “copy and paste” mechanism,
which relies on the reverse transcription of an RNA inter-
mediate. Retrotransposons are subdivided in five major
orders: LTR (Long Terminal Repeats) retrotransposons,
LINEs (Long INterspersed Elements), SINEs (Short INter-
spersed Elements), Penelope and YR (tyrosine recombin-
ase encoding) elements [1]. The LTR retrotransposons,
LINEs and SINEs have been detected almost ubiquitously.
In contrast, the Penelope elements are widely distrib-
uted among animal species, but seem to be rare among
plants, protists and fungi [7] and the YR retrotransposons
(e.g. DIRS1-like elements) have a patchy distribution in
unikont species [8, 9]. TEs characteristics greatly impact
their dynamics and success in the genomes. For example,
while LTR elements make up the largest proportion of
plant TEs, they are less predominant in animals. Thus,
TEs distribution and abundance among genomes greatly
depend on both the element type and the host taxon
considered.
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Within LTR retrotransposons three superfamilies
(Gypsy, Copia and BEL/Pao) have been characterized to
date. All of them encode usually two genes in a single or
two open reading frames [10]: gag is the 5′-most gene and
encodes proteins that form the virus-like particles; and the
pol is located 3′ of gag, and encodes various enzymatic
activities like an aspartic protease (PR), a reverse tran-
scriptase (RT), a RNase H and a DDE-type integrase
(INT) that are involved in the transposition mechanism.
They are flanked by two direct LTRs (usually between 100
and 500 bp long), which encompass the promoter and
regulatory regions. As such elements require a multi-
compound machinery to be mobile, genomic copies easily
become inactivated by mutations. TEs activity is also regu-
lated by the effects of diverse silencing mechanisms that
limit their expansion. In particular, in fungi diverse
defense process inactivate repeated sequences, such as
RIP (Repeat-Induced Point mutation) which promotes
Cytosine to Thymine mutations or MIP (Methylation
Induced Premeiotically) which only methylates TEs at C
residues [11, 12]. Such mechanism appears frequent, as 48
out of the 49 tested fungi (subphylum Pezizomycotina)
showed evidence of directional mutation [13].
Superfamilies of LTR retrotransposons display uneven

relative abundances among eukaryotes [14, 15]. Whereas
Gypsy and Copia elements are widely distributed among
the genomes of plants, fungi and animals, no BEL/Pao
elements have been identified in mammals or plants so
far. In metazoans, the Gypsy elements are clearly the
most abundant and BEL/Pao elements often appear
more abundant than Copia retrotransposons, which are
absent in one third of metazoan genomes [15, 16]. In
fungi, the first transposable elements have been described
in 1979 in yeast [17]. The presence of LTR retrotranspo-
sons in filamentous fungi was reported in 1993 [18], with
Gypsy being the most abundant [19]. The percentage of
fungi (77 species tested) found with Gypsy (87%) or Copia
(77.92%) retrotransposons is quite high [20]. However, a
genome-wide analysis of 45 diverse species of fungi [21]
reveals that Copia elements are often scarce or absent, the
copy number (a copy being defined by the authors as an
element that still carries at least one coding domain)
varies greatly, even between closely related species.
Moreover, several examples show that Copia elements
could have important impacts on genomes and genes.
In Phanerochaete chrysoporium, Copia-like elements
seem abundant and one element interrupts a putative
member of the cytochrome P450 gene family [22]. In
Pleurotus ostreatus, Copia copy number clearly varies
between strains (145 copies, including 17 full-length,
in PC15 vs 78 copies, 8 full-length in PC9); and if
Gypsy were the main elements involved in the TE-
mediated gene repression, at least one gene appear
inactivated by a Copia insertion [23].

Because of their relative low copy number, little is
known about the diversity and the predominance of dif-
ferent families of Copia elements in fungal genomes.
Previous phylogenetic analyses of 70 Copia retrotranspo-
sons families have revealed two major branches [14, 21].
The branch 2 groups at least 13 widely distributed clades
among eukaryotes, while the branch 1 comprises Ty
(Pseudovirus) elements found in fungi together with four
clades of CoDi-like elements from diatoms and the
GalEa clade. Initially described in galatheids (Galatheid
Euminida annulosa [24]), GalEa elements have been
actually more successful among metazoan species than
initially thought with some elements identified in Mollusca,
Chordata, Cnidaria, Ctenophora, Echinoderma and
Hemichordata [15]. Numerous GalEa sequences have
been also identified from some microbial metagenomes
collected during the Sargasso Sea surveys [25].
However, it remained impossible to determine which
organisms they originated from. Subsequent studies
also confirmed the presence of GalEa elements in
Rhodophyta genomes (Porphyra yezoensis [26] and
Porphyridium cruentum [15]).
In the present study, we took advantage of the

skyrocketing amount of genomic data [27] to carry out
the first large-scale comparative genomic analysis of the
different Copia clades in fungi. We revealed that fungal
Copia diversity is much broader than previously thought
with at least 27 clades. After identifying for the first time
some fungal GalEa elements, we wondered whether
those elements could be highly predominant in compari-
son with other clades of Copia retrotransposons, a
pattern we previously observed in Malacostraca [15]. To
answer this question, we combined de novo and similarity-
based in silico approaches to identify the Copia elements
from 30 species. We also reveal that fungal GalEa
elements structurally differ from all other Copia elements
with an absence of Primer Binding Site (PBS). These
elements however harbor a Conserved Hairpin Site which
is probably essential in the transposition process.

Results
Copia retrotransposon identification
Thirty assembled fungi genomes were screened for
Copia retrotransposons using LTRharvest. These
genomes have been selected, independently of their
phylogenic position and traits of life, according to the
preliminary detection of GalEa element traces using
BLAST searches on all assembled genomes available in
the fungal genomics resource from MycoCosm database
(Table 1). No complete element could be detected in
Pyrenophora teres, Colletotrichum higginsianum, Ophios-
toma piceae and Daldinia eschscholzii, because these
genomes harbor only few copies with altered LTRs. In
the 26 remaining species, we identified 2513 copies that
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can be clustered in 138 clusters using BlastClust
[see Additional file 1 for details]. A cluster is hereby
considered as a TE family. Sixteen species harbor less than
5 families, and only 3 species show a large diversity with
more than 10 families (15 in Talaromyces stipitatus, 20 in
Pyrenophora tritici-repentis and 31 in Cenococcum geophi-
lum, respectively). The number of copies per families
range from 1 to 559 copies and is small in average

(median of 4 copies). We also identified 77 sequences
that do not cluster with any other (orphan sequence).
Surprisingly, 39 of these orphan sequences arose from a
single species, Erysiphe pisi, which has an outstanding
diversity. Since orphan sequences likely result from
element degradation and correspond to non-functional
copies, we did not consider them for the intra-species
element diversity analysis.

Table 1 Number of Copia retrotransposons in fungal genomes

Class/Order species Sequences obtained with LTR Harvest Sequences (>3Kb) obtained using RepeatMasker

GalEa FunCo1 other Copia GalEa/Copia GalEa FunCo1 other Copia GalEa/Copia

Dothideomycetes

Pleosporales Pyrenophora terespp 0 0 0 ne 1 ne ne ne

Pleosporales Pyrenophora tritici-repentispp 76 75 50 0.38 85 89 59 0.36

Incertae sedis Cenococcum geophilumsb 1246 184 192 0.77 2368 279 401 0.78

Eurotiomycetes

Eurotiales Neosartorya fischerip 1 2 9 0.08 1 2 11 0.07

Eurotiales Talaromyces aculeatuss 12 4 3 0.63 19 4 3 0.73

Eurotiales Talaromyces marneffeip 19 29 3 0.37 16 31 5 0.31

Eurotiales Talaromyces stipitatuss 40 30 14 0.48 51 35 27 0.45

Leotiomycetes

Erysiphales Erysiphe pisipp 13 5 34 0.25 23 7 53 0.28

Helotiales Botryotinia fuckelianapp 3 2 0 ne 6 1 0 ne

Helotiales Chalara longipess 4 0 8 0.33 11 0 21 0.34

Helotiales Meliniomyces bicolorsb 156 8 21 0.84 603 75 31 0.85

Helotiales Meliniomyces variabilissb 3 11 10 0.13 5 25 31 0.08

Helotiales Sclerotinia sclerotiorumpp 1 10 8 0.05 1 12 8 0.05

Incertae sedis Oidiodendron maius sb 11 14 39 0.17 17 17 57 0.19

Sordariomycetes

Glomerellales Colletotrichum fiorinaepp 0 0 1 ne 0 0 1 ne

Glomerellales Colletotrichum graminicolapp 19 0 35 0.35 151 0 53 0.74

Glomerellales Colletotrichum higginsianumpp 0 0 0 ne 1 ne ne ne

Glomerellales Verticillium albo-atrumpp 0 3 0 ne 1 3 0 ne

Glomerellales Verticillium dahliae pp 1 24 0 0.04 1 26 0 0.03

Hypocreales Beauveria bassianaip 1 0 1 ne 2 0 1 ne

Hypocreales Cordyceps militarisip 13 0 3 0.81 46 0 7 0.84

Hypocreales Metarhizium robertsiiip 0 0 3 ne 2 0 3 ne

Magnaporthales Gaeumannomyces graminispp 0 5 2 ne 0 46 4 ne

Magnaporthales Magnaporthe oryzaepp 0 0 30 0.00 2 0 69 0.03

Magnaporthales Magnaporthe poaepp 0 0 2 ne 0 0 1 ne

Ophiostomatales Ophiostoma piceaes 0 0 0 ne 1 ne ne ne

Sordariales Chaetomium globosums 5 7 6 0.28 7 9 6 0.32

Xylariales Daldinia eschschotzii EC12sb 0 0 0 ne 2 ne ne ne

Xylariales Hypoxylon sp. CO27-5sb 1 0 0 ne 4 ne ne ne

Xylariales Hypoxylon sp. EC38sb 0 0 1 ne 1 0 1 ne

ne not estimated
ppplant pathogen, ipinsect pathogen, ppathogen, sbsymbiont, ssaprotroph

