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RESUMO

Em Dichotomius, o mapeamento de sequéncias repetitivas de DNA revelou uma
dindmica da heterocromatina constitutiva (HC), em relacdo a composicdo e
localizagdo cromossOomica das sequéncias presentes na HC. Os objetivos deste
estudo foram isolar, caracterizar e mapear elementos de transposicéo (TE) no grupo
D. (L.) sericeus, visando verificar o papel desses TEs e se eles estdo relacionados
com a variacdo na composicdo e localizagdo das sequéncias da HC. Além disso,
visamos compreender a histéria evolutiva desses elementos. O isolamento dos
elementos, sequenciamento NGS, caracterizacdo por diferentes abordagens e
Hibridizacéo in situ fluorescente foram realizados. Os resultados revelaram elementos
com dominios conservados de 11 superfamilias, seis retrotransposons e cinco
transposons de DNA. Os mais conservados foram: Copia, Gypsy, PiggyBac e Tc1-
Mariner. Também foram identificados TEs degenerados. A andlise filogenética dos
elementos conservados sugeriu eventos de transferéncia horizontal para sete TEs de
trés superfamilias entre diferentes taxons, incluindo cnidarios, platelmintos e
nematelmintos. Adicionalmente, foi observada heranca vertical em diferentes
elementos. O mapeamento cromossémico populacional foi realizado para os TEs
DsTcl 5, DsPogo 8 e DgmarMITE. Variacdo na localizacdo e abundancia foram
observados, sugerindo atividade desses elementos. Devido a natureza degenerada,
o DgmarMITE possui mobilidade in trans, utilizando a transposase de elementos
proximamente relacionados ou n&do. A predominancia dos elementos encontrados na
eucromatina sugere que eles podem estar inseridos em regides intergénicas, em
pseudogenes e/ou relacionados a modificacfes na estrutura e expressao dos genes.
Além disso, esses elementos ndo estdo relacionados diretamente com a variabilidade

das sequéncias repetitivas da HC.

Palavras-chave: Retrotransposons. Transposons de DNA. Transferéncia horizontal.

Filogenia molecular. Hibridizag&o in situ fluorescente.



ABSTRACT

In Dichotomius, the mapping of repetitive DNA revealed a dynamics of
constitutive heterochromatin (HC), in its composition and location of the sequences of
the HC. The aims of this study were to isolate, characterize and map transposable
elements (TE) in the group D. (L.) sericeus, to verify the role of these TEs and if they
are related to the variation in composition and location of the sequences of the HC. In
addition, to know the evolutionary history of these elements, the isolation of elements,
NGS sequencing, characterization by different approaches and fluorescent in situ
hybridization were performed. The results revealed elements with conserved domains
from 11 superfamilies, six retrotransposons and five DNA transposons. The most
conserved were: Copia, Gypsy, PiggyBac and Tcl-Mariner. Degenerated TEs were
also identified. Phylogenetic analyse of conserved elements suggested horizontal
transfer events, of seven TEs of three superfamilies between different taxa, including
cnidarians, platyhelminth and nematelminth. In addition, vertical transmission was
observed for different elements. The population chromosomal mapping was performed
forthe DsTcl 5, DsPogo_8 and DgmarMITE. Variation in the location and abundance,
suggesting activity of these elements was observed. Due to their degenerated nature,
DgmarMITE has cross-mobilization, using the transposase of elements closely related
or not. The predominance of these elements in euchromatin suggests that they may
be inserted in intergenic regions, in pseudogenes and/or related to modifications in the
structure and expression of the genes. Furthermore, these elements are not directly

related to the variability of the HC repetitive sequences.

Keywords: Retrotransposons. DNA transposons. Horizontal transfer. Molecular

phylogenetic. Fluorescent in situ hybridization.
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1 INTRODUCAO

1.1 PROBLEMATIZACAO

O género Dichotomius (Coleoptera: Scarabaeidae) possui aproximadamente
165 espécies, sendo algumas delas pertencentes a grupos de espécies
morfologicamente semelhantes, como o0 grupo Dichotomius (Luederwaldtinia)
sericeus. Esse grupo foi recentemente revisado através de caracteres taxonémicos,
revelando a presenca de oito espécies cripticas. Nesse género, analises de caribtipos
de 18 espécies revelaram conservacdo da macroestrutura cromossémica, com
namero diploide 2n = 18,Xyp e morfologia cromossdémica meta-submetacéntrica. Além
de distribuicdo da heterocromatina constitutiva (HC) nas regides pericentroméricas,
localizagdo do rDNA 18S predominantemente no terceiro par cromossGmico e
colocalizacdo do rDNA 5S e histona H3 no segundo par.

Apesar dessa conservagdo, os elementos de transposicdo (TEs) tém sido
relacionados com variagdes na microestrutura cromossémica. Em Dichotomius, o
mapeamento heterdlogo da fracdo de DNA altamente e moderadamente repetitivo
(DNA Cot-1) revelou uma dindmica da HC, em relacdo a sua composicdo e na
localizacdo das sequéncias que compdem essa HC. Essa dinamica esta
possivelmente relacionada a presenca e atividade de elementos de transposi¢cdo, uma
vez que a natureza repetitiva e a capacidade de mobilidade desses elementos
permitem a remodelagem e evolugdo de genomas.

Em Dichotomius, apenas um transposon ndo autbnomo da familia Mariner,
denominado DsMarMITE foi caracterizado. No entanto, 0 mapeamento cromossémico
desse transposon revelou que o DsMarMITE esta localizado nas regides eucromaticas
e que néo apresenta relagcéo direta com a dinamica da HC. Portanto, outros elementos
gue ainda ndo foram caracterizados podem estar relacionados com a variacao da HC,
em relacdo a sua composicéo e na localizacdo das sequéncias que compdem essa
HC.

Considerando que no género Dichotomius os elementos de transposicéo
podem estar relacionados com variagées na microestrutura cromossémica, incluindo
na dindmica da HC, propusemos analisar elementos de transposicdo em espécies
proximas deste género, em particular do grupo D. (L.) sericeus, com a finalidade de

responder as seguintes questbes: (1) Quais elementos de transposicdo estao
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estruturalmente conservados no genoma de D. (L.) schiffleri e/ou nas espécies do
grupo D. (L.) sericeus?; (2) Qual a histéria evolutiva desses elementos?
Adicionalmente, no grupo D. (L.) sericeus foi realizado o mapeamento cromossémico
populacional de elementos degenerados e conservados estruturalmente, visando

observar se os TEs contribuem para variacdo da HC nos cariétipos desses organimos.

1.2 OBJETIVOS

1.2.1 Objetivo Geral

Caracterizar, mapear e inferir a histdria evolutiva de elementos de transposicao
em Dichotomius (Luederwaldtinia) schiflleri e espécies proximas do grupo D. (L.)
sericeus, com a finalidade de revelar a diversidade desses elementos, verificar a
distribuicAo cromossémica e acumulo desses elementos na heterocromatina

constitutiva.

1.2.2 OBJETIVOS ESPECIFICOS

1. Caracterizar os elementos de transposicéo de D. (L.) schiffleri, visando identificar
os elementos com dominios conservados e compreender as relacdes filogenéticas
dos elementos presentes nesse genoma.

2. lIsolar e caracterizar elementos de transposicao nas espécies do grupo de D. (L.)
sericeus, com a finalidade de analisar a variabilidade interespecifica e
populacional desses elementos.

3. Realizar o mapeamento de elementos transponiveis em nivel populacional de
espécies do grupo D. (L) sericeus, para verificar a presenca e acumulo desses
elementos em regides da HC.
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2 REVISAO DE LITERATURA

2.1 CONSIDERAGOES GERAIS DO GENERO Dichotomius (COLEOPTERA:
SCARABAEIDAE: SCARABAEINAE), COM ENFASE NO GRUPO Dichotomius (L.)
sericeus

Scarabaeidae, uma das familias mais representativas da superfamilia
Scarabaeiodea (Coleoptera), possui cerca de 2.000 géneros e 27.800 espécies
(COSTA, 2000; RATCLIFFE; JAMESON; SMITH, 2002). Dentre suas subfamilias,
Scarabaeinae se destaca devido aos servicos ambientais prestados, como a
reciclagem da matéria organica e o controle biolégico de pragas agricolas
(FLECHTMANN; RODRIGUES; SENO, 1995; NICHOLS et al., 2008). Essa subfamilia
apresenta cerca de 6.000 espécies, distribuidas em 200 géneros, incluindo
Dichotomius (HALFFTER, 1991).

O género Dichotomius Hope, 1838 pertence a tribo Coprini e € endémico do
continente Americano, com distribuicdo do Noroeste dos Estados Unidos a Argentina
Central (MONTREUIL, 1998; VAZ-DE-MELLO et al., 2011). Esse género possui 165
espécies (KORASAKI et al., 2012), das quais aproximadamente 100 ocorrem no Brasil
e apenas oito no nordeste brasileiro (VAZ-DE-MELLO, 2017). Esse género é dividido
em quatro subgéneros: Selenocopris, Homocanthonides, Dichotomius s. str. e
Luederwaldtinia. Dentre esses subgéneros, Luederwaldtinia se destaca por
apresentar o maior nimero de espécies no Brasil (VAZ-DE-MELLO, 2017) e possuir
grupos de espécies morfologicamente semelhantes, incluindo lucasi, batesi
(SARMIENTO-GARCES; AMAT-GARCIA, 2009) e Dichotomius (L.) sericeus (VAZ-
DE-MELLO; LOUZADA; GAVINO, 2001).

O grupo Dichotomius (L.) sericeus formado anteriormente por cinco espécies
(D. sericeus, D. irinus, D. laevicollis, D. var. aterrimus e D. schiffleri), foi revisado
recentemente por Valois et al. (2017) por meio de caracteres morfolégicos. Neste
estudo, D. var. aterrimus foi sinonimizado com D. sericeus e foram descritas quatro
novas espécies: D. catibaus, D. gilletti, D. guaribensis e D. iannuzziae (Figura 1)
(VALOIS; VAZ-DE-MELLO; SILVA, 2017).

Em relagéo a distribuicdo geografica, as espécies do grupo D. (L.) sericeus sdo
frequentemente encontradas em areas de restinga e de Mata Atlantica ao longo da

costa brasileira, embora também ocorram nas serras do Sudeste e do Sul, e na Mata
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Atlantica do Paraguai e Argentina (SILVA et al., 2010; VALOIS; VAZ-DE-MELLO,;
SILVA, 2017). As espécies deste grupo, a exemplo de D. (L.) schiffleri e D. (L.)
laevicollis, tém sido muitas vezes relacionadas a indicacao de disturbio ambiental,
uma vez que a sua abundancia diminui drasticamente no ecossistema com 0 aumento
da antropizacéo e perda de habitat (VIEIRA; LOUZADA; SPECTOR, 2008).

A espécie D. (L.) schiffleri Vaz-de-Mello, Louzada & Gavino, 2001 € endémica
dos ecossistemas costeiros brasileiros, com ocorréncia principalmente em areas de
restinga dos estados do Espirito Santo, Bahia e Pernambuco (VIEIRA et al., 2011).
Essas areas tém sofrido uma intensa degradacdo devido a invasdo de espécies
exodticas e a expansdo urbana e da agricultura nos ultimos 50 anos (SCHERER;
MARASCHIN-SILVA; BAPTISTA, 2005). A perda desse habitat afeta as espécies
sensiveis a mudancas ambientais, como D. (L.) schiffleri (COSTA; BARRETTO;
MOURA, 2014; VIEIRA; LOUZADA; SPECTOR, 2008) que é uma das seis espécies
de Scarabaeidae ameacadas de extingdo (BRASIL, 2014).

Figura 1- Espécies do grupo Dichotomius (L.) sericeus. Fonte: Valois et al. 2017.

D. sericeus D. irinus D. laevicollis D. schiffleri | D. guaribensis D. gilletti D. iannuzziae | D. catimbau

2.2 CITOGENETICA DO GENERO Dichotomius (COLEOPTERA: SCARABAEIDAE:
SCARABAEINAE)

No género Dichotomius, as andlises de citogenética classica foram realizadas
em apenas 11% das espécies descritas (CABRAL-DE-MELLO et al., 2011a; XAVIER;
CABRAL-DE-MELLO; MOURA, 2014). Esses estudos revelaram a predominancia do
caridtipo 2n=18,Xyp e morfologia cromossdmica meta-submetacéntrica (Figura 2,
Tabela 1). Este cari6tipo é considerado derivado, resultante provavelmente de dois
rearranjos cromossdmicos, inversdo pericéntrica e fusdo céntrica entre dois
autossomos, ocasionando a reducdo do numero diploide 2n=20, considerado
plesiomorfico para Coleoptera (CABRAL-DE-MELLO et al., 2008, 2011a; XAVIER,;
CABRAL-DE-MELLO; MOURA, 2014). Nesse género, a configuragdo do bivalente
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sexual na meiose do tipo Xyp (y em forma de paraquedas) foi observada em todas as
espécies analisadas, exceto D. schiffleri que apresentou a configuracao Xyr (y em
forma de bastdo) (Figura 3) (XAVIER; CABRAL-DE-MELLO; MOURA, 2014).

Figura 2 - Padrao da localizacédo da Heterocromatina Constitutiva no género Dichotomius. Cariétipo C

— bandeado em D. iannuzziae (= D. laevicollis). Fonte: Cabral-de-Mello et al. 2011.
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Figura 3
Figura 3 - Configuracdo em paraquedas (p) e em bastdo (r) do bivalente sexual na meiose. Fonte:

Cabral-de-Mello et al. 2010 e Xavier et al. 2014.
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Xy P Xy T

Quanto a heterocromatina constitutiva (HC), a analise realizada em seis
espécies, revelou a sua localizada nas regifes pericentroméricas (Figura 2) e a
riqueza em pares de bases GC ou neutros, nesse Ultimo caso ndo mostra riqgueza
especifica para os pares GC e AT (Tabela 1) (CABRAL-DE-MELLO et al., 2011b). Em
relacdo a citogenética molecular, o0 mapeamento das familias multigénicas rDNA e
histona H3 foram realizados em 15 e nove espécies, respectivamente (CABRAL-DE-
MELLO et al., 2011a). Esse estudo demonstrou uma conservagao na localizacao dos
sitios de rDNA 18S no terceiro par autossémico (apesar de ser observado também
nos bivalente dois, quatro e sexuais) e a colocaliza¢do dos sitios de rDNA 5S e histona
H3 na regido pericentromérica do segundo par cromossémico em todas as espécies
estudadas (Tabela 1).

O mapeamento da fracdo de DNA altamente e moderadamente repetitivo (DNA
Cot-1), realizada em sete espécies, revelou sua localizagdo na regido

pericentromérica, coincidente com o padrao de bandeamento C (Tabela 1) (CABRAL-
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DE-MELLO et al., 2011b; XAVIER; CABRAL-DE-MELLO; MOURA, 2014). Entretanto,
a hibridizagédo heterdloga do DNA Cot-1 de D. geminatus em cinco espécies: D. bos,
D. nisus, D. semisquamosus, D. laevicollis e D. sericeus, evidenciou sinais teloméricos
e subteloméricos. Estes resultados indicam uma dindmica da HC no género
Dichotomius, em relagcdo a sua composicdo e na localizacdo das sequéncias
altamente e moderadamente repetitivas presentes nessa HC. Essa dinamica pode
estar relacionada a presenca e movimentacdo de elementos de transposicao
(CABRAL-DE-MELLO et al., 2011b).

Tabela 1- Resultados da citogenética classica e molecular nas espécies do género Dichotomius.

