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Long-terminal repeat (LTR) retrotransposons typically contain gag, pol, or gag–pol, and in some case env
genes. In this work, we used data mining of the Botrytis cinerea genomic sequence and a molecular approach
to identify Boty-like LTR retrotransposons in B. cinerea containing an antisense gene (brtn) between pol and
the 3′-LTR. Reverse transcriptase PCR (RT-PCR) revealed that some brtn-like genes could be expressed, at least
in B. cinerea T4. We conducted BLAST comparisons and conserved-domain analysis, but the function of
putative BRTN is presently unknown. Boty-like LTR retrotransposons in Sclerotinia sclerotiorum, called ScscLRET
and containing brtn homologs at positions similar to brtn, were detected by homology searches and data
mining of the S. sclerotiorum 1980 genomic sequence. Thus, this study demonstrated that some fungal LTR
retrotransposons contain additional antisense genes.
l rights reserved.
© 2011 Elsevier Inc. All rights reserved.
Introduction

Long-terminal repeat (LTR) retrotransposons are an order of
mobile genetic elements that transpose via RNA intermediates. They
typically consist of gag, pol, or gag–pol genes, in some cases with env
genes, flanked by an LTR at each end. The gag gene encodes structural
proteins of the virus particle. The pol gene encodes a polyprotein
consisting of an aspartic proteinase (AP), a reverse transcriptase (RT),
an RNase H (RH), and an integrase (INT) (Wicker et al., 2007). The env
gene encodes a protein similar to the envelope protein of infectious
viral particles (Kim et al., 1994; Vicient et al., 2001). Occasionally, LTR
retrotransposons contain additional domains or open reading frames
(ORFs). For example, the chromoviruses contain additional dUTPases,
as identified in the fungus Phanerochaete chrysosporium (Novikova
and Blinov, 2008). Retand-2 in Silene latifolia contains two additional
ORFs transcribed in the antisense orientation, located between pol and
the 3′-LTR (Kejnovsky et al., 2006). RIRE2 of rice and Grande1 of maize
have small ORFs of unknown function in the antisense orientation,
downstream of gag–pol (Martíınez-Izquierdo et al., 1997; Ohtsubo
et al., 1999). RIRE3, RIRE8A and RIRE8B of rice each has an extra ORF
of unknown function located upstream of the gag–pol region
(Kumekawa et al., 1999). A distinct group of Ty3/gypsy retro-
transposons (Ogre elements) contain an extra ORF1 encoding a
protein of unknown function located upstream of the gag gene. These
were first discovered in legume plants, and found to occur in three
families of dicot plants (Leguminosae, Solanaceae and Salicaceae)
(Macas and Neumann, 2007; Neumann et al., 2003, 2006). REM1 in
the green alga Chlamydomonas reinhardtii contains a regulatory
module (ORF3p) transcribed in the antisense orientation to the
polyprotein, and located upstream of the gag gene, that contains a
PHD-finger and chromodomains (Pérez-Alegre et al., 2005). The Bs1
retrotransposon of maize has a transduced cellular gene sequence
encoding an ATPase (Bureau et al., 1994; Jin and Bennetzen, 1994).

The LTR retrotransposon Boty was identified in Botrytis cinerea
(teleomorph Botryotinia fuckeliana (de Bary) Whetzel) (Diolez et al.,
1995), although only partial Boty sequences were reported. The
4.5X whole-genome shotgun sequence (WGS) of B. cinerea strain
B05.10 is now publicly available (http://www.broad.mit.edu/
annotation/genome/botrytis_cinerea.2/Home.html) (Billault et al.,
2006). In this work we used data mining and molecular approaches
to discover that Boty-like retrotransposons contain a potential
additional antisense gene of unknown function. This gene, named
brtn, is located between pol and the 3′-LTR, and can be expressed. We
also identified a novel LTR retrotransposon that we named ScscLRET in
Sclerotinia sclerotiorum. It contains a brtn homolog at a position similar
to brtn in Boty.
Results and discussion

Boty-like elements in the B. cinerea B05.10 genome

Using the Boty LTR (GenBank Accession no: X81790) as a query, 60
Boty-like LTRs were identified in the B. cinerea B05.10 genome
(Supplementary material Table 1). The Boty LTR shared 37.7–99.7%
nucleotide identity to the LTRs identified in thiswork. Structurally,most
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of the LTRs had short inverted terminal repeats of 7 bp (TGTTACG…
CGTAACA)/6 bp (TGTTAC…GTAACA)/5 bp (TGTTA…TAACA).