Donnart et al. BMC Genomics  (2017) 18:410 Page 3 of 15



Copia retrotransposon diversity in fungi
To infer the phylogenetic relationships of fungal
Copia retrotransposons and estimate their diversity,
we performed a phylogenetic analysis based on the
amino acid RT domain of 412 elements that are rep-
resentative of the newly identified families and the
Copia sequences available in the fungal subset of the
RepBase database [see phylogenetic tree in Additional
file 2]. We defined 27 FunCo (Fungal Copia) clades based
on the two following criteria: i) a clade comprises
sequences from at least two species (large species-specific
clades detected in Blumeria graminis, Melampsora larici
populina and Pucinia graminis were thus excluded); and
ii) a clade is supported by a bootstrap value higher
than 70. To test whether FunCo clades belong to
previously described Copia clades [28], a second
phylogenetic tree has been built using few represen-
tative elements per FunCo clade and per reference

clade of Copia previously reported in eukaryotes
(Fig. 1). The resulting tree revealed that FunCo12
and FunCo13 correspond to the Ty (Pseudovirus) ret-
rotransposons already identified in fungi, and that
FunCo20 seems closely related to the Tork clade
described in plant genomes. As expected, considering
that the studied genomes have been selected accord-
ing to the presence of GalEa elements, one clade,
FunCo8, integrated GalEa elements from metazoans.
The 23 remaining FunCo clades likely correspond to
new Copia clades.
Eleven TEs clades appear endemic of Basidiomycota,

3 of Saccharromycotina and 13 of Pezizomycotina.
Five of these Pezizomycotina-specific clades (FunCo4,
10, 21, 24 and 26) are quite rare, with less than 10 pu-
tatively functional sequences detected [see Additional
file 1 and 2 for details]. On the contrary, the FunCo1
and GalEa (FunCo8) clades are widely distributed and

Fig. 1 Phylogenetic relationships of Copia retrotransposons inferred from Neighbor-Joining analysis of RT amino acid sequences. The 27 FunCo
(Fungal Copia) clades defined in Additional file 2 are indicated by their colored number and the previously defined Copia clades in the ‘Gypsy
Database’ are underlined. Statistical support (>70%) comes from non-parametric bootstrapping using 100 replicates. Gypsy retrotransposon
sequences (297 and 17.6) were used as outgroup
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highly dominate Copia content as they both account
for ~70% of the described families (39 and 53 families,
respectively).

Copy number of Copia retrotransposons
We analyzed the distribution of the 2513 Copia copies
detected using LTRharvest that targets potentially active
elements as they harbor two conserved LTRs (Table 1
and Additional file 1). The copy number per genome
ranges from 1 (Hypoxylon spp. and Colletotrichum fiori-
nae) to 1622 (C. geophilum) and is in average relatively
low as two-third of the species harbor fewer than 25
copies. Five species show a moderate copy number
(between 30 and 64) either due to a higher family diver-
sity (e.g. Oidiodendron maius) or to a particularly large
clade (e.g. the FunCo3 clade in Magnaporthe oryzae).
Four species harbor more than 80 copies, with a particu-
larly high copy number in C. geophilum. Such a high
copy number is usually due to the GalEa and/or FunCo1
clades which account for 80% of the detected sequences
(405 and 1615 copies, respectively).
We screened the 30 genomes using RepeatMasker

(RM) with the FunCo elements previously identified.
Only sequences longer than 3 kb (the smallest size
obtained using LTRharvest) have been considered to
reassess the copy number of Copia elements (Table 1).
Whereas LTRharvest targets potentially complete ele-
ments, RM allows us to retrieve more altered copies
with non-detectable LTRs. The presence of large GalEa
fragments has been thus confirmed in 8 species that
show negative results using LTRharvest. The three
remaining species only show highly degenerated deriva-
tives of GalEa elements (fragments smaller than 3 kb
without conserved LTRs). As expected, we observed
more copies with RM. However it is interesting to note
that whatever the species or the Copia clade considered
(FunCo1, GalEa or all other Copia), the copy number
estimated using RM is most of the time approximately
the double of LTRharvest copy number. However, both
approaches give overall similar results in terms of rela-
tive abundance of the different Copia groups in the
genomes as the two FunCo1 and GalEa clades clearly
appear as predominant in RM estimations (~80%) as in
LTRharvest results. In contrast, the two approaches
greatly differ in copy number for three species with an
increase by a factor 4 to 7. Differences are related to
enrichment in elements from the FunCo1 clade
(Gaeumannomyces graminis), from the GalEa clade
(Colletotrichum graminicola) or from both clades
(Meliniomyces bicolor).

Genomic proportions of Copia clades
We estimated the genomic proportions of the differ-
ent Copia clades (FunCo1, GalEa, and other Copia)

considering all sequences obtained with RM (i.e. with-
out minimum size, Table 2). Overall, Copia elements
make up less than 1% of 14 of the 25 analyzed
genomes and more than 2% of 6 genomes. Copia gen-
omic proportion is likely influenced by host species
phylogeny as they make up less than 0.5% in 8
Sordariomycetes species (out of 13 species) but more
than 4% in the 2 Dothideomycetes genomes. Three
species show an outstandingly high genomic proportion
of Copia: P. tritici-repentis and M. bicolor (~5%, respect-
ively), and C. geophilum (13%). For these last two species,
this enrichment is mainly due to GalEa elements, which
make up 5% of M. bicolor genome (82 Mb) and 10%
of C. geophilum genome (177 Mb). Interestingly,
while these two largest genomes have high copy
number, there is no overall correlation between the
abundance of Copia and the genome size.

Distribution of GalEa and FunCo1 elements among fungi
As GalEa and FunCo1 elements are two major Copia
clades in the species tested, we wondered whether this
feature could also be true in terms of distribution among
fungi species. To test this, we screened the genomic or
transcriptomic data available in MycoCosm and Gen-
Bank using few representative elements as queries. We
detected GalEa and FunCo1 elements in 177 and 270
fungal species in total, respectively. Their presence is
almost entirely restricted to one group of Ascomycota:
the subphylum of Pezizomycotina (Fig. 2). In total, a
third of the 317 Pezizomycotina genomes tested harbor
GalEa elements [see Additional file 3 for details] and
about 40% harbor FunCo1 elements. More precisely, all
GalEa and FunCo1 elements were found in five classes
belonging to Leotiomyceta (41 and 79 Dothideomycetes,
16 and 61 Eurotiomycetes, 1 and 3 Lecanoromycetes, 29
and 23 Leotiomycetes and 89 and 103 Sordariomycetes,
respectively). Two of them correspond to Yeast-Like
Symbionts from the two aphids Nilaparvata lugens and
Cerataphis brasiliensis, which are thus classified within
the Hypocreales [29, 30]. For the 3 remaining classes of
Pezizomycotina (Orbiliomycetes, Pezizomycetes, Xylono-
mycetes), only few genomes are available to date [31];
too few to draw any reliable conclusion. In addition,
few short GalEa-like sequences were detected in the
whole-genome shotgun contigs of Geotrichum can-
didum (Saccharomycetales) and 2 FunCo1 copies
were observed in the Lipomyces starkeyi genome
(Saccharomycetales, [32]). However, no GalEa or FunCo1
element has been detected in the 57 other Ascomycota
assembled genomes, so further investigations are re-
quested to confirm the presence of these elements in
Saccharromycotina. Similarly, no GalEa or FunCo1 elem-
ent has been detected in Basidiomycota species (245 as-
sembled genomes tested).
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The distribution at a small phylogenetic scale is greatly
influenced by the choice of the species for genome
sequencing projects, mainly centered on fungi of inter-
est, like pathogenic species. For example, GalEa and
FunCo1 retrotransposons have been detected in only 5
and 6 of 22 Hypocreales assembled genomes, but they
have been observed in 27 and 43 other Hypocreales

species, respectively. However the large number of
genomes studied emphasizes that GalEa and FunCo1
retrotransposons are widely distributed among Pezi-
zomycotina (Fig. 2 and Additional file 3). Overall,
they show a similar distribution among fungi classes
and orders. However few differences can be noticed
like the overrepresentation of FunCo1 elements in