2nJ BandaC  Fluorocromo DNA C,t-1
D. affinis 18, Xy, 3 2
D. bicuspi 18, Xy,
D. bos 18, Xy, Peric. CMA3+/Neutros 3 2 2 Peric.
D. bosqui 20, Xy,
D. carolinus 20, Xy,
D. crinicollis 18, Xy, Peric. CMA3+/Neutros 3, X 2 2
D. depresicollis 18, Xy, Peric. | CMA3*/Neutros 3 2 2
D. geminatus 18, Xy, Peric. CMA3+/Neutros 3/4 2 2 Peric.
D. laevicollis 18, Xy, Peric. CMA3+/Neutros 3 2 2 Peric.
D. mormon 18, Xy, 3/4,% | 2
D. aff. mundus 18, Xy, 3 2
D. nisus 18, Xy, Peric. CMA3*/Neutros XY 2 2 Peric./Terminal
D. schiffleri 18, Xy, Peric. | CMA3/Neutros 3 2 2 Peric.
D. semiaeneus 18, Xy, X 2
D. semisquamosus | 18, Xy, Peric. CMA3+/Neutros 3, X 2 2 | Peric./Terminal
D. sericeus 18, Xy, Peric. CMA3*/Neutros 2 2 2 Peric./Terminal
D. prox. sericeus 18, Xy, 3 2
D. sp 18, Xy, 3 2

Peric. = Pericentromerica. Fonte: Smith e Virkki 1978; Vidal 1984; Cabral-de-Mello et al., 2008; Cabral-
de-Mello et al., 2011a,b,c; Xavier et al., 2014.

2.3 ASPECTOS GERAIS SOBRE ELEMENTOS DE TRANSPOSI(;AO, COM
ENFASE NA OCORRENCIA EM COLEOPTERA

Os elementos de transposicao (TEs) sdo sequéncias repetitivas e dispersas de
DNA, que possuem a capacidade de se moverem no genoma do hospedeiro (HARTL,;
LOZOVSKAYA; LAWRENCE, 1992). Devido a essa mobilidade, os TEs estédo

associados a diferentes efeitos, como mutagcbes genéticas, regulagcdo de genes
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adjacentes, variacdo no tamanho genémico, rearranjos cromossémicos e manutencao
dos telémeros (FUJIWARA et al., 2005; MAUMUS; FISTON-LAVIER; QUESNEVILLE,
2015).

Com base no mecanismo de transposi¢cao, esses elementos sao classificados
em dois grupos, os de Classe | (retrotransposons) e Classe Il (transposons de DNA)
(WICKER et al.,, 2007). Nos retrotransposons, 0s elementos sao inicialmente
transcritos formando um RNA intermediario. Esse RNA serve de molde para uma nova
molécula de DNA, através da transcriptase reversa, que é posteriormente inserido no
sitio receptor. Devido ao fato do elemento original ser duplicado, esse mecanismo &
conhecido como replicativo ou “copia e cola” (FESCHOTTE; PRITHAM, 2007;
KIDWELL, 2005).

Nos transposons de DNA, os elementos se movem diretamente, sem a
necessidade da formacdo de um RNA intermediario. Esses elementos podem ser
classificados em duas subclasses. Na subclasse |, as duas cadeias do elemento séo
excisadas, transpostas e inseridas no sitio receptor, pela transposase (WICKER et al.,
2007). Durante essa transposicao, geralmente ndo ha o aumento do numero de copias
do elemento, sendo por isso, conhecido como conservativo ou “recorta e cola”
(KIDWELL, 2005) Apesar disso, esses elementos podem aumentar o nimero de
copias pelo sistema de reparo de recombinacdo homologa do elemento transposto,
através da transposicdo dos TEs durante a divisdo celular para uma regido nao
duplicada e pela recombinacao ectépica (Kidwell, 2005). Na subclasse Il, a Unica fita
de DNA excisada serve de molde para uma nova cépia do elemento, em um
mecanismo de replicacdo em circulo rolante. Nesse processo, o elemento original é
duplicado, sendo por isso classificado como “copia e cola” (Figura 4) (WICKER et al.,
2007).

Adicionalmente, os elementos de transposicdo podem ser classificados
hierarquicamente em subclasse, ordem, superfamilia, familia e subfamilia, com base
em alguns critérios, como: composi¢cao génica, estrutura das proteinas, comparagao
dos dominios codificantes e néo codificantes e a presenca e tamanho da duplicacao
do sitio alvo do elemento (TSD do inglés Target Site Duplication) (Figura 4) (WICKER
et al.,, 2007). Considerando esses critérios, 0s retrotransposons sao subdivididos,
geralmente, em cinco ordens e 17 superfamilias e os transposons de DNA, em quatro

ordens e 12 superfamilias (Figura 4) (WICKER et al., 2007). Apesar dessa
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classificacéo, outras superfamilias sao frequentemente descritas, como PHIS, Transib
e Kolobock nos transposons de DNA (HAN et al., 2015; YUAN; WESSLER, 2011).
Figura 4- Classificagdo dos elementos de transposi¢édo. Fonte: Wicker et al (2007) modificado.
Classificagio Estrihira TSD

Ordem Superfamilia

Classe | (retrotransposons)

LTR Copia =3[ GAG AP INT RI RH |3 46
Gypsy —pel GAG AP RT  RH INT je 4-6
Bel-Pao el CAG AP RT RH INT je—t 4-6
Retrovirus —3{ GAG AP RT RH INT ENV |3 46
ERV =—>{ GAG AP RT RH INT ENV |3 4-6
DIRS DIRS Pummme{ CAG AP RT RH YR g 0
Ngaro el GAG AP RI RH YR e jem— 0
VIPER el CAG AP RT  RH YR je oi— 0
PLE Penelope Variavel
LINE R2 Varidvel
RTE Varisue
Jockey ORFl APE RT Variavel
L1 =~ ora M AP RT = Varidvel
I ORFl APE RT RH Variavel
SINE tRNA B Variavel
7S5L [ et Variavel
55 el e— Variduel
Classe |l (DNA transposons) - Subclasse 1 Varidvel
TIR Tc1-Mariner TA
hAT 8
Mutator 9-11
Merlin 8-0
Transib P Tacer e 5
P 8
PiggyBac TTAA
PAF-Harbinger [ OrE2] 3
CACTA Tase ORF2 2-3
Crypton Crypton 0
Classe ll (DNA transposons) - Subclasse 2
Helitron Helitron = RPA |y e VIHEL  jeie 0
Maverick  Maverick P CINT | ATP ] CVP e POLE e 6
Estrutura
petiches terminais longas = ——a Repeticies terminais i i Regido ndo codificante

—{:}—Reg'ﬁo codificante s=i== Diagndstico futuro naregido ndo codificante ==’ <= Regido que pode conter ORFs
Dominios codificadores de proteinas

AP,Proteinase aspartica APE Endonuclease apurinica ATP, ATPase de empacotamento INT, Integrase

ENV,Proteina do capsideo viral GAG, Proteinas de capsideo HEL Helicase CYP, Cisteina-protease
POL B, DHA poimerase B RH.RHase H RPA Proteina A de replicagdo ORF Matriz de leitura aberta
Tase, Transposase (*DDE modificado) EN. Endonuclease YR. Tirosima recombinase RT.Transcriptase reversa
C-INT C-integrase Y2.YRcom YY mativo

Os elementos podem ainda ser classificados de acordo com a sua
autossuficiéncia funcional, como autdbnomos ou ndo autdbnomos. Os elementos
autbnomos podem codificar a maquinaria enzimatica necessaria para a sua
mobilidade. Enquanto os ndo autbnomos nédo codificam a maquinaria, necessitando
assim da maquinaria dos elementos autbnomos para a sua transposi¢cao, num
processo de mobilizag&o in trans (KIDWELL, 2005). Esses elementos ndo autbnomos,

como por ex. os MITEs (Miniature Inverted Repeat Transposable Elements),
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geralmente, se originam pela degeneracdo molecular dos TEs autbnomos (KIDWELL,
2005).

No genoma do hospedeiro, os elementos de transposi¢cao apresentam um “ciclo
de vida” dividido em trés fases: (1) invasdo do genoma seguida da multiplicacdo do
namero de copias; (2) mutacdo e inativacdo de algumas coépias, e (3) perda
guantitativa dos elementos, que pode durar milhdes de anos. Contudo, a eliminacao
completa pode ser evitada pela transferéncia horizontal desses elementos (KIDWELL;
LISCH, 2001).

A transferéncia horizontal, diferente da heranca vertical, se caracteriza pela
passagem de material genético independente da reproducdo (BROWN, 2003;
WALLAU; ORTIZ; LORETO, 2012). Essa transferéncia, que pode ocorrer entre
espécies filogeneticamente préximas ou nao, é responséavel pela ampla distribuicdo
dos TEs em diferentes taxons (ROBERTSON; LAMPE, 1995a; WALLAU; ORTIZ;
LORETO, 2012). Os elementos de transposicdo sao ubiquos (Wicker, 2007), sendo
frequentemente descritos em bactéria, protistas (SILVA et al., 2005), fungos (KOJIMA;
JURKA, 2011), plantas (GRZEBELUS et al., 2007) invertebrados (MONTIEL et al.,
2012) e vertebrados (CHALOPIN et al., 2015).

Em Coleoptera, os elementos de transposicdo foram analisados em
aproximadamente 25 espécies pertencentes a 12 familias (CUNNINGHAM et al.,
2015; DJEBBI et al., 2017; HERNANDEZ-HERNANDEZ et al., 2017; JAKUBCZAK;
BURKE; EICKBUSH, 1991; LAMPE et al., 2003; OLIVEIRA et al., 2013; PAUCHET,;
HECKEL, 2013; RIVERA-VEGA; MITTAPALLI, 2010; ROBERTSON et al., 2002;
ROBERTSON; MACLEOD, 1993). Dessas espécies, a anotacao gendmica de TEs foi
realizada apenas seis espécies: Tribolium castaneum (Tenebrionidae) (RICHARDS et
al., 2008), Phaedon cochleariae (Chrysomelidae) (PAUCHET; HECKEL, 2013),
Dendroctonus ponderosae (Curculionidae) (KEELING et al., 2013), Nicrophorus
vespilloides (Silphidae) (CUNNINGHAM et al.,, 2015), Hypothenemus hampei
(Curculionidae) (HERNANDEZ-HERNANDEZ et al., 2017) e Onthophagus taurus
(Scarabaeidae) (CHOI et al., 2010). Essa anotacdo revelou uma predominancia,
geralmente, dos retrotransposons e que os TEs representam menos de 10% do
genoma dessas espécies.

Na ordem Coleoptera, 0 mapeamento cromossémico de TEs foi realizado em

apenas quatro espécies, todas da subfamilia Scarabaeinae (OLIVEIRA et al., 2013;
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XAVIER; CABRAL-DE-MELLO; MOURA, 2014). Em Coprophanaeus cyanescens, foi
mapeado um retrotransposon ndo-LTR do tipo LOA-like (223 pb), que apresentou
localizag&o predominante na heterocromatina (OLIVEIRA; MOURA; MARTINS, 2012).
Adicionalmente, foram descritos e mapeados elementos da familia Mariner em duas
espécies do género Coprophanaeus, uma de Diabroctis (OLIVEIRA et al., 2013) e uma
de Dichotomius (XAVIER; CABRAL-DE-MELLO; MOURA, 2014). Em C. ensifer, C.
cyanescens e D. mimas, o mapeamento do dominio parcial de DDE (regido
conservada da transposase com trés aminoacidos: Asparagina-Asparagina-
Glutamina) revelou a localizacdo desses TEs nas regides heterocromaticas dos
cromossomos (OLIVEIRA et al., 2013).

Em Dichotomius apenas um elemento pertencente a familia Mariner foi
identificado e mapeado, o elemento denominado DsMarMITE. Esse elemento
apresentou caracteristicas de MITE, como repeticbes terminais invertidas perfeitas
(TIRs com 21 bp), auséncia de um gene codificante da transposase, uma alta riqueza
de A-T (65.9%) e 267 pares de bases de tamanho. O mapeamento desse elemento
revelou a localizacdo nas regides eucromaticas dos cromossomos, indicando que o
DsMarMITE néo esté relacionado com a dinamica de sequéncias da heterocromatina
constitutiva no género Dichotomius (XAVIER; CABRAL-DE-MELLO; MOURA, 2014).
Dessa forma, a relacdo dos TEs com variacfes na microestrutura cromossémica do
género Dichotomius, incluindo na dinamica da HC permanece desconhecida.

Considerando a relagéo dos TEs na reorganizacao cromossémica de diferentes
espécies e a frequente presenca de TEs na HC de espécies de Scarabaeinae, a
caracterizacdo e mapeamento de novos elementos de tranposicdo no género

Dichotomius poderao contribuir no entendimento da dinamica da HC.



24

3 RESULTADOS

3.1 ARTIGO 1 - GENOME-WIDE CHARACTERIZATION OF TRANSPOSABLE

ELEMENTS IN Dichotomius (Luederwaldtinia) Schiffleri (COLEOPTERA:

SCARABAEIDAE): EVIDENCE OF MULTIPLE HORIZONTAL TRANSFER EVENTS
Amorim, ICY"; Melo, ES?; Moura, RC!; Wallau, GL?

1 Laboratério de Biodiversidade e Genética de Insetos — Instituto de Ciéncias Biologicas,

Universidade de Pernambuco, Recife, PE — Brasil.

2 Departamento de Entomologia, Instituto Aggeu Magalhies — FIOCRUZ, Recife, PE, Brasil

*Corresponding author: Rua Arnébio Marques, 310- Santo Amaro- Recife, PE — Brasil. CEP:

50.100-130. Phone: +55 81 3183.3316, fax: +55 81 3183.3301, e-mail:

igor.amorimc@gmail.com

Manuscrito a ser submetido a revista Molecular Genetics and Genomics. Fator de impacto

2.979 e Qualis CB1 B1

ACKNOWLEDGEMENTS

We would like to thank the financial support from Coordenacéo de Aperfeicoamento de Pessoal
de Nivel Superior (CAPES) for the doctoral scholarship of Amorim, IC; Conselho Nacional de
Desenvolvimento Cientifico e Tecnoldgico (CNPq) and for the research grant PQ-2 of Moura,
RC (process - 305298/2014-3); The support from the Fundacdo de Amparo a Ciéncia e
Tecnologia do Estado de Pernambuco (FACEPE), APQ process - 0777-2.02/15; The
Bioinformatics Core of the Instituto Aggeu Magalhdes for the availability of their

computational analysis server.


mailto:igor.amorimc@gmail.com

25

ABSTRACT

Transposable elements (TES) are dispersed repetitive DNA sequences found in the vast
majority of organisms studied so far. TEs activity has shaped the genome of many different
species. In the genus Dichotomius (Coleoptera) TEs have been suggested to be associated with
the dispersion and dynamics of other repetitive sequences but limited molecular data for TEs
exists so far. Therefore, the objective of this study was to characterize the TEs of Dichotomius
(Luederwaldtinia) schiffleri genome to identify structurally conserved elements. Two
approaches were used for characterization of the elements: RepeatExplorer for de novo
characterization and homology search of TE databases. Phylogenetic trees of each conserved
TE superfamily were constructed using the maximum likelihood method and included
homologous sequences identified in NCBI and Repbase. The mobilome of D. (L.) schiffleri
possesses elements with conserved domains that could be classified into six retrotransposon,
and five DNA transposon superfamilies. The structurally conserved elements mainly belong to
the Copia, Gypsy, Tcl-Mariner and PiggyBac superfamilies. Phylogenetic reconstruction
revealed incongruences between the phylogeny of the elements and that of the host, except for
the Maverick element. The characterization of D. (L.) schiffleri elements and phylogenetic
analyses allowed the identification of putative active elements and potential horizontal transfer

events between highly divergent taxa.

