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Abstract Non-long terminal repeat (non-LTR) retrotrans-
posons have contributed to shaping the structure and
function of genomes. Fungi have small genomes, usually
with limited amounts of repetitive DNA. In silico approach
has been used to survey the non-LTR elements in 57 fungal
genomes. More than 100 novel non-LTR retrotransposons
were found, which belonged to five diverse clades. The
present survey identified two novel clades of fungal non-
LTR retrotransposons. The copy number of non-LTR
retroelements varied widely. Some of the studied species
contained a single copy of non-LTR retrotransposon,
whereas others possessed a great number of non-LTR
retrotransposon copies per genome. Although evolutionary
relationships of most elements are congruent with phylogeny
of host species, a new case of possible horizontal transfer
was found between Eurotiomycetes and Sordariomycetes.
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Introduction

Retrotransposons are found in all investigated eukaryotes.
Five orders of retrotransposons are recognized: those
having long terminal repeats (LTRs; LTR retrotransposons),
those lacking LTRs (non-LTR retrotransposons), DIRS
retrotransposons, Penelope-like retrotransposable elements,
and short interspersed nuclear elements (SINEs; Finnegan
1992; Wicker et al. 2007). Several enzymatic activities can
be distinguished in proteins encoded by functional non-
LTR retrotransposons (Malik et al. 1999). The key
component is reverse transcriptase (RT) encoded by all
non-LTR retrotransposons. The second component is
endonuclease, which is encoded by restriction-enzyme-like
endonuclease (REL-endo) domains in some elements and
by apurinic/apyrimidinic (APE) endonuclease in others.
The first ORF, if present, encodes a gag-like protein with a
function of nucleic acid chaperone (Martin and Bushman
2001). Finally, some elements also contain ribonuclease H
(RNH) domains.

Phylogenetic analysis of non-LTR retrotransposons
based on the reverse transcriptase domains allowed distin-
guishing 21 clades (Malik et al. 1999; Malik and Eickbush
2000; Volff et al. 2000; Lovsin et al. 2001; Arkhipova and
Morrison 2001; Burke et al. 2002; Biedler and Tu 2003).
Based on structural and phylogenetic features of different
elements, Malik et al. (1999) developed a scenario for
evolution of non-LTR retrotransposons and demonstrated
that non-LTR retrotransposons are inherited mostly by
vertical transmission. Only a few cases of possible
horizontal transfer of non-LTR retrotransposons have been
described (Zupunski et al. 2001; Sanchez-Gracia et al.
2005; Novikova et al. 2007).

The most ancient clades of non-LTR retrotransposons
(GENIE, CRE, R2, NeSL-1, and R4) contain only one ORF
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and show site-specific distribution in the genomes (Malik et
al. 1999; Malik and Eickbush 2000). They have domain of
restriction-enzyme-like endonuclease (REL-endo). During
further evolution of mobile elements, the REL-endo domain
is suggested to have been substituted with an apurinic/
apyrimidinic (APE) endonuclease acquired from the host
cells. All younger clades (L1, RTE, Tad, R1, LOA, I, Jockey,
CR1, Rex1, and L2) possess the APE endonuclease domain
and are called APE retrotransposons (Zingler et al. 2005).
The acquisition of the APE endonuclease resulted in a loss
of target site specificity for all the elements (except R1
clade and some elements from L1 clade) and coincided with
the origin of a second ORF in front of the RT-encoding
OREF. Finally, elements of some clades obtained one more
enzymatic domain in the second ORF, the RNH domain.

RNH domain appears to be a much more ancient
acquisition of non-LTR retrotransposons than proposed
earlier, subsequently lost by the majority of younger non-
LTR retrotransposons (Malik et al. 1999; Kojima and
Fujiwara 2005). For a long time, RNH domain was detected
only in younger clades of non-LTR retroelements such as
Tad, R1, LOA, and I (Malik et al. 1999; Malik and
Eickbush 2001; Malik 2005). It was therefore believed that
RNH domain was acquired later than APE endonuclease
domain. However, a recent description of Dualen elements
from Chlamydomonas reinhardtii suggests that RNH
domain appeared much earlier in the evolution of non-
LTR retrotransposons (Kojima and Fujiwara 2005). Dualen
elements are believed to have appeared before L1 clade and
have single ORF which encodes a polyprotein that has
REL-endo, RT, APE, and RNH domains.

Fungi have small genomes, usually with limited amounts
of repetitive DNA. Among the Eumycota, the younger
evolutionary divisions, Ascomycota and Basidiomycota,
have a strong tendency towards streamlined genomes.
Representatives of Eumycota contain not more than 10—
15% of repetitive DNA, including retrotransposons
(Kempken and Kiick 1998; Wostemeyer and Kreibich
2002). Only three clades of non-LTR retrotransposons are
known in fungi: Tad, L1, and CRE. Tad clade is a
completely fungal group, which for a long time was
believed to be the sole group of non-LTR retrotransposons
represented in fungi (Malik et al. 1999). Several Tad clade
elements were described from the model objects Neuros-
pora crassa and Magnaporthe grisea (Kinsey and Helber
1989; Hamer et al. 1989); CgTl was described from
Colletotrichum gloeosporioides, and Marsl, from Ascobo-
lus immersus (He et al. 1996; Goyon et al. 1996). Whole
genomic sequences analysis of dimorphic yeasts Yarrowia
lipolytica (Ylli element) and Candida albicans (Zorro
element) showed that fungal non-LTR retrotransposons are
not limited to Tad clade. L1 clade elements were described
from the genomes of these yeasts (Goodwin et al. 2001;
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Casaregola et al. 2002). L1-like element was also described
from a basidiomycete Microbotryum violaceum and a
glomeromycete Gigaspora (Hood 2005; Gollotte et al.
2006). Finally, element Cnl from Cryptococcus neoformans
was found to belong to the ancient CRE clade (Goodwin
and Poulter 2001).

Non-LTR retrotransposons survey from genomic
sequences

Fungal genomic sequences are available at: Fungal
Genome Initiative (Broad Institute: http://www.broad.mit.
edu/annotation/fgi/), The DOE Joint Genome Institute (JGI:
http://www.jgi.doe.gov/), Génolevures (http://cbi.labri.fr/
Genolevures/), The Sanger Institute (http://www.sanger.ac.
uk/). The source of individual genomes could be found in
Table S1 of Supplementary materials. All downloads were
performed before 1 May 2008.

