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INTRODUCTION

Eukaryotic mobile elements belong to moderately
repetitive DNA sequences able to migrate within the
genome. They occur in the genomes of virtually all
present-day eukaryotes, forming almost 45% of the
genome in man, 15% in 

 

Drosophila melanogaster

 

,
and 50 to 80% in some plants [1–4].

Mobile elements whose transposition is mediated
by reverse transcription are called retrotransposons [5,
6]. A distinguishing feature of LTR retrotransposons
is the presence of long terminal repeats (LTRs) at their
ends and the transposition mechanism similar to that
of retroviruses. Two major groups are recognized in
the class of LTR retrotransposons: Pseudoviridae, or

 

Ty1

 

/

 

copia

 

, and Metaviridae, or 

 

Ty3

 

/

 

gypsy.

 

 Two minor
groups, studied to a lesser extent, are 

 

DIRS

 

 and 

 

Bel

 

[7]. The 

 

Bel

 

 group is sometimes assigned to Metavir-
idae [8].

The structure of LTR retrotransposons resembles
that of retroviruses. In most cases, the only difference
is the absence of sequences coding for the virus enve-
lope protein (the 

 

env

 

 gene of retroviruses). Most LTR
retrotransposons have two open reading frames
(ORFs) in their middle regions. ORF1 codes for the
Gag protein. The processing of the 

 

gag

 

 product yields
numerous proteins, including short nucleocapsid pro-

teins, which cover the mRNA of the retroelement [9].
The other reading frame, ORF2, codes for the Pol
polyprotein. The 5'-region of 

 

pol

 

 contains protease-
encoding sequences. Alignment of internal portions of
the Pol domains in many elements has revealed con-
served blocks of amino acid residues [10–12]. The
blocks are functional domains of reverse transcriptase
(RT), ribonuclease H (RNase H), and integrase (Int).

Phylogenetic analysis of the common RT domain
and some structural features make it possible to divide
Metaviridae into two subgroups (genera), 

 

Metavirus

 

and 

 

Errantivirus.

 

 They differ in the presence (

 

Erran-
tivirus

 

) or absence (

 

Metavirus

 

) of an additional 

 

env

 

reading frame. Another group sometimes referred to
metaviruses, 

 

Semotivirus

 

, was previously classified as
the independent 

 

Bel

 

 group and not included in
Metaviridae [8]. Several so-called phylogenetic
groups are recognized by phylogenetic analysis of
Metaviridae members. By now, they include ten
groups: 

 

Chromovirus, CsRn1

 

, mdg3, 

 

Osvaldo, Athila,
Mag, gypsy

 

, mdg1, 

 

Cer

 

, and 

 

Tor

 

 [13–15].

Most phylogenetic groups of Metaviridae occur in
genomes of specific taxa. For example, mdg1, mdg3,
and 

 

gypsy

 

 occur only in arthropods [13], 

 

Cer

 

 elements
are detected only in nematodes [16], and members of
the 

 

Athila

 

 group have been described only for plant
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—Fungi of the genus 

 

Aspergillus

 

 can infect all tissues and organs, causing invasive mycosis
(aspergillosis). This disease can be fatal, especially in immunocompromised patients. Microbiological moni-
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Genomic sequences of two 

 

Aspergillus

 

 species, 

 

A. fumigatus

 

 and 

 

A. nidulans

 

, were analyzed in silico in order
to detect LTR retrotransposons. These species were found to considerably differ in the composition of ret-
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active.
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genomes [17]. Two phylogenetic groups, 

 

Cigr

 

 and

 

Tor

 

, are found in the 

 

Ciona intestinalis

 

 genome (Uro-
chordata) [15, 18]. Only one phylogenetic group of
metaviruses, 

 

Chromovirus

 

, is present in virtually all
eukaryotic species [15]. Its members occur in most
fungi, including Ascomycota and Basidiomycota.
They are also present in Oomycetes, Zygomycota, and
plants. Chromoviruses have been found in vertebrates.
They probably occur in all deuterostome animals [15].