Keywords: DNA Transposons; Retrotransposons; Mobilome; Dung beetle.
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INTRODUCTION

Transposable elements (TEs) are highly repetitive and dispersed DNA segments that are
capable of moving among different regions of the host genome (Hartl et al. 1992). Because of
this mobility, these elements are associated with different effects in the genome, such as direct
genetic mutations, regulation of adjacent genes, chromosome rearrangements, and variation in
genome size (Maumus et al. 2015). The presence of TEs in the most diverse host genomes can
be explained by the process of vertical inheritance, i.e., the passage of genetic material from
parents to their offspring, or by horizontal transfer, a phenomenon characterized by the
movement of genetic material between organisms independent of reproduction (Robertson and
Lampe 1995a; Brown 2003; Wallau et al. 2012).

Transposable elements can be classified into two major groups: Class | elements
(retrotransposons) require the formation of an RNA intermediate for their transposition, and
Class Il elements (transposons) move directly as DNA (Finnegan 1992; Wicker et al. 2007). In
addition, TEs can be divided hierarchically into subclasses, orders, superfamilies and families
based on gene composition, protein structure, comparison of coding and non-coding domains,
and presence and size of target site duplication (Wicker et al. 2007). Transposable elements can
also be classified according to their functional self-sufficiency as autonomous and non-
autonomous. Autonomous elements encode all of the machinery necessary for their
transposition, whereas non-autonomous elements such as Miniature Inverted-repeat
Transposable Elements (MITES) require proteins from other elements to perform transposition
(Kidwell 2005).

The presence of TEs has been described in different taxonomic groups (Elliott and
Gregory 2015), and can be determined by different hybridization molecular techniques as
Southern blot, chromosome mapping and by direct DNA sequencing of an element (Kidwell

2005; Lerat 2010). Previous studies investigated one or few families of TEs per species, due to
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the low throughput of the techniques available at the time, however the huge development of
new sequencing technologies currently allow one to have a clear idea of the entire genome of a
given species including the entire mobilome (all TEs contained on it). The large amount of
sequencing data available now demanded the development of several bioinformatics tools for
identification and annotation of TEs in host genomes. Although several software specifically
designated to mobilome characterization, exists no clear benchmarking was properly conducted
to evaluate their straighten and weakness. Hence the use of complementary tools and
approaches has been recommended for better characterization of the TEs repertoire of a given
species (Lerat 2010).

In Coleoptera, genome annotation allowed the identification of different TEs
superfamilies in Tribolium castaneum (Tenebrionidae) (Richards et al. 2008) (TEs constituting
approximately 6% of the genome), Onthophagus taurus (Scarabaeidae) (1,09% of the genome)
(Choi et al. 2010), Dendroctonus ponderosae (Curculionidae) (Keeling et al. 2013) (0,7% of
portion of total length), Nicrophorus vespilloides (Silphidae) (Cunningham et al. 2015) (3,97%
of the genome), and Hypothenemus hampei (Curculionidae) (8,2% of the genome) (Hernandez-
Hernandez et al. 2017).

Moreover, different studies have verified the presence of elements by direct sequencing
of one or few TEs families, corresponding to approximately 20 coleopteran species analyzed
(Robertson and MacLeod 1993; Robertson and Lampe 1995b; Beeman et al. 1996; Braquart et
al. 1999; Robertson et al. 2002; Rivera-Vega and Mittapalli 2010; Yocum et al. 2011; Oliveira
et al. 2013; Xavier et al. 2014; Djebbi et al. 2017).

In the Dichotomius (Scarabaeidae) genus, TEs were associated with the dispersion of
18S rDNA genes and with the dynamics of moderately and highly repetitive sequences present
in constitutive heterochromatin (Cabral-de-Mello et al. 20114, b, ¢). Within this genus, only

non-autonomous elements of the Mariner family have been isolated and characterized in two
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species: Dichotomius (Luederwaldtinia) schiffleri Vaz-de-Mello, Louzada & Gavino, 2001
(Xavier et al. 2014) e D. (L.) gilletti Valois, Vaz-de-Mello & Silva, 2017 (Amorim et al., in
press). Chromosome mapping of these elements revealed possible cross-mobilization events
and an euchromatic and heterochromatic distribution. Furthermore, these elements are not
specifically correlated with the dynamics of other repetitive sequences (Xavier et al. 2014;
Amorim et al. in press).

The aim of this study was to perform a genome-wide TEs characterization in
Dichotomius (L.) schiffleri focusing on the identification of potentially active TE families.
Additionally, we performed phylogenetic reconstruction of the TEs recovered in order to
investigate their evolutionary history. D. (L.) schiffleri mobilome data will guide future
chromosome mapping studies aimed at understanding the role of these elements in the
dispersion and dynamics of other repetitive DNA sequences at the populational level in this

species and in other species from this genus.

MATERIALS AND METHODS
Sampling and DNA extraction

Specimens of D. (L.) schiffleri were collected in Maracaipe (8°31°26” S, 35°1°31” W),
Pernambuco state, Brazil. The sampling was authorized by IBAMA/SISBIO, which issued a
permanent license (16278-1) for the collection of zoological material of the orders Coleoptera,
Orthoptera and Hemiptera and a specific license for D. (L.) schiffleri (50438-1). DNA was
extracted from the pronotal tissue of one specimen according to the protocol of Sambrook and

Russel (2001).

Sequencing and characterization of transposable elements of Dichotomius (L.) schiffleri
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Partial genome of D. (L.) schiffleri was sequenced on a Solexa-1llumina HiSeq 2000
platform using a paired-end approach with an average read length of approximately 100 bp.
Sequences with a quality score less than Q20 were removed from the analysis using
Trimmomatic v. 0.36. The elements were characterized using two approaches, a de novo and
homology approaches. In the first, raw read sequences were first clustered and identified in

RepeatExplorer (http://repeatexplorer.umbr.cas.cz/) and the resulting clusters  were

reassembled usingCAP3 Sequence Assembly Program (http://doua.prabi.fr/software /cap3) to

obtain final consensus sequence.

In the second approach, the genome was assembled with the SOAP program
(Oligonucleotide Analysis Package) using the parameters that exhibited the best contiguity (k-
mers of 75 bp and un-mask, resolve repeats and fill gaps parameters). This assembly was used

for the annotation of sequences larger than 150 bp with the RepeatMasker v. 4.0.7

(http://www.repeatmasker.org/) using parameter -s (slow search) and the option of leaving low-
complexity or single repeats unmasked. RMBIlast tool of search and alignment were used for
this analysis, as well as the Repbase library of repetitive elements employing Repbase Update
REPET edition 20.05 (Flutre et al. 2011) since its classification is similar to Wicker et al.
(2007).

All copies were extracted with “One code to find them all” tool (Bailly-Bechet et al.
2014) to obtain better reconstruction of the elements. The fragments were filtered according to
their coverage relative to the reference element, maintaining only TEs with a coverage higher
than 40%. Additionally, consensus sequences of the elements were obtained by clustering all
copies using the CD-HIT-EST algorithm (Li and Godzik 2006) with thresholds of 80% identity
and 80% coverage.

The sequences obtained with the two approaches, that showed similarity to already

described elements, were analyzed in ORFfinder (https://www.ncbi.nlm.nih.gov/ orffinder/) to
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identify open reading frames (ORFs). Based on these ORFs, the presence of conserved domains
was verified in the Conserved Domain Database

(https://www.ncbi.nlm.nih.qgov/Structure/cdd/wrpsb.cqi).

Phylogenetic analysis of transposable elements

Phylogenetic analysis was performed for each superfamily of identified elements.
Protein sequences larger than 100 amino acids were used for these analyses. In addition, the
sequences of other species obtained with the Blastp tool (default parameters) of the NCBI

platform  (https://blast.ncbi.nlm.nih.gov/Blast.cgi) and Censor tool of Repbase

(http://www.girinst.org/censor/index.php) were used. The sequences were aligned using

MAFFT on a web server (http://mafft.cbrc.jp/alignment/server/) and edited manually with the

Aliview software to remove redundant sequences derived from different copies of the same
elements and non-informative sites.
Phylogenetic trees were reconstructed by the maximum likelihood method using the

PhyML 3.0 server (http://www.atgc-montpellier.fr/phyml/). The evolutionary model for each

tree was chosen on this server considering Akaike’s information criterion. Branch support was
evaluated by aLRT statistics (Guindon et al. 2010) and the trees were visualized and
personalized in Figtree v. 1.4.0. Outgroups were determined based on the superfamilies of the
closest elements. However, midpoint rooting was used when the sequence of a close element

was not satisfactory.

RESULTS
Transposable elements of Dichotomius (L.) schiffleri
RepeatExplorer results indicated that TEs accounted for 9.45% of the partial genome of

D. (L.) schiffleri, with 6.2% retrotransposons and 3.25% DNA transposons. Comparison of the
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methods showed the presence of different elements with conserved domains, identified by
either approach but never by both (Table 1). These elements with conserved domains belong to
six superfamilies of retrotransposons (Gypsy, Copia, I, Jockey, Penelope, and RTE) and five
superfamilies of DNA transposons (Tcl-Mariner, hAT, PiggyBac, PHIS, and Maverick). The
Tcl-Mariner (18 TEs), Gypsy (11 TEs) and PiggyBac (7 TEs) superfamilies were the most
representative (Table 1).

De novo characterization revealed approximately 50 elements highly degenerated,
exhibiting no characteristic domain and low identity to described elements. Therefore, it was
not possible to infer their accurate classification. Additionally, the homology approach
identified elements without conserved domains of the hAT (8 TEs), Tc1-Mariner (6 TEs), Gypsy
(5 TEs), Kolobok (5 TEs) and Transib (1 TE) superfamilies, as well as 10 short interspersed
nuclear element (SINEs) (Supplementary Table 1).

Considering both approaches, different partial or intact domains were identified.
Reverse transcriptase and DDE (asparagine-asparagine-glutamine) domains were the most
common in retrotransposons and DNA transposons, respectively (Table 1). In retrotransposons,
different intact domains were observed for Copia and Gypsy superfamilies, such as reverse
transcriptase, integrase and RNase H, in addition to the gag gene in Copia elements (Table 1).
Different Tc1-Mariner and PiggyBac elements with intact domains were identified amongst
DNA transposons, as well as ORFs larger than 350 amino acids (Table 1). However, we found

no terminal inverted repeats.

TE Superfamilies phylogenetic trees
We were able to reconstruct eight superfamilies trees out of 11 superfamilies
characterized. D. (L.) schiffleri TEs showed low identity with elements of other species and

sometimes long branches, particularly in Penelope and LINE | trees, indicating the
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accumulation of several amino acid differences in comparison with previous characterized TEs
from other species (Supplementary Fig. 1-7). However, three trees from PiggyBac, Pogo
(which belongs to the Tcl-Mariner superfamily) and ISL2EU (PHIS superfamily) showed
major incongruence compared with the host tree. Besides that, elements of these superfamilies
showed high identity with elements of phylogenetically distant species (Fig 1, 2 and 3;
Supplementary Table 2).

In PiggyBac superfamily tree, D. (L.) schiffleri elements were distributed among six
different clades, including two elements in the first clade (clade I) and one element in each of
the remaining clades (Fig. 1, clades I, 111, IV, V and VI). Elements isolated from Hymenoptera
predominated in this phylogeny, including clades V and VI which contained TEs exclusively
found in this order clustered with D. (L.) schiffleri elements (Fig. 1). The presence of elements
isolated from other species from the Coleoptera order was only observed in clades | and 1V,
with amino acid identity of 74% to Anoplophora glabripennis and 68% to Aethina tumida
elements (Fig. 1). In clades I, 1l and 1V, the D. (L.) schiffleri elements formed groups with
those of the platyhelminth Schmidtea mediterranea, with identity ranging from 73% to 98%
(Fig. 1).

Pogo phylogenetic tree showed elements of D. (L.) schiffleri distributed in seven clades,
with two elements in the fourth clade (Fig. 2 clade V) and one element in each of the remaining
clades (I, Il, Il and V). Elements isolated from chordates predominated in clades I, Il and VI,
with identity values to D. (L.) schiffleri TEs ranging from 59% to 76% (Fig. 2). In clades IV
and VII, the D. (L.) schiffleri TEs were grouped with elements exclusively found in the orders
Diptera and Hymenoptera, respectively (Fig. 2). Additionally, elements of the platyhelminth S.
mediterranea (75% identity), the nematode Trichuris suis (79% identity) and the cnidarian

Hydra vulgaris (81% identity) were observed in clades I, Il and V, respectively (Fig. 2).
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Regarding the phylogeny of ISL2EU, the element isolated from D. (L.) schiffleri formed
an exclusive group with TEs from insects of the family Formicidae (Hymenoptera) (Fig. 3).
When compared to D. (L.) schiffleri, these elements exhibited high identity, reaching 95%

identity with an element from Solenopsis invicta (Fig. 3).

DISCUSSION
Characterization of transposable elements of Dichotomius (L.) schiffleri

Analysis of the partial genome of Dichotomius (L.) schiffleri using RepeatExplorer and
RepeatMasker permitted the identification of different TEs. These tools have previously shown
good performance in characterizing repetitive sequences in different species (Lerat 2010;
Barghini et al. 2014; Garcia et al. 2015; Gebre et al. 2016). However, we observed that neither
method alone was able to identify all elements present in the D. (L.) schiffleri genome. It
supports others findings showing the need to concomitantly use different methods for TE
detection (Lerat 2010; Platt et al. 2016; Sotero-Caio et al. 2017), when dealing with low
coverage genome assemblies/ sequencing. In addition, as far as we are concerned, it was the
first attempt to compare the performance of a de novo approach focusing on raw reads TE
characterization and a homology approach focusing on TE characterization after genome
assembly. All other studies so far only used one or other approach the characterize the TE
content of a giving species.

The different TE profile found by each methodology is probably related to
methodological differences between these programs. RepeatExplorer identifies repetitive
sequences using a de novo approach based on the reasoning that transposable elements are
highly repetitive and should be sequenced more frequently than single copy genes, while
RepeatMasker uses a homology-based approach based on similarity of sequences with a curated

TE library (Lerat 2010; Novak et al. 2013). Such strategies are then expected to recover a
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different set of elements: de novo based on highly repetitive reads can characterize TEs with
high copy number regardless their similarity with a known TE library but miss low copy number
TE families. While homology based approach using a known TE library can characterize TE
families with both low and high copy number as long as they present enough similarity based
on the threshold established, hence this approach can be biased to the detection of previous
known TEs and heavily affected by the contiguity of the assembly generated. Although such
differences were expected it was surprising to find the complete absence of over position in the
TEs found by each approach.

An abundance of retrotransposons in relation to DNA transposons, as observed in D.
(L.) schiffleri, has been reported for different Coleoptera species (Richards et al. 2008; Choi et
al. 2010; Keeling et al. 2013). Exceptions are the genome of Nicrophorus vespilloides,
containing 3.35% DNA transposons and 0.6% retrotransposons (Cunningham et al. 2015), and
Hypothenemus hampei with 6.02% DNA transposons and 2.25% retrotransposons (Hernandez-
Hernandez et al. 2017). These results can be explained by the genomic size of the Coleoptera
species, which varies from 154 Mb to 2,578 Mb (Hanrahan and Johnston 2011). The
superfamilies of elements identified in D. (L.) schiffleri have been reported previously in other
Coleoptera genomes, particularly Tribolium castaneum (Richards et al. 2008), Dendroctonus
ponderosae (Keeling et al. 2013), and H. hampei (Hernandez-Hernandez et al. 2017).

When we compared Copia, Gypsy, Tcl-Mariner and PiggyBac elements of D. (L.)
schiffleri to the complete structure described by Wicker et al. (2007), these elements are
structurally conserved and contain most the necessary components to be active, except for the
gag gene of Gypsy elements, long terminal repeats of retrotransposons, and terminal inverted

repeats of DNA transposons. These domains could not be characterized with our data.