We used UniPro GenomeBrowser software (http://
genome.unipro.ru/) for non-LTR retroelements identifica-
tion. The investigated genomes were translated over six
possible reading frames in protein form, on which search of
homologous regions was performed using “HMMER
search” options of UniPro GenomeBrowser. The algorithm
of HMMER search is based on profile hidden Markov
models, which can perform amino acid sequence searches
by use of the appropriate profile (McClure et al. 1996;
Eddy 1998).

For the analysis, we used a multiple alignment consensus
sequence, which contains information about RT domain.
The profile HMM, based on this consensus sequence, was
also built using UniPro GenomeBrowser software. Such
models are constructed with position-specific scores for
amino acids and position-specific penalties for opening and
extending an insertion or deletion, and represent a statistical
description of a certain multiple alignment. Profile HMMs
can be used for searching for additional remote homologues
of the sequence family. An additional check for the
presence of RT domain was performed using BLAST
analysis. BLAST was essentially performed using sequence
databases accessible from the National Center for Biotech-
nology Information (NCBI) server (www.ncbi.nlm.nih.gov/
BLAST/). The classification of the newly identified
elements was performed by comparative analysis of their
sequences. Based on the observed sequence divergence
distribution, all sequences obtained from the same fungal
genome were referred to as copies of one element if they
shared similarity more than 90%. Newly identified elements
and their accession numbers in public databases are listed in
Supplementary material Table S2.

The nucleotide sequences of the elements were also
extracted with the assistance of UniPro GenomeBrowser
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software. After localization of amino acid sequences
obtained during HMMER search in the initial genomes in
its nucleotide representation, the sequences were expanded
up to the 10 kb and used for multiple alignments with other
copies of the same element. The visualization feature and
“ORF Find” option of UniPro GenomeBrowser were used
to identify the putatively intact copies of non-LTR retro-
transposons.

Multiple DNA alignments were performed by ClustalW
(Thompson et al. 1994) and edited manually. Phylogenetic
analyses were performed using the neighbor-joining (NJ)
method in MEGA 4.0 program (Tamura et al. 2007).
Statistical support for the NJ tree was evaluated by boot-
strapping (number of replications, 1,000; Felsenstein 1985).

Evolutionary rates were estimated by standard methods
(Nei and Kumar 2000). Poisson correction distances (d)
were estimated from the equation d=-In(1-p), where p
represents the proportion of different amino acids. The rate
of amino acid substitution (») was estimated by the standard
equation »=d/2T, where T is the divergence time of the last
common ancestor (LCA) of the compared species. Amino
acid distances used in divergence-versus-age analysis were
calculated from sequences of the RT domain using MEGA
4.0 (Tamura et al. 2007).

Identification and classification of non-LTR
retrotransposons in Fungi

A total of 57 species were included in our analysis. The list
of analyzed fungal species, their taxonomy, genomic size,
and results of in silico search are presented in Table 1. The
majority of investigated fungi gave positive results during
in silico search of non-LTR retrotransposons. However,
some species have no non-LTR retrotransposons. Investi-
gated representatives of the phylum Microsporidia (4nto-
nospora locustae and Encephalitozoon cuniculi) did not
possess detectable non-LTR retrotransposons (Table 1).
Microsporidian fungi are obligate intracellular eukaryotic
parasites, which lack typical eukaryotic organelles, have
small ribosomes (Cavalier-Smith 1991), and extremely
small genomes, only 2.5-3 Mb (Peyretaillade et al. 1998;
Vivares and Méténier 2000). It is not surprising that studied
microsporidians lack repeated sequences such as non-LTR
retrotransposons.

Majority of the investigated saccharomycetes did not
have non-LTR retrotransposons. Absence of non-LTR
retrotransposons was reported previously for yeasts Sac-
charomyces cerevisiae and Schizosaccharomyces pombe
(Jordan and McDonald 1999; Wood et al. 2002). Only
several Saccharomycotina species showed the presence of
non-LTR retrotransposons in their genomes (Pichia stipitis
CBS 6054, present study; C. albicans, Goodwin et al. 2001;

and Y. lipolytica, Casaregola et al. 2002). Non-LTR
retrotransposons also were not found in a few sordariomy-
cetes (Fusarium graminearum PH-1 and Trichoderma
reesei QM6a), heterobasidiomycetes (Malassezia globosa
CBS 8777), and chytridiomycetes (Batrachochytrium den-
drobatidis JEL423) (Table 1). This could be due either to
current status of genome sequencing or to distribution of
non-LTR retrotransposons in chromosomes. The pericen-
tromeric and subtelomeric regions, which are enriched by
repeated elements, remain unfinished during sequencing
processes and genome assembly (Eichler et al. 2004;
Galagan et al. 2005). It is also highly possible that these
species lack non-LTR retrotransposons.

In total, 32 fungal genomes gave positive signals in
HMM search of non-LTR retrotransposons. The number of
putative non-LTR retrotransposons varies considerably from
species to species (Table 1). Identified sequences of non-
LTR retrotransposons were classified based on their intra-
specific similarity for each species and were either highly
similar or very different. All amino acid sequences with
similarity more than 90% were considered to be products of
the copies of the same element. Totally, 130 novel non-LTR
retrotransposons were found (see Supplementary material
Table S2 and Table S3). The non-LTR retrotransposon
sequences do not exceed 2% in investigated fungal genomes.
In fact, in the majority of investigated species, non-LTR
retrotransposons comprise not more than 0.5% of the entire
genome (Supplementary material Fig. S1).

Preliminary phylogenetic analysis showed that all iden-
tified non-LTR retrotransposons fall into five distinct
lineages. The overwhelming majority of the elements
belong to Tad clade; the rest could be referred to the L1
and CRE as well as to previously unknown clades (Fig. 1).

Sequence diversity and structure of Tad-like elements

Elements from Tad clade were found in all studied species
which showed the presence of non-LTR retrotransposons,
except yeasts, C. neoformans (Heterobasidiomycota), and
Sporobolomyces roseus (Urediniomycota). Nine distinct
families could be recognized inside Tad clade on the
phylogenetic tree based on RT domain (Fig. 1a).

