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ABSTRACT

ROCHA, Rafaela Leite Prado, Univerisdade Federal de Vicosa, Ma@h7y.
Characterization of LTR -Retrotransposonson Hemileia vastatrixGenome Advisor:
Ney Sussumu Sakiyama. @alvisors: Eveline Teixeira Caixeta @dMarisa Vieira de
Queiroz.

Brazil is the biggest producer and exporter of coffee in the world. The country, ad the res
of coffee growing regions, suffers with coffee rust disease, Bastof the earliesbffee
diseasesstudied scientifically, is caudeby the obligate biotrophic fungudemileia
vastatrix This diseaseés the most harmful that affects coffee trees, which may cause
drastic drops in productivity if not controlled. The fungus infects coffee leanesrpéng
through stomata and develops powdery orange pustules on thelahakace. The
pathogendisplays high levels of genetic variability leading to appearance of new
physiologicakaces and supplanting the resistance of coffee varieties obtained in breeding
programs. fie mechanism thatauses such variability is yet not kngwsince it is
accepted that the fungus relies on asexual reproduction and the sexual stage has not been
observed in natur&he genome oH. vastatrixhas been reported as one of the largest
known rust genome. Aery large fraction of the published rust genanf@sshowna

high percentage of repetitive elements, such as transposable elements (TES). In this sense,
TEsactivity is suggeed as an important source fggneration ofariability. Thus, there

is a chance it the transposable DNA elements are responsible for increasing genetic
variability of H. vastatrix Therefore, this studymiedto identify presence, frequency and
location of transposable elementsyaedl as verify the relationship betwetansposable
elementsand the high variability found ayenome oH. vastatrix We found 6,516 gere

coding proteins and 1,109 complete LTR retrotransposons in the genome. From these
geneeoding proteins, 65 were close to LTR retaosposons. The results suggeshed

LTR retrotransposon generally insert itself 5,000bp from a-gedang protein. Also,

LTR retrotransposons identified insert itself on-Adh conserved regions. Thue

found datasuggest thainsertion ofLTR retrotransposonis H. vastatrixgenone could

be targeting its integration sit@sed on nucleotide composition. Moreover, we identified
LTR retrotransposons located close to coding regions, which could be contributing with

gene expression modulation and hence affecting pathogen variability.



RESUMO

ROCHA, Rafaela Leite Prado, Univerisdade Federal de Vigosa, margo de 2017.
Characterization of LTR-Retrotransposons on Hemileia vastatrix Genome
Orientador: Neysussumu Sakiyama. CoorientadorBveline Teixeira Caixeta e Marisa
Vieira de Queiroz.

O Brasil € o maior produtor e exportador de café do mundo. O pais, como o resto das
regides produtoras de café, sofmn a doenca da ferrugem do cafeekderrugemé
causada pelo fungo biotrofiddemileia vastatrix Esta doenca podevar aquedas
drasticas na produtividadpiandondo controladaEssepatdégeno apresenta altos niveis
de variabilidade genética, o que resulta em aparecindentmvas racas fisiolégicas e
consequentemente, a suplantacdoretasténcia de variedades de café obtioklss
programas de melhoramento genético. O mecanismo que causa essa variabilidade ainda
nao € conhecido, uma vez que o futgmreproducdo assexuada estadio sexual ndo

foi observado na natureZBem sido relatado ques genomasdasferrugens apresentam

alta porcentagem de elementos repetitiviosluido oselementos transponivei&T).

Como aatividade deET tem sidosugerida como uma fonte importantegeracao de
variabilidadeexiste a possibilidade de quebBssejamum dosesponsaveigela grande
variabilidade genétice&ncontrada enH. vastatrix Portanto, este estudo teve como
objetivo identificara presenca, frequéncia ealocalizacdo d& TR retrotransposonso
genoma deH. vastatrix bem como verificar a relacdo entr€R retrotransposone a
variabilidade encontradeesse patégenboram identificados no genoma analis&dsil 6
genescodificadores de protein&s1.109 retrotransposods tipoLTR completosDos
genes codificadores de protein@sgestavanproximos de retrotransposods tipoLTR.
Observouseque ogetrotranspsansLTR geralmente se inserea 5000 pbde um gene
codificador de proteinas no genoma desse patdoge@soresultados encontrados
demonstraram queetrotransposons LTR inserese em regides conservadas ricas em
AT. Assim, osdados sugerem que a insercéao dotranspsons LTR enH. vastatrix
podemse direcionacom base na composicaacleotidica de uma regiddlém disso,
foram identificados rettransposons préximos de regides codificadoras, 0 que poderia
contribuir para modulacdo @xpressao génica e, consequentente, afetar a variabilidade

do patdgeno.