Evidence of horizontal transfer events
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The different transposons of D. schiffleri showed instances of highly divergent
sequences. Divergences found in the sequences of different elements of PiggyBac and Pogo
may be related to the accumulation of modifications or to an independent origin by horizontal
transfer, as previously suggested for Drosophila species (Bargues and Lerat 2017). However,
in D. (L.) schiffleri, the accumulation of modifications appears to be responsible only for the
divergence among elements of the same clade. The identity between elements of
phylogenetically distant species and the incongruence between the phylogeny of the element
and that of the host suggest the occurrence of horizontal transfer events along the evolutionary
history of D. (L.) schiffleri elements, since these characteristics are considered evidences for
this type of transfer (Silva et al. 2004; Wallau et al. 2012).

D. (L.) schiffleri PiggyBac, Pogo and ISL2EU clustered closely with elements from the
platyhelminth Schmidtea mediterranea, the cnidarian Hydra vulgaris, the nematode Trichuris
suis and the ant Solenopsis invicta. Amino acid sequence comparisons among these sequences
were much more similar than expected by vertical transfer (Supplementary Table 2).
Conservation of these elements by vertical inheritance seems unlikely, when we compare the
divergence time of the Coleoptera with cnidarians (640 Mya), platyhelminths and nematodes
(580 Mya), and Hymenoptera (350 Mya) (Peterson et al. 2004; Parfrey et al. 2011; Misof et al.
2014; Reis et al. 2015).suggesting that those elements were exchanged by horizontal transfer
between these species or through intermediate species. Considering the first hypothesis (direct
transfer between species) geographic and temporal contact and niche sharing are essential
prerequisites for horizontal transfer take place (Silva et al. 2004; Carareto 2011).

In the case of the Pogo element from Trichuris suis and D. (L.) schiffleri, which
presented amino acid identity of 78,95 %, this prerequisite is fullfilled. T. suis is a nematode
found in the gastrointestinal system of pigs and its eggs can be found in the feces of this animal

(Nejsum et al. 2009), and D. (L.) schiffleri coprophagous feeding behavior (Costa et al. 2014)
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could enable the HT of Pogo elements directly among these species. Regarding the ISL2EU
element found shared by the ant Solenopsis invicta and D. (L.) schiffleri, whith amino acid
identity of 95,68 %, both species can be found in the Pernambuco state, Brazil (Silva et al.
2010), and the fact that S. invicta is an active predator of arthropod eggs, including those of
Coleoptera (Zenger and Gibb 2001; Barden et al. 2011), may have facilitated the horizontal
transfer of the ISL2EU element among these species.

In the case of Hydra vulgaris cnidarian (shared one Pogo element with D. (L.) schiffleri
with 81,46 % of amino acid identity) and the platyhelminth S. mediterranea (shared 3 different
PiggyBac elements with amino acid identity ranging from 73,47 to 98,31) these species have
current differen species range. H. vulgaris have a wide distribution across different continents,
including the Americas (Jankowski et al. 2008), having feeding habit involving different
arthropods, such as dipteran larvae (Deserti et al. 2017). While S. mediterranea is endemic in
the western Mediterranean region (L&zaro et al. 2011), this species presents feding habit
associated with different insect larvae (Harrath et al. 2004). Therefore, the similarity between
different PiggyBac and Pogo elements of these species of D. (L.) schiffleri suggests that
horizontal transfer events have occurred through an intermediate species.

Several HT events involving DNA transposon TEs found inplatyhelminth and insect
species has been described, including insects found in South America, Heliconius melpomene
(Lavoie et al. 2013) and Rhodnius prolixus (Filée et al. 2015). Our data gives further support
that DNA transposons from the Tc1-mariner superfamily are the TEs most involved in HT as
shown by other large scale studies while a lower frequency is found for PiggyBac elements
(Wallau et al. 2012; Dotto et al. 2015; Peccoud et al. 2017).

CONCLUSIONS
In genome-wide characterization of the transposable elements of a species it is necessary

to use different approaches. In Dichotomius (L.) schiffleri, structurally conserved elements of
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the Copia, Gypsy, Tcl-Mariner and PiggyBac superfamilies are potentially active. This fact
renders them candidates associated with the dispersion and dynamics of other repetitive DNA
sequences in the genus Dichotomius, however, chromosomal mapping of these sequences is
necessary to evaluate such hypothesis. The majority of the D. (L.) schiffleri TEs are probably
vertically inherited. Nevertheless, geographic contact allowed a recent horizontal transfer of
ISL2EU element between D. (L.) schiffleri and S. invicta and a more ancient transfer between
T. suis and D. (L.) schiffleri. While at least other HT events probably mediated by unsampled

intermediate species can also be suggested.
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Table
Table 1 - Classification, approach, size and domains of the conserved elements of D. (L.) schiffleri.
Transposable Number Approach Number ORF size (aa) Domains
elements of TEs of TEs by
consensus approach
Retrotransposon
Copi 5 RepeatExplorer-CAP3 - - -
opia SOAP-RepeatMasking 5 656 - 177 aa RT/rve/RNaseH/gag
G 1 RepeatExplorer-CAP3 6 513-37 aa RT/rve/RNaseH
yPsy SOAP-RepeatMasking 5 280 - 160 aa RT/rve/RNaseH
| . RepeatExplorer-CAP3 3 755 - 249 aa RT
SOAP-RepeatMasking 2 490 e 259 aa RT
RepeatExplorer-CAP3 1 192 aa RT
Jockey 2 -
SOAP-RepeatMasking 1 220 aa RT
RepeatExplorer-CAP3 4 264 - 102 aa RT
Penelope 5 -
SOAP-RepeatMasking 1 221 aa RT
RTE 9 RepeatExplorer-CAP3 2 62 e 30aa RT
SOAP-RepeatMasking - - -
DNA Transposon
. RepeatExplorer-CAP3 6 375 - 108 aa DDE/ HTH
Tcl-Mariner 18 -
SOAP-RepeatMasking 12 468 — 95 aa DDE/HTH
hAT ) RepeatExplorer-CAP3 2 589 e 113 aa C-terminal of transposase
SOAP-RepeatMasking - - -
. RepeatExplorer-CAP3 1 492 aa DDE
PiggyBac 7 -
SOAP-RepeatMasking 6 553 —115 aa DDE
PHIS 9 RepeatExplorer-CAP3 - - -
SOAP-RepeatMasking 2 305 e 200 aa DDE
. RepeatExplorer-CAP3 2 230 e 234 aa Integrase/Pol B
Maverick 2

SOAP-RepeatMasking

Abbreviations: RT - Reverse Transcriptase; rve - Integrase; DDE - region with three amino acids, Asparagine-
Asparagine-Glutamine; HTH - Helix-turn-Helix; Pol B — DNA Polymerase B
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Figure 1 - Phylogenetic tree of PiggyBac elements estimated with the maximum likelihood method. The
evolutionary model selected and used was LG +G +F. The highlighted clades (I, II, Ill, IV, V and VI)
contain elements of Dichotomius (L.) schiffleri. Sequences obtained in this study are shown in blue.
When compared to the D. (L.) schiffleri elements, the identity with Coleoptera species is indicated by an
asterisk and possible horizontal transfer events by curly brackets. Branch supports correspond to aLRT
values.
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Figure 2 - Phylogenetic tree of Pogo elements estimated with the maximum likelihood method. The
evolutionary model selected and used was LG +G +F. The highlighted clades (I, I, Ill, IV, V, VI and VII)
contain elements of Dichotomius (L.) schiffleri. Sequences obtained in this study are shown in blue.
When compared to the D. (L.) schiffleri elements, the identity of species with possible horizontal transfer
events is indicated by curly brackets. Branch supports correspond to aLRT values.
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Figure 3 - Phylogenetic tree of ISL2EU elements estimated with the maximum likelihood method. The
evolutionary model selected and used was LG +G +l| +F. Sequences obtained in this study are shown
in blue. When compared to the D. (L.) schiffleri elements, the identity of species with possible horizontal
transfer events is indicated by curly brackets. Branch supports correspond to aLRT values.
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Supplementary Table 1 - Classification, number and size of the elements without conserved

domains.

Transposable elements N° of Tes Smaller and bigger
consensus consensus size
SINEs 10 42 -101 pb
Gypsy 5 182 - 495 pb
hAT 8 267 — 1654 pb
Tcl-Mariner 6 307 -974 pb
Kolobok 5 363 — 1625 pb
Transib 1 1406 pb

Supplementary Table 2 - Potencial horizontal transfer events

Classification

Name of the element

Horizontal transfer events

of the elements of D. schiffleri Figures: Clades Species Identity
DsPiggyBac5h Fig.1, clade | Schmidtea mediterranea 98,31
PlogyBac DsPiggyBacl Fig.1, clade Ill | Schmidtea mediterranea 83,22
DsPiggyBac6 Fig. 1, clade IV | Schmidtea mediterranea 73,47
DsPogol Fig. 2, clade | Schmidtea mediterranea 74,66
Pogo DsPogo2 Fig. 2, clade Il | Trichuris suis 78,95
DsPogo7 Fig. 2, clade V | Hydra vulgaris 81,46
ISL2EU DsISL2EU Fig. 3 Solenopsis invicta 95,68
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Supplementary Figure 1- Phylogenetic tree of Maverick elements estimated with the maximum likelihood method. The evolutionary model selected and used
was LG +G +F. The bars represent the different orders and families of insects. Sequence obtained in this study is shown in blue. Branch supports correspond

to aLRT values.
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Supplementary Figure 2 - Phylogenetic tree of Gypsy elements estimated with the maximum likelihood. The evolutionary model selected and used was LG
+G +F The highlighted clades (I, 1I, 1ll, IV and V) contain elements of D. (L.) schiffleri. Sequence obtained in this study is show in blue. Branch supports
correspond to aLRT values.
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Supplementary Figure 3 - Phylogenetic tree of Tcl elements estimated with the maximum likelihood. The evolutionary model selected and used was LG +G
+l +F. The highlighted clades (I, Il, lll and 1V) contain elements of D. (L.) schiffleri. Sequences obtained in this study are shown in blue. Branch supports

correspond to aLRT values.
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Supplementary Figure 4 - Phylogenetic tree of Mariner elements estimated with the maximum likelihood. The evolutionary model selected and used was LG
+G. The highlighted clades (I, Il and Ill) contain elements of D. (L.) schiffleri. Sequences obtained in this study are shown in blue. Branch supports correspond

to aLRT values.
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Supplementary Figure 5 -Phylogenetic tree of Copia elements estimated with the maximum likelihood method. The evolutionary model selected and used was
LG +G +l. The highlighted clades (I and 1) contain elements of D. (L.) schiffleri. Sequences obtained in this study are in blue. Branch supports correspond to

aLRT values.



54

{0357 Locusta_migratoria_Repbase
h Dichotomius_schiffleri_DsPenelope_3

II 076 Anoplophoré_glabripennis_JA863530.1
08 Dichotomius_schiffleri_DsPenelope_5
109 Folsomia_candida_0XA56044.1
Petromyzon_marinus_Repbase
|
| —r
Branchiostoma_belcheri XP_019635228.1

] ()63 E = i

4 072 Limulus_polyphemus_XP_013772595.1

Dichotomius_schiffleri_DsPenelope_4
003 Clastoptera_arizonana_JAS07501.1
IV 0,31 Dichotomius_schiffleri_DsPenelope_2
E | 0,89 Tribolium_castaneum_EFA11664.1
-1 0,89 Corethrella_appendiculata_JAB54943.1
[cs3 Homalodisca_liturata_JAS90649.1
Cuerna_arida_JAS51131.1
_(% V oo Locusta_migratoria_Repbase
_I 0,81 = Dichotomius_schiffleri_DsPenelope_1
L e ooy 082 Graphocephala_atropunctata_JAT32619.1
Diaphorina_citri_XP_008484571.1
Supplementary Figure 6 - Phylogenetic tree of Penelope elements estimated with the maximum likelihood. The highlighted clades (I, II, Ill, IV and V) contain

elements of D. (L.) schiffleri. The evolutionary model selected and used was LG +G +F. Sequences obtained in this study are shown in blue. Branch supports
correspond to aLRT values
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Supplementary Figure 7 - Phylogenetic tree of LINE | elements estimated with the maximum likelihood. The evolutionary model selected and used was LG
+G +F. The highlighted clades (I, Il and IIl) contain elements of D. (L.) schiffleri. Sequences obtained in this study are show in blue. Branch supports correspond

to aLRT values.
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RESUMO

No género Dichotomius, os elementos de transposi¢do (TE) tém sido relacionados com
a variagdo na composicdo da heterocromatina constitutiva e na localizagéo das sequéncias de
DNAs moderadamente e altamente repetitivos. Dessa forma, os objetivos deste trabalho foram
verificar a presenca de dois transposons de DNA conservados estruturalmente em espécies do
género Dichotomius, bem como realizar 0 mapeamento cromossdmico populacional desses
elementos em espécies do grupo D. (L.) sericeus, visando compreender o papel dessas
sequéncias repetitivas na evolucdo gendmica do grupo. Nesse trabalho, a presenga dos TEs foi
verificada por PCR, utilizando primers de elementos caracterizados em D. (L.) schiffleri. O
mapeamento cromossémico dos elementos DsTC1 5 e DsPogo 8, que pertencem a
superfamilia Tc1-Mariner, foi realizado pela hibridizacdo in situ fluorescente em espécies do
grupo D. (L.) sericeus provenientes de trés populacdes cada. O mapeamento cromossdmico
revelou sinais dispersos nas regifes eucromaticas dos autossomos e auséncia nos cromossomos
sexuais. Adicionalmente, foi observada uma diferenga populacional na localizacdo
cromossOmica e abundancia desses elementos. Esses resultados sugereriram uma heranca
vertical, com a presenca desses elementos no ancestral comum as espécies de Dichotomius.
Além disso, apesar desses elementos apresentarem mobilidade e atividade, os mesmos
possivelmente ndo estdo relacionados a variacdo das outras sequéncias repetitivas presentes no

genoma de espécies de Dichotomius.

Palavras-chaves: Citogendmica comparativa; FISH; Transposon de DNA; DsTC1 5 e

DsPogo_8.
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INTRODUCAO

Os elementos de transposicao (TES) sdo sequéncias repetitivas de DNA com capacidade
de mobilidade (Hartl et al. 1992), que podem estar relacionadas com modificacdes na expressao
e estrutura dos genes (Maumus et al. 2015; Warren et al. 2015). Esses elementos desempenham
um papel fundamental na organizagdo cromossdmica, possibilitando a ocorréncia de diferentes
rearranjos cromossomicos, como delegdes, duplicacdes, inversdes e translocagdes (Delprat et
al. 2009; Fonseca et al. 2012; Maumus et al. 2015). A origem desses rearranjos pode estar
relacionada a um efeito indireto dos elementos, através da recombinacdo ectdpica entre
diferentes cdpias ou um efeito direto dependente da transposi¢do, sendo esse mecanismo
exclusivo para os transposons de DNA (Kidwell 2005). Assim, os elementos contribuem na
diversificacdo génica e cromossémica entre espécies e populacdes (Maumus et al. 2015; Warren
et al. 2015).

Os elementos de transposic¢do tém sido analisados por diferentes abordagens (Kidwell
2005; Lerat 2010; Biscotti et al. 2015). Dentre elas, 0 mapeamento cromossomico tém se
mostrado eficiente para compreender a distribuicdo e evolucdo dessas sequéncias repetitivas
(Biscotti et al. 2015). Além disso, quando a andlise citogenética molecular é comparativa,
populacional ou entre espécies filogeneticamente proximas, permite também compreender 0s
efeitos dos elementos de transposicdo na evolugdo dos genomas hospedeiros (Biscotti et al.
2015).