Using the internal pol sequence of Boty (GenBank Accession no:
X81791) as a query, 7 full-length elements and 16 fragmented
elements were identified in the B. cinerea B05.10 genome (Supple-
mentarymaterial Table 1). Boty shared 85.5–96.6% nucleotide identity
to the elements found in this work, and the “RT_LTR” domains
(cd01647) of Boty shared 75.4–99.3% amino acid identity to the RT-
LTR domain elements we found. Lin and Levin reported that Boty uses
a self-priming mechanism with nine nucleotides (5′-TTTGAGCAC-3′)
to initiate reverse transcript synthesis at Primer binding sites (PBSs)
for first-strand reverse transcription. Based on the report of Lin and
Levin(1997), we found that the Boty elements we identified used the
same self-priming mechanism to initiate reverse transcript synthesis.
The polypurine tract (PPT) corresponding to the PBS for plus-strand
DNA synthesis was 5′-AGGCTAAGAAGGGGATAG-3′. Boty elements
contained gag–pol genes encoding pol proteins with partial or com-
plete AP, RT, RH, INT and chromatin organization modifier domain
(CD) domains. In them, boty-106 contains two identical LTRs and an
internal gag–pol gene with brtn. The gene gag–pol encodes proteins
with gag, ZnF_C2HC, RP, RT, IN, and CHROMO domains that is
potentially functional (Fig. 1).

Using the putative gene brtn as a query, we detected 15 putative
brtn-like genes of 492–618 bp, encoding putative BRTN proteins of
121–205 amino acids, in the B. cinerea B05.10 genome. All were
flanked by a Boty LTR, so all brtn-like genes were located within Boty-
like retrotransposons. Because of gaps in the genomic sequence and
the availability of only partial Boty (GenBank Accession no: X81791)
sequences with 1224 bp nucleotides, we could not determine if the
other eight Boty-like retrotransposons and original Boty contained
brtn genes. Since Boty-like retrotransposons without brtn were not
identified, and all brtn-like genes were located within Boty-like
retrotransposons, we propose that brtn is a common feature of Boty-
like retrotransposons.

Expression analysis of brtn-like genes

Seven Expressed sequence tags (ESTs) from B. cinerea T4 with high
similarity to brtn-like genes were detected (Supplementary material
Table 2). This suggested that some brtn-like genes are potentially
expressed. To verify this, we developed an RT-PCR analysis. Five brtn
fragments (GenBank Accession no: FJ695493–FJ695497) were cloned
from the mycelia of B. cinerea T4. We concluded that, at least in
B. cinerea T4, some brtn-like genes are expressed.

Coding analysis of brtn

Four genomic DNA fragments with brtn-like genes and their 3′-
LTRs were cloned from B. cinerea T4 genomic DNA using the primer
pair brtn-s and LTR-a (GenBank Accession no: FJ695482, FJ695483,
FJ695498, and FJ695499). Eight complete cDNAs of brtn-like genes
were cloned using a RACE approach (GenBank Accession no:
FJ695485–FJ695492). Because Boty-like elements are present as
multiple copies in the genome, only one cDNA sequence (GenBank
Fig. 1. Schematic drawing of Boty-106 sequence elements. Non-coding region is
RT ; INT ; and CD .
Accession no: FJ695486) and its parent genomic sequence (gene
brtn1, GenBank Accession no: FJ695482) were cloned. The structural
features and coding analysis of brtn1 are in Supplementary material
Fig. 1. The brtn1 gene is 1380 bps, with an LTR of 480 bp (from 1 to
480), a gene with two exons coding for 173 amino acids (called
BRTN1), and a 56-bp intron at the 3′-UTR. Gene brtn1 contains a PPT
(5′-AGGCTAAGAAGGGGATAG-3′) adjacent to the LTR. Analysis of brtn
revealed that it is transcribed in an antisense orientation to the gag–
pol gene, and is located between pol and the 3′-LTR (Supplementary
material Fig. 1).

The genomic locations and structural features of Boty-like
elements, including the LTRs, GAG–POL proteins, PBS, PPT, target-
site duplications, and gene brtn are in SupplementaryMaterial Table 1.
A schematic drawing of a complete Boty-like element (Boty-106) is in
Fig. 1.
Predicted function prediction of BRTN

The predicted amino acid sequence of protein BRTN1 was used as
the query in protein database similarity searches using BLASTP. Eleven
hypothetical proteins in B. cinerea B05.10 and two deduced proteins in
S. sclerotiorum 1980 showed significant similarities, sharing 56%–100%
identity to BRTN1.