Vi



CHARACTERIZATION OF LTR-RETROTRANSPOSONS ON Hemileia vastatrix
GENOME

Introduction

Coftee is one of the most traded commodities in the world (Vega et al. 2003). It
is important for economy of more than 60 countries and is the main source of income for
more than 100 million people (ICO 2016). Brazil is the biggest producer and exporter of
coffee. The country has 2,22 million hectares of planted area and ten producer states
(CONAB 2016).

The genus Coffeahas more than 100 species, being only C. arabicaand C.
canephoracultivated. All predominant growing species of the genus Coffea are
susceptible to Hemileia vastatrixcausal agent of coffee leaf rust disease. C. arabica the
main cultivated species, is the most susceptible. However, some varieties of C. canephora
has shown desired resistance to rust (Waller 1982). Although arabica is highly susceptible
to H. vastatrix,the species is known for its high yielding and cupping quality under
optimal wheatear and soil conditions, which could explain the preference for this specie
at a world level (Van Der Vossen et al. 2015).

Coffee rust disease is believed to have begun with wild coffee in Ethiopia but it
was first reported in Sri Lanka and, it has been spread to all coffee producer countries
ever since (Kushalappa 1989). In Brazil, the disease was first reported in 1970 in Bahia
state and around four months later it was found all over Brazil’s coffee growing regions
(Zambolim 2016). The disease was feared for many years until it was proved the
effectiveness of chemical control and in virtue of the limited damage caused by H.
vastatrix especially at high altitudes. Technical authorities and farmers considered the
disease manageable even though significant losses were caused by the pathogen since
then. These losses went unnoticed as a result of an interaction between coffee tree
phenology and this disease (Avelino et al. 2015).

In the recent years, however, the disease has once again drawn the attention of

farmers and technical authorities due to an epidemy that has been affecting Central and



South America. Yield losses on the most affected countries as Ecuador, ElI Salvador,
Honduras, Nicaragua and Panama where estimated around 30 to 90% (Zambolim 2016).
The chemical control, in some ways, has efficiently controlled the pathogen when the
recommendation of the product has been precisely followed by farmers (Chalfoun &
Carvalho 1999). However, factors as cost of production, risk of intoxication of both
workers and harvested berries and yet emergence of new physiologic races lead to
research of more rational disease control practices, highlighting the importance of
breeding for resistance (Gargon et al. 2004).

Resistant cultivars have shown to be a more suitable option to disease control,
since it is a more sustainable and efficient way to repress rust disease. However, the high
levels of genetic variability observed on H. vastatrixraces (Cabral et al. 2016; Maia et al.
2013) has contributed to pathogen overcome resistance of coffee cultivars obtained on
breeding programs (Varzea & Marques 2005).

There were more than 50 races of H. vastatrixidentified by Coffee Rust Research
Center (CIFC) in Portugal, fifteen of it has already been found in Brazil’s plantations.
Because sexual stage of H. vastatrixhave not been seen in nature, the mechanisms which
lead to high emergence of H. vastatrix new physiological races are still unknown
(Zambolim 2016). Although sexual stage has not been observed on nature, a study showed
that H. vastatrixhas a hidden sexual reproduction, also known as cryptosexuality. This
study provided compelling evidence that meiosis occurs in the uredineospores (Carvalho
et al. 2011). The fact could contribute but does not fully explain such genetic variability
found on the pathogen.