O mapeamento cromossdmico de elementos de transposicao foi realizado em poucas
especies de Coleoptera, sendo todas pertencentes a subfamilia Scarabaeinae (Oliveira et al.,
2013; Xavier et al., 2014, Amorim et al., 2018). Nessas espécies foram mapeados elementos
ndo autdbnomos ou parte de um dominio especifico de um elemento autdbnomo. No género

Dichotomius, 0 mapeamento de elementos degenerados da familia Mariner, revelou padrdes
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cromossémicos populacionais e interespecificos distintos (Xavier et al. 2014; Amorim et al.,
2018).

Recentemente o mobiloma de Dichotomius (Luederwaldtinia) schiffleri Vaz-de-Mello,
Louzada e Gavino, 2001 foi caracterizado, revelando a presenca de elementos pertencentes a
seis superfamilias de retrotransposons e cinco de transposons de DNA (Amorim et al., in prep.).
Nesse estudo, foram indentificados elementos estruturalmente conservados e potencialmente
ativos, pertecentes as superfamilias Copia, Gypsy, PiggyBac e Tc1-Mariner, que podem estar
relacionados a remodelacéo e evolugdo do genoma em Dichotomius.

Considerando a possivel relacdo dos elementos de transposicdo com a variagao de outras
sequéncias repetitivas no género Dichotomius e o papel dos transposons de DNA nos
microrearranjos cromossdmicos, realizamos o mapeamento cromossomico de elementos
estruturalmente conservados da superfamilia Tcl-Mariner, nas espécies do grupo D. (L.)
sericeus presentes em trés populagdes do Nordeste brasileiro. Além disso, verificamos a
presenca a desses elementos em todas as espécies de Dichotomius das localidades amostradas,

visando observar a evolucdo, distribuicao e dispersdo dessas sequéncias repetitivas no género.

MATERIAIS E METODOS

Coletas e amostragem

Nesse trabalho foram analisadas sete espécies do género Dichotomius coletados em
remanescentes de restinga de Maracaipe — Pernambuco, Brasil (MAC) (8°31°26”S
35°01°31”W) e de Maraa — Bahia, Brasil (MAR) (14°09°38”S 39°00°23”W) e de Mata
Atlantica em Santa Luzia do Intahy — Sergipe, Brasil (SLI) (11°22°11”S 37°25°12”W) (Quadro
1 eFigural). As espécies estudadas estdo distribuidas em populagdes separadas por pelo menos
500 km. As coletas foram realizadas com armadilhas do tipo pitfall iscadas com fezes humanas

e, autorizadas pelos administradores das &reas de estudo e pelo IBAMA/SISBIO, licenga



permanente de material zooldgico da Classe Insecta (16278-1) e licenca especifica para D. (L.)

schiffleri (50438-1).

Figura 1 - Mapa da regido nordeste do Brasil destacando os pontos de coletas.
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Quadro 1- Espécies de Dichotomius analisadas e popula¢gdes amostradas no nordeste do Brasil

Intahy — Sergipe

Espécies Subgénero/grupo Populagéo N° tombamento

D. bos (Blanchard, Dichotomius s. str. SLI: Santa Luzia do M10485 e

1846) Intahy — Sergipe M10487

D. geminatus (Arrow, Luederwaldtinia MAC: Maracaipe — M9046, M9058,

1913) Pernambuco M10480 e
SLI: Santa Luzia do M10481

D. guaribensis Valois,
Vaz-de-Mello &
Silva, 2017

Luederwaldtinia/ grupo
D. (L.) sericeus

MAC: Maracaipe —
Pernambuco

M9037 e M9042

D. iannuzziae Valois
Vaz-de-Mello &
Silva, 2017

Luederwaldtinia/ grupo
D. (L.) sericeus

SLI: Santa Luzia do
Intahy — Sergipe

M10451 e 10452

D. nisus (Olivier, Luederwaldtinia MAC: Maracaipe — M9078 e 9080
1789) Pernambuco
D. schiffleri Vaz-de- | Luederwaldtinia/ grupo | MAC: Maracaipe — M9012, M9031,
Mello, Louzada & D. (L.) sericeus Pernambuco M8999,M10659,
Gavino, 2001 SLI: Santa Luzia do M10664 e
Intahy — Sergipe M10669
MAR: Marau —
Bahia
D. semisquamosus Luederwaldtinia MAC: Maracaipe — M9099
(Curtis, 1845) Pernambuco
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Extracdo de DNA, isolamento e sequenciamento de DNA

Para extracdo de DNA foi utilizado o tecido do pronoto e o protocolo descrito por
Sambrook e Russel (2001). Nas diferentes espécies, a presenca de elementos de transposicéo
foi verificada através da reacdo em cadeia da polimerase (PCR) em trés individuos de cada
espécie por cada populacdo. Nessas reacdes foram utilizados primers desenhados na regido da
transposase dos elementos estruturalmente conservados DsTcl 5F e DsPogo 8F de D. (L.)
schiffleri, que pertence a superfamilia Tc1-Mariner e caracterizados por Amorim et al. (in prep).
Esses primers foram: DsTcl 5F (5’ATGGATTCTGCGACGGTAAC) e DsTcl 5R
(5’CAAATCGGGT AAGCTGGTGT); DsPogo 8F (5’CACACGTTGCTTCTCACTC) e
DsPogo_8R (5> GGCATCAAAATCTG GAAAGC).

A presenca dos elementos foi confirmada através do sequenciamento e pelo tamanho do
fragmento amplificado e esperado, sendo 400pb para o DsTcl 5 e de 600pb para o0 DsPogo_8.
Para o0 sequenciamento, os produtos amplificados por PCR foram purificados com ExoSAP-IT
(Affymetrix/USB) e sequenciados pela Macrogen Inc, através do sequenciador automatico
ABI3730XL (ABI, CA, USA). As sequéncias obtidas foram processadas no pacote Staden,
visando obter a sequéncia consenso e excluir da analise as bases com qualidade de Phred menor
que 20. Para a confirmacdo dos elementos foi realizado o alinhamento no MAFFT

(https://mafft.cbrc.jp/alignment/server/) das sequéncias obtidas com os elementos descritos em

D. (L.) schiffleri por Amorim et al. (in prep.).

Preparacdo cromossémica e Hibridizagéo in situ Fluorescente (FISH)

As preparagdes cromossdmicas foram obtidas através da técnica classica de
esmagamento dos foliculos testiculares em acido acético a 50%. A hibridizacdo in situ
fluorescente (FISH) seguiu o protocolo de Pinkel et al. (1986) e as modificagOes propostas por

Cabral-de-Mello et al. (2010) para as espécies de Scarabaeinae. As sondas foram hibridizadas


https://mafft.cbrc.jp/alignment/server/
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simultaneamente, sendo os elementos DsTcl 5 e DsPogo 8 marcados com dUTP-digoxigenin
(Roche) e biotin-14-dATP (Invitogen), respectivamente. Essas sondas foram detectadas com
anti-digoxigenin-rhodamine (Roche) e FITC-avidin (Invitogen).

A FISH foi realizada em D. (L.) schiffleri, D. (L.) guaribensis e D. (L.) iannuzziae (que
pertencem ao grupo D. (L.) sericeus), sendo essa andlise realizada em diferentes populagdes com
base na distribuicdo dessas espécies. As imagens foram capturadas no microscopio de
epifluorescéncia Leica DM 2500 e o brilho e contraste das imagens foram otimizados no

Photoshop CS5.

RESULTADOS

A amplificagdo por PCR revelou a presenca dos elementos com dominios conservados
DsTcl 5 e DsPogo 8, pertencentes a superfamilia Tcl-Mariner, nas diferentes espécies
analisadas. Contudo, ndo houve amplificacdo do transposon DsTcl 5 em D. iannuzziae e em

D. geminatus da populacdo de Maracaipe, Pernambuco (Quadro 2).

Quadro 2 - Presenca ou auséncia de amplificacdo dos elementos DsTcl 5 e DsPogo_8 nas espécies
do género Dichotomius analisadas.

Espécies |D. bos | D. geminatus | D. guaribensis |D. iannuzziae | D. nisus | D. schiffleri | D. semisquamosus

Populacéo SLI | MAC | SLI MAC SLI MAC |MAC|MAR BSLI MAC
TE

DsTcl 5 P A P P A P P P |P P

DsPogo_8 P P P P P P P P |P P

MAC = Maracaipe; MAR = Marad; SLI = Santa Luzia do Itanhy; P = Presenca; A = Auséncia.

O mapeamento cromossémico de DsTcl 5 e DsPogo_8 revelou sinais dispersos nas
regides eucromaticas dos cromossomos em todas as espécies e populacfes analisadas (Figura
2). Em D. schiffleri (2n=18, Xyr), foram observados sinais na maioria dos autossomos e
auséncia nos cromossomos sexuais (Figura 2a, b, ¢). Na populagdo Maracaipe — PE, os dois

elementos estdo presentes em todos 0s autossomos, exceto no par quatro. O DsPogo_8 também
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estd ausente no par oito (Figura 2a). Em Maral — BA, esses transposons estdo presentes em
todos os autossomos (Figura 2b). Na populacdo de Santa Luzia do Itanhy — SE, o elemento
DsPogo_8 esta disperso em todos 0s autossomos, exceto no par seis (Figura 2c). Nessa
populacdo, 0 DsTcl_5 esta presente apenas nos bivalentes um, quatro, cinco e sete (Figura 2c).

Na espécie D. guaribensis (2n=18, Xyr), 0 elemento DsPogo_8 foi observado nos cinco
primeiros pares autossémicos, enquanto que DsTcl 5 esté presente em todos 0s cromossomos,
exceto no par seis (Figura 2d). Em D. iannuzziae (2n=18, Xyp), apenas o transposon DsPogo_8
foi observado, estando presente em todos os cromossomos, exceto no par seis (Figura 2e). A
analise comparativa mostrou uma maior abundancia dos elementos DsTcl 5 e DsPogo_8 em
D. schiffleri, nas populacdes de Maracaipe — PE e Maral — BA, respectivamente (Figura 2). Foi

observada também uma grande abundéancia do DsPogo_8 em D. guaribensis (Figura 2d).

D. schiffleri D. schiffleri D. schiffleri

Xyr

D. iannuzziae

Figura 2 - Mapeamento cromossdmico dos elementos DsTcl 5 (Vermelho) e DsPogo_8 (verde) em
células meidticas de espécies do grupo Dichotomius (L.) sericeus. Em (a,b,c) D. schiffleri das
populagfes de Maracaipe, Pernambuco (MAC), Marau — Bahia (MAR) e Santa Luzia de Itanhy —
Sergipe (SLI). Em (d) D. guaribensis de MAC. Em (e) D. iannuzziae de SLI. Os ndmeros indicam os
pares cromossémicos sem marcacdo, enquanto que as cabecas de seta 0s pares marcados apenas
por um elemento. Barra = 5 uym.
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DISCUSSAO

A presenca de transposons de DNA estruturalmente conservados em diferentes espécies
do grupo D. (L.) sericeus, do subgénero Luederwaldtinia e de subgéneros diferentes, sugere
uma conservacdo desses transposons em Dichotomius. No género Dichotomius, esses
elementos colonizaram possivelmente o ancestral comum dessas espécies e sua distribuicéo
pode estar relacionada a heranca vertical, como relatado para diferentes elementos de
transposicdo em espécies de Drosophila (Bargues and Lerat 2017) e em insetos da familia
Aphididae (Bouallegue et al. 2017).

A auséncia de DsTcl_5 em D. (L.) iannuzziae e numa populacédo de D. (L.) geminatus
revela uma distribuicdo desigual desse elemento. Esse tipo de distribuicdo pode ser explicado
pela perda estocéstica de elementos nos genomas de algumas espécies (Silva et al. 2004; Wallau
et al. 2012), como proposto no género Drosophila (Bargues and Lerat 2017). Essa perda pode
ser evidenciada pela variacdo populacional do elemento (Ortiz and Wallau 2015), como
observado neste trabalho em D. geminatus. Nessa espécie, a auséncia do DsTcl 5 em
Maracaipe pode estar relacionada diretamente ao tamanho do fragmento (que segundo dados
do ICMBIO e UC Brasil, possui 76 hectares e menos que 0,15% dos outros fragmentos), uma
vez que em pequenas populacbes as perdas aleatorias de sequéncias génicas, incluindo os
elementos de transposic¢do sao mais frequentes (Ortiz and Wallau 2015). Contudo, ndo podemos
descartar que o elemento DsTcl_5 apresente uma grande variacdo na sua sequéncia, o que
impediria a sua deteccdo.

A localizacdo dos transposons DSTC1 5 e DsPogo 8 em regides eucromaticas €
semelhante aos elementos MITE mapeados em espécies do grupo D. (L.) sericeus, como D. (L.)
schiffleri (Xavier et al. 2014), D. (L.) gilletti e D. (L.) guaribensis (Amorim et al. in press). Nas

outras espécies de Scarabaeinae (Coprophanaeus cyanescens, C. ensifer e Diabroctis mimas)
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em que foram mapeados elementos Tcl-Mariner, foram observados sinais predominantemente
nas regides heterocromaticas (Oliveira et al. 2013).

A presenca dos elementos DsTC1 5 e DsPogo_8 nas regides eucromaticas, pode estar
relacionada a modificacOes diretas na estrutura e expressdo dos genes, como descrito na
literatura (Maumus et al. 2015; Warren et al. 2015). Entretanto, os elementos DSTC1 5 e
DsPogo_8 podem estar inseridos em regides intergénicas ou em pseudogenes, COmo proposto
anteriormente no gafanhoto Eyprepocnemis plorans (Montiel et al. 2012) e para o elemento
DgMarMITE em espécies do grupo D. (L). sericeus (Amorim et al. in press). Adicionalmente,
nessa regido a riqueza de elementos pode estar relacionada com microrrearranjos
cromossdmicos, os quais foram descritos anteriormente na literatura (Maumus et al. 2015).

Quando o mapeamento populacional e interespecifico dos elementos DSTC1 5 e
DsPogo_8 foram comparados, foi verificada uma variagdo na localizacdo e abundancia desses
transposons, indicando mobilidade e atividade desses elementos. Nos Tcl-Mariner, essa
atividade foi proposta em poucas espécies (Rivera-Vega and Mittapalli 2010), como
Drosophila mauritiana (Jacobson et al. 1986) e a formiga Messor bouvieri (Mufioz-Lépez et
al. 2008). Em Dichotomius evidéncia de atividade in trans foi recentemente encontrada para o
elemento ndo autbnomo DgMarMITE, em espécies do grupo D. (L.) sericeus (Amorim et al. in
press).

A integridade molecular, possivel atividade e a presenca dos transposons analisados em
diferentes espécies de Dichotomius, tornam esses elementos candidatos para a remodelagem e
evolucdo gendmica desse género. Por outro lado, a dispersdo desses elementos nas regifes
eucromaticas sugere que eles ndo estéo relacionados diretamente com a variagdo na composi¢ao
da heterocromatina e na localizagao da fragédo Cot-1 DNA, identificada por Cabral-de-Mello et

al. (2011a). Dessa forma, para esclarecer mais sobre essa variagdo € necessario mapear outros
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transposons de DNA estruturalmente conservados no género Dichotomius, como por exemplo,

os elementos PiggyBac.
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4 DISCUSSAO GERAL

4.1 CARACTERIZAC}AO DE ELEMENTOS DE TRANSPOSI(}AO NO GRUPO D. (L))
sericeus

No genoma parcial de Dichotomius (L.) schiffleri foram identificados elementos
de transposicdo pertencentes a 11 superfamilias. Esses elementos foram
caracterizados por ferramentas bioinforméaticas com abordagens de novo e de
homologia e que se demonstram eficientes apenas quando combinadas. Esse
resultado demonstrou a necessidade de utilizar metodologias conjuntas para
caracterizar os elementos de uma espécie, como sugerido por Lerat (2010). A analise
estrutural revelou TEs conservados do tipo Copia, Gypsy, PiggyBac e Tcl-Mariner.
Esses elementos apresentaram estrutura e/ou tamanho dos elementos autbnomos,
descritas por Wicker et al. (2007) e Feschotte e Pritham, (2007), exceto as repeticbes
terminais e o gene gag nos Gypsy.