Families of Tad-like non-LTR retrotransposons appeared
to be specific for either Ascomycetes or Basidiomycetes
fungi. Ascomycetes were represented by six families (Mars]1,
CgT, Tadl, Askl, Ask2, and Ask3), whereas the Basidio-
mycetes, only by three (Butl, But2, and But3; Fig. 1a).

Our analysis showed that each investigated fungal
species has a unique number of non-LTR retrotransposon
families from Tad clade. For example, five diverse families
are represented in the genome of Histoplasma capsulatum
NAml, whereas a single family was found in both
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Table 1 List of species,

Genus/Species

genome size (Mb)/status Non-LTR

genomes of which were ana- Taxonomy
lyzed in silico in present study, -
their taxonomy, genome sizes Sordariomycetes

and sequencing projects status,
and total copy number of
detected non-LTR
retrotransposons

Eurotiomycetes

Leotiomycetes

Dothideomycetes

Saccharomycetes
*Including: Candida glabrata
CBS138; Pichia guilliermondii
ATCC 6260; Candida tropica- Heterobasidiomycetes
lis MYA-3404; Clavispora
lusitaniae ATCC 42702 Homobasidiomycetes
®Including: Saccharomyces
bayanus 623-6C; Saccharomy-
ces castellii NRRL Y-12630;
Saccharomyces cerevisiae Urediniomycetes
S288c; Saccharomyces cerevi-
siae YIM789; Saccharomyces o
kluyveri NRRL Y-12651; Sac- Ustilaginomycetes
charomyces kudriavzevii TFO Chytridiomycete

1802; Saccharomyces mikatae Microsporidia
IFO 1815; Saccharomyces par-

adoxus NRRL Y-17217

Chaetomium globosum CBS 148.51 36/assembly +(96)
Fusarium graminearum PH-1 40/assembly -
Fusarium oxysporum 4286 FGSC 60/assembly +(39)
Fusarium verticillioides 7600 46/assembly + (4)
Neurospora crassa ORT4A 43/assembly Tadl (33)
Magnaporthe grisea 70-15 40/assembly Mgr (85)
Podospora anserina S mat+ 37/in progress + (1)
Trichoderma reesei QM6a 33/assembly -
Trichoderma virens Gv29-8 38/assembly + (3)
Ascosphaera apis USDA-ARSEF 7405 24/assembly + (4)
Aspergillus clavatus NRRL 1 35/assembly +(3)
Aspergillus flavus NRRL3357 36/assembly +(1)
Aspergillus fumigatus Af293 30/assembly +(23)
Aspergillus niger ATCC1015 37/assembly +(5)
Aspergillus nidulans FGSC A4 31/assembly +(19)
Aspergillus oryzae RIB40 37/assembly + (12)
Aspergillus terreus NIH2624 35/assembly + (1)
Coccidioides immitis RS 29/assembly + (38)
Coccidioides posadasii CPA0001 29/assembly + (17)
Histoplasma capsulatum NAm1 28/assembly +(93)
Paracoccidioides brasiliensis Pb01 30/assembly +(73)
Uncinocarpus reesii 1704 30/assembly +(12)
Sclerotinia sclerotiorum 1980 38/assembly +(77)
Botrytis cinerea B05.10 38/assembly + (1)
Alternaria brassicicola ATCC 96866 30/assembly +(2)
Mpycosphaerella fijiensis 74/assembly +(231)
Pyrenophora tritici-repentis 37.8/assembly + (63)
Stagonospora nodorum SN15 37/assembly +(2)
Candida spp.* 6-16/assembly -
Candida albicans WO-1 14/assembly Zorro (3)
Debaryomyces hansenii CBS767 12/complete -
Kluyveromyces lactis NRRL Y-1140 11/complete -
Lodderomyces elongisporus NRRL YB-4239 16/assembly -
Saccharomyces spp.® 11-12/complete -
Pichia stipitis CBS 6054 16/complete +(24)
Yarrowia lipolytica CLIB122 21/complete Ylli (10)
Cryptococcus neoformans H99 20/assembly Cnll (1)
Malassezia globosa CBS 8777 9/assembly -
Coprinus cinereus Okayama7#130 38/assembly +(8)
Laccaria bicolor S238N 61/assembly + (24)
Phanerochaete chrysosporium RP-70 30/assembly + (15)
Postia placenta MAD-698 90/assembly + (14)
Sporobolomyces roseus 21/assembly + (1)
Puccinia graminis f. sp. Tritici 81.5/assembly + (81)
Ustilago maydis 521 20/assembly + (1)
Batrachochytrium dendrobatidis JEL423 24/assembly -

Antonospora locustae
Encephalitozoon cuniculi

3/in progress -
2.5/complete -

Aspergillus niger ATCC1015 (Ascomycota) and Coprinus
cinereus Okayama7#130 (Basidiomycota). Six different
non-LTR retrotransposons were detected in the genome of
Chaetomium globosum CBS 148.51, which belonged to
two families, Askl and Tadl.

For each distinct Tad-like non-LTR retrotransposon, we
attempted to isolate a representative full-length sequence. For
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the purpose of our analysis, a “full-length element” is defined
as one that has two recognizable open reading frames (ORF).
The majority of elements appeared to be degenerate in
investigated fungal genomes (see Supplementary material
Table S3). Nevertheless, we have significantly increased the
number of novel full-length non-LTR retrotransposons known
in Ascomycetes and, especially, in the Basidiomycetes.
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Fig. 1 Neighbor-joining (NJ) phylogenetic trees based on RT amino
acid sequences of non-LTR retrotransposons including newly de-
scribed Tad-like elements (a), and elements belonged to the L1 and
RTE clades as well as newly identified clades Inkcap and Deceiver
from fungi (b). Statistical support was evaluated by bootstrapping
(1,000 replications); nodes with bootstrap values over 50% are
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indicated. The name of the host species and accession number are
indicated for the elements taken from GenBank. The clades (bold) and
families (italics) are shown on the right. Elements AniNLR2 and
AorNLR2, which possibly was horizontally transmitted, are italicized
and underlined. Novel clades, Deceiver and Inkcap, are marked
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frame, ORF?2 second open reading frame, RT reverse transcriptase, RH
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ribonuclease H, AP apurinic/apyrimidinic endonuclease, REL-endo
restriction-enzyme-like endonuclease, CCHC and CCHH Zn-finger
motifs, ND not determined, asterisk stop codon
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Newly detected full-length and intact fungal retrotrans-
posons from Tad clade are approximately 6,000 bp in
length (Fig. 2). First, ORF as a rule encodes a nucleic acid-
binding protein with cysteine motif of the CX,CX,4HX,C
type (CCHC type). Second ORF encodes a polyprotein
(ORF2p) with AP endonuclease and RT domains. ORF2p
from majority of detected elements have an additional
ribonuclease H domain (RNH) downstream of the RT
domain and a cysteine motif of CCHC type.