The genus 

 

Aspergillus

 

 includes about 200 mold spe-
cies. Only a few of them are pathogenic for humans
[19]; nevertheless, they frequently cause invasive
mycoses in immunocompromised patients. 

 

Aspergillus

 

species attack any tissue or organ, causing so-called
aspergilloses: bronchopulmonary aspergillosis, gener-
alized aspergillosis, 

 

Aspergillus

 

 endophthalmitis, skin
aspergillosis, etc. Colonization by 

 

Aspergillus

 

 is facili-
tated by immunodeficiency caused by medicines, infec-
tions, or neoplasms. The severest form of the disease is
caused by 

 

Aspergillus fumigatus

 

, found in more than
90% of aspergillosis patients [20]. Other major infec-
tious agents are 

 

A. niger

 

 and 

 

A. flavus

 

 [21].

Microbiological monitoring is necessary in mod-
ern medical facilities. The probability of hospital
infections, including aspergillosis, depends on the
hospital conditions [21, 22]. Mobile elements can be
helpful for identification of various 

 

Aspergillus

 

 spe-
cies and lineages present indoors and for aspergillosis
diagnosis [22].

The genome sequences of two lines of 

 

A. fumigatus

 

and 

 

A. nidulans

 

 are available in databases [23, 24]. We
compared and phylogenetically analyzed the LTR ret-
rotransposons of these related species. It was demon-
strated that the LTR retrotransposons of these species
included only members of the metavirus group
(Metaviridae). The 

 

Aspergillus

 

 species showed signif-
icant differences in the range of various retrotranspo-
son families and in their copy numbers. 

 

Aspergillus
nidulans

 

 had full-size intact LTR retrotransposon cop-
ies, whereas 

 

A. fumigatus

 

 contained only damaged
(degraded) copies. In addition, both species contain a
new LTR retrotransposon family that has not been
described before. These data can be applied to devel-
oping diagnostic kits not only for the species studied
but also for other 

 

Aspergillus

 

.

EXPERIMENTAL

 

The search for LTR retrotransposons of the
Metaviridae group.

 

 Genome sequences were retrieved
from databases: 

 

A. fumigatus

 

 from the Wellcome Trust
Sanger Institute (http://www.sanger.ac.uk/), with the
assistance of D. Denning and A. Brass (University of
Manchester, http://www.man.ac.uk/), and 

 

A. nidulans

 

from the Broad Institute of MIT and Harvard Univer-
sity (http://www.broad.mit.edu/).

A search for LTR retrotransposons with specified
parameters was performed with the UniPro Genome-
Browser (http://genome.unipro.ru/), implementing an
algorithm based on hidden Markov models. We
applied multiple sequence alignment of amino acid
sequences of the polyproteins from known LTR ret-
rotransposons to the construction of the search profile.
The names and accession numbers in GenBank and
Repbase are shown in Fig. 3. A multiple sequence
alignment was constructed with CLUSTAL W [25]
and then manually edited. The sequences of about 700
residues in length contained three domains: RT,
RNase H, and Int. The corresponding nucleotide
sequences were obtained with the UniPro Genome-
Browser.

 

Sequence analysis.

 

 Tentative analysis of retrotrans-
poson sequences was performed with various programs
of the BLAST server, available at http://www.ncbi.
nlm.nih.gov/BLAST/. Multiple sequence alignments of
amino acid sequences were constructed with CLUSTAL
W [25] and then manually edited. The sequences of
known LTR retrotransposons were retrieved from Gen-
Bank (http://www.ncbi.nlm.nih.gov/entrez/) and
Repbase (http://www.girinst.org/repbase/index.html;
Genetic Information Research Institute). The accession
numbers of the sequences in GenBank or locus names
according to Repbase are shown on the phylogenetic
tree.