Em D. (L.) gilletti, a amplificacdo por PCR possibilitou o isolamento do
DgmarMITE, através de primers de elementos de outros insetos. Esse elemento
apresentou caracteristicas de elementos degenerados MITES, incluindo o grande
namero de copias, riqueza em AT, repeticdes terminais invertidas (TIRs) perfeitas e
auséncia de transposase (KUANG et al., 2009). Quando analisada, a TIR desse
elemento apresentou 100% de similaridade com o TE AfMar2 de Abracris flavolineata
(PALACIOS-GIMENEZ; BUENO; CABRAL-DE-MELO, 2014). Esse resultado indica

gue o elemento isolado em D. (L.) gilletti pertence a familia Mariner.

4.2 EVOLUGAO DOS ELEMENTOS DE TRANSPOSICAO

Em D. (L.) schiffleri foi observada a similaridade de elementos com TEs de
espécies filogeneticamente distantes, além da incongruéncia nas filogenias desses
elementos e dos hospedeiros. Essas caracteristicas sdo consideradas uma das
principais evidéncias de transferéncia horizontal (HT) (SILVA; LORETO; CLARK,
2004; WALLAU; ORTIZ; LORETO, 2012). Considerando esses resultados, foi
sugerido a ocorréncia de transferéncia horizontal nos TEs PiggyBac, Pogo e ISL2EU
entre diferentes taxons, como espécies de platelminto, fungo, cnidario, nematodeo,
formiga e cordata.

Na transferéncia horizontal o compartilhamento geografico e de nichos séo pré-
requisitos essenciais (CARARETO, 2011; SILVA; LORETO; CLARK, 2004). Quando
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comparamos com D. (L.) schiffleri, a maioria das espécies com o0s possiveis HT
apresentaram distribuicdo geografica semelhantes, como o cnidario Hydra vulgaris
(JANKOWSKI; COLLINS; CAMPBELL, 2008) e o fungo Nosema apis (ELLIS; MUNN,
2005). Além disso, as espécies da HT apresentam interacbes ecoldgicas bem
definidas com os coleOpteros e/ou escarabeineos, como parasitismo intracelular
(BLASER; SCHMID-HEMPEL, 2005), habito alimentar (BARDEN; HELD; “FUDD”
GRAHAM, 2011; ZENGER; GIBB, 2001) e recurso alimentar (NEJSUM et al., 2009).
Adicionalmente, essa transferéncia pode ter ocorrido por espécies intermediarias,
como os vetores (SILVA; LORETO; CLARK, 2004).

Apesar desses eventos de HT, a maioria dos elementos caracterizados
possuem provavelmente uma heranca vertical, como o DsTcl_5 e DsPogo_8. Nesses
transposons, a distribuicdo em diferentes espécies de Dichotomius sugere fortemente
uma colonizacdo antiga e uma heranca vertical, assim como em TEs de Drosophila
(BARGUES; LERAT, 2017). Essa distribuicdo desigual deve estar relacionada a perda
estocastica do elemento, como descrito na literatura (SILVA; LORETO; CLARK, 2004;
WALLAU; ORTIZ; LORETO, 2012) e relatado em Drosophila (BARGUES,; LERAT,
2017).

Em relacdo ao DgmarMITE, a presenca desse transposon apenas nas espeécies
relacionadas, D. (L.) gilletti e D. (L.) guaribensis, sugere origem no ancestral dessas
espécies e uma heranca vertical para elas. Alternativamente, nessas espécies a
origem do DgmarMITE pode ser independente, através da transferéncia horizontal,
uma vez que essa transferéncia € frequentemente relatada nos TEs Mariner
(ROBERTSON, 1995; ROBERTSON; LAMPE, 1995a), incluindo os MITE (MINAYA et
al., 2013). Nesse sentido, a origem do DgmarMITE parece ser mais recente em D. (L.)
gilletti, uma vez que o mapeamento cromossOmico revelou uma localizagéo
predominante na eucromatina e pares heteromérficos, os quais podem ser
caracteristicos para elementos novos (JUNAKOVIC et al., 1998). Contudo, essa
diferenca pode estar relacionada com uma amplificacéo diferencial dessas sequéncias

ou com a eliminagdo desse elemento na regiao heterocromatica de D. (L.) guaribensis.

4.3 MAPEAMENTO CROMOSSOMICO DOS ELEMENTOS DE TRANSPOSICAO
Nas espécies do grupo D. (L.) sericeus, 0 mapeamento cromossdmico do
DgmarMITE, DSTC1_5 e DsPogo_8, que pertencem a superfamilia Tcl-Mariner,

revelou uma dispersdo nas regifes eucromaticas. Esse resultado é semelhante a
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outros transposons de DNA mapeados, incluindo o DsMarMITE em D. (L.) schiffleri
(XAVIER; CABRAL-DE-MELLO; MOURA, 2014). Nessas regides, esses elementos
podem estar relacionados a modificacdes na estrutura e expressao dos genes
(MAUMUS; FISTON-LAVIER; QUESNEVILLE, 2015; WARREN et al., 2015), inseridos
em regides intergénicas ou em pseudogenes, como proposto no gafanhoto
Eyprepocnemis plorans (MONTIEL et al., 2012). Além disso, foi observado o
DgmarMITE nas regides heterocromaticas de D. (L.) guaribensis, semelhante a outros
TEs Mariner mapeados em Scarabaeinae (OLIVEIRA et al., 2013). Esses elementos
podem constituir uma importante fracdo da heterocromatina constitutiva dessas
espécies.

Adicionalmente, o mapeamento cromossOmico revelou uma variagdo na
localizacéo e abundancia entre as espécies e/ou populacdes. Esse resultado indica
atividade dos transposons estruturalmente conservados (DsTC1 5 e DsPogo 8) e
atividade in trans do elemento ndo autbnomo (DgmarMITE). Nesse ultimo caso, 0s
elementos podem utilizar a transposase de TEs proximamente relacionados ou nao
(GARZA et al., 1991; YANG et al., 2009). Nos insetos, a maioria dos elementos Tc1-
Mariner ndo esta ativo (RIVERA-VEGA; MITTAPALLI, 2010; ROBERTSON; LAMPE,
1995b), sendo a atividade descrita em poucas espécies, como na formiga Messor
bouvieri (MUNOZ-LOPEZ et al., 2008). Alternativamente, nas regiées eucromaticas e
heterocromaticas, a variacdo na abundancia do DgmarMITE pode estar relacionada a
recombinacdo ectdpica e/ou outros mecanismos de evolu¢gdo em concerto, como
proposto em TEs de Drosophila erecta (LOHE et al., 1995).

Quando comparado com a dindmica das sequéncias repetitivas no género
Dichotomius, proposta por Cabral-de-Mello et al. (2011b), o mapeamento dos
elementos DgmarMITE, DsTC1 5 e DsPogo_8 revelou padrbes cromossomicos
distintos, indicando que esses transposons ndo estdo relacionados diretamente com
essa dinamica. Contudo, outros elementos que ainda ndo foram mapeados podem
estar associados a essa dinamica. Dessa forma, € necessario mapear outros
elementos potencialmente ativos identificados nesse estudo, como os TEs da

superfamilia PiggyBac.
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5 CONCLUSOES

1. Os elementos de transposigao estruturalmente conservados do tipo Copia, Gypsy,
PiggyBac e Tcl-Mariner caracterizados em Dichotomius (L.) schiffleri, sé&o
provavelmente ativos e podem estar relacionados com a evolucdo do genoma
dessa espécie.

2. No género Dichotomius, os transposons DsTC1 5 e DsPogo_8 apresentam
possivelmente uma origem antiga e distribuicdo pela heranga vertical, enquanto
gue DgMarMITE origem recente e multipla, através de transferéncia horizontal.

3. Avariacao interespecifica e populacional dos elementos DsTC1 5, DsPogo 8 e
DgMarMITE, referente a localizacdo e abundancia, estd relacionada a sua
atividade e/ou recombinacgéo ectopica.

4. A presenca dos elementos DsSTC1 5, DsPogo 8 e DgMarMITE em regides
eucromaticas, sugere que esses transposons podem afetar a expressédo e
estrutura de genes e que possivelmente ndo estdo relacionados a dindmica das
sequéncias repetitivas no género Dichotomius.
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Abstract

Transposable elements are dispersed repetitive DNA sequences that can move within the genome and are related to
genome and chromosome evolution, adaptation, and speciation. The aim of this study was to characterize and deter-
mine the chromosomal location and accumulation of a Mariner-like element in populations of four phylogenetically
related species of the Dichotomius (Luederwaldtinia) sericeus complex. Mapping of the isolated element was per-
formed by fluorescent in situ hybridization in different populations of analyzed species. Characterization of the iso-
lated element revealed a degenerated transposon, named DgmarMITE. This transposon is 496-bp-long, AT rich
(57%), and contains 24 bp terminal inverted repeats. In situ mapping revealed presence of this element only in two
out of four species analyzed. DgmarMITE sites were located in heterochromatic and euchromatic regions and varied
in location and number on the karyotypes of Dichotomius (L.) gilletti and D. (L.) guaribensis across different popula-
tions. These results demonstrate differential accumulation of the DgmamMITE in genomes of these species, which is
probably due to the occurrence of ectopic recombination and cross-mobilization of the element mediated by the

transposase of closely related or unrelated transposable elements.
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Introduction

Mariner transposable elements are DNA transposons
that exhibit broad diversity in their structure. Mariner ele-
ments are characterized by a size of about 1,300 bp, a single
ORF (open reading frame) encoding a transposase, a con-
served catalytic domain [DD(34)D] necessary for transpo-
sition, and two terminal inverted repeats (TIRs) of 28-30 bp
flanked by a TA dinucleotide resulting from target site du-
plications (Robertson, 1995; Robertson and Lampe, 1995;
Plasterk et al., 1999). During transposition, the encoded
transposase recognizes the TIRs and catalyzes excision of
the two DNA strands at the donor site and fusion of the ele-
ment at another site in the genome (Lampe et al., 1996).

The Mariner elements are probably the most widely
distributed family oftransposable elements (TEs) in nature,
being represented in diverse taxa, such as rotifers, fungi,
plants and vertebrates. Their wide distribution in metazoan

Send correspondence to Rita de Cassia de Moura. Laboratério de
Biodiversidade e Genética de Insetos, Instituto de Ciéncias Biolo-
gicas, Universidade de Pernambuco, Rua Arndbio Marques 310,
50.100-130 Recife, PE, Brazil. E-mail: ritamoura.upe @ gmail.com.

species, including arthropods (Robertson and Lampe,
1995; Wallau et al., 2014), is probably related to horizontal
transfer events (Robertson 1995; Robertson and Lampe,
1995; Lampe et al., 2003) which, for example, account for
the presence of the Mariner_Tbel and Marinerl BT fami-
lies in phylogenetically distant species such as insects and
mammals (Oliveira et al., 2012). These elements have been
found in a wide range of insects from different orders, in-
cluding Diptera, Hemiptera, Hymenoptera, Lepidoptera,
Orthoptera and Coleoptera (Robertson and Lampe, 1995;
Palacios-Gimenez et al., 2014).

The existence of nonfunctional Mariner elements is
common, including a large number of inactive copies in dif-
ferent genomes (Lohe et al., 1995). Some of those inactive
elements, the miniature inverted repeat transposable ele-
ments (MITEs), do not encode the enzyme necessary for
their transposition and therefore require the transposase of
other elements for their mobilization (Kidwell, 2005). The
origin of these TEs is related to the internal degeneration of
autonomous elements (Depra et al., 2012). MITEs are dis-
tinguished from their autonomous counterparts by their
high copy number, compact structure, short terminal in-



420

verted repeats, genic preference, and DNA sequence iden-
tity (Feschotte et al., 2002, Feng, 2003).

Regarding the speciose order Coleoptera, Mariner el-
ements have so far been described in only a few species be-
longing to the families Chrysomelidae, Buprestidae,
Cerambycidae, Laemophloeidae, Meloidae, Scarabaeidae,
Staphylinidae and Tenebrionidae (Robertson, 1993; Rob-
ertson and Macleod, 1993; Robertson et al., 2002; Lampe et
al., 2003; Richards et al., 2008; Rivera-Vega and Mitta-
palli, 2010; Oliveira et al., 2013; Xavier et al., 2014). How-
ever, data from chromosome mapping of Mariner TEs in
Coleoptera are limited to two species of Coprophanaeus,
one of Diabroctis (Oliveira et al., 2013) and one
Dichotomius (Xavier et al., 2014), all genera belonging to
the family Scarabaeidae. Despite the small number of stud-
ies, TEs have been associated with important evolutionary
processes in Scarabeidae, such as chromosome rearrange-
ments (Oliveira er al., 2013), dispersion of 18S rDNA sites
(Cabral-de-Mello er al., 2011a,b), and dynamics of the re-
petitive DNA fraction that composes the constitutive hete-
rochromatin (CH) in the genomes of Dichotomius species
(Cabral-de-Mello er al., 201 1¢).

Cytogenetic studies have been carried out in only 18
of the 165 described Dichotomius species, including mo-
lecular cytogenetics studies in 15 species (Cabral-de-Mello
et al., 2008, 2011a,b; Silva et al., 2009; Korasaki et al.,
2012; Xavier et al., 2014). This genus presents groups of
closely related species (Sarmiento-Garcés and Amat-
Garcia, 2009), including Dichotomius (Luederwaldtinia)
sericeus complex (Coleoptera: Scarabaeidae). This com-
plex was recently taxonomically revised by Valois et al.
(2017), raising the number of species from five to eight.
More specifically, D. sericeus var. aterrimus
(Luederwaldt, 1929) was synonymized with D. sericeus
and four new taxa, D. guaribensis, D. gilletti, D.
iannuzziae, and D. catimbau have been described.

Species of the genus Dichotomius present the derived
karyotype 2n = 18, Xy,, with meta-submetacentric chromo-
some morphology and presence of a large metacentric pair
(Silva et al., 2009; Cabral-de-Mello et al., 201 1a). The con-
stitutive heterochromatin, located in pericentromeric re-
gions of all autosomes, show similar patterns of highly and
moderately repeated DNAs (COt-1 DNA fraction) distribu-
tion in the six analyzed species (Cabral-de-Mello et al.,
2011c). Furthermore, the 45S rDNA is predominantly lo-
cated in the distal region of the third autosome pair,
whereas the 5S rDNA and H3 histone were co-located in
the proximal region of the second pair in 14 analyzed spe-
cies (Cabral-de-Mello et al., 2011a,b).

The aim of this study was to access whether distinct
populations present differential patterns of location and
accumulation of Mariner-like elements. Therefore, we
characterized and mapped DgmarMITE sequences in chro-
mosomes of phylogenetically related species of the
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Dichotomius (Luederwaldtinia) sericeus complex belong-
ing to different populations.

Material and Methods

Specimens sampling

All  species investigated herein belong to
Dichotomius (L.) sericeus complex. Dichotomius
(Luederwaldtinia) gilletti and D. (L.) iannuzziae were col-
lected in Aldeia (7°53°48° S, 35°10°’47°W) and Igarassu
(7°48°37°°S; 34°57°25’W), remnants of the Atlantic Rain
Forest in the state of Pernambuco, Brazil. Additionally, in-
dividuals of D. (L.) schiffleri and D. (L.) guaribensis were
collected in Maracaipe (8°31°26"S 35°1'31"W),
Pernambuco. D. (L.) guaribensis was also collected in
REBIO Guaribas (6°42°41”S 35°11°17"W), Paraiba,
Brazil. The individuals were collected using pitfall traps, in
compliance with IBAMA/SISBIO guidelines (Permanent
license No. 16278-1 for the collection of zoological mate-
rial, authorization No. 41761-4 for collection in a Federal
Conservation Unit for scientific purposes, and the license
No. 50438-1, specific for D. (L.) schiffleri). The specimens
were identified by the taxonomist Dr. Fernando Silva, from
the Universidade Federal do Para, in Brazil.