Table 2 Copia retrotransposon abundance among fungal genomes

Class/Order Species Genome Size (Mb) RIP-likea Genomic proportion (%)a

GalEa FunCo1 other Copia GalEa/Copia

Dothideomycetes

Pleosporales Pyrenophora teres 33.58 0.15 ne ne ne

Pleosporales Pyrenophora tritici-repentis 37.84 Yes [43] 1.57 2.00 1.17 0.33

Incertae sedis Cenococcum geophilum 177.57 Probably 10.40 1.61 1.74 0.76

Eurotiomycetes

Eurotiales Neosartorya fischeri 32.55 0.03 0.06 0.22 0.08

Eurotiales Talaromyces aculeatus 37.27 0.46 0.14 0.07 0.70

Eurotiales Talaromyces marneffei 28.64 0.44 0.88 0.10 0.31

Eurotiales Talaromyces stipitatus 35.69 1.27 1.10 0.41 0.46

Leotiomycetes

Erysiphales Erysiphe pisi 49.38 No [47] 0.48 0.11 0.97 0.31

Helotiales Botryotinia fuckeliana 42.66 0.10 0.00 0.00 0.80

Helotiales Chalara longipes 52.43 0.13 0.00 0.35 0.28

Helotiales Meliniomyces bicolor 82.38 5.62 0.71 0.35 0.84

Helotiales Meliniomyces variabilis 55.86 0.15 0.34 0.47 0.16

Helotiales Sclerotinia sclerotiorum 38.33 Yes [73] 0.10 0.41 0.40 0.11

Incertae sedis Oidiodendron maius 46.43 Yes [74] 0.25 0.26 1.12 0.15

Sordariomycetes

Glomerellales Colletotrichum fiorinae 50.04 0.06 0.00 0.01 0.82

Glomerellales Colletotrichum graminicola 51.60 Yes [13] 2.52 0.00 0.95 0.73

Glomerellales Colletotrichum higginsianum 49.08 0.07 ne ne ne

Glomerellales Verticillium albo-atrum 32.83 Yes [75] 0.01 0.06 0.00 0.13

Glomerellales Verticillium dahliae 33.83 Yes [75] 0.20 0.50 0.00 0.28

Hypocreales Beauveria bassiana 33.69 No [76] 0.06 0.00 0.02 0.75

Hypocreales Cordyceps militaris 32.27 Yes [54] 1.51 0.00 0.29 0.84

Hypocreales Metarhizium robertsii 39.14 Yes [76] 0.03 0.00 0.14 0.17

Magnaporthales Gaeumannomyces graminis 43.62 0.06 1.05 0.12 0.05

Magnaporthales Magnaporthe oryzae 41.03 Yes [77] 0.02 0.00 2.38 0.01

Magnaporthales Magnaporthe poae 39.50 0.05 0.00 0.07 0.41

Ophiostomatales Ophiostoma piceae 32.84 0.03 ne ne ne

Sordariales Chaetomium globosum 34.89 No [13] 0.13 0.18 0.10 0.32

Xylariales Daldinia eschscholzii EC12 37.55 0.12 ne ne ne

Xylariales Hypoxylon sp. CO27-5 46.59 0.09 ne ne ne

Xylariales Hypoxylon sp. EC38 47.30 0.03 0.00 0.03 0.47

ne not estimated
aRIP-like mutation events already (Yes) or never (No) detected according to the reference mentioned; probably, according to our results
bSequences obtained using RepeatMasker (unlimited size)
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Dothideomycetes and Eurotiomycetes. This is par-
ticularly due to the distribution of elements that is
also often uneven within an order. For example in
Eurotiales, only few and short GalEa sequences have
been observed in 4 of 24 Aspergillus and 2 of 13
Penicillium genomes, whereas all the 3 available
Talaromyces genomes harbor numerous GalEa retro-
transposons. In contrast, FunCo1 elements are well
represented in 24 Penicillium species (Eurotiales) as
well as in Onygenales order and 14 Fusarium species
(Hypocreales) compared to GalEa elements.

Fungal GalEa retrotransposons harbor an unusual ‘Primer
Binding Site’
To describe the fungal GalEa retrotransposon features, we
detailed the structure of 44 elements [Additional file 4]
and compared the conserved DNA and amino acid motifs
of 6 of them to those of 6 metazoan elements [Additional
file 5]. The length of the fungal GalEa retrotransposons
ranges from 5428 bp (Oima1 from O. maius) to 7018 bp
(Cogra2 from C. graminicola), with an average length of
6100 bp. They appear thus larger than the GalEa elements
previously described in metazoans (up to 4949 bp for

Fig. 2 Distribution of fungal GalEa and FunCo1 elements. Species phylogeny was redrawn from MycoCosm [31]. The five Pezizomycotina classes
in which GalEa and FunCo1 elements were detected are framed in red. In each group, the number of assembled genomes harboring
GalEa (in blue) or FunCo1 (in green) sequences and the number of genomes analyzed (in red) are given. The number of other fungal species that
have GalEa or FunCo1 retrotransposons according to BLAST searches on GenBank is given after the plus sign [See Additional file 3 for species details]
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CoRex1 [24]). They are however very similar to the other
GalEa with : (i) LTRs bordered by 5’-TGT and 3’-CA with
an average size of 235 bp (from 138 to 311 bp, excluding
the outlier Cormil element that has 545 bp LTRs); (ii) a
5 bp Target Site Duplication as observed for Zeco1 in
D. rerio; (iii) a large single ORF; and (iv) a great variabil-
ity in the PolyPurine Tract signal. They also share several
conserved motifs such as the HHCC and DD(35)E signa-
tures of the Integrase, the DTG(C/A) signature of the pro-
tease and the ADxxTK sequence at the end of the RNase
H domain, but slightly differ on some other conserved
motifs [Additional file 5]. The zinc-finger (C(2)C(4)C(4)H)
in the gag region is characteristic of fungal elements
(C(2)C(4)H(4)C in metazoans) and the KSRLVI and
QTDD motifs in the RT differ from the KARLVA and
YVDD metazoan motifs. More contrastingly, the meta-
zoan TRPDI motif at the beginning of the RNase H is
substituted by a CQPEA motif.
The major feature that distinguishes GalEa retrotran-

sposons from fungi and metazoans is the Primer Binding
Site. GalEa PBS was characterized in metazoans as a
strictly conserved TGGTAGCAGAGC sequence, comple-
mentary to the 3’ end region of D. melanogaster tRNAMet

gene, located right after the end of the 5’ LTR [24]. In con-
trast, GalEa fungal elements do not show any putative
PBS, while FunCo1 elements harbor a classical PBS
(ATTAAGAGTCT), complementary to an internal region
of D. melanogaster tRNALys gene. They however harbor a
conserved 9 bp sequence (called CHSeq1), which is
palindromic when including the final A nucleotide of
the 5’ LTR. In 85% of the families, this sequence is
CTGATCAGT or CTAATTAGT [Additional file 4]. In
the remaining families, different derivatives are observed,
mainly originating from substitutions at the third and/or
sixth nucleotide. Interestingly, the CHSeq1 is followed by
another conserved 9 bp sequence (CHSeq2), distant from
12 bp to 41 bp. These two sequences are inverse comple-
mentary, except for a strictly conserved A/A mismatch
between the nucleotide 7 from CHSeq1 and the nucleo-
tide 3 from CHSeq2. Thus, they might allow the forma-
tion of a hairpin structure directly after the 5‘LTR (Fig. 3).
We call this particular feature the Conserved Hairpin Site
(CHS). Possibly, the CHS may be part of a more complex
secondary structure with a larger hairpin that shows a
bulge or an internal loop located at the LTR-CHS junction
as predicted in 5 of 8 analyzed elements. Whereas only
the CHSeq1 and the CHSeq2 are well conserved among
species, the length of the sequence conserved be-
tween elements of the same species can be broader
[Additional file 6]. Indeed, in five species a larger
domain is surprisingly well conserved, even between
distant elements that belong to different families. This
‘extended CHS’ measures from 33 to 62 bp and begins
from the 5’ LTR end, upstream from the CHSeq1, and

ends few nucleotides downstream from the CHSeq2
[Additional file 6]. Sometimes, elements from closely
related species share the same ‘extended CHS’ as in 3
species of the Talaromyces genus.