The ribonuclease H domain in Tad clade

Not all newly described fungal retroelements showed the
presence of RNH enzymatic domain. Representatives of two
families (Tadl and Ask3) and some of the elements from
family Askl1 have no detectible RNH (Fig. 2; Supplementary
material Table S3). Elements from Tadl and Ask3 families
seem to have been evolved from a common ancestor, which
lacked RNH. No traces of this domain were found during
our analysis. The Askl family is unique among fungal
families from Tad clade. Some of the Askl elements lack
RNH (AorNLR2, AniNLR2, FONLR5-FoNLR8, CgNLR2-
CgNLR4), whereas others have it (HcNLRS, AorNLR3,
AorNLR4, AniNLR3 and AniNLR4).

Elements from C. globosum and Fusarium oxysporum,
which belong to Askl, were analyzed for the traces of RNH
in their sequences. We found the evidence that RNH domain
was lost from FoNLR5, FoNLR6, FoNLRS, CgNLR2,
CgNLR3, and CgNLR4 eclements (Fig. 3). The traces of
RNH domain were determined for the ORF2p C-terminal
sequence in FONLRS, FoNLR6, FONLRS8, CgNLR2, and
CgNLR4. One of the RNH catalytic motifs (key residue is
E48) could be clearly recognized on the multiple alignment
presented in Fig. 3. However, residues D10, D70, H124, and
D134, which are believed to be essential for the enzymatic
activity of the RNH, were absent (Kanaya et al. 1996; Malik
and Eickbush 2001).

CgNLR3 elements have a shorter ORF2 in comparison
with CgNLR2 and CgNLR4 and other full-length intact
elements from Askl family. It seems that RNH domain was
lost in CgNLR3 element as a result of stop codon appearance
which cut off the enzymatic domain. We analyzed nucleotide
sequences of all four CgNLR3 copies. All of them had this
stop codon at the same position. Thus, existence and activity
of self-coding RNH domain appear not to have been crucial
for recent retrotransposition of CgNLR3. It remains unclear
why elements from C. globosum and F. oxysporum lack
RNH.

The copies of CgNLRs (CgNLR2-CgNLR4) and
FoNLRS retrotransposons shared a very high similarity at
the DNA level. The majority have intact ORFs with
flanking target site duplications. It seems that CgNLRs

and FONLRS5 were recently active, and the absence of RNH
did not affect their transposition. Since the TPRT mode of
transposition involves reverse transcription at the future
insertion site in genomic DNA, the non-LTR retrotranspo-
sons have access to the host-encoded RNH activity (Eick-
bush and Malik 2002; Malik 2005). We could suggest that
activity of cellular RNH is sufficient for successful
retrotransposition of non-LTR retrotransposons in C.
globosum and F. oxysporum.

AniNLR2 from 4. niger and AorNLR2 from Aspergillus
oryzae also had only a degenerate RNH domain, whereas
AniNLR4, AorNLR3, and AorNLR4 elements from the
same family possessed RNH (Fig. 3). Moreover, AniNLR2
and AorNLR2 appeared to be more closely related to the
non-LTR retrotransposons from C. globosum and F. oxy-
sporum than to those from Aspergillus fumigatus (AfNLR2)
and other elements from A4. oryzae and A. niger. AniNLR2
and AorNLR2 non-LTR retrotransposons exhibit an unex-
pectedly high similarity with elements FoNLRs and
CgNLRs. For example, RT regions of AorNLR2 and
CgNLR3 were more than 88% similar in their amino acid
sequences and 71.3% similar at the DNA level. At the same
time, RT domain of AorNLR2 showed the average
similarity of only 59% with AorNLR3 and AorNLR4. This
could be explained either by strong selective constraints in
RT sequence coupled with a strict vertical transmission or
by horizontal transmission.