Multiple alignments of BRTN homologous sequences from differ-
ent fungi revealed several conserved regions that may be important
for protein function (Fig. 2). However, no known functional or
structural protein domains were identified by RPS-BLAST, and no
homology to any sequences of known function were identified by
BLASTP. Thus, the function of BRTN remains unknown.

BLASTP searches showed thatBRTNhomologs exist in S. sclerotiorum.
We performed data mining of S. sclerotiorum 1980 genomic sequences
and identified a novel LTR retrotransposon in S. sclerotiorum. We named
the identified sequence ScscLRET (S. sclerotiorum LTR retrotransposon).
All BRTN homologs were detected in ScscLRET, and were located at
positions similar to brtn (Supplementary material Table 3). This dem-
onstrated that ScscLRET in S. sclerotiorum also contains an additional
antisense brtn-like gene.

Retand-2 in Silene latifolia, RIRE2 of rice, and Grande1 of maize have
ORFs of unknown function located at positions similar to brtn
(Kumekawa et al., 1999; Neumann et al., 2003; Ohtsubo et al.,
1999). However, we concluded that Boty is different from these plant
elements because BRTN showed no similarities to these proteins, and
in a neighbor-joining (NJ) tree based on RT-LTR domains, Boty formed
a different clade than these elements (Supplementary material Fig. 2).

We identified Boty in B. cinerea and ScscLRET in S. sclerotiorum as
containing additional antisense brtn-like genes. To assess the relation-
ship of Boty and ScscLRET, we carried out phylogenetic analysis based on
deuced amino acids of RT_LTR domains. Using a database search with
“RT_LTR and fungi” as a query, and based on two reviews (Gorinšek
et al., 2004; Kordis, 2005), we collected 151 complete fungal “RT_LTR”
domains, containing 152–197 amino acids. The NJ phylogenetic tree
is in Fig. 3a; with an enlargement of the Boty and ScscLRET clade in
Fig. 3b. Phylogenetic analysis showed that the “RT-LTR” domains of
S. sclerotiorum formed three clades, which suggested that S. sclerotiorum
. Genes are . LTRs are indicated with . Putative domains are gag, ; AP, ;
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Fig. 2. Multiple alignments of BRTN homologs. *, residues are identical in all sequences in the alignment; conserved substitutions; semi-conserved substitutions.
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might contain three different groups of LTR retrotransposons. One is
ScscLRET; which formed a distinguished clade with Boty within the
fungal LTR retrotransposons. ScscLRET contained a putative BRTN
homolog, and from phylogenetic analysis, we concluded that ScscLRET
elements belong to the Boty group. B. cinerea and S. sclerotiorum are
necrotrophic plant pathogens that cause gray or white mold on

image of Fig.�2


Fig. 3. Phylogenetic analysis of fungal LTR retrotransposons based on alignment of the RT_LTR domains. The tree was constructed by the NJmethod (Saitou and Nei, 1987) and rooted
using Zea mays LTR retrotransposons (ABQ44355) as the out-group. The NJ tree represents bootstrap consensus after 1000 replication. Nodes with confidence values greater than
50% are indicated. The deduced amino acid sequences of RT_LTR domains were from GenBank using RT_LTR and fungi as a query, or based on two reviews (Gorinšek et al., 2004;
Kordis, 2005).
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economically important crops (Billault et al., 2006). They belong to the
family Sclerotiniaceae, and are very closely related (Holst-Jensen et al.,
1997). Interestingly, in this work, we found that B. cinerea and
S. sclerotiorum both contain Boty-like LTR retrotransposons; we
hypothesize an interspecific horizontal transfer of Boty between
B. cinerea and S. sclerotiorum.

We named the other LTR retrotransposons ScscLRET-II and
ScscLRET-III. They formed different clades from each other, ScscLRET,
Boty, and another LTR retrotransposon (Boty-II) in B. cinerea that was
identified in a previous work (Fig. 3) (Zhao et al., 2009). Further
survey of LTR retrotransposons in S. sclerotiorum and a comparison of
LTR retrotransposons between B. cinerea and S. sclerotiorum are in
progress. This comparison may offer an interesting opportunity to
study the role of LTR retrotransposons in shaping the genomes of two
closely related necrotrophic plant pathogens.
Conclusions

Through data mining of the B. cinerea genomic sequence and a
RACE approach, we demonstrated that Boty-like retrotransposons in
the filamentous fungus B. cinerea contain an additional antisense gene
brtn, located between pol and the 3′-LTR, encoding a protein of
unknown function. RT-PCR showed that, at least in B. cinerea T4, the
gene brtn can be expressed. Homology searches found a novel Boty-
like retrotransposons (ScscLRET) in S. sclerotiorum, which contain a
brtn-like gene.
Materials and methods