Discussion
GalEa retrotransposons were first described in decapods
and are widely distributed among metazoans. Study of
LTR retrotransposons in Malacostraca reveals two fea-
tures: (1) Copia elements were not detected in numerous
species and appear less diverse than Gypsy elements,
which supports the Copia retrotransposon scarcity in
metazoans already hypothesized in other taxa [16]; and
(2) among Copia elements, the GalEa clade is highly pre-
dominant and show a species- or lineage-specific distri-
bution that may be related to their “domino day
spreading” dynamics [15]. This model is a branching
process in which successive amplifications may interact
positively. An analogy can be drawn between TEs
dynamics and the propagation of domino falls. Like
domino bricks following a restricted number of lines
before toppling large structures, few active TEs copies
are inherited prior to massive transposition events. Later
on, the large domino structures allow the progression to
the next structure via several paths, as the amplification
of TEs increases the proportion of young active ele-
ments, which allow subsequent derived amplifications in
some random lineages. Furthermore, the limited number
of toppling dominoes between figures may facilitate the
random breaking off of their progression along some
paths. Similarly, evolutionary forces may drive the
extinction of some elements within a lineage when ele-
ments are maintained too long at a low copy number.
We thus wondered whether such dynamics can also be
observed in a group closely related to metazoans within
Opisthokonta, the fungi [33]. Fungal genomes are
usually small (www.zbi.ee/fungal-genomesize/). For ex-
ample, the 1C value varies from 0.007 pg (~6.8 Mb) to
3.12 pg (~3 000 Mb) (mean 0.04 pg, ~39 Mb) among
1254 Ascomycota species, with only three genomes lar-
ger than 1 pg (-978 Mb). Such genome sizes are clearly
smaller than those observed in crustaceans whose 1C
values are always larger than 1 pg [34].
Prevalence of Gypsy elements among LTR retrotran-

sposons in fungi has been already revealed [21]. Focus-
ing on GalEa elements, we did not study in-depth the
distribution of all Copia retrotransposons in fungi. How-
ever our results are congruent with the previous obser-
vation and the highly variable copy number among
genomes could explain Copia elements scarcity. In
particular, Copia retrotransposons make up less than
0.5% of the genomes for half of the 30 tested species
(selected on the presence of GalEa elements) and were
not detected using LTRharvest in a third of them. So,

Donnart et al. BMC Genomics  (2017) 18:410 Page 8 of 15

http://www.zbi.ee/fungal-genomesize/


considering all inherent detection limits related to the
PCR approach used on crustaceans, the overall distribu-
tion of Copia elements among crustaceans or Pezizomy-
cotina spp. appear similar.
Considering the prevalence of GalEa elements among

Copia retrotransposons, Pezizomycotina results clearly
differ from those obtained in crustaceans. GalEa
elements do not appear predominant in any Pezizomy-
cotina class or order, even if they often make up one of
the most abundant Copia retrotransposon clade in the
tested genomes. For example, they account for at least
one third of Copia retrotransposons in 17 of 25 studied
genomes. Interestingly, genomes where GalEa elements
have been successful are dispersed throughout the spe-
cies phylogeny (Table 2), even if they are sometimes
widely distributed in some groups such as Helotiales and

Talaromyces genus (Eurotiales). For the latter, the three
complete genomes available have several dozens of large
copies and several elements are detected in two other
species. This contrasts with the other 38 Eurotiales
assembled genomes that have none or only a single short
GalEa copy [Additional file 3]. If confirmed, such a fea-
ture may help to differentiate Talaromyces from Penicil-
lium species, two closely related genera that are difficult
to discriminate [35]. Likewise, species from the genera
Pyrenophora or Colletotrichum display significant differ-
ences in their number of GalEa elements. It suggests
sudden amplification in copy number likely resulting
from recent bursts of transposition in only few species.
At last, M. bicolor and C. geophilum are also distinctive
because of their very high GalEa copy number. These
elements mostly clustered into 1 and 3 families,

Fig. 3 Hairpin secondary structure of the Conserved Hairpin Site (CHS) of fungal GalEa retrotransposons. Highlighted element features comprises
the end of the LTRs (in pink), the conserved palindromic sequence CHSeq1 (in blue) and the complementary conserved sequence CHSeq2 (in green).
Chaglo1: family from Chaetomium globosum; CoOima1: family from Oidiodendron maius
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respectively, which might also reflect some transposition
bursts. Future analyses of additional Cenococcum and
Meliniomyces genomes are however requested to con-
firm these patterns.
The main reason why GalEa retrotransposons does

not prevail among Copia elements is probably the pres-
ence of the second “abundant” Copia clade, FunCo1, also
restricted to Pezizomycotina. If one ignores FunCo1,
then GalEa elements are predominant in more than 60%
of the species and together these two clades predomin-
ate in 80% of them. The species- or lineage-specific
distribution of Copia, their variability in copy number
and the small number of Copia families obtained per
species [Additional file 1] remain congruent with the
“domino days spreading” dynamics model. As fungi
correspond to a much wider taxon than crustaceans, this
model does not involve here a single but few major
Copia clades: such as GalEa, FunCo1, and to a lesser
extent FunCo2 and FunCo3.
Among GalEa retrotransposons, fungi elements are

clearly distinct. Phylogenetic relationships inferred from
analysis of the RT/RNaseH amino acid sequences of 42
elements from 27 diverse fungal species and 52 elements
from 4 Rhodophyta and 33 metazoan species reveal
that fungal GalEa elements cluster into a highly sup-
ported monophyletic group (bootstrap value of 98;
Additional file 7). The single origin of fungal GalEa is
supported by a singular feature, the lack of PBS, replaced
by a CHS. We suspect that this CHS is functional because
of the very high conservation of the two reverse comple-
mentary sequences (conservation even higher than in
LTRs). The presence of extended CHS shared between
elements of different families highlights the particular
selective pressure acting on this non-coding region.
Because its location coincides with the expected PBS loca-
tion, we hypothesize that CHS plays the role of the PBS in
the transposition cycle. However, to our knowledge, no
previously described models fit to the CHS. Reverse tran-
scription of most retrovirus and LTR retrotransposons
required cellular tRNAs to serve as primers of minus-
strand strong-stop DNA synthesis [36]. In contrast, few
LTR retrotransposons developed other strategies to ensure
reverse transcription initiation. For example, Tf1 from
Schizosaccharomyces pombe uses a self-priming mechan-
ism to initiate synthesis of reverse transcript instead of a
primer derived from tRNAs [37]. Similarly, the initiation
of reverse transcription of Rous sarcoma virus requires
the formation of an additional RNA stem-loop structure
[38]. However, the Tf1 mechanism requires a perfect com-
plementarity between its PBS and the first nucleotides of
the element mRNA and we were never able to detect any
U5-inverted repeat sequence complementary to the CHS.
The hairpin structure is fundamental for Tf1 transposition
but the DNA sequence comprised in the loop doesn’t

affect the function of transcription initiation [37]. This is
probably the reason why the DNA sequence in the loop of
the CHS is also the less conserved. At last, the PBS of Tf1
and of the Rous sarcoma virus are not palindromic. Even
if it is difficult to predict which role it plays, the conserva-
tion of the palindromic structure of the Sequence1 in all
the fungal GalEa elements we analyzed should draw our
attention. The dimer initiation site (or DIS) is another
particular structure that implies reverse transcription
which combines a palindromic sequence and loop de-
scribed in many retroviruses [39, 40]. However, this hair-
pin structure is observed in addition to the PBS and the
palindromic sequence is localized within the loop.
GalEa retrotransposons are now described in numer-

ous metazoan and Pezizomycotina species. Phylogenetic
analyses [Additional file 7] showed that elements from
these species form two monophyletic groups. Altogether
it suggests that GalEa elements are ancient and were the
most likely already present in the last common ancestor
of Opisthokonta. They would have then diverged after
the fungi-metazoans radiation. Thereafter, GalEa ele-
ments persist in various groups of metazoans and almost
only in Pezizomycotina in fungi. The loss of GalEa retro-
transposons in several large fungal groups (e.g. Basidio-
mycota according to the 174 genomes tested) or in some
Pezizomycotina orders could be facilitated by the usually
low copy number observed in the genomes, which
suggests that the element activity is relatively low. This
is also consistent with the small genome size of these
organisms (Table 2) and the “domino days spreading”
dynamics [15].
Comparative genomic studies of the abundance of

repetitive sequences between distant species require reli-
able estimation. This is particularly an issue for trans-
posable elements as even the copy or sequence concepts
may correspond to different definitions according to the
authors: complete or full-length elements, truncated ele-
ments, coding domains, derivatives such as solo LTRs,
etc. This is why we combined different approaches that
allowed us retrieving different types of sequences. The
copies detected with LTRharvest are potentially func-
tional, because their LTRs remain well-conserved in
structure and in sequence. All of them were retrieved
using RM, in addition to other more altered large
(>3 kb) copies. We then based our estimations of gen-
omic proportions on RM results regardless of the
detected sequence sizes.
To compare the dynamics and the conservation of

GalEa elements to all other Copia retrotransposons, we
estimated the genomic proportions of GalEa among
Copia elements based on the LTRharvest results or RM
results (with or without element length threshold). The
ratio based on LTRharvest results estimates the propor-
tion of 'active' GalEa elements compared to the other
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active Copia elements. In contrast, the two RM ratios,
compared to the LTRharvest estimator, reveals whether
the GalEa elements are more or less (RM ratio <
LTRharvest ratio or RM ratio > LTRharvest ratio,
respectively) conserved than the other Copia retrotran-
sposons. Interestingly, there are very good correlations
and all estimators give similar results [Additional file 8],
meaning that Copia retrotransposons of the different
clades from any Pezizomycotina species are overall sub-
jected to the same selective pressures and accumulate
mutations at the same rate. Besides, the correlation
between RM estimators [Additional file 8A] show that
large copies usually make up most of Copia fractions in
these genomes. Moreover, the correlation between large
copies estimators [Additional file 8B] suggests that the
loss of LTRs is independent of the Copia clade consid-
ered. At last, the analysis of such estimators allows to
quickly pinpoint the few genomes where the GalEa or
other Copia elements strongly differ from the elements
detected in the other genomes in terms of selective pres-
sure, copy number, element size, etc. as they deviate
from the regression line. For example, comparison of the
GalEa/Copia ratios estimated either from the copy num-
ber detected using LTRharvest or the genomic propor-
tions derived from RM [Additional file 8C] highlights
major differences in two species. In C. graminicola, this
difference (35% vs. 73%) clearly results from a significant
high number of large GalEa copies which could not be
detected with LTRharvest. In Verticillium dahliae, this
difference (4% vs. 28%) is due to a very high number of
deleted GalEa sequences of 1 to 3 kb size, which strongly
increase the proportion of GalEa among Copia.
Our findings also underline the importance of not