Possible horizontal transmissions of Tad-like
retroelements in fungi

Most examples of horizontal transfer (HT) of eukaryotic
genes involve transposable elements (Kidwell 1992; Hartl
et al. 1997; Jordan et al. 1999). Such transfers are usually
recognized by the presence of very closely related elements
in distant host taxa. Although HT is well known for LTR
retrotransposons and especially for DNA transposons
(Robertson 1993; Silva and Kidwell 2004), non-LTR
retrotransposons rarely undergo HT, and their phylogenies
are largely congruent to those of their hosts (Malik et al.
1999). There are a few cases of well-documented HT for
non-LTR retrotransposons: (a) HT of Bov-B elements (RTE
clade) from the ancestral snake lineage (Boidae) to the
ancestor of ruminant mammals, dated 40—-50 Mya (Kordis
and Gubensek 1998), (b) HT of CRI1 elements between
Maculinea butterflies and Bombyx moths, dated 10-20 Mya
(Novikova et al. 2007), and (c) HT of non-LTR retro-
transposons in Drosophila melanogaster that probably
occurred ~5-12 million years ago (Sanchez-Gracia et al.
2005). Other examples of HT were demonstrated for Jockey
elements (Mizrokhi and Mazo 1990) and CR1 elements
(Drew and Brindley 1997).
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Fig. 3 Alignment of the ribo-
nuclease H (RNH) domains.
Representative RNH domains
from Eukarya (including Fungi
and Metazoa), non-LTR retro-
transposons Lian from Aedes
aegypti (GenBank acc. No.
U87543), Bilbo from Drosophi-
la subobscura (GenBank acc.
No. U73800), CgT1-3 from
Glomerella cingulata (GenBank
acc. No. L76169), and Tad-like
non-LTR retrotransposons from
diverse families were aligned
using ClustalW. Conserved resi-
dues are highlighted in bold;
those which believed to be im-
portant for the catalytic mecha-
nism of RNH are indicated by
arrows, including the four car-
boxylate (dark arrows) and the
single histidine residue (white
arrow) that are numbered
according to their position in the
Escherichia coli RNH domain
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Using the criterion of divergence of functional proteins
and proteins encoded by transposable elements, evidence
for HT was obtained. In the case of lower divergence
among mobile elements than that observed for the proteins
encoded by host genes, very strict evolutionary constrain or
HT could be proposed as explanation (Sanchez-Gracia et al.
2005; Novikova et al. 2007). The analysis of amino acid
sequence divergences was performed for non-LTR retro-
transposons belonging to the Askl family and the cellular
proteins from A. fumigatus, A. niger, A. oryzae, F. oxy-
sporum, and C. globosum. The RT domain of non-LTR
retrotransposons appeared to be more diverse than the
compared cellular proteins with the exception of AorNLR2/
CgNLR3, AorNLR2/FoNLRS5, AniNLR2/CgNLR3, and
AniNLR2/FoNLRS5 pairs (Table 2). On the one hand, RT
domains of AniNLR2, AorNLR2, CgNLRs, and FoNLRs
are more divergent than the most conservative proteins (e.
g., elongation factor, EF-1; Table 2). On the other hand,
they showed higher similarity than the majority of the other
investigated proteins (e.g., adenylate kinase Adk; Table 2;
see Supplementary materials Table S4).

The slowdown effect on evolutionary rates accompanied
the previously described possible HT cases (Zupunski et al.
2001; Sanchez-Gracia et al. 2005; Novikova et al. 2007,
Roulin et al. 2008). We estimated the evolutionary rates for
fungal non-LTR retrotransposons from Tad clade and
compared them with early calculated evolutionary rates
for invertebrate CR1- and Jockey-like non-LTR retrotrans-
poson and vertebrate RTE-like non-LTR retrotransposons
(Table 3; Zupunski et al. 2001; Novikova et al. 2007). In
general, the evolutionary rates in fungal retrotransposons
are higher than those observed in metazoan non-LTR
retrotransposons. At the same time, comparisons of
AniNLR2, AorNLR2, CgNLR3, and FoNLRS retrotrans-
posons demonstrated significantly lower evolutionary rates
than Tad non-LTR retrotransposons in all other compar-
isons (Table 3).

The HT nature of the mobile elements was further tested
by the divergence-versus-age analysis (Malik et al. 1999;
Kordi§ and Gubensek 1998). It includes the comparison of
divergence rates between the RT domains of the non-LTR
retrotransposons with the host divergence time estimates.

Table 2 Amino acid diver-
gences of cellular proteins from Gene

Length (aa) Amino acid divergence (%)

A. niger, A. fumigatus, A. ory-
zae, F. oxysporum and C. glo-

EF-1 alpha (translation elongation factor 1 alpha subunit)®

bosum and fungal non-LTR A. niger/A. fumigatus 460 5.7
retrotransposons from Tad A. niger/C. globosum 460 10.1
clade A. niger/F. oxysporum 460 13.0
A. oryzaelA. fumigatus 460 7.2
A. oryzaelC. globosum 460 11.7
A. oryzaelF. oxysporum 460 14.1
C. globosum/F. oxysporum 460 7.8
Adk (adenylate kinase)®
A. niger/A. fumigatus 257 10.9
A. niger/C. globosum 258 31.0
A. niger/F. oxysporum 258 324
A. oryzaelA. fumigatus 216 7.0
A. oryzaelC. globosum 216 22.2
A. oryzaelF. oxysporum 216 21.8
C. globosum/F. oxysporum 258 13.8
Tad
AniNLR4 A. niger/AfNLR2 A. fumigatus 418 35.0
2 Accession numbers in Gen- AniNLR2 A. niger/CgNLR3 C. globosum 422 19.7
Bank: A. niger— AniNLR2 A. niger/FoNLRS F. oxysporum 422 19.0
XM_001398905; A. fumigatus AorNLR2 A. oryzae/CgNLR3 C. globosum 432 10.6
—XM_745295; A. oryzae— AorNLR2 A. oryzae/FONLRS F. oxysporum 432 11.3
ABO007770; C. globosum— AOtNLR2 4. oryzae/AniNLR2 A. niger 422 10.1
XM_001222638; F. oxysporum AniNLR2 A. niger/AfNLR2 A. fumigatus 423 47.9
o XM_388987 . AniNLR2 4. niger/AniNLR4 A. niger 418 540
Accession numbers in Gen- )
Bank: 4. niger— AorNLR4 A. oryzae/ AINLR2 A. fumigatus 432 17.1
XP7001392085; A‘fumigatus AorNLR3 4. 0ryzae/CgNLR3 C. globosum 434 41.5
—XP_750499; A. oryzae— AorNLR4 4. oryzae/CgNLR3 C. globosum 432 42.4
XP_001727934; C. globosum AorNLR4 A. oryzae/FONLRS F. oxysporum 432 40.3
—XP_001225654; F. oxysporum CgNLR3 C. globosum/FoNLRS5 FE oxysporum 432 11.6