Strains and nucleic acid extraction

B. cinerea T4 was kindly provided by Muriel Viaud (Viaud et al.,
2005). Fungal genomic DNAwas extracted as described byMöller et al.
(1992). RNA was extracted using TriZOL reagent (Invitrogen, USA).
Survey of Boty-like elements in the B. cinerea B05.10 genome

The Boty LTR DNA sequence (GenBank Accession no: X81790) with
internal gag–pol (GenBank Accession no: X81791) was used as a query
to search the genome database of B. cinerea B05.10 by BLASTN search
provided by the Broad Institute (http://www.broad.mit.edu/
annotation/genome/botrytis_cinerea/Blast.html?sp=SBlastp) (Diolez
et al., 1995). All BLAST hits with E value b10−4 were extracted using
Browse Region (http://www.broad.mit.edu/annotation/genome/
botrytis_cinerea/Regions.html). Elements flanked by a pair of Boty-
like LTRs and with an internal gag, pol or gag–pol gene were considered
Boty-like retrotransposons and designated Boty-xx, where xx was the
supercontig number in which the Boty-like element was detected. LTRs
were designated Boty-xx L(R). Solo LTRs were named Sxx-solo.

PBSs and PPT were investigated based on the results of Diolez
(Diolez et al., 1995), and Lin (Lin and Levin, 1997). The target-site
duplications (TSD) of LTR retrotransposons were investigated by
manual inspection. Diagrams of Boty-like elements were drawn with
Chem Draw ultra 8.0.

Survey of brtn-like genes in the B. cinerea B05.10 genome

The DNA sequence of the putative gene brtnwas used as a query to
search the B. cinerea B05.10 genome database by BLASTN search, using
the criteria and naming system described above. To investigate
whether brtn-like genes are internal genes of Boty-like retrotranspo-
sons, the genomic locations of brtn-like genes and Boty-like LTRs were
compared, and the annotated features of the up- and downstream
flanking regions of brtn-like genes viewed using Browse Region
(http://www.broad.mit.edu/annotation/genome/botrytis_cinerea/
Regions.html).

Expression analysis of brtn-like genes

The expression of brtn-like genes was investigated by RT-PCR.
First-strand cDNA was synthesized using EasyScript Reverse

http://www.broad.mit.edu/annotation/genome/botrytis_cinerea/Blast.html?sp=SBlastp
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Transcriptase (TransGen Biotech, China) with an oligo dT18 primer.
The primers (Supplementary material table 4) used in RT-PCR were
designed using ESTs sequences that showed high sequence similarity
to the brtn-like genes detected by BLASTN searches provided by
COGEME (http://cogeme.ex.ac.uk/blast.html) (Viaud et al., 2005).

Coding region analysis of brtn-like genes

Full-length DNA sequences of gene brtn-like genes were cloned
using the primer pair brtn-s and LTR-a from T4 genomic DNA. The
primers brtn-s and LTR-a were designed using the conserved motif of
the INT domain and the right terminal of Boty-like elements
(Supplementary material Table 2).The full-length cDNA sequences
of brtn-like genes were cloned by 3′- and 5′-RACE using the Invitrogen
RACE systems. The full-length cDNA and DNA sequences of brtn-like
genes were compared using bl2seq to investigate the putative coding
regions.

Function prediction of predicted protein BRTN

The deduced amino acid sequence of BRTN was used as a query to
search the GenBank protein database by BLASTP search. Sequence hits
with E value b10−5, N50% identity and N50% coverage were considered
homologs to the putative BRTN. The function of putative BRTN was
predicted by BLASTP comparison with known function homologs, and
by conserved protein domains search using RPS-BLAST.

Phylogenetic analysis

Phylogenetic analysis was performed on the basis of the deduced
amino acid sequences of the RT_LTR domains (cd01647) of fungi LTR
retrotransposons. The deduced RT domain amino acid sequenceswere
obtained from GenBank using RT_LTR and fungi as a query, or based
on two reviews (Gorinšek et al., 2004; Kordis, 2005). Multiple protein
alignments and phylogenetic tree were constructed based on the
alignment by MEGA version 5.05 (Tamura et al., 2007) using the NJ
method (Saitou and Nei, 1987). The tree was subjected to bootstrap
resampling of 1000 replicates. Default parameters were accepted for
all programs.
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