The phylogeny of the sequences was analyzed with
MEGA2 [26]. First, sequences containing all of the
three domains (RT, RNase H, and Int) were selected
with A Conserved Domain Database and Search Ser-
vice (http://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.
shtml). Sequences lacking at least one of the domains
were excluded from consideration. Evolutionary trees
were constructed by the neighbor-joining method [27].
The reliability of the resulting trees was estimated by
bootstrap [28] with 1000 replications.

RESULTS AND DISCUSSION

 

LTR Retrotransposons from 

 

A. fumigatus

 

It has been demonstrated that the 

 

A. fumigatus

 

genome contains at least two different LTR retroele-
ments, 

 

Afut1

 

 and 

 

Afut2

 

 [29, 30].

A search for LTR retrotransposons in the 

 

A. fumi-
gatus

 

 genome revealed 60 mobile element sequences.
Their BLAST comparison with NCBI data showed
that all amino acid sequence fragments were typical of
the metavirus group (Metaviridae). For phylogenetic
analysis, we selected 27 sequences possessing all
enzyme domains typical of metaviruses in the proper
order (RT, RNase H, and Int). Their comparison and
phylogenetic analysis showed that the retrotrans-
posons found in 

 

Aspergillus

 

 could be divided into four
distinct clusters (Fig. 1, table).
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gypsy

 

 Drosophila subobscura

 

mdg1

 

 Drosophila melanogaster

 

mdg3

 

 Drosophila melanogaster

 

Ty3

 

 Saccharomyces cerevisiae

 

Afut4

 

 Aspergillus fumigatus

 

Dane3

 

 Aspergillus nidulans

 

Tf2

 

 Schizosaccharomyces pombe

 

del

 

 Lilium henryi

 

gyspy-

 

like

 

 Arabidopsis thaliana

 

sushi-ichi

 

 Takifugu rubripes

 

Tf1-

 

like

 

 Silurana tropicalis

 

Afut2.5

 

 Aspergillus fumigatus

 

Afut2.14

 

 Aspergillus  fumigatus

 

Afut2.4

 

 Aspergillus  fumigatus

 

Afut2.10

 

 Aspergillus  fumigatus

 

Afut2.6

 

 Aspergillus  fumigatus

 

Afut2.12

 

 Aspergillus  fumigatus

 

Afut2.15

 

 Aspergillus  fumigatus

 

Afut2

 

 Aspergillus  fumigatus

 

Afut2.9

 

 Aspergillus  fumigatus

 

Afut2.13

 

 Aspergillus  fumigatus

 

Afut2.2

 

 Aspergillus  fumigatus

 

Afut2.3

 

 Aspergillus  fumigatus

 

Afut2.8

 

 Aspergillus  fumigatus

 

Afut2.1

 

 Aspergillus  fumigatus

 

Afut2.7

 

 Aspergillus  fumigatus

 

Afut2.11

 

 Aspergillus  fumigatus

 

Dane1

 

 Aspergillus  nidulans

 

MAGGY

 

 Magnaporthe grisea

 

grh Magnaporthe grisea
REAL Alternaria alternata
PYGGY Pyrenophora graminea
Dane4.3 Aspergillus  nidulans
Dane4.2 Aspergillus  nidulans
Dane4.1 Aspergillus  nidulans
Dane4.10 Aspergillus  nidulans
Dane4.7 Aspergillus  nidulans
Dane4.6 Aspergillus  nidulans
Dane4.9 Aspergillus  nidulans
Dane4 Aspergillus  nidulans
Dane4.4 Aspergillus  nidulans
Dane4.5 Aspergillus  nidulans
Dane4.8 Aspergillus  nidulans
MGLR-3 Magnaporthe grisea
Afut3.1 Aspergillus  fumigatus
Afut3.2 Aspergillus  fumigatus
skippy Fusarium oxysporum
Cgret Glomerella cingulata
CfT-1 Cladosporium fulvum
Afut1.1 Aspergillus  fumigatus
Afut1.4 Aspergillus  fumigatus
Afut1.3 Aspergillus  fumigatus
Afut1.6 Aspergillus  fumigatus
Afut1.5 Aspergillus  fumigatus
Afut1.2 Aspergillus  fumigatus
Afut1.7 Aspergillus  fumigatus
Afut1 Aspergillus  fumigatus
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Fig. 1. Phylogenetic tree based on an alignment of the amino acid sequences encoded by fragments of A. fumigatus and A. nidulans
LTR retrotransposons and Metaviridae elements retrieved from databases. Bootstrap indices below 50% are omitted.
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The first cluster includes 16 sequences close to
Afut2 [30] and similar to Maggy from Magnaporthe
grisea [31]. A comparison of the amino acid
sequences encoded by these elements showed that the
similarity between the Afut2 copies reached 96.1% on
average and the similarity to Maggy varied from 47.7
to 56.9%.