—XP_390913
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Table 3 Amino acid diver-

gences and evolutionary rates Non-LTR retrotransposons LCA Amino acid Evolutionary
in the Tad, Jockey, CR1 and divergence (%) rate (107°)
RTE clades
Tad
AniNLR2 4. niger/CgNLR3 Ch. globossum ~400 19.7 0.27
AniNLR2 4. niger/FONLRS F. oxysporum ~400 19.0 0.37
AorNLR2 4. oryzae/CgNLR3 C. globosum ~400 10.6 0.22
AorNLR2 A. oryzae/FONLRS5 F. oxysporum ~400 11.3 0.28
AniNLR2 A. niger/AfNLR2 A. fumigatus 44 479 10.8
AniNLR4 A. niger/AfNLR2 A. fumigatus 44 35.0 4.46
AorNLR4 4. oryzae/CgNLR3 C. globosum ~400 41.5 1.07
AorNLR4 4. oryzae/FoNLRS F. oxysporum ~400 40.3 1.06
CgNLR1 Ch. globossum/Tad N. crassa 70 26.9 3.23
CgNLR5 Ch. globossum/Tad N. crassa 70 37.6 4.49
HcNLR6 H. capsulatum/Tad N. crassa ~400 45.0 1.07
CcNLR1 C. cinereus/LbNLRG6 L. bicolor 90 29.9 3.17
CiNLR1 C. immitis/lUNLR2 U. reesii 25 57.2 8.67
Jockey
Jockey D. melanogaster/Jockey D. funebris 40 24.7 3.55
AMY B. mori/Helena D. mauritiana 350 52.4 1.00
JuanA Aedes/Jockey D. melanogaster ~250 60.5 1.79
NLRI1Cth Chironomus/Jockey D. melanogaster ~250 56 1.59
NLR1Cth Chironomus/AMY B. mori 350 67.4 1.22
Jockey D. melanogaster/Jockey D. funebris 40 24.7 3.55
CRI1*
Q Anopheles/worf Drosophila 260 68.2 1.70
T1 Anopheles/worf Drosophila 260 66.3 1.52
BmCR1B Bombyx/CR1B Maculinea 140 2.7 0.061
SoriCR1A Scolitantides/CR1A Maculinea 10 2.3 1.2
BmCRI1B Bombyx/OcaCR1B Oberthueria 10 4.6 1.7
MteQ Maculinea/Q Anopheles 350 60.0 1.29
RTE®
Bov-B Boa (Squamata)/Bov-B Python (Squamata) 48 No data 0.42
“Data are presented according Bov-B Bos/Bov-B Tragulus (Ruminantia) 50 No data 34
to Novikova et al. 2007a. Bov-B Python/Bov-B Bos 310 17 0.27
Data are presented according Bov-B Vipera (Squamata)/Bov-B Bos 310 No data 0.35
to Zupunski et al. 2001; the Bov-B Vipera/Rex3 Xiphophorus (Teleostei) 400 No data 1.46
possible cases of horizontal Bov-B Vipera/RTE Oryzias (Teleostei) 400 No data 1.9
transmission are highlighted by Rex3 Xiphophorus/Rex3 Anguilla (Teleostei) 180 No data 1.18

bold.

Amino acid sequence distances between the RT domains of
the Tad clade representatives along with other elements
(from R1, R2, Jockey, I, CR1, RTE, and L1 clades) were
plotted against estimates of host divergence time (Fig. 4).
The time since divergence of Eurotiomycetes and Sordar-
iomycetes is estimated between 310 and 670 Myr (Berbee
and Taylor 1993; Heckman et al. 2001). The oldest well-
documented ascomycete fossils are found in the 400-Myr-
old Rhynie chert (Taylor et al. 1999). Based on this finding,
it was proposed that 400 Myr for the Eurotiomycetes and
Sordariomycetes divergence would seem to provide a
conservative date estimate; however, earlier dates could be
expected (Kasuga et al. 2002). We used the date 400 Myr
for the last common ancestor of Eurotiomycetes and
Sordariomycetes for further analysis.

@ Springer

Amino acid sequence distances versus host divergence
time were compared within and between basidiomycete and
ascomycete Tad lineages (Fig. 4). The estimated time
divergence between these two groups of fungi was 1,210
Myr (Hedges 2002). Almost all ascomycete comparisons
fall above the arthropod and vertebrate curves, suggesting
that non-LTR sequence evolution in ascomycete fungi is
faster than that in arthropods and vertebrates. The inter-
group Tad comparisons, Laccaria versus Ascobolus and
Coprinus versus Ascobolus, fall near the arthropod curve.
However, comparisons of taxa separated by more than 600
Myr have low resolution (Malik et al. 1999; Zupunski et al.
2001). All basidiomycete comparisons also fall near the
arthropod curve that indicates similar rates of transposable
element evolution in basidiomycetes and arthropods.
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Fig. 4 Divergence-versus-age analysis of the non-LTR retrotranspo-
sons including Tad clade. Amino acid sequence distances were
calculated from the sequences of the complete reverse transcriptase
(RT) domain. The curves for arthropods and vertebrates are
reproduced from Malik et al. (1999). For each host divergence time
estimate, the fungal elements used are as follows: CiNLRI versus
UrNLR1 (/) compared at 25 Myr; AniNLR1 versus AfNLR2 (2), at
44 Myr; AniNLR3 versus AfNLR2 (3), at 44 Myr; Tad versus
CgNLRI1 (4), at 70 Myr; CcNLR1 versus LbDNLR6 (5), at 90 Myr; Tad
versus HCNLRG6 (6), at 400 Myr; CcNLR1 versus PcNLR1 (7), at 180
Myr; CgNLR3 versus AniNLR3 (8), at 400 Myr; LbNLRI1 versus
Mars (9), at 1,200 Myr; AniNLR2 versus CgNLR3 (/0), at 400 Myr;

Several examples, in which the points fell markedly below
all curves, were AniNLR2 versus CgNLR3, AorNLR2
versus CgNLR3, AniNLR2 versus FONLRS, and AorNLR2
versus FONLRS (points 10-13, at 400 Myr). It could be
explained by a HT event or very strict evolutionary
constraints. A HT event is more likely, since the selective
pressure could be implemented only in the case of functional
importance of the AorNLR2 and AniNLR2 insertions. It is
known that the insertion of a transposable element can alter
gene expression and be selectively advantageous. However,
only part of such transposable elements evolves under
selective pressure (Medstrand et al. 2001; Ono et al.
2001). We did not find any evidence that AorNLR2 and
AniNLR2 elements or their parts are involved in the
domestication processes. Additionally, horizontal transfer
seems to be very important part of the fungal evolutionary
history. HT is considered to be a key event in the evolution
of several fungal genes (Wenzl et al. 2005; Slot and Hibbett
2007; Khaldi et al. 2008).