Since the introduction of the pathogen in Latin America, coffee rust has evolved
due to the selection pressure exerted by resistant genotypes (Avelino et al. 2015). The
hypothesis that mutation and selection pressure could be leading to variability of H.
vastatrixhas been explored, but none of them were able to fully explain such mechanisms.
Studies found no direct link between such high phenotypic and molecular variability
(Cristancho & Escobar 2008). Although the use of molecular markers as SSR and
sequencing of the rDNA-ITS regions failed to provide informative results, the use of
random amplification of polymorphic DNAs (RAPDs) and amplified fragment length
polymorphisms (AFLPs) showed to be the only conclusive markers up to date. Thus, with



the development of sequencing and genome assembly techniques it is believed that more
comprehensive results will soon be obtained (Talhinhas et al. 2017).

H. vastatrixhas one of the largest fungal genomes reported, with an average size
of approximately 760 Mbp, which has been estimated by flow cytometry. In comparison,
other rust species have a genome average size of 225.23 Mbp (Carvalho et al. 2014;
Tavares et al. 2014; Talhinhas et al. 2017). This size variation could be explained by
differential expansions of transposable elements, which seems to be related with the
fungal lifestyle (Castanera et al. 2016).

Transposable elements (TEs) are genetic units which can move from place to
place among the genome. Those units colonize eukaryotic and prokaryotic genomes and
are responsible to contribute with increasing genetic variability. The genome percentage
occupied by TEs varies among species but it can reach up to 50% on mammals, 80%
some plants and 40% on fungi (Castanera et al. 2016; Wicker et al. 2007).

TEs can be classified into two distinct groups based on mechanistic and enzymatic
criteria. This groups are based on the presence and absence of RNA transposition
intermediate. Class I elements, also known as retrotransposons, have a RNA transposition
intermediate and are not divided into subclasses. Elements of class I are LTR, DIRS, PLE,
LINE and SINE. Class II elements are known as DNA transposons and are divided into
two subclasses distinguished by the number of DNA strands that are cut during
transposition. Neither class II subclasses have a RNA transposition intermediate.
Elements class II subclasse I comprehend TIR and Crypton while subclasse II
comprehend Helitron and Maverik elements (Wicker et al. 2007).

Previous studies have shown that TEs can influence regulation of genes adjacent
to them at a transcriptional and post-transcriptional level. Also, DNA transposons and
their transposases could be considered great sources of basic components for emerging
new transcription factors (Feschotte 2008). This demonstrates how the integration of
transposable elements among the genome could contribute to increase pathogen
variability. Additionally, it was previously reported that plant pathogen genome size
could have an impact on their pathogenicity (D’Hondt et al. 2011). Thus, as the movement
of transposable elements can contribute in genome size variation, they could be impacting

pathogen virulence.



The activity of transposable elements among the genome can also be harmful and
create genome instability. Consequently, some organisms have developed defense
mechanisms which can inhibit its movement. There are three main fungal silencing
mechanism which are RIP (Repeat-induced point mutation), MIP (methylation induced
premeiotically) and Quelling (RNA interference). RIP is a gene silencing mechanism that
mutates transposable elements and control its migration among fungal genome. This
mechanism results on C to T and G to A changeover which can be accompanied by the
methylation of remaining cytosine (Wostemeyer & Kreibich 2002). The absence of RIP
or its low efficiency also appears responsible with TEs accumulation and consequently
increased size genomes (Amselem et al. 2015). MIP leads to methylation of cytosine
residues without mutations and different from RIP, this mechanism is reversible. Both
RIP and MIP occurs during sexual reproduction (Wostemeyer & Kreibich 2002).
Quelling involves RNA interference machinery that suppress TE expression (Amselem
etal. 2015). It is acknowledged that mechanisms could affect regions nearby TEs, perhaps
interfering on coding regions.

Transposable elements activity can also contribute to chromosomal
rearrangements. This TE-induced event, also known as ectopic recombination, can cause
chromosomal inversions due to abnormal alignment and can directly impact on genome
variability. The inversions can be found in natural populations and are geographically
widespread and polymorphic, which suggests that they are selectively advantageous
(Feschotte & Pritham 2007).