restricting comparative genomics of TEs only at the level
of superfamilies (Gypsy, Copia, BEL/Pao …). The identi-
fication of two major clades shows that the impact of
TEs on the genome can vary greatly depending on the
clade and host considered. Thus, the comparative study
at the level of clades may provide new knowledge on the
evolution of TEs (e.g. the selection of an unusual struc-
ture such as the CHS of GalEa). While we were mainly
interested in studying evolution and distribution of
GalEa elements in fungi, we largely extended the overall
diversity of fungal Copia elements revealing 24 new
clades. It would be interesting to establish to what extent
the study of other genomes, such as those having FunCo1
elements and/or those of species outside Pezizomycotina,
would increase the observed diversity. Moreover, such a
study will allow comparison of the distribution of GalEa
to other Copia clade within fungi, and testing whether
clades apparently underrepresented are actually more
frequent in other species groups. Such analysis of Copia
retrotransposons would be facilitated by precise annota-
tions of TEs within genomes. Reciprocally such genome

annotation is now easier with a proper precise classifica-
tion of the 27 fungal Copia clades.

Conclusions
In this study we carry out the first large-scale compara-
tive genomic analysis of the different Copia retrotrans-
poson clades in fungi. These elements appear more
diverse than previously thought, with 23 new clades
characterized. Two of them account together for 80% of
the detected sequences and can make up an outstand-
ingly high proportion of the genome. These results
support the “domino day spreading” dynamics model for
Copia element previously described on crustaceans,
which involves that only few Copia clades will highly
dominate Copia content in a host taxa. One predomin-
ant fungal clade corresponds to GalEa elements, suggest-
ing that these elements were the most likely already
present in the last common ancestor of Opisthokonta.
Interestingly, fungal GalEa elements clearly differ from
metazoan GalEa elements as they form a distinct mono-
phyletic group and as they are structurally singular with
an absence of a classical Primer Binding Site. These ele-
ments instead harbor a Conserved Hairpin Site which is
probably essential in their transposition process.

Methods
Preliminary detection of GalEa and FunCo1 elements in
fungal genomes
To determine fungi species that potentially harbor GalEa
or FunCo1 elements, we performed tBLASTn and
tBLASTx [41] analyses on all assembled genomes available
in the fungal genomics resource from MycoCosm [31].
Amino acid RT/RNaseH domains of GalEa elements
from three different phyla have been used as queries:
one previously characterized in Metazoa (GalEa1,
DQ913005.1); one from the fungi Metarhizium aniso-
pliae (XP_007817138.2) and from one from the Rhodo-
phyta Grateloupia lanceola (HM767188.1). For FunCo1
we used the RT/RNaseH domains of an element from
Sclerotinia sclerotiorum (Helotiales, CP017828.1). To
discriminate the sequences that could belong to other
Copia clades, we also used the Copia element from Dros-
ophila melanogaster (X02599.1) as a query.

Data mining for Copia elements in fungal genomes
Assembled genomes [42–60] were downloaded from the
Joint Genome Institute Genome Portal [61] and the
Broad Institute of MIT and Harvard (https://www.broa-
dinstitute.org/). We first de novo isolated all potential
LTR retrotransposon sequences using LTRharvest [62]
based on the detection of two conserved LTRs and the
following parameters: LTR length ranging from 100 to
1000 bp, distance between LTRs ranging from 3000 and
11000 bp and sequence identity between LTRs higher
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than 80%. To discriminate Copia elements from the other
LTR retrotransposons or from artifactual sequences, we
performed BLASTx similarity-searches on a custom data-
base comprising RT/RNaseH amino-acid sequences from
116 Gypsy, 122 BEL/Pao, and 164 Copia retrotransposons
(including 97 GalEa elements). This database encom-
passes sequences from de Gypsy database, appended with
published BEL/Pao [16], Copia and Gypsy [15, 24]
sequences.
The resulting datasets of Copia nucleotide sequences

(including LTR parts) from each genome were separ-
ately clustered using BLASTclust (http://toolkit.tuebin-
gen.mpg.de). Because the clustering results highly
depends on the complexity of the detected sequences
(e.g. nested elements), we empirically estimated the
most appropriate values of BLASTclust parameters for
each genome. Clusters were first defined using 70% per-
cent identity threshold with 50% sequence length to be
covered. Then, remaining sequences were tested to be-
long to one of these clusters using 90% percent identity
with only 10% sequence length. This makes possible to
retrieve sequences that clearly belong to a cluster but
are greatly altered by large insertion or multiple gaps,
for example. The sequences from each cluster were
then aligned with the E-INS-i iterative refinement con-
figuration of MAFFT version 7 [63], and were manually
curated to remove all copy-specific insertions larger
than 20 bp. Indeed, individual copies may be corrupted
by insertion of various genomic sequences such as
microsatellites or other transposable elements. Such an
approach allowed us in particular to filter out chimeric
structures, which comprise a mix of transposable elem-
ent domains bordered by two conserved LTRs that have
been described in fungi genomes [21]. Even if they
comprise a Copia sequence, such peculiar structures
would have biased the estimation of abundance of
Copia elements among the genomes using similarity-
searches. We finally checked that all the curated
copies from a cluster share at least 80% of DNA
sequence identity considering the complete sequence,
a threshold often used to define transposable element
families. Conversely, when the elements from two
clusters share more than 80% sequence identity, the
clusters have been merged into a single family. When
a single GalEa sequence was detected in a species, it
has been considered by default as a representative of
a family.
At last, the genomes have been screened to recover

additional Copia related sequences, especially some
putative false negatives from LTRharvest and some
shorter element derivatives. For that purpose, we used
RepeatMasker [64] (options -nolow -no_is -pa 8 –frag
380000 -div 20) and a custom repeat database for each
genome. This database comprises all curated Copia

sequences identified in the studied genome (using
LTRharvest or in the preliminary tBLASTn analyses).

Distribution of GalEa and FunCo1 elements in fungi
To describe the distribution of GalEa and FunCo1
elements in fungi, we performed tBLASTn analyses
(E-values 1e-75, Query cover > 50%) on all genomic or
transcriptomic databases provided by the National
Center for Biotechnology Information [65] using the
same DNA sequences used for the preliminary detec-
tion of GalEa and FunCo1 elements. To determine
whether the newly identified elements actually belong to
the GalEa clade, we used two complementary approaches:
sequences covering the RT/RNaseH domains were
included into phylogenic analyses whereas the remaining
sequences were classified using similarity searches using
BLAST on the Gypsy Database, which includes clearly
annotated and classified reference elements that represent
all the different clades LTR-retrotransposons. In the latter
case, an element was assigned to the GalEa clade
when: (i) the five best hits correspond to the five refer-
enced elements from this clade in the database; and (ii)
the difference between the best E-values obtained with
GalEa and other reference elements is higher than 1E-10.

Phylogenetic analyses
Several phylogenetic analyses were performed on amino
acid sequences corresponding to the RT or RT/RNaseH
domains of the newly characterized Copia sequences,
reference fungal Copia elements from RepBase or Gypsy
Database, and/or previously identified GalEa retrotran-
sposons [15, 24]. Boundaries of RT/RNaseH domains
have been predicted using rpstBLASTx (E-value 10-5)
and the pfam07727 profile, and the ‘ADxxTK’ conserved
motif at the 3’ end of the RNaseH. DNA sequences were
translated using a custom made script, manually curated
and the longest representative of each family was
selected. If sequences were corrupted by too many
frameshifts and indels, we tried to manually reconstruct
the protein sequences from the 6 frame translation
obtained on http://bio.lundberg.gu.se/edu/translat.html.
This especially afford to translate ripped sequences
(AT-content >70%).
Multiple alignments of protein sequences were per-

formed using MAFFT. After manual curation of the
alignments, phylogenetic analyses were conducted using
Neighbor Joining [66] and the pairwise deletion option
of the MEGA5.2 software [67]. The best-fit model, the
JTT model [68] with gamma distribution, was selected
with Topali2.3 software [69] and support for individual
groups was evaluated with non-parametric bootstrap-
ping [70] using 100 replicates.
Most of the orphan sequences were discarded from

phylogenetic analyses. To test whether they could belong
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to another family described in another species, we
performed BLASTx (E-values 1e-150 on at least 300
amino acids) on the protein database of clustered Copia
sequences. Some orphans could thus a posteriori be
assigned to fungal Copia clade described in our phylo-
genetic analyses.