L1 and CRE clades in fungal genomes

New representatives of L1 clade were found in the yeast P
stipitis CBS 6054 and in five investigated Basidiomycetes:

60 100 300 600 1000 1200

Time (My)

AniNLR2 versus FoNLRS5 (/7), at 400 Myr; AorNLR2 versus
CgNLR3 (/2) at 400 Myr; AorNLR2 versus FONLRS (/3), at 400
Myr. Species divergence times are based on estimates by Bowman et
al. (1996) for Coccidioides and Uncinocarpus comparison, by Kasuga
et al. (2002) for comparisons between Eurotiomycetes and Sordar-
iomycetes as well as between A. niger and A. fumigatus, Hibbett et al.
(1997) for Homobasidiomycetes, and by Heckman et al. (2001) for
comparisons between Ascomycetes and Basidiomycetes. HT events
described earlier are also indicated: Bov-B elements Bos taurus (Bta)
and Vipera ammodytes (Vam); CRIB elements from Bombyx mori
(BmCR1B) and Maculinea teleius (MteCR1B)

C. cinereus Okayama7#130, Laccaria bicolor S238N,
Ustilago maydis 521, Postia placenta MAD-698, and
Phanerochaete chrysosporium RP-70 (Fig. 1b).

Elements from P. stipitis CBS 6054 clustered together
with Zorro3 element from the yeast C. albicans and Ylli
element from Y. lipolytica (Goodwin et al. 2001; Casaregola
et al. 2002). All PsNLRs are intact non-LTR retrotranspo-
sons, which have two ORFs and a polyA tail typical for L1
clade elements (Fig. 2; Supplementary material Table S3).
The ORF2p of PsNLRs showed presence of both AP and
RT domains. We compared ORF2p from newly isolated
PsNLRs to the known elements from other yeasts (Zorro
and Ylli). PsNLR1 and Zorro3 elements demonstrated
37.8% amino acid sequence similarity, whereas PsNLRI
and other PsNLRs showed only 25.5% similarity.
PsNLR2, PsNLR3, and PsNLR4 are closely related and
have more than 60% identical amino acid residues. It is
interesting that the majority of PsNLRs copies in P.
stipitis genome were intact, full-length elements, whereas
other studied fungi contained predominantly degenerate
copies of non-LTR retrotransposons (Supplementary mate-
rial Table S3).

L1-like retroelements from Basidiomycetes formed a
separate cluster (Fig. 5). Both phylogenies (Bayesian
inference and neighbor-joining) did not resolve the position
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of UmNLR1. UmNLRI is a single, full-length, intact non-
LTR retrotransposon detected in genome of U. maydis 521
(Fig. 2). It has an ORF1, typical for L1 clade. The protein
product of UmNLR1 ORF1 carries two cysteine motifs,
which have CCHC composition. ORF2p has AP and RT
domains as well as CCHC motif at its C terminus.
CcNLR6 from C. cinereus Okayama7#130, LbNLRO9
from L. bicolor S238N, PcNLR7 from P. chrysosporium
RP-70, and three elements from P. placenta MAD-698
(PpNLR4, PpNLRS5 and PpNLR6) all seem to be closely
related non-LTR retrotransposons. They share more than
66% of similarity of the RT domain amino acid sequences.
None of these elements was a full-length intact non-LTR
retrotransposon. CcNLRG6 has a putatively intact ORF2 which
encodes a protein with AP and RT enzymatic domains. An
additional short ORF also was found upstream, but its protein
product did not show any features of a retrotransposable
ORF1p. CcNLR6 was located at the 3’ end of the supercontig

Fig. 5 Distribution of five di-
verse clades in fungal genomes.
Evolutionary tree of sequenced
fungal genomes is represented
according to Berbee and Taylor
(2001) and Fitzpatrick et al.
(2006) with minor modifications
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1.32 (GenBank Acc. No AACS01000351) in a reverse
orientation. It could be possible that after final release of
complete C. cinereus Okayama7#130 genome, CcNLR6 will
be completely reconstructed. Pseudo-ORF2 could be found
in PpNLR4 non-LTR retrotransposon from P. placenta. This
retrotransposon like CcNLR6 possesses additional short
putative ORF1 upstream (Fig. 2). However, the protein
product of this additional ORF shares a very low similarity
with ORF1p from CcNLR6 and did not show any presence
of functional protein domains. Origin and function of ORF1s
from CcNLR6 and PpNLR4 remain unclear.

Two non-LTR retrotransposons, FVNLR4 from Fusa-
rium verticillioides 7600 and FONLRO from F. oxysporum
4286 FGSC, appeared to be closely related to the Cnl
element from C. neoformans, which belonged to the CRE
clade (Goodwin and Poulter 2001; Fig. 1b). The newly
detected FVNLR4 and FoNLRO are the first CRE-like non-
LTR retrotransposons from Ascomycetes. FVYNLR4 is a
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highly degenerate retrotransposable element. Nevertheless,
RT domains of Cnl and FVNLR4 elements showed 36.8%
similarity. At the same time, FONLRY retrotransposon is
presented by two putatively intact copies per genome and
possesses single ORF (Fig. 2). The FONLR9s ORF is 3,435
bp in length and encodes a protein with RT domain and
restriction-enzyme-like endonuclease (REL-endo) domain
containing the CCHC motif and located downstream from
RT. Two additional CCHH cysteine motifs were found at
the N-terminal end of protein (Fig. 2).

Novel clades of fungal non-LTR retrotransposons

The reconstructed phylogenetic trees revealed the presence
of two additional groups of elements. Malik et al. (1999)
proposed to use the term “clade” to represent non-LTR
retrotransposons that are grouped together with high
phylogenetic support, share the same structural features,
and date back to the Precambrian era (older than ~570
Myr). The newly identified groups satisfy these terms. They
have strong phylogenetic support in both neighbor-joining
and Bayesian inference trees and cannot be referred to the
known clades (Fig. 1b and Supplementary material Fig.
S2). Both groups appeared more than 900 Mya before the
divergence of Uredinomycetes and Hymenomycetes (Hed-
ges 2002).