Therefore, this work aimed to identify and characterize LTR retrotransposons in
H. vastatrixgenome, which has been shown as the most abundant TE, as well as verify
the relationship between those elements and the high variability found on the pathogen to

better understand this important coffee disease.

Methodology

Database

The DNA sequence of the reference genome of H. vastatrix was used. The
sequences were obtained in partnership with the Universidade Federal de Vigosa (UFV)
— Vigosa (Brazil), Universidade Federal de Lavras (UFLA) — Lavras (Brazil), and the



University of Delaware (UDEL) - Newark - USA. The sequencing of H. vastatrix
genomic DNA race XXXIII was held by two platforms: Pacific Biosciences (PacBio RS
IT) e [llumina (HiSeq 2500). The genome used is a second draft assembled and is available
for the group to work.

The assembled genome contains 58,535 contigs with N50 and N90 of 11,385 and
3,762 bp, respectively. The size of the genome is 480Mbp and CG content is 33.6%.

Identification of gees and validation
The identification of genes was performed using the genome as model of the
species closest to H. vastatrix available on National Center for Biotechnology

Information - NCBI database (https://www.ncbi.nlm.nih.gov/). To perform that we used

Scipiosoftware (http://www.webscipio.org/) (Keller et al. 2008) and a given set of protein

sequences, more precisely sequences of the closest genome selected, to determine the
precise gene structures on H. vastatrixgenome.

Augustusoftware v2.5.5(http://bioinf.uni-greifswald.de/augustus/) (Stanke et al.

2004) was used to predict genes through their alignment with ESTs (Expressed Sequence
Tags) of Ustilago maydisas related species. This strategy benefits the identification of
coding sequences (Open Reading Frames — ORFs). A novel strategy was performed to
verify the quality of the gene assembly in the genome, using CEGMA software
(http://korflab.ucdavis.edu/datasets/cegma/) (Parra et al. 2007).

The distance between genes and LTR retrotransposons was calculated and
possible gene interference caused by LTR integration was analyzed using custom Perl

scripts to verify if LTR integration could be modulating gene expression.

Molecular Function Analysis of Bteins by Functional Annotation

Aiming the assignment of GO (gene ontology) categories, the tool Goanna
(http://www.agbase.msstate.edu/cgi-bin/tools/GOanna.cgi) was used (Mccarthy et al.
2006). The parameters were set using an expect value of 107, word size of 3, low-
complexity filter turned on, and the BLOSUM®62 matrix. The GO annotation was based
on SwissProt database. The results obtained with Goanna were recategorized using the
tool GOSlim Viewer (http://www.agbase.msstate.edu/cgi-

bin/tools/goslimviewer select.pl) using the generic set (Mendes et al. 2013).



Identification, classification and angdis of transposable elements
To search for Class I complete transposons we used the software LTR-Finder

(http://tlife.fudan.edu.cn/ltr_finder/) (Xu & Wang 2007), which search for patterns that

represent the typical structure of a LTR retrotransposon. Thus, the software reports
possible models of LTR retrotransposons at distinct levels of trust, according to the signs
and domains present on the sequence.

After the search for complete LTR retrotransposons, sequences of approximately
1000 bp downstream and upstream of each element was analyzed using custom Perl
scripts. A distance matrix was calculated between the sequences upstream of the LTR
integration site using the software Clustal Omega

(http://www.ebi.ac.uk/Tools/msa/clustalo/) (Li et al. 2015). The same procedure was

performed for sequences downstream of the LTR integration site. Also, we searched for

patterns on those sequences which could suggest an integration preference.

Results and Discussion

Gene prediction and functional characterization

To perform Augustussoftware training, we searched on National Center for
Biotechnology Information (NCBI) - Taxonomy for the cataloged species closest to H.
vastatrix which had described their genetic structures. The species close to H. vastatrix
available on the database are related to it on level of order, more precisely they are
classified as Puccinialis Of the 14 available genomes from Puccinialisonly 5 have their
genetic structures published. The species are P. graminis, P. sorghi, P. triiticina, P.
striiformis and Melampsora larici-populina.