The second group includes eight sequences form-
ing a common branch with Afut1 [29] and CfT1 from
Cladosporium fulvum [32]. However, the similarity
between the amino acid sequences encoded by the
detected elements and CfT1 was very low, from 30 to
34.5%. All amino acid sequence fragments encoded
by Afut1 and Afut2 were translation products read
from templates with multiple distortions, such as stop
codons and frameshifts. Thus, the A. fumigatus
genome lacks intact copies of Afut1 or Afut2, which
would code for enzymes required for transposition. A
comparison of LTRs allows the estimation of the rela-
tive time of insertion of an element into the genome

[33]. Pairwise comparisons of LTRs for several Afut1
copies revealed significant differences between 5'-
LTR and 3'-LTR within individual copies: from 9.9 to
21.7%. The repeats of the Afut2 copies had 90% sim-
ilarity on average. Therefore, we suggest that the
Afut1 and Afut2 copies were inserted into the genome
long ago.

Two elements, named Afut3.1 and Afut3.2, are new
LTR retrotransposons, not previously described in A.
fumigatus. Both of these elements belong to the same
branch of the phylogenetic tree as MGLR-3 from M.
grisea [34]. The similarity of Afut3.1 and Afut3.2 to
this retrotransposon is 43.6 and 47%, respectively.

The total nucleotide sequences of the new elements
isolated from A. fumigatus were 6255 bp for Afut3.1
and 6256 bp for Afut3.2. Both have 256-bp LTRs and
are flanked by target duplications, AAGAT…AAGAT
and AATAT…AATAT, resulting from the element
insertion. The nucleotide sequences of Afut3.1 and
Afut3.2 have 94% similarity. The similarity between

5'-LTR ORF1
* *

CCHH RT RNase H Int
Chromo

ORF2 pol 3'-LTR

Afut4
7308 bp

5'-LTR ORF1 gag ORF2 pol 3'-LTR

Chromo
CCHC RT RNase H Int

Dane4
5309 bp

(‡)

(b)

Fig. 2. Structure of (a) Afut4 and (b) Dane4. 5'- and 3'-LTRs are the 5' and 3' long terminal repeats; ORF, open reading frame; RT,
reverse transcriptase domain; RNase H, ribonuclease H domain; Int, integrase domain; Chromo, chromodomain; CCHH and CCHC,
cysteine motifs. Asterisks indicate stop codons in Afut4 coding sequences (pseudo-ORF).

LTR retrotransposons from A. fumigatus and A. nidulans

Aspergillus Element GenBank accession no., fragment no. Length, 
bp

LTR length/si-
milarity, % DIR TSD Solo

LTR Reference

fumigatus Afut1 L76086 6924 282/90 tg/ca tcctt/tcctt + [29]

Afut2 AF202956 5698 150/96.7 gc/ta – + [30]

Afut3 a_fumigatus|chr_0|TIGR.5132|52 6258 265/97.4 gt/ta aagat/aagat –

Afut4 a_fumigatus|chr_0|Sanger.4960.fas.00001| 7308 184/100 tg/ca ctcag/ctcag +

nidulans Dane1 AF295689 5665 223/97.3 tg/ca accc/accc + [38]