DNA extraction and isolation of the transposable
element

DNA samples of the four species of Dichotomius
mentioned above were obtained from the pronotum tissue.
Genomic DNA was extracted according to the protocol de-
scribed by Sambrook and Russell (2001). Mariner ele-
ments were amplified by PCR using the MOS_N679
primer from Drosophila (5S’GCCATATGTCGAGTT
TCGTGCCA) (Zhang et al., 2001).

The volume of each PCR assay was 25 puL containing
12 ng genomic DNA, 1x PCR buffer, 5 mM MgCl,, 0.2 mM
dNTP (Invitrogen), | pmol primer, and 1 U Taq polymerase
(Invitrogen). The PCR conditions were 94 °C for 5 min, fol-
lowed by 30 cycles at 94 °C for 305,49 °C for30s and 72 °C
for 1.20 s, and a final extension step at 72 °C for 5 min.

PCR products were separated by electrophoresis on
1% agarose gel. A band of approximately 500 bp obtained
from D. (L.) gilletti (Supplementary Figure S1) was iso-
lated from the gel using the Zymoclean™ Gel DNA Recov-
ery Kit (Sinapse) according to the protocol of the
manufacturer.

Cloning and sequencing

The isolated DNA fragment was cloned using the
pGEM-T Easy Vector (Promega) according to manufac-
turer’s instructions. The insert was isolated by PCR using
the MI3 primer (MI3F 5-GTAAAACGACGGC
CAG/M13R 5’-CAGGAAACAGCATATGAC). Concen-
trations of PCR reagents were the same as those described
above. The PCR conditions were 95 °C for 3 min, followed
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by 30 cycles at 95 °C for 30 s, 55 °C for 1 min and 72 °C for
2 min, and a final extension step at 72 °C for 5 min. For se-
quencing, the MI3 PCR product was purified with
ExoSAP-IT (Affymetrix/USB) and sequenced in an
ABI3730XL automated sequencer (Applied Biosystems)
by Macrogen Inc.

Editing and analysis of the transposable element

The chromatograms of forward and reverse strands of
the M13 PCR product were analyzed with the Pregap4 soft-
ware of the Staden package (Bonfield et al., 1995) in order
to generate consensus sequences. Only bases with a Phred
value of 20 or higher were considered in this analysis. Vec-
tor sequences were removed using the VecScreen tool. The
sequence obtained (accession number: KX787885) was
used as a query in GenBank Blast and RepBase Censor for
correct identification and classification of the elements. In
addition, the presence of ORFs was investigated using the
ORFfinder tool.

Chromosome preparations, C-banding and
fluorescent in situ hybridization (FISH)

Cytological preparations of our four target species
were obtained by the classical testicular follicles squashing
technique in 50% acetic acid. Two male individuals of each
species were analyzed. C-banding was performed on D.
(L.) gilletti and D. (L.) guaribensis karyotypes following
Sumner (1972). FISH was performed according to the pro-
tocol of Pinkel er al. (1986), with modifications as pro-
posed by Cabral-de-Mello er al. (2010). The probe of the
transposable element was labeled with dUTP-digoxigenin
(Roche) and detected with anti-digoxigenin-rhodamine
(Roche).

Photodocumentation

Hybridization images were captured with a Leica DM
2500 epifluorescence microscope. Brightness and contrast
of the images were optimized using the Photoshop CS5
program.

Results

The presence of fragments amplified by the
MOS_N679 primer of Mariner elements (Figure S1) and
hybridization signals of the DgmarMITE were observed in
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only two out of the four analyzed species, namely
Dichotomius (L.) gilletti and D. (L.) guaribensis. The ele-
ment isolated from D. (L.) gilletti was 496 bp-long, rich in
AT (57%), and had perfect TIRs of 24 bp. The consensus
sequence used as a query sequence in GenBank and
RepBase revealed 100% similarity with TIRs of the
AfMar2 Mariner-like element of the grasshopper Abracris

Sflavolineata (Figure 1) (accession number: KJ829354.1).

The sequence between TIRs had no similarities to previ-
ously described elements. In addition, the largest identified
ORF contained only 30 amino acids and showed no similar-
ity to any transposase.

The species Dichotomius (L.) guaribensis, D. (L.)
gilletti, D. (L.) iannuzziae and D. (L.) schiffleri presented
similar karyotypes with 2n = 18, and meta-submetacentric
chromosomal morphology. However, distinct sexual deter-
mination systems were obverved: D. (L.) gilletti, and D.
(L.) iannuzziae had a Xy, system, whereas D. (L.) schiffleri
and D. (L.) guaribensis presented a Xy, sex bivalent config-
uration (Figure 2). C-banding revealed pericentromeric
constitutive heterochromatin in all autosomes, and addi-
tionally, along the entire length of the seventh bivalent and
X chromosome of Dichotomius (L.) gilletti and D. (L.)
guaribensis (Figure 2a,b).

Mapping of DgmarMITE probes on the karyotype of
D. (L.) gilletti revealed signals in all chromosomes, except
for pairs five and seven of the Igarassu population (Figure
3a), and pair five of the Aldeia population (Figure 3b).
Overall, DgmarMITE sequences were predominantly lo-
cated in euchromatic regions in individuals from both pop-
ulations, except in the Igarassu population, for which
signals were detected at heterochromatic regions of chro-
mosome pairs six and eight (Figure 3a). Similarly, in
Aldeia population, DgmarMITE was restricted to the hete-
rochromatic region of pair two (Figure 3b). In addition, five
heteromorphic pairs were observed in Aldeia individuals
(Figure 3b).

Mapping of DgmarMITE probes on the karyotype of
D. (L.) guaribensis revealed their location in hetero-
chromatic regions of all autosomes and of the X chromo-
some in both populations (Figure 3c,d). Additional signal
was observed on the y chromosome of the Guaribas popula-
tion (Figure 3¢). Furthermore, DgmarMITE sites were ob-
served in euchromatic regions of all autosomes, except pair
eight, in specimens from Maracaipe (Figure 3d). Overall,

Transposable element TIR 5’ Internal sequence TIR 3’
(bp)
DgmarMITE GCCATATGTCGAGTTTCGTGCCAGG 448 TGTGGCACGAAACTCGACATATGGC
AR Ry CELRELEEEE TR Er et |
AfmarMITE GCCATATGTCGAGTTTCGTGCCAGG 422 TGTGGCACGAAACTCGACATATGGC

Figure 1 - Alignment of terminal inverted repeats (TIRs) of the elements DgmarMITE and AfMar?2.
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Figure 2 - C-banding in metaphase | of Dichotomius (L.) gilletti (a) and

metaphase | of D. (L.) guaribensis (b). Bar = 5 um

stronger FISH signals were observed in the karyotypes of

individuals from Guaribas when compared to specimens
from Maracaipe (Figure 3c.d).

Discussion
The karyotype observed in D. (L.) guaribensis (2n

18) 1s considered derived from the ancestral number re-

ported for the family Scarabaeidae (2n = 20), but conserved

D. (L.) gilletti

D. (L.) guaribensis
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in most species of Dichotomius. The configuration of the
sexual bivalent (Xy,). which has been reported so far only
in D. schiffleri, also differs from the ancestral Scarabeidae
Xy, (Cabral-de-Mello er al., 2008, 2011a; Silva et al.,
2009; Xavier et al., 2014). The derived karyotypes of D.
gilletti and D. iannuzziae observed in this study are similar
to those described by Cabral-de Mello et al. (201 1a) prior to
the taxonomic revision by Valois et al. (2017). In Cabral-de
Mello et al. (201 la), these species were referred to as D.
sericeus and D. laevicollis, respectively. The presence of
constitutive heterochromatic blocks in pericentromeric re-
gions of all autosomes, as observed in D. (L.) gilletti and D
(L.) guaribensis, 1s a common feature in the genus
Dichotomius (Cabral-de-Mello et al., 2011¢), and has also
been reported for the other two species investigated herein:
D. (L.) iannuzziae (Cabral-de-Mello et al., 2011¢) and D
(L.) schiffleri (Xavier et al., 2014).

D. (L.) gilletti

D. (L.) guaribensis

Figure 3 - Fluorescent in situ hybridization of the clement DgmarMITE in meiotic cells of two individuals of Dichotomius (Luederwaldtinia) gilletti (a,

b) and D. (L.) guaribensis (¢, d). (a) Metaphase | of an individual from Igarassu population; (b) diplotene of specimen from Aldeia population; (¢)

mctaphase | of individual from Guaribas population; (d) metaphase I1 of specimen from Maracaipe population. Note the localization and the size of the

signals between populations. Bar = 5 um
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DgmarMITE, the TE characterized here, presented
features shared by all MITEs such as a large copy number,
which was observable with FISH resolution, lack of trans-
posase coding, AT richness, and conservation of TIR struc-
ture (Kuang et al., 2009). In most cases, sequence similarity
between a MITE and its closest element is restricted to the
TIRs (Feschotte and Pritham, 2007). The similarity be-
tween the TIRs of DgmarMITE and the AfMar2 element of
A. flavolineata indicates that the former belongs to the Mar-
iner family.

The presence of DgmarMITE in the taxonomically
similar species D. (L.) gilletti and D. (L.) guaribensis [con-
sidering the genus revision of Valois e al. (2017)] and
therefore possibly phylogenetically closer, suggests an ori-
gin of this element in the common ancestor of these species.
An alternative hypothesis is that this element may have
originated independently in the species D. (L.) gilletti and
D. (L.) guaribensis by horizontal transfer events, which are
frequently observed for Mariner-like elements (Robertson,
1995; Robertson and Lampe, 1995), including MITEs, as
described previously for the Stowaway element in the plant
family Pooideae (Minaya et al., 2013). The DgmarMITE
origin may be recent or not however, since older TEs accu-
mulate preferentially in heterochromatic regions (Juna-
kovic et al., 1998), as has been previously proposed for
other TEs in Scarabaeidae (Oliveira ef al., 2013). Genome
colonization of this MITE possibly occurred earlier in D.
(L.) guaribensis than in D. (L.) gilletti. In D. (L.) gilletti, the
preferential location in euchromatic regions, the presence
of heteromorphic pairs in the population of Aldeia, and ab-
sence of the signal in one or two chromosome pairs, suggest
that this element originated most recently.

In addition to D. (L.) gilletti, predominantly euchro-
matic signals have been reported for TEs in D. (L.)
schiffleri (Xavier et al., 2014), for the grasshopper species
Eyprepocnemis plorans (Montiel et al., 2012) and A.
flavolineata (Palacios-Gimenez et al., 2014). The occur-
rence of DgmarMITE in euchromatic regions can influence
gene expression and/or gene and chromosome mutations
(Kidwell and Lish, 2000; Feschotte and Pritham, 2007).
However, it is also possible that the element is inserted in
pseudogenes or even other dispersed repetitive sequences
in euchromatin, as proposed for Mariner family elements
of E. plorans (Montiel et al., 2012). On the other hand, the
presence of MITEs in heterochromatic regions, as observed
for DgmarMITE in D. (L.) guaribensis, is not common,
since these TEs are preferentially associated with genes (Lu
et al., 2011). However, heterochromatic enrichment of
these elements has been described in other organisms, such
as in the insect Anopheles gambiae (Quesneville et al.,
2006) and in the plants Oryza sativa (Lu et al., 2011) and
Arabidopsis thaliana (Guo et al., 2017).

Mapping of DgmarMITE in D. (L.) gilletti and D. (L.)
guaribensis showed variation in the location and number of
sites between species and populations. These findings sug-
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gest that this non-autonomous element may be
cross-mobilized to different regions of host genomes using
the transposase of either an older or a newly emerged
transposon, in this latter case DgmarMITE accumulation
occurs by a process known as “snowball effect” (Feschotte
et al., 2005). The transposase used by DgmarMITE could
belong to a ,closely related TE as observed between the in-
active peach element and the transposase of Mariner-like
Mos1 in Drosophila melanogaster (Garza et al., 1991), or
to aphylogenetically distant TE, as observed between an el-
ement of the Stowaway family and Osmar transposase, an
autonomous Mariner-like element in the rice genome
(Feschotte et al., 2003; Yang et al., 2009).

With respect to copy-number variation in heterochro-
matic regions of D. (L.) guaribensis chromosomes, an in-
crease in DgmarMITE copy number in the Guaribas popu-
lation probably results from transposition-independent
events, including ectopic recombination and concerted
evolution. The latter has been observed for highly repetitive
DNA sequences such as Mariner elements found in the
heterochromatin of Drosophila erecta (Lohe et al., 1995).
An alternative hypothesis to explain this variation is that
this element is undergoing a reverse process with quantita-
tive and random copy loss in the genomes of individuals
from Maracaipe population. In this scenario, DgmarMITE
would be undergoing senescence, the last stage of the
transposable element “life cycle™, as described by Kidwell
and Lisch (2000).

Mapping of DgmarMITE in species of the
Dichotomius (Luederwaldtinia) sericeus complex contrib-
uted to increase our knowledge about the location and dis-
tribution of TEs in dung beetle genomes. This analysis also
revealed the accumulation of DgmarMITE in the karyotype
of two species. Plausible mechanisms underlying such ac-
cumulation include the occurrence of cross-mobilization
and/or ectopic recombination in heterochromatic regions.
However, we cannot completely rule out the possible in-
volvement of other molecular mechanisms discussed here.
Therefore, further characterization and chromosome map-
ping should be extended to other species within this com-
plex of species.
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ABSTRACT

The mitochondrial DNA of Dichotomius (Luederwaldtinia) schiffleri was characterized and its phylogenetic
position was reconstructed in Scarabaeoidea. This mitogenome presented 14,802 bp-long, richness in
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AT of 77.4% and 37 genes, including 13 protein-coding, 22 transfer RNAs, and two ribosomal RNAs. In

addition, it was observed intergenic spacers and reading frame overlaps. The phylogenetic trees recon-
structed from protein sequences provided best resolution, indicating Scarabaeinae and Aphodiinae as a
sister groups, as previously reported in other molecular phylogenies.

Dichotomius (Luederwaldtinia) schiffleri Vaz-de-Mello, Louzada,
Gavino 2001 is an Endangered species, endemic to Brazilian
coastal ecosystems (Vieira et al. 2011). Here it was character-
ized the mtDNA of D. (L.) schiffleri and established its position
in the superfamily Scarabaeocidea based on phylogenomic
methods.

The specimen analyzed was collected in Ipojuca (8°31'26"
S 35°1'31" W), Pernambuco, Brazil and deposited in the
Laboratério de Biodiversidade e Genética de Insetos (acces-
sion number: LBGI_M9032) at the Universidade de
Pernambuco, Brazil. The collection of this species was author-
ized by IBAMA/SISBIO (Licence No. 50438-1). The DNA was
extracted according to the protocol of Sambrook and Russel
(2001). The mitogenome was sequenced on Solexa-lllumina
HiSeq 2000 (San Diego, CA). The genome assembly was per-
formed with the Oligonucleotide Analysis Package, screened
through a reference mitogenome and characterized on the
MITOS WebServer. For phylogenetic analysis, the complete or
partially mitogenome sequence of species of Scarabaeoidea
superfamily from GeneBank was used. The Staphyliniformia
species were used as outgroup. The phylogenetic trees of
nucleic acid and protein sequences were reconstructed by
Bayesian inference and maximum likelihood methods.