In order to decide which of those species are closest to Hemileia a local
alignment (BLAST) was performed. Protein sequences from those species were
alignment against H. vastatrixgenome. To filter the results, we used two different cut-off
scores, the first one being 40% identity and 70% coverage and the second 40% identity

and 40% coverage. Table 1 shows the number of orthologous genes found on H. vastatrix



Table 1 - Results from alignment between H. vastatrixgenome and five other species

Species name Total Number of  Percentage of Number of Percentage

number  orthologous shared proteins  orthologous of shared
of on H. on H. proteins

proteins vastatrix vastatrix

Melampsora larici-populina 16,372 1,360 8.31 3,175 19.39

Puccinia graminis 15,979 963 6.03 2,796 17.50

Puccinia sorghi 21,078 1,645 7.80 4,173 19.80

Puccinia striiformis 20,502 1,373 6.70 3,499 17.07

Puccinia triticina 15,685 1,232 7.85 3,164 20.17

M. larici-populinaand P. triticina held a higher number of proteins shared with
H. vastatrix For 70% coverage, M. larici-populina has a higher percentage of shared
proteins with H. vastatrix being 8.31% and for 40% coverage P. triticina showed a higher
percentage of shared proteins with the pathogen, being 20.17%.

In this way, M. larici-populina was selected as a model for the prediction of
proteins on H. vastatrixgenome by the software Scipio (Keller et al. 2008), using its
protein sequences available on NCBI. The output files were generated but no genes were
predicted. Thus, the second closest species, P. triticina was chosen and at the end of the
analysis the output files were created. Only 1,482 genes were predicted, which is a smaller
number than expected when compared with the average number of genes on
Basidiomycota phylum, which is around 15,000 genes (Mohanta & Bae 2015).

Looking for a more adequate analysis, gene prediction were done using ESTs
of species available in Augustussoftware v3.2.2 (Stanke et al. 2004) closest to H.
vastatrix Ustilago maydigs the closest specie available on Augustuswhich belongs to
the same phylum as H. vastatrix this being Basidiomycota. The use of U. maydiscan also
be justified once the fungus has a well-annotated genome and also is considered one of
the best model to study host-pathogen interactions (Sonah et al. 2016). When using U.
maydisas model to train Augustussoftware, 6,516 protein-coding genes were identified.

Previous study predicted 6,500 protein-coding genes present on U. maydis(Duplessis et



al. 2011), which indicates that the gene prediction was successful, since U. maydiss well-
annotated genome (Sonah et al. 2016). However, the same study predicted 16,399 and
17,773 protein-coding genes in M. larici-populinaand P. graminis.This lower number
of genes found in H. vastatrixgenome, when comparing with other rust genomes, could
be explained by fact that the H. vastatrixassembled genome is still fragmented and
displays about 58,000 contigs.

In the interest of validate gene prediction process, the software CEGMA was
used, which searches for a set of 248 conserved genes on eukaryotic genomes. The results
showed that 239 (96.37%) of those conserved eukaryotic genes are present in the
annotated genome of H. vastatrix indicating a high level of integrity during the assembly
and gene prediction process of this genome (Parra et al. 2007). Note that despite the small
number of gene-coding proteins, when comparing with results found for P. graminisand

M. larici-populina, the assembled genome displays high level of integrity.

Molecular functon categorization

Aiming the functional categorization analyzes of the 6,516 gene coding proteins
found on H. vastatrixgenome, the tool Goanna was used. The proteins were categorized
by their molecular function in 39 distinct categories (Figure 1). Some of the proteins were
unable to be characterized. DNA binding is one of the most abundant categories and play
important rule in DNA repair (Duplessis et al. 2011). It is important to highlight the
abundance of proteins related with kinases activity. Protein kinases plays an important
role in pathogen development and adaptation to different environmental (Cristancho et al.