Dane2 AF295688 5664 223/98.2 tg/ca ccc/ccc + [38]

Dane3 Aspergillus nidulans contig 1.44 3718
(one 

ORF)

– – – –

Dane4 Aspergillus nidulans contig 1.89 5309 202/98 tac/cat – +

Note: DIR, dinucleotide inverted repeats; TSD, terminal site duplications.
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LTRs of one element was 97.8% in Afut3.1 and 97%
in Afut3.2. This close similarity between LTRs sug-
gests their recent insertion into the genome [33]. Both
elements are damaged copies since they do not have
intact ORFs. Nevertheless, we managed to restore in
part the 2247-bp Afut3.1 ORF, which coded for a
polyprotein containing the RT and Int domains.

The only intact amino acid sequence belongs to an
element that is far from all other A. fumigatus ele-
ments on the phylogenetic tree. Moreover, the element
groups on the same branch as yeast Tf2 [35] (Fig. 1).
This element is named Afut4. The complete Afut4
sequence was chosen for further analysis.

Structural Organization of Afut4
from the A. fumigatus Genome

The full-size Afut4 element is 7308 bp and includes
two identical 184-bp LTRs (Fig. 2a). The element is
flanked by two short inverted repeats TG…CA, as typ-
ical of all LTR retrotransposons and retroviruses. In
addition, Afut4 is surrounded by short target duplica-
tions CTCAG…CTCAG. All of these facts are indica-
tive of recent Afut4 insertion into the host genome.

The interior of this element contains four ORFs of
different lengths. The two first ORFs are in frame and,
most likely, constituted one ORF in the past. The
reconstructed ORF1 is 2639 bp. Its translation product
does not resemble any known protein, but the C end of
the sequence has a cysteine motif Cys-X3-Cys-X4-
His-X-His (CCHH). One or more cysteine motifs are
typical of DNA-binding proteins, including proteins
encoded by ORF1 in known retrotransposons and ret-
roviruses [36].

The two other ORFs also seem to have been a sin-
gle ORF, because they are separated by a single stop
codon. They were combined into the second reading
frame (ORF2). The restored ORF2 codes for the
polyprotein that is typical of LTR retrotransposons
and includes the RT, RNase H, and Int domains, as
well as the so-called chromodomains (Chromo),
known in elements of the phylogenetic group Chro-
movirus [15].

The relative integrity of Afut4 in comparison with
other A. fumigatus LTR retroelements points to its
recent integration. However, the mechanism of ret-
rotransposon migration implies an increase in the
copy number of the elements. Hence, either the ances-
tor element of this single Afut4 copy has been lost or
the copy was acquired by A. fumigatus from outside
and has as yet not propagated over the genome. The
latter suggestion is supported by the fact that the Afut4
branch on the phylogenetic tree is distant from other
LTR retroelements from the genomes of fungi of the
subphylum Pezizomycotina (Ascomycota). To find
the Afut4 ancestor or its parts, we screened the A.
fumigatus genome for the presence of so-called solo

REAL Altermaria alternata AB025309
Pyggy Pyrenophora graminea AF533703

Dane4 Aspergillus nidulans

grh Magnaporthe grisea M77661
Maggy M. grisea L35053

Dane1 A. nidulans AF295689

Afut2 A. fumigatus AF202956

MGLR3 M. grisea AF314096
Afut3.1 A. fumigatus 

Afut3.2 A. fumigatus

dea1 Ananas comosus DEA1
del Lilium henryi DEL_LH

Tf1-like Silurana tropicalis Gypsi1-I_ST

sushi-ichi Takifugu rubripes AF030881

gypsy-like Danio rerio GYPSY-I_DR
Afut1 A. fumigatus L76086

CfT-1 Cladosporium fulvum AF051945
skippy Fusarium oxysporum L34658

Cgret Glomerella cingulata AF264028
Tf2 Schizosaccharomyces pombe L10324

Ty3 Saccharomyces cerevisiae L28920
Afut4 A. fumigatus

Dane3 A. nidulans
mdg3 Anopheles gambiae MDG3-I_AG

mdg3 Drosophila melanogaster X95908
blastopia D. melanogaster Z27119

invader A. gambiae INVADER1-T_AG
osvaldo D. buzzatii AJ133521

Ulysses D. virilis X56645
412 D. melanogaster X04132

tabor D. melanogaster TABOR_I
mdg1  D. melanogaster X59545

blood D. melanogaster X81127

gypsy D. subobscura X72390
Gtwin D. melanogaster GTWIN_I
springer D. melanogaster SPRINGER_1
burdock D. melanogaster U89994