In-depth characterization of fungal GalEa elements
The structure of newly identified GalEa elements has been
in-depth characterized. In particular, the boundaries of the
LTRs were manually analyzed, most of the times using a
local alignment of all the copies belonging to a single
family. ORFs were predicted using ORF Finder (https://
www.ncbi.nlm.nih.gov/orffinder/) and the putative PPTs
were assigned using LTR_finder [71]. Analyses of the nu-
cleic acid folding and hybridization predictions on the
CHS were performed on the Mfold web server [72]. At
last, we identified the amino-acid sequences correspond-
ing to the protein conserved motifs that have been previ-
ously described in GalEa elements [24].
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Additional file 1: Copy number and genomic proportions of the clades
and families of Copia retrotransposons detected in Pezizomycotina
genomes. (XLSX 27 kb)

Additional file 2: Phylogenetic relationships among fungal Copia families.
Neighbor-Joining analysis of RT amino acid sequences of representative
Copia families isolated with LTRharvest and all fungal Copia sequences
available in RepBase. The 27 FunCo (Fungal Copia) clades are represented
by their number in bold color. Statistical support (>70%) comes from non-
parametric bootstrapping using 100 replicates. (PPTX 573 kb)

Additional file 3: Distribution of GalEa retrotransposons among fungi
according to type of data analyzed. Classification was redrawn from
MycoCosm. The 30 assembled genomes analyzed in this study are highlights
in green and assembled genomes apparently devoid of GalEa elements in
red. Species in which the presence of GalEa elements was revealed by BLAST
searches on partial genomic or transcriptomic data are indicated in orange
with the accession number of the best hit. (XLSX 38 kb)

Additional file 4: Annotation of fungal GalEa retrotransposons. The
copy number corresponds to the number of elements returned by
LTRharvest. The two most frequent sequences of the CHS (Conserved
Hairpin Site) CHSeq1 are given in green and blue, and their different
observed derivatives are shown in light blue. Mismatches between the
sequences CHSeq1 and CHSeq2 are indicated in red, including the strictly
conserved A/A mismatch at the third position of CHSeq2 (in red bold).
The Interval corresponds to the distance between the two reverse
complementary CHS sequences. The GC content was estimated on all
entire sequences of each family. (XLSX 20 kb)

Additional file 5: Comparison between structural features of 7 fungal
and 6 metazoan GalEa retrotransposons. Features from metazoan elements
were described in Terrat et al. (2008) and Piednoël et al. (2013). (XLSX 28 kb)

Additional file 6: Charaterization of the extended Conserved Hairpin
Site. (A) Local alignment of Tasti2, Tasti4 and Tasti5 sequences from
Talaromyces stipitatus showing the different regions of the extended
Conserved Hairpin Site (CHS). (B) Families in which different extended
CHS were observed. For each extended CHS observed, the corresponding
size (in bp) of its variable regions is given. (PPTX 126 kb)

Additional file 7: Phylogenetic relationships among GalEa retrotransposons.
Neighbor-Joining analysis of RT/RNaseH amino acid sequences of GalEa
elements and representative Copia clades previously defined in the Gypsy

Database. Statistical support comes from non-parametric bootstrapping using
100 replicates. (PDF 178 kb)

Additional file 8: Comparison of methods used to estimate the
proportion of GalEa elements among fungal Copia retrotransposons. We
compared in pairs the three estimations of GalEa proportions among Copia
based on the number of copies detected with LTRharvest, the number of
large copies detected with RepeatMasker, or the genomic proportions
derived from RepeatMasker for the 17 genomes that harbor at least 10
Copia sequences detected with LTRharvest. (PDF 176 kb)

Abbreviations
CHS: Conserved hairpin site; INT: Integrase; LTR: Long terminal repeats;
PBS: Primer Binding site; RIP: Repeat-induced point mutation; RM: Repeat
masker; RT: Reverse transcriptase; TEs: Transposable elements

Acknowledgements
The authors particularly would like to thank Florian Maumus for scientific
discussion and improvement of the manuscript. We are grateful to Marie
Angèle Grandbastien, Emmanuelle Lerat and Hadi Quesneville for useful
comments. We kindly acknowledge Laure Teysset for her critical reading of
the manuscript. We also thank Sophie Brouillet for her help in the in silico
analyses. We thank Dave Greenshields (Talaromyces aculeatus) and we are
grateful to Francis Martin and the Mycorrhizal Genomics Initiative consortium
(Chalara longipes, Meliniomyces bicolor, Meliniomyces variabilis, Colletotrichum
fiorinae) for providing access to unpublished genome data produced by the
U.S. Department of Energy Joint Genome Institute, a DOE Office of Science
User Facility, supported by the Office of Science of the U.S. Department of
Energy under Contract No. DE-AC02-05CH11231, in collaboration with the
user community.

Funding
This research did not receive any specific grant from funding agencies in the
public, commercial, or not-for-profit sectors. Sorbonne Universités-UPMC and
CNRS provided searchers financial supports. This funding sources had no role
in the design of this study and will not have any role during its execution,
analyses, interpretation of the data, or decision to submit results.

Availability of data and material
All data generated or analysed during this study are included in this
published article [and its supplementary information files].

Authors’ contributions
EB conceived and coordinated the study. TD, MP and EB carried out the in
silico element detection and performed the clustering and phylogenetic
analyses. All authors analysed the data. MP and EB carried out the CHS
annotations and drafted the paper. All authors read and approved the final
manuscript.

Competing interests
The authors declare that they have no competing interests.

Consent for publication
Not applicable.

Ethics approval and consent to participate
Not applicable.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1Sorbonne Universités, UPMC Univ Paris 06, Univ Antilles, Univ Nice Sophia
Antipolis, CNRS, Evolution Paris Seine - Institut de Biologie Paris Seine (EPS -
IBPS), 75005 Paris, France. 2Department of Plant Developmental Biology, Max
Planck Institute for Plant Breeding Research, Carl-von-Linné Weg 10, D-50829
Cologne, Germany.

Donnart et al. BMC Genomics  (2017) 18:410 Page 13 of 15

https://www.ncbi.nlm.nih.gov/orffinder/
https://www.ncbi.nlm.nih.gov/orffinder/
dx.doi.org/10.1186/s12864-017-3795-2
dx.doi.org/10.1186/s12864-017-3795-2
dx.doi.org/10.1186/s12864-017-3795-2
dx.doi.org/10.1186/s12864-017-3795-2
dx.doi.org/10.1186/s12864-017-3795-2
dx.doi.org/10.1186/s12864-017-3795-2
dx.doi.org/10.1186/s12864-017-3795-2
dx.doi.org/10.1186/s12864-017-3795-2


Received: 10 November 2016 Accepted: 16 May 2017

References
1. Wicker T, Sabot F, Hua-Van A, Bennetzen JL, Capy P, Chalhoub B, et al. A

unified classification system for eukaryotic transposable elements. Nat Rev
Genet. 2007;8:973–82.

2. Fedoroff NV. Transposable Elements as a molecular evolutionary force. Ann
N Y Acad Sci. 1999;870:251–64.

3. Kazazian Jr HH. Mobile elements: drivers of genome evolution. Science.
2004;303:1626–32.

4. Biémont C, Vieira C. Genetics: junk DNA as an evolutionary force. Nature.
2006;443:521–4.

5. Finnegan DJ. Retrotransposons. Curr Biol. 2012;22(11):R432–7.
6. Eickbush TH, Jamburuthugoda VK. The diversity of retrotransposons and the

properties of their reverse transcriptases. Virus Res. 2008;134:221–34.
7. Arkhipova IR. Distribution and phylogeny of Penelope-like elements in

eukaryotes. Syst Biol. 2006;55:875–85.
8. Piednoël M, Bonnivard E. DIRS1-like retrotransposons are widely distributed

among Decapoda and are particularly present in hydrothermal vent
organisms. BMC Evol Biol. 2009;9:86. doi:10.1186/1471-2148-9-86.

9. Piednoël M, Gonçalves IR, Higuet D, Bonnivard E. Eukaryote DIRS1-like
retrotransposons: an overview. BMC Genomics. 2011;12:621. doi:10.1186/
1471-2164-12-621.

10. Gao X, Havecker ER, Baranov PV, Atkins JF, Voytas DF. Translational recoding
signals between gag and pol in diverse LTR retrotransposons. RNA. 2003;
9(12):1422–30.

11. Graïa F, Lespinet O, Rimbault B, Dequard-Chablat M, Coppin E, Picard M.
Genome quality control: RIP (repeat-induced point mutation) comes to
Podospora. Mol Microbiol. 2001;40:586–95.

12. Amselem J, Lebrun M, Quesneville H. Whole genome comparative analysis
of transposable elements provides new insight into mechanisms of their
inactivation in fungal genomes. BMC Genomics. 2015;16:141.

13. Clutterbuck AJ. Genomic evidence of repeat-induced point mutation (RIP) in
filamentous ascomycetes. Fungal Genet Biol. 2011;48:306–26.

14. Llorens C, Muñoz-Pomer A, Bernad L, Botella H, Moya A. Network dynamics
of eukaryotic LTR retroelements beyond phylogenetic trees. Biol Direct.
2009;4:41. doi:10.1186/1745-6150-4-41.

15. Piednoël M, Donnart T, Esnault C, Graça P, Higuet D, Bonnivard E. LTR-
Retrotransposons in Rimicaris exoculata and Other Crustaceans: The
Outstanding Success of GalEa-Like Copia Elements. PLoS ONE. 2013;8:
e57675. doi:10.1371/journal.pone.0057675.