2014) and could be contributing to pathogen variability.
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Figure 1. Funtional categorization of H. vastatrixproteins

Figure 2 shows functional categorization based on its biological process. The
proteins were categorized on 69 distinct functions, being cellular nitrogen compound
metabolic process the most abundant function. A considerable amount of the gene-coding
proteins is related with stress response. This genetic feature could be contributing to
increase H. vastatrixpathogenicity. Also, the integration of transposable elements close
to genes which play a role on stress response process could be the key to better understand

transposons evolutionary potential.
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Figure 2. Funtional categorization of H. vastatrixproteins

LTR retrotransposons prediction

LRTHinder software (Xu & Wang 2007) available online was able to predict a
total of 1,109 LTR (Long terminal repeats) retrotransposons. The LTR retrotransposons
were found in different contigs with a density ranging from 1 to 12 LTR per contig (Figure
3). Most contigs showed no retrotransposons.

Previous studies showed that yeast retrotransposons have a mechanism for site
selection integration. The elements insert on regions of genome which would tolerate
integration without causing negative effects (Bushman 2003). Another study shows that
transposon integration chemistry, in mammals, share many similarities with retroviral
integration. However, the mechanism to select a target site is distinct among the genome
(Yant et al. 2005). Thus, the fact that many LTR retrotransposons were found in a few
contigs suggests that insertion and fixation of them could be not random along H.

vastatrixgenome.
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Figure 3 —-LTR density on Hemileia vastatrixgenome

To analyze the similarities between all LTR retrotransposon sequences identified
in H. vastatrixgenome, the sequences were aligned using Clustal Omegaoftware (Li et
al. 2015). After, we calculated a distance matrix between all LTR retrotransposons using
the results obtained from the alignment performed by Clustal OmegaThe distance matrix
results were clustered using R software (Figure 4). Generally, LTR retrotransposons
present in fungi can be classified into one of two different groups, the copia or gypsy
superfamily, based on their reverse transcriptase sequence and other structural features
(Goodwin & Poulter 2000). Our results suggest that the sequences of LTR
retrotransposons found in H. vastatrixgenome are conserved and could be clustered into
three major groups (Figure 4). However, our analysis compared the complete sequence
of all LTR retrotransposon and not just the structural features, which can explain the

additional group found.
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Figure 4 —Clustering of distance matrix data calculated between all LTR

retrotransposons sequences extracted from Hemileia vastatrixgenome

Integration site analyses suggeseference for integration

To analyze the LTR retrotransposon integration site, a thousand base pairs
sequence upstream and downstream of its integration site were analyzed using custom
Perl scripts. Matrix distance were calculated by Clustal Omegaoftware and the results
were clustered using R. Clustering of distance matrix data (Figure 5) calculated between
the sequences upstream and downstream of the integration site showed that the integration
site is very conserved.

Given the found results, we decided to analyze nucleotide composition of those
sequences. Comparison between upstream and downstream sequences of
retrotransposons site (Figure 6) showed that there is nucleotide conservation on both LTR
integration sites, since for all the positions within the thousand base pairs sequence
extracted, all nucleotides was more frequent than expected (25%). Thus, this data could

suggest preference for site integration of retrotransposons.
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Figure 6 — A) Consensus base pair frequency upstream of LTR integration site B)

Consensus base pair frequency downstream of LTR integration site

We looked the nucleotide composition of the consensus sequence upstream and
downstream of LTR retrotransposon integration site (Figure 7). Custom Perl scrips was
used to calculate the percentage of each nucleotide on the consensus sequence. The results
showed that the integration site is a AT-rich region, which supported the results for such

preference for site integration. The analyses showed that proportion of A and T at the



consensus sequence upstream and downstream are the same, even though the sequences

are different.
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Figure 7 — A) Nucleotide composition of the consensus sequence upstream of LTR

A)
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integration site B) Nucleotide composition of the consensus sequence downstream of

LTR integration site

AT-rich regions are more easily opened for LTR retrotransposon integration when
compared with CG-rich regions. Also, AT-rich regions may be involved with gene
promoters or enhancers. Another event responsible for AT-rich regions is RIP (repeat-

induced point mutation), which is a defense mechanism present in fungi that silence



transposable elements movement. Studies have been shown that AT-rich regions are
formed by transposable elements invasion followed by mutation by RIP (Testa et al.
2016). In this way, the prominent level of AT on the sequences upstream and downstream
of LTR retrotransposons could be an evidence of mutation triggered by RIP. It is
important to emphasize that RIP occurs prior to meiosis. Thus, the found results could
support the cryptosexuality evidence found on H. vastatrix(Carvalho et al. 2011).
Gene and LTR distance analyses

We also looked for LTR retrotransposons which could be inserting itself close and
on coding regions. We analyzed, using both genes and LTR retrotransposons coordinates,
if any predicted genes were overlapping with LTR retrotransposons sequences. Table 2

show that seven predicted genes are overlapping with LTRs.