Three newly described retrotransposons CcNLR7,
LbNLRS8, and PgtNLR7 (from Puccinia graminis f. sp.
tritici) formed a clade which was named Deceiver (Fig. 1b).
They showed 60% average similarity of the RT domains at
the amino acid level. CcNLR?7 is represented by two copies
per genome of C. cinereus Okayama7#130. They were
located in the supercontig 1.55 (GenBank Acc. No
AACS01000377) and represented a nested insertion of
one copy into another. One of the ORFs was reconstructed
based on these two copies. It carried typical AP and RT
domains. LbNLRS from L. bicolor S238N is a full-length,
putatively intact non-LTR retrotransposon represented by a
single copy per genome (Fig. 2). LbNLRS8 has two open
reading frames: ORF1 encodes protein with a cysteine
motif of CCHC type; product of ORF2 showed the
presence of AP and RT domains. PgtNLR7 non-LTR
retrotransposon is also represented by single copy. Only
pseudo-ORF could be reconstructed in internal part of
PgtNLR7 (Supplementary material Table S3). The clade
branching just before Deceiver is the L1 clade, and the
clade branching just after it is the RTE clade. The Bayesian
inference did not resolve relationships between Deceiver
and RTE clades (Supplementary material Fig. S2).

Novel clade named Inkcap was found in the genomes of
C. cinereus Okayama7#130 and Sporobomyces reseus.
Three non-LTR retrotransposons belonged to this clade,

CcNLR4, CcNLR5, and SrNLRI1. All of them were
degenerate non-LTR retrotransposons. Nevertheless, a
relatively long ORF could be reconstructed for SrNLR1
(Fig. 2). CcNLR4, CcNLRS, and SrNLR1 shared 60%
average similarity at the amino acid level. It seems to be
that Inkcap appeared just after RTE and Deceiver clades
(Fig. 1b).

Distribution of diverse clades in Fungi

Five distinct clades were found in fungal genomes. Non-
LTR retrotransposons from Tad clade were identified in
almost all investigated species. It is widely distributed and
appeared at least before Basidiomycota and Ascomycota
divergence. Later on, Tad-like elements were lost by a
common ancestor of Saccharomycetes. None of the 17
investigated species from Saccharomycotina lineage have
non-LTR retrotransposons that belonged to the Tad clade
(Fig. 5).

The novel elements from L1 clade were described from
genomes of Basidiomycota and yeast P stipitis. It is
interesting that L1 clade was not found in the non-yeast
Ascomycetes. L1 clade is one of the most widely
distributed clades. L1-like non-LTR retrotransposons was
described for all eukaryotic groups: Protista, Plantae, Fungi,
and Metazoa (Malik et al. 1999; Goodwin et al. 2001;
Casaregola et al. 2002; Zingler et al. 2005). Nevertheless, it
seems that L1 clade is represented only in a few fungal
groups such as Glomeromycetes (Gigaspora, Gollotte et al.
2006), Homobasidiomycetes, and Ustilaginomycetes from
Basidiomycota and a number of Saccharomycotina species
from Ascomycota. L1 clade was completely lost by
Eumycota fungi (Fig. 5).

The CRE clade elements were found in two Fusarium
species. CRE clade is one of the oldest clades of non-LTR
retrotransposons (Malik et al. 1999). Initially, representa-
tives of the CRE clade were found in the genomes of
Trypanosomatidae (Protista: Kinetoplastida; Teng et al.
1995; Aksoy et al. 1990). Recently, CRE-like non-LTR
retroelement was described from the genome of an
encapsulated yeast C. neoformans (Goodwin and Poulter
2001). A sporadic distribution of this clade indicates that
some fungi retained ancient non-LTR retrotransposons,
obtained from their last common ancestor with protists,
but majority of investigated species have lost CRE-like
elements. A comprehensive survey of repeated elements
from diverse fungal species could further increase the
number of representatives of CRE clade.

Finally, two previously unknown clades were described
in Basidiomycota, Deceiver (from three species), and
Inkcap (from two species). It is highly possible that
Deceiver and Inkcap have a limited distribution among
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fungi; their phylogenetic status and distribution require
further examination (Fig. 5).

Evolutionary dynamics of non-LTR retrotransposons
in fungi

The results of our survey of non-LTR retrotransposons from
57 fungal genomes showed that the copy number and
percentage of non-LTR retroelements per genome varied
widely (Table 1; see Supplementary material Table S3 and
Fig. S1). Some of the investigated species contained single
copy (e.g., Botrytis cinerea B05.10), whereas others
possessed a great number of non-LTR retrotransposon
copies per genomes (e.g. C. globosum CBS 148.51). It is
clear that diversity of non-LTR retrotransposons and their
copy number depends on the evolutionary history of a
particular species or a cluster of closely related species,
their population structure as well as ecological aspects.

There are several main processes which could affect the
copy number and diversity of non-LTR retrotransposons in
fungal genomes: stochastic loss of non-LTR retrotranspo-
sons, burst of retrotransposition, the limitation of copy
number increase by natural selection which removes
deleterious insertions, horizontal transfer, passive and
active inactivation of repetitive sequences, self-regulation
of transposition (decrease of the transposition rate when the
copy number increases; e.g. Hua-Van et al. 2005; Le
Rouzic and Capy 2005; Johnson 2007). The population
structure and dynamics as well as mating mode also play an
important role in the transposable elements evolution
(Arkhipova 2005; Johnson 2007).

Those species, which have only several copies of non-
LTR retrotransposons per genome, could lose these elements
as a result of genetic drift, especially if the population is
small and non-LTR retrotransposons are represented only by
degenerate copies (Brookfield and Badge 1997). On the
other hand, if the non-LTR retrotransposon is presented by
at least one intact copy capable for retrotransposition, it
could invade a population assuming that its transposition
activity counterbalances its loss due to natural selection
(Hickey 1982; Le Rouzic and Capy 2005). The inactivation
of repeated sequences is also a very important factor, which
leads to the shifts in diversity and copy number of non-LTR
retrotransposons, especially in fungi. Existence of diverse
strategies countering the short-term spreading of repetitive
elements is known for fungi: they include methylation
induced premeiotically (MIP), repeat-induced point muta-
tion (RIP), and quelling (Faugeron 2000; Cogoni and
Macino 1999; Galagan and Selker 2004). The complex
interactions between various forces lead to the formation of
unique repertoire of non-LTR retrotransposons in each
fungal species.
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