16. De la Chaux N, Wagner A. BEL/Pao retrotransposons in metazoan genomes.
BMC Evol Biol. 2011;11:154.

17. Cameron JR, Loh EY, Davis RW. Evidence for transposition of dispersed
repetitive DNA families in yeast. Cell. 1979;16:739–51.

18. Dobinson KF, Hamer JE. The ebb and flow of a fungal genome. Trends
Microbiol. 1993;1:348–52.

19. Daboussi MJ, Capy P. Transposable elements in filamentous fungi. Annu Rev
Microbiol. 2003;57:275–99.

20. Elliott TA, Gregory TR. Do larger genomes contain more diverse
transposable elements? BMC Evol Biol. 2015;15:69.

21. Muszewska A, Hoffman-Sommer M, Grynberg M. LTR retrotransposons in
fungi. PLoS ONE. 2011;6:e29425.

22. Martinez D, Larrondo LF, Putnam N, Sollewijn Gelpke MD, Huang K,
Chapman J, et al. Genome sequence of the lignocellulose degrading
fungus Phanerochaete chrysosporium strain RP78. Nat Biotechnol.
2004;22:695–700.

23. Castanera R, López-Varas L, Borgognone A, LaButti K, Lapidus A, Schmutz J,
et al. Transposable Elements versus the Fungal Genome: Impact on Whole-
Genome Architecture and Transcriptional Profiles. Plos Genetics. 2016;
doi: 10.1371/journal.pgen.1006108.

24. Terrat Y, Bonnivard E, Higuet D. GalEa retrotransposons from galatheid squat
lobsters (Decapoda, Anomura) define a new clade of Ty1/copia-like elements
restricted to aquatic species. Mol Genet Genomics. 2008;279:63–73.

25. Maumus F, Allen AE, Mhiri C, Hu H, Jabbari K, Vardi A, et al. Potential impact
of stress activated retrotransposons on genome evolution in a marine
diatom. BMC Genomics. 2009;10:624.

26. Peddigari S, Zhang W, Sakai M, Takechi K, Takano H, Takio S. A copia-like
retrotransposon gene encoding gypsy-like integrase in a red alga, Porphyra
yezoensis. J Mol Evol. 2008;66:72–9.

27. 1000 fungal genomes project: http://1000.fungalgenomes.org/home/
28. Llorens C, Futami R, Covelli L, Domínguez-Escribá L, Viu JM, Tamarit D, et al.

The Gypsy Database (GyDB) of mobile genetic elements: release 2.0. Nucleic
Acids Res. 2011;39:D70–4. Available: http://gydb.org/index.php/Main_Page.

29. Suh SO, Noda H, Blackwell M. Insect symbiosis: derivation of yeast-like
endosymbionts within an entomopathogenic filamentous lineage. Mol Biol
Evol. 2001;18:995–1000.

30. Vogel KJ, Moran NA. Functional and evolutionary analysis of the genome of
an obligate fungal symbiont. Genome Biol Evol. 2013;5(5):891–904. doi:10.
1093/gbe/evt054.

31. Grigoriev IV, Nikitin R, Haridas S, Kuo A, Ohm R, Otillar R, et al. MycoCosm
portal: gearing up for 1000 fungal genomes. Nucleic Acids Res. 2014;42(1):
D699–704. Available: http://genome.jgi-psf.org/programs/fungi/index.jsf;
release September 2015.

32. Riley R, Haridas S, Wolfe KH, Lopes MR, Hittinger CT, Goker M, et al.
Comparative genomics of biotechnologically important yeasts. PNAS. 2016;
113:9882–7.

33. Torruella G, Derelle R, Paps J, Lang BF, Roger AJ, Shalchian-Tabrizi K, et al.
Phylogenetic relationships within the Opisthokonta based on phylogenomic
analyses of conserved single-copy protein domains. Mol Biol Evol. 2012;29:
531–44.

34. Animal Genome Size Database. www.genomesize.com; release august
2016. .

35. Yilmaz N, Visagie CM, Houbraken J, Frisvad C, Samson RA. Polyphasic
taxonomy of the genus Talaromyces. Stud Mycol. 2014;78:175–341.

36. Levin HL. It's Prime Time for Reverse Transcriptase. Cell. 1997;88:5–8. doi:10.
1016/S0092-8674(00)81851-6.

37. Lin JH, Levin H. Self-primed reverse transcription is a mechanism shared by
several LTR-containing retrotransposons. RNA. 1997;3:952–3.

38. Cobrinik D, Aiyar A, Ge Z, Katzman M, Huang H, Leis J. Overlapping
retrovirus U5 sequence elements are required for efficient integration and
initiation of reverse transcription. J Virol. 1991;65:3864–72.

39. Berkhout B, van Wamel JL. Role of the DIS hairpin in replication of human
immunodeficiency virus type 1. J Virol. 1996;70:6723–32.

40. Dirac AM, Huthoff H, Kjems J, Berkhout B. The dimer initiation site hairpin
mediates dimerization of the human immunodeficiency virus, type 2 RNA
genome. J Biol Chem. 2001;276:32345–52.

41. Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. Basic Local Alignment
Search Tool. J Mol Biol. 1990;215:403–10.

42. Ellwood SR, Liu Z, Syme RA, Lai Z, Hane JK, Keiper F, Moffat CS, Oliver RP,
Friesen TL. A first genome assembly of the barley fungal pathogen
Pyrenophora teres f. teres. Genome Biol. 2010;11(11):R109. doi:10.1186/gb-
2010-11-11-r109. Epub 2010 Nov 10.

43. Manning VA, Pandelova I, Dhillon B, Wilhelm LJ, Goodwin SB, Berlin AM, et
al. Comparative genomics of a plant-pathogenic fungus, Pyrenophora tritici-
repentis, reveals transduplication and the impact of repeat elements on
pathogenicity and population divergence. G3 (Bethesda). 2013;3(1):41–63.
doi:10.1534/g3.112.004044. Epub 2013 Jan 1.

44. Peter M, Kohler A, Ohm RA, Kuo A, Krutzmann J, Morin E, et al.
Ectomycorrhizal ecology is imprinted in the genome of the dominant
symbiotic fungus Cenococcum geophilum. Nat Commun. 2016;7:12662. doi:
10.1038/ncomms12662.

45. Arnaud MB, Cerqueira GC, Inglis DO, Skrzypek MS, Binkley J, Chibucos MC,
et al. The Aspergillus Genome Database (AspGD): recent developments in
comprehensive multispecies curation, comparative genomics and
community resources. Nucleic Acids Res. 2012;40(Database issue):D653–9.
doi:10.1093/nar/gkr875. Epub 2011 Nov 12.

46. Nierman WC, Fedorova-Abrams ND, Andrianopoulos A. Genome Sequence
of the AIDS-Associated Pathogen Penicillium marneffei (ATCC18224) and Its
Near Taxonomic Relative Talaromyces stipitatus (ATCC10500). Genome
Announc 2015 Feb 12;3(1). doi: 10.1128/genomeA.01559-14.

47. Spanu PD, Abbott JC, Amselem J, Burgis TA, Soanes DM, Stuber K, et al.
Genome expansion and gene loss in powdery mildew fungi reveal tradeoffs
in extreme parasitism. Science. 2010;330(6010):1543–6. doi:10.1126/science.
1194573.

48. Staats M, van Kan JA. Genome update of Botrytis cinerea strains B05.10 and
T4. Eukaryot Cell. 2012;11(11):1413–4. doi:10.1128/EC.00164-12.

49. Amselem J, Cuomo CA, van Kan JA, Viaud M, Benito EP, Couloux A, et al.
Genomic analysis of the necrotrophic fungal pathogens Sclerotinia
sclerotiorum and Botrytis cinerea. PLoS Genet. 2011;7(8):e1002230.
doi:10.1371/journal.pgen.1002230. Epub 2011 Aug 18.

Donnart et al. BMC Genomics  (2017) 18:410 Page 14 of 15

http://dx.doi.org/10.1186/1471-2148-9-86
http://dx.doi.org/10.1186/1471-2164-12-621
http://dx.doi.org/10.1186/1471-2164-12-621
http://dx.doi.org/10.1186/1745-6150-4-41
http://dx.doi.org/10.1371/journal.pone.0057675
http://dx.doi.org/10.1371/journal.pgen.1006108
http://1000.fungalgenomes.org/home/
http://gydb.org/index.php/Main_Page
http://dx.doi.org/10.1093/gbe/evt054
http://dx.doi.org/10.1093/gbe/evt054
http://genome.jgi-psf.org/programs/fungi/index.jsf
http://www.genomesize.com/
http://www.genomesize.com/
http://dx.doi.org/10.1016/S0092-8674(00)81851-6
http://dx.doi.org/10.1016/S0092-8674(00)81851-6
http://dx.doi.org/10.1186/gb-2010-11-11-r109
http://dx.doi.org/10.1186/gb-2010-11-11-r109
http://dx.doi.org/10.1534/g3.112.004044
http://dx.doi.org/10.1038/ncomms12662
http://dx.doi.org/10.1093/nar/gkr875
http://dx.doi.org/10.1128/genomeA.01559-14
http://dx.doi.org/10.1126/science.1194573
http://dx.doi.org/10.1126/science.1194573
http://dx.doi.org/10.1128/EC.00164-12
http://dx.doi.org/10.1371/journal.pgen.1002230


50. Kohler A, Kuo A, Nagy LG, Morin E, Barry KW, Buscot F, et al. Convergent
losses of decay mechanisms and rapid turnover of symbiosis genes in
mycorrhizal mutualists. Nat Genet. 2015;47(4):410–5. doi:10.1038/ng.3223.
Epub 2015 Feb 23.