Table 2 - Predicted genes which overlapped with LTR retrotransposons

Contig ID Gene ID Match (Genbank ID)

4510 477 XP _007412705.1

18706 gl1105 Mutator protein (ABE02631.1)

20563 g1235 Putative gag-pol precursor (AAT75246.1)

24681 g1522 Putative retrotransposon protein (AAX96316.1)

28554 g1764 No hit

28661 1767 Transposase (ABA97626.1) / Chromossom segregation protein SMC
(TIGR02169)

43013 22380 Putative retrotransposon protein (ABA98116.1)

Many of the genes found overlapping with LTR retrotransposons sequences are
hallmarks of retrotransposons structure. Those proteins are responsible for reverse
transcription, transposition and integration. However, two proteins should be highlighted.
The proteins g1105 showed significant similarity with ABE02631.1, also known as
mutator protein (Knox et al. 2010). Mutator transposons are the most mutagenic and
active plant transposon discovered. These transposons can increase mutation rates 50
times (Lisch 2002) and could be contributing to increase of H. vastatrix genetic

variability. Also, it was not found a hit for g1 764 protein. Many proteins which plays role



on host resistance is believed to be specie specific. Thus, the detailed study of both
proteins is important to better understand such elevated levels of genetic variability.

We calculated the distance between LTR retrotransposons and predicted genes
which were present on the same contig (Figure 8). We found 65 proteins located on the
same contig as LTR retrotransposons. We also performed the functional categorization of
those 65 genes based on assignment of Gene Orthology (GO) using AgBase (Mccarthy
et al. 2006). None of those proteins could be classified once there were no hits found.
This result suggests that those proteins could be specie specific and thus could play an
important rule on pathogen virulence. We also found that most of the genes were located
around 5000 base pairs distant of LTR retrotransposons, that is, when we move away
from a gene there is a possibility to find a LTR retrotransposon at 5000 base pairs of it.
This integration pattern was also observed on species such yeast and human. Genomic
analysis demonstrated that integration of transposons on yeast and human genome are

preferable and occurs in a specific distance of a given genetic structure (Bushman 2003).
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Figure 8 — Distance between LTR retrotransposons and genes present on the same

contig

Proteins related with pathogenicity, in general, are secreted proteins. To check if
any of those 65 proteins could potentially be an effector, we first looked for the presence

of signal peptide, using Signal P 4.0 online tool. Three of the 65 proteins showed presence



of signal peptide. Although the presence of signal peptide suggested that the protein is
secreted, we used Target P online tool and only two of those three is part of secretory
pathway. Thus, these two proteins have potential to be effectors and once these proteins
are close to transposable elements, they could be affected by them. Transposable elements
contribute with important sites for ectopic recombination (Goldfarb et al. 2016). Thus, if
such type of recombination occurs, that could be a major source of variability, resulting
perhaps in increased fungus pathogenicity. The presence of LTR retrotransposons close
to those proteins could be regulating gene expression and consequently leading the
pathogen overcome host resistance. Thus, further studies to will check if those proteins
are up or downregulated will help us to better understand if they could be leading to
appearance of new races of H. vastatrix.We will also investigate other ways in which the
retrotransposons could be affecting gene expression such as interference in promoter and

regulatory regions.

Conclusion

The found data suggest that insertion of LTR retrotransposons in H. vastatrix
genome could be targeting its integration site based on nucleotide composition. We
identified 6,516 gene coding proteins, some of them close to LTR retrotransposons
integration site, that could be affected by TEs transposition. Moreover, we identified LTR
retrotransposons located close to coding regions, which could be contributing with gene

expression modulation and hence affecting pathogen variability.
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