nomad D. melanogaster AF039416
yoyo Ceratitis capitata U60529

Beagle D. melanogaster BEAGLE_I

ZAM D. melanogaster ZAM_I
Accord D. melanogaster ACCORD_I
TED Autographa californica TED

Transpac D. melanogaster TRANSPAC_I
Tom D. ananassae TOM_I

McClintock D. melanogaster QUASIMODO2-I_DM

Idefix D. melanogaster IDEFIX_I
Tv1 D. virilis TV1I

cruiser D. melanogaster CRUISER_I
Quasimodo D. melanogaster QUASIMODO_I

CER1 Caenorhabditis elegans U15406
mag Bombyx mori X17219

HIV1 NC_001802
HIV2 NC_001722
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Fig. 3. Phylogenetic tree of Metaviridae LTR retrotrans-
posons as based on an alignment of the amino acid
sequences of their RT, RNase H, and Int fragments of about
700 residues in length. Pol fragments of the human immun-
odeficiency viruses (HIV-1 and HIV-2) are used as an out-
group. The Chromovirus phylogenetic group, which
includes the elements discovered in A. fumigatus and A. nid-
ulans, is shown on the right. 
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elements (solo LTRs), resulting from recombination
between LTRs of one or two elements with excision of
the retrotransposon body [37]. The search for solo
LTRs was also performed with GenomeBrowser (see
Experimental).

Four solo Afut4 were found. The nucleotide
sequences of these solo elements are identical but
have only 75.1% similarity to the LTR of the full-size
Afut4. The solo elements have a 5-bp deletion in com-
parison with the Afut4 LTR.

LTR Retrotransposons in A. nidulans

Analysis of the A. nidulans genome revealed 25
potential retrotransposons, belonging to the metavirus
group according to BLAST. However, only 11 had all
three essential domains (RT, RNase H, and Int) and
could be used in analysis of the amino acid sequences
(Fig. 1).

One of these 11 elements, named Dane3 by anal-
ogy with Dane1 and Dane2, previously described in
A. nidulans [38], is more similar (51%) to Afut4 than
to the other A. nidulans elements (22.3% on average).
Moreover, Afut4 and Dane3 form a common branch
on the phylogenetic tree. The nucleotide sequence of
Dane3 was extracted from databases and examined.
Dane3 contains no LTRs or sequences that could rep-
resent LTR remains. The reconstructed Dane3
pseudo-ORF has one stop codon, but the sequences of
RNase H and Int domains preserve their integrity.

The other ten sequences are closely similar to Real
from Alternaria alternata [39], Pyggy from Pyreno-
phora graminea [40], and grh from M. grisea [41].
These elements form a common branch on the phylo-
genetic tree (Fig. 1). The similarity between their
amino acids is 99% on average and that between the
nucleotide sequences is 88 to 91%. Four out of the ten
copies are very similar to each other. They encode
intact protein sequences. The complete nucleotide
sequence of one of these elements was obtained. This
element was named Dane4.

Dane4 contains two 202-bp LTRs similar to each
other by 98% (Fig 2b, table). Some regulatory
domains and transcription factor-binding sites were
found in the LTRs: a TATA box and a binding site for
the CCAAT/enhancer-binding protein (C/EBP). Short
inverted repeats (TAC…CAT) are present at the ends
of the LTRs.