51. O'Connell RJ, Thon MR, Hacquard S, Amyotte SG, Kleemann J, Torres MF, et
al. Lifestyle transitions in plant pathogenic Colletotrichum fungi deciphered
by genome and transcriptome analyses. Nat Genet. 2012;44(9):1060–5. doi:
10.1038/ng.2372. Epub 2012 Aug 12.

52. Klosterman SJ, Subbarao KV, Kang S, Veronese P, Gold SE, Thomma BP, et al.
Comparative genomics yields insights into niche adaptation of plant
vascular wilt pathogens. PLoS Pathog. 2011;7(7):e1002137. doi:10.1371/
journal.ppat.1002137. Epub 2011 Jul 28.

53. Xiao G, Ying SH, Zheng P, Wang ZL, Zhang S, Xie XQ, et al. Genomic
perspectives on the evolution of fungal entomopathogenicity in Beauveria
bassiana. Sci Rep. 2012;2:483. doi:10.1038/srep00483. Epub 2012 Jul 2.

54. Zheng P, Xia Y, Xiao G, Xiong C, Hu X, Zhang S, Zheng H, et al. Genome
sequence of the insect pathogenic fungus Cordyceps militaris, a valued
traditional Chinese medicine. Genome Biol. 2011;12(11):R116.
doi:10.1186/gb-2011-12-11-r116.

55. Gao Q, Jin K, Ying SH, Zhang Y, Xiao G, Shang Y, et al. Genome sequencing
and comparative transcriptomics of the model entomopathogenic fungi
Metarhizium anisopliae and M. acridum. PLoS Genet. 2011;7(1):e1001264.
doi:10.1371/journal.pgen.1001264.

56. Okagaki LH, Nunes CC, Sailsbery J, Clay B, Brown D, John T, et al. Genome
Sequences of Three Phytopathogenic Species of the Magnaporthaceae
Family of Fungi. G3 (Bethesda). 2015;5(12):2539–45. doi:10.1534/g3.115.
020057.

57. Dean RA, Talbot NJ, Ebbole DJ, Farman ML, Mitchell TK, Orbach MJ, et al.
The genome sequence of the rice blast fungus Magnaporthe grisea. Nature.
2005;434(7036):980–6.

58. Haridas S, Wang Y, Lim L, Massoumi Alamouti S, Jackman S, Docking R, et al.
The genome and transcriptome of the pine saprophyte Ophiostoma piceae,
and a comparison with the bark beetle-associated pine pathogen Grosmannia
clavigera. BMC Genomics. 2013;14:373. doi:10.1186/1471-2164-14-373.

59. Berka RM, Grigoriev IV, Otillar R, Salamov A, Grimwood J, Reid I, et al.
Comparative genomic analysis of the thermophilic biomass-degrading fungi
Myceliophthora thermophila and Thielavia terrestris. Nat Biotechnol. 2011;
29(10):922–7. doi:10.1038/nbt.1976.

60. Wu W, Ryan W, Davis RW, Tran-Gyamfi MB, Kuo A, LaButti K, Mihaltcheva S,
et al. Characterization of Four Endophytic Fungi as Potential Consolidated
Bioprocessing Hosts for Conversion of Lignocellulose into Advanced
Biofuels. Appl Microbiol Biotechnol. 2017;101:2603–18.

61. Grigoriev IV, Cullen D, Goodwin SB, Hibbett D, Jeffries TW, Kubicek CP, et al.
Fueling the future with fungal genomics. Mycology. 2011;2(3):192–209.
http://genome.jgi.doe.gov/.

62. Ellinghaus D, Kurtz S, Willhoeft U. LTRharvest, an efficient and flexible
software for de novo detection of LTR retrotransposons. BMC
Bioinformatics. 2008;9:18.

63. Katoh K, Standley DM. MAFFT multiple sequence alignment software version 7:
improvements in performance and usability. Mol Mol Evol. 2013;30:772–80.
Available: http://mafft.cbrc.jp/alignment/server/; Katoh et al., 2009.

64. Smit AFA, Hubley R, Green P. (2013-2015). RepeatMasker Open-4.0. Available:
http://www.repeatmasker.org.

65. http://www.ncbi.nlm.nih.gov, last access October 2016.
66. Saitou N, Nei M. The neighbor-joining method: A new method for

reconstructing phylogenetic trees. Mol Biol Evol. 1987;4:406–25.
67. Tamura K, Peterson D, Peterson N, Stecher G, Nei M, Kumar S. MEGA5:

Molecular Evolutionary Genetics Analysis Using Maximum Likelihood,
Evolutionary Distance, and Maximum Parsimony Methods. Mol Biol Evol.
2011;28:2731–9.

68. Jones DT, Taylor WR, Thornton JM. The rapid generation of mutation data
matrices from protein sequences. Comput Appl Biosci. 1992;8:275–82.

69. Milne I, Wright F, Rowe G, Marshall DF, Husmeier D, McGuire G. TOPALi:
software for automatic identification of recombinant sequences within DNA
multiple alignments. Bioinformatics. 2004;20:1806–7.

70. Felsenstein J. Confidence limits on phylogenies: an approach using the
bootstrap. Evolution. 1985;39:783–91.

71. Xu Z, Wang H. LTR_FINDER: an efficient tool for the prediction of full-length
LTR retrotransposons. Nucleic Acids Res. 2007;35. Available:http://tlife.fudan.
edu.cn/tlife/ltr_finder/.

72. Zuker M. Mfold web server for nucleic acid folding and hybridization
prediction. Nucleic Acids Res. 2003;31:3406–15. Available:
http://mfold.rit.albany.edu/?q=mfold/DNA-Folding-Form.

73. Goldfarb M, Santana MF, Salomão TM, Queiroz MV, Barros E. Evidence of
ectopic recombination and a repeat-induced point (RIP) mutation in the
genome of Sclerotinia sclerotiorum, the agent responsible for white mold.
Genet Mol Biol. 2016;39:426–30.

74. Schlegel M, Münsterkötter M, Güldener U, Bruggmann R, Duò A, Hainaut M,
et al. Globally distributed root endophyte Phialocephala subalpina links
pathogenic and saprophytic lifestyles. BMC Genomics. 2016;17:1015.

75. Amyotte SG, Tan X, Pennerman K, Jimenez-Gasco M, Klosterman SJ, Li-Jun
Ma LJ, et al. Transposable elements in phytopathogenic Verticillium spp.:
insights into genome evolution and inter- and intra-specific diversification.
BMC Genomics. 2012;13:314.

76. Pattemore JA, Hane JK, Williams AH, Bree AL, Wilson BAL, Stodart BJ, Ash GJ.
The genome sequence of the biocontrol fungus Metarhizium anisopliae and
comparative genomics of Metarhizium species. BMC Genomics. 2014;15:660.

77. Ikeda K, Nakayashiki H, Kataoka T, Tamba H, Hashimoto Y, Tosa Y, et al. Repeat-
induced point mutation (RIP) in Magnaporthe grisea: implications for its sexual
cycle in the natural field context. Mol Microbiol. 2002;45:1355–64.

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

Donnart et al. BMC Genomics  (2017) 18:410 Page 15 of 15

http://dx.doi.org/10.1038/ng.3223
http://dx.doi.org/10.1038/ng.2372
http://dx.doi.org/10.1371/journal.ppat.1002137
http://dx.doi.org/10.1371/journal.ppat.1002137
http://dx.doi.org/10.1038/srep00483
http://dx.doi.org/10.1186/gb-2011-12-11-r116
http://dx.doi.org/10.1371/journal.pgen.1001264
http://dx.doi.org/10.1534/g3.115.020057
http://dx.doi.org/10.1534/g3.115.020057
http://dx.doi.org/10.1186/1471-2164-14-373
http://dx.doi.org/10.1038/nbt.1976
http://genome.jgi.doe.gov/
http://mafft.cbrc.jp/alignment/server/
http://www.repeatmasker.org/
http://www.ncbi.nlm.nih.gov/
http://tlife.fudan.edu.cn/tlife/ltr_finder/
http://tlife.fudan.edu.cn/tlife/ltr_finder/
http://mfold.rit.albany.edu/?q=mfold/DNA-Folding-Form

	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Copia retrotransposon identification
	Copia retrotransposon diversity in fungi
	Copy number of Copia retrotransposons
	Genomic proportions of Copia clades
	Distribution of GalEa and FunCo1 elements among fungi
	Fungal GalEa retrotransposons harbor an unusual ‘Primer Binding Site’

	Discussion
	Conclusions
	Methods
	Preliminary detection of GalEa and FunCo1 elements in fungal genomes
	Data mining for Copia elements in fungal genomes
	Distribution of GalEa and FunCo1 elements in fungi
	Phylogenetic analyses
	In-depth characterization of fungal GalEa elements

	Additional files
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and material
	Authors’ contributions
	Competing interests
	Consent for publication
	Ethics approval and consent to participate
	Publisher’s Note
	Author details
	References