The mitogenome of D. (L.) schiffleri comprised a coding
region of 14,802bp (accession number: KY100258), with high
percentage of A-T (77.4%). The characterization revealed the
presence of 37 genes, including 13 protein-coding (cox1-3,
cob, nad1-6, nad4L, atp6, and atp8), 22 tRNA, and two rRNA
genes (rrnS and rrnL). Regarding the orientation, 23 genes are

KEYWORDS
Mitogenome; nucleic acid
and protein phylogeny;
mtDNA organization

located on the positive chain and 14 genes on negative chain.
Mitogenome size, nucleotide composition, number, orienta-
tion, and order of genes are similar to most of the insects
(Sheffield et al. 2008, 2009; Cameron 2014). In the mitoge-
nome of D. (L.) schiffleri 23 intergenic spacers and six reading
frame overlaps were observed, including an overlap of 36 bp
between the rrnl and trnl1 genes, corresponding to more
than half of the sequence of this tRNA (67 bp). The presence of
intergenic spacers and reading frame overlaps was also
observed in other Coleoptera species (Sheffield et al. 2008).

Regarding the phylogenetic analysis the Bayesian and
maximum likelihood trees presented similar topology.
However, the trees reconstructed from protein sequences
showed a better resolution and correctly positioned the spe-
cies/family (Figure 1 and Supplemental Figure S1), what was
previously reported in other analyses in Coleoptera (Du et al.
2016; Timmermans et al. 2016). Therefore, here it was dis-
cussed only the protein tree. The phylogeny showed D. (L)
schiffleri on the same clade as Sarophorus sp. with the sub-
family Aphodiinae as a sister group (Figure 1, subclade A).
The position of Aphodiinae as a sister group of Scarabaeinae
was observed in other phylogenies based on nuclear and
mitochondrial genes (Bocak et al. 2014; Timmermans et al.
2016). In turn, the superfamily Scarabaeoidea formed a mono-
phyletic group (Figure 1, clade I). The characterization of the
mitogenome of D. (L.) schiffleri provides useful knowledge for
future studies aimed to investigate the genetic diversity on
population level and develop strategies for the management
and conservation of this species.
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see ISSN LTWA

If you are unsure, please use the full journal title.

For authors using EndNote, Springer provides an output style that supports the formatting of in- text citations
and reference list.

EndNote style (zip, 2 kB)

EndNote style for Molecular Genetics and Genomics
Instead of the general file in the above download, please use the Endnote style given below
EndNote style for Molecular Genetics and Genomics (zip, 1 kB)

All tables are to be numbered using Arabic numerals.

Tables should always be cited in text in consecutive numerical order.


https://doi.org/10.1007/s00421-008-0955-8
https://doi.org/10.1007/s001090000086
http://physicsweb.org/articles/news/11/6/16/1.%20Accessed%2026%20June%202007
http://www.issn.org/services/online-services/access-to-the-ltwa/
http://static.springer.com/sgw/documents/943037/application/zip/Springer%2BBasic%2BEndNote.zip
http://static.springer.com/sgw/documents/1470903/application/zip/mgg.zip
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For each table, please supply a table caption (title) explaining the components of the table.
Identify any previously published material by giving the original source in the form of a reference at the end
of the table caption.
Footnotes to tables should be indicated by superscript lower-case letters (or asterisks for significance values
and other statistical data) and included beneath the table body.

ARTWORK AND ILLUSTRATIONS GUIDELINES

Electronic Figure Submission
Supply all figures electronically.
Indicate what graphics program was used to create the artwork.
For vector graphics, the preferred format is EPS; for halftones, please use TIFF format. MSOffice files are also

acceptable.
Vector graphics containing fonts must have the fonts embedded in the files. Name your figure files with "Fig"
and the figure number, e.g., Figl.eps.

Line Art
100
—& - Ameboid microglia
—& - Ramified microglia
A
o - - __‘
o -
10 L &
AxANOVA: P=0.25
A
N
LY
o
b \‘
1 S N
\"L— o ;
1xANOVA: P=0,01* each '
uinwn: P=O.I;4 "
DLPFC ACC Hi MD

Definition: Black and white graphic with no shading.

Do not use faint lines and/or lettering and check that all lines and lettering within the figures are legible at
final size.

All lines should be at least 0.1 mm (0.3 pt) wide.

Scanned line drawings and line drawings in bitmap format should have a minimum resolution of 1200 dpi.
Vector graphics containing fonts must have the fonts embedded in the files.

Halftone Art

Definition: Photographs, drawings, or paintings with fine shading, etc.

If any magnification is used in the photographs, indicate this by using scale bars within the figures themselves.
Halftones should have a minimum resolution of 300 dpi.

Combination Art

Definition: a combination of halftone and line art, e.g., halftones containing line drawing, extensive lettering,
color diagrams, etc.



94

Combination artwork should have a minimum resolution of 600 dpi.
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Color Art

Color art is free of charge for online publication.

If black and white will be shown in the print version, make sure that the main information will still be visible.
Many colors are not distinguishable from one another when converted to black and white. A simple way to check
this is to make a xerographic copy to see if the necessary distinctions between the different colors are still
apparent.

If the figures will be printed in black and white, do not refer to color in the captions. Color illustrations should be
submitted as RGB (8 bits per channel).

Figure Lettering
To add lettering, it is best to use Helvetica or Arial (sans serif fonts).
Keep lettering consistently sized throughout your final-sized artwork, usually about 2—3 mm (8—12 pt).
Variance of type size within an illustration should be minimal, e.g., do not use 8-pt type on an axis and 20-pt
type for the axis label.
Avoid effects such as shading, outline letters, etc.
Do not include titles or captions within your illustrations.

Figure Numbering

All figures are to be numbered using Arabic numerals.

Figures should always be cited in text in consecutive numerical order. Figure parts should be denoted by
lowercase letters (a, b, c, etc.).

If an appendix appears in your article and it contains one or more figures, continue the consecutive numbering
of the main text. Do not number the appendix figures, "A1, A2, A3, etc." Figures in online appendices (Electronic
Supplementary Material) should, however, be numbered separately.

Figure Captions
Each figure should have a concise caption describing accurately what the figure depicts. Include the captions
in the text file of the manuscript, not in the figure file.
Figure captions begin with the term Fig. in bold type, followed by the figure number, also in bold type.
No punctuation is to be included after the number, nor is any punctuation to be placed at the end of the
caption.
Identify all elements found in the figure in the figure caption; and use boxes, circles, etc., as coordinate points
in graphs.
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Identify previously published material by giving the original source in the form of a reference citation at the
end of the figure caption.

Figure Placement and Size

Figures should be submitted separately from the text, if possible. When preparing your figures, size figures to fit
in the column width.

For most journals the figures should be 39 mm, 84 mm, 129 mm, or 174 mm wide and not higher than 234 mm.
For books and book-sized journals, the figures should be 80 mm or 122 mm wide and not higher than 198 mm.

Permissions

If you include figures that have already been published elsewhere, you must obtain permission from the
copyright owner(s) for both the print and online format. Please be aware that some publishers do not grant
electronic rights for free and that Springer will not be able to refund any costs that may have occurred to receive
these permissions. In such cases, material from other sources should be used.

Accessibility

In order to give people of all abilities and disabilities access to the content of your figures, please make sure that
All figures have descriptive captions (blind users could then use a text-to-speech software or a text-to-Braille
hardware)

Patterns are used instead of or in addition to colors for conveying information (colorblind users would then be
able to distinguish the visual elements)

Any figure lettering has a contrast ratio of at least 4.5:1

ELECTRONIC SUPPLEMENTARY MATERIAL

Springer accepts electronic multimedia files (animations, movies, audio, etc.) and other supplementary files to
be published online along with an article or a book chapter. This feature can add dimension to the author's article,
as certain information cannot be printed or is more convenient in electronic form.

Before submitting research datasets as electronic supplementary material, authors should read the journal’s
Research data policy. We encourage research data to be archived in data repositories wherever possible.

Submission

Supply all supplementary material in standard file formats.

Please include in each file the following information: article title, journal name, author names; affiliation and e-
mail address of the corresponding author.

To accommodate user downloads, please keep in mind that larger-sized files may require very long download
times and that some users may experience other problems during downloading.

Audio, Video, and Animations
Aspect ratio: 16:9 or 4:3 Maximum file size: 25 GB Minimum video duration: 1 sec. Supported file formats: avi,
wmyv, mp4, mov, m2p, mp2, mpg, mpeg, flv, mxf, mts, m4v, 3gp

Text and Presentations
Submit your material in PDF format; .doc or .ppt files are not suitable for long-term viability.
A collection of figures may also be combined in a PDF file.

Spreadsheets
Spreadsheets should be submitted as .csv or .xIsx files (MS Excel).

Specialized Formats
Specialized format such as .pdb (chemical), .wrl (VRML), .nb (Mathematica notebook), and .tex can also be

supplied.

Collecting Multiple Files
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It is possible to collect multiple files in a .zip or .gz file.

Numbering

If supplying any supplementary material, the text must make specific mention of the material as a citation, similar
to that of figures and tables.

Refer to the supplementary files as “Online Resource”, e.g., "... as shown in the animation (Online Resource 3)",
“... additional data are given in Online Resource 4”. Name the files consecutively, e.g. “ESM_3.mpg”,
“ESM_4.pdf”.

Captions
For each supplementary material, please supply a concise caption describing the content of the file.

Processing of supplementary les
Electronic supplementary material will be published as received from the author without any conversion, editing,
or reformatting.

Accessibility

In order to give people of all abilities and disabilities access to the content of your supplementary files, please
make sure that

The manuscript contains a descriptive caption for each supplementary material Video files do not contain
anything that flashes more than three times per second (so that users prone to seizures caused by such effects
are not put at risk)

ENGLISH LANGUAGE EDITING

For editors and reviewers to accurately assess the work presented in your manuscript you need to ensure the
English language is of sufficient quality to be understood. If you need help with writing in English you should
consider:

Asking a colleague who is a native English speaker to review your manuscript for clarity. Visiting the English
language tutorial which covers the common mistakes when writing in English.

Using a professional language editing service where editors will improve the English to ensure that your meaning
is clear and identify problems that require your review. Two such services are provided by our affiliates Nature
Research Editing Service and American Journal Experts. Springer authors are entitled to a 10% discount on their
first submission to either of these services, simply follow the links below.

English language tutorial Nature Research Editing Service American Journal Experts

Please note that the use of a language editing service is not a requirement for publication in this journal and does
not imply or guarantee that the article will be selected for peer review or accepted.

If your manuscript is accepted it will be checked by our copyeditors for spelling and formal style before
publication.

Ethical responsibilities of authors
This journal is committed to upholding the integrity of the scientific record. As a member of the Committee on
Publication Ethics (COPE) the journal will follow the COPE guidelines on how to deal with potential acts of
misconduct.
Authors should refrain from misrepresenting research results which could damage the trust in the journal, the
professionalism of scientific authorship, and ultimately the entire scientific endeavour. Maintaining integrity of
the research and its presentation can be achieved by following the rules of good scientific practice, which include:
The manuscript has not been submitted to more than one journal for simultaneous consideration.
The manuscript has not been published previously (partly or in full), unless the new work concerns an
expansion of previous work (please provide transparency on the re-use of material to avoid the hint of text-
recycling (“self-plagiarism”)).
A single study is not split up into several parts to increase the quantity of submissions and submitted to
various journals or to one journal over time (e.g. “salami-publishing”).
No data have been fabricated or manipulated (including images) to support your conclusions


http://www.springer.com/gp/authors-editors/authorandreviewertutorials/writinginenglish
https://secure.authorservices.springernature.com/c/10springer/
http://www.aje.com/c/springer
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No data, text, or theories by others are presented as if they were the author’s own (“plagiarism”). Proper
acknowledgements to other works must be given (this includes material that is closely copied (near verbatim),
summarized and/or paraphrased), quotation marks are used for verbatim copying of material, and
permissions are secured for material that is copyrighted.

Important note: the journal may use software to screen for plagiarism.

Consent to submit has been received explicitly from all co-authors, as well as from the responsible authorities
- tacitly or explicitly - at the institute/organization where the work has been carried out, before the work is
submitted.

Authors whose names appear on the submission have contributed sufficiently to the scientific work and
therefore share collective responsibility and accountability for the results.

Authors are strongly advised to ensure the correct author group, corresponding author, and order of authors
at submission. Changes of authorship or in the order of authors are not accepted after acceptance of a
manuscript.

Adding and/or deleting authors and/or changing the order of authors at revision stage may be justifiably
warranted. A letter must accompany the revised manuscript to explain the reason for the change(s) and the
contribution role(s) of the added and/or deleted author(s). Further documentation may be required to
support your request.

Requests for addition or removal of authors as a result of authorship disputes after acceptance are honored
after formal notification by the institute or independent body and/or when there is agreement between all
authors.

Upon request authors should be prepared to send relevant documentation or data in order to verify the
validity of the results. This could be in the form of raw data, samples, records, etc. Sensitive information in
the form of confidential proprietary data is excluded.

If there is a suspicion of misconduct, the journal will carry out an investigation following the COPE guidelines. If,
after investigation, the allegation seems to raise valid concerns, the accused author will be contacted and given
an opportunity to address the issue. If misconduct has been established beyond reasonable doubt, this may
result in the Editor-in-Chief’s implementation of the following measures, including, but not limited to:

If the article is still under consideration, it may be rejected and returned to the author. If the article has already
been published online, depending on the nature and severity of the infraction, either an erratum will be placed
with the article or in severe cases complete retraction of the article will occur. The reason must be given in the
published erratum or retraction note. Please note that retraction means that the paper is maintained on the
platform, watermarked "retracted" and explanation for the retraction is provided in a note linked to the
watermarked article.

The author’s institution may be informed.

COMPLIANCE WITH ETHICAL STANDARDS

To ensure objectivity and transparency in research and to ensure that accepted principles of ethical and
professional conduct have been followed, authors should include information regarding sources of funding,
potential conflicts of interest (financial or non-financial), informed consent if the research involved human
participants, and a statement on welfare of animals if the research involved animals.

Authors should include the following statements (if applicable) in a separate section entitled “Compliance with
Ethical Standards” when submitting a paper:

Disclosure of potential conflicts of interest

Research involving Human Participants and/or Animals Informed consent

Please note that standards could vary slightly per journal dependent on their peer review policies (i.e. single or
double blind peer review) as well as per journal subject discipline. Before submitting your article check the
instructions following this section carefully.

The corresponding author should be prepared to collect documentation of compliance with ethical standards
and send if requested during peer review or after publication.

The Editors reserve the right to reject manuscripts that do not comply with the above-mentioned guidelines. The
author will be held responsible for false statements or failure to fulfill the above- mentioned guidelines.

DISCLOSURE OF POTENTIAL CONFLICTS OF INTEREST

Authors must disclose all relationships or interests that could have direct or potential influence or impart bias on
the work. Although an author may not feel there is any conflict, disclosure of relationships and interests provides
a more complete and transparent process, leading to an accurate and objective assessment of the work.
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Awareness of a real or perceived conflicts of interest is a perspective to which the readers are entitled. This is
not meant to imply that a financial relationship with an organization that sponsored the research or
compensation received for consultancy work is inappropriate. Examples of potential conflicts of interests that
are directly or indirectly related to the research may include but are not limited to the following:

Research grants from funding agencies (please give the research funder and the grant number)
Honoraria for speaking at symposia Financial support for attending symposia Financial support for
educational programs Employment or consultation
Support from a project sponsor
Position on advisory board or board of directors or other type of management relationships
Multiple affiliations
Financial relationships, for example equity ownership or investment interest Intellectual property rights (e.g.
patents, copyrights and royalties from such rights) Holdings of spouse and/or children that may have financial
interest in the work
In addition, interests that go beyond financial interests and compensation (non