The central region of the element contains two
ORFs. ORF1 is 1131 bp (377 amino acid residues).
BLAST analysis of the ORF1 translation product
showed its close similarity (41% on average) to Gag
of the Real [39] and Pyggy [40] elements, confirming
their relationship to Dane4. ORF2 is 3690 bp (1230
residues). The corresponding Pol polyprotein has the
RT, RNase H, and Int domains, as well as chromo-

domains. Thus, Dane4 is an LTR retroelement with
two intact ORFs. Moreover, four copies of this ele-
ment are similar to each other in the Pol-encoding
domain by 99.9%, indicating recent migrations of the
elements. It is likely that Dane4 is active.

As mentioned above, the A. nidulans genome has
two LTR retrotransposons, Dane1 and Dane2 [38].
We did not find these elements in A. nidulans. It has
been shown that few copies of Dane1 and Dane2 are
present in various A. nidulans strains and are absent
from some isolates [38]. Therefore, Dane1 and Dane2
may be absent from the strain under study, FGSC A4.
It is thought that Dane1 and Dane2 occur in pericen-
tric and/or subtelomeric genome regions [38], whose
sequences are often omitted during genome sequenc-
ing and assembly because of the difficulty of analyz-
ing repetitive sequences, which abound in these
regions.

Thus, the in silico search for LTR retrotransposons
in the two Aspergillus genomes (A. fumigatus and A.
nidulans) revealed significant differences in the range
of retrotransposon families between the species stud-
ied (Fig. 3). The two species had only one common
retrotransposon family, which includes Dane3 and
Afut4; the other families were species-specific. How-
ever, Dane1 and Dane2, not found in the A. nidulans
strain FGSC A4, belong to the same phylogenetic
branch as Afut2 from A. fumigatus.

The A. fumigatus genome contains four LTR ret-
rotransposon families. Two of them were detected
before, while Afut3 and Afut4 are described here for
the first time. The families differ in copy number.
There are a few Afut3 and Afut4 copies, while Afut1
and Afut2 are present in dozens of copies. The over-
whelming majority of the elements are represented by
damaged copies.

Two element families were found in A. nidulans in
addition to Dane1 and Dane2 [38]. In contrast to A.
fumigatus, whose genome lacks retrotransposon cop-
ies with intact coding sequences, A. nidulans has sev-
eral full copies of Dane4.

The abundance of damaged copies suggests direc-
tional inactivation of retroelements in both Aspergil-
lus species. Some fungi are known to possess mecha-
nisms inactivating repetitive sequences. For example,
repetitive sequences of Ascobulus immersus are rec-
ognized and inactivated by methylation induced pre-
meiotically (MIP) [42]. Another mechanism, which
also includes methylation followed by cytosine deam-
ination, has been discovered in Neurospora crassa.
This mechanism is named repeat-induced point muta-
tions (RIP) [43]. Comparison of the nucleotide
sequences of some Afut1, Afut2, and Dane4 copies
shows that point mutations accumulated in these ele-
ments are distributed nonrandomly. Most of them are
C T transitions in dinucleotides CpG and CpA
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(data not shown). It is reasonable to suggest that the
species under study possess inactivation mechanisms
similar to RIP.

The Afut4 and Dane3 elements form a common
branch on the phylogenetic tree (Fig. 3), distant from
clusters formed by LTR retrotransposons from other
fungi belonging to the subphylum Pezizomycotina
(Ascomycota). Probably, Afut4 and Dane3 belong to a
metavirid family that is most ancient among the ele-
ments of nonyeast fungi. The presence of this family
in other fungus species is questionable. A preliminary
search with various BLAST programs and Afut4 Pol
as a query showed that elements of this family or their
remains could be present in many sac fungi of the sub-
phylum Pezizomycotina (Ascomycota), whose
sequences were available in databases, but were
absent from yeasts (Ascomycota, Saccharomycotina)
and basidiomycetes (Basidiomycota) (unpublished
data).

The LTR retrotransposons described can be used as
markers to monitor the Aspergillus species and strains
[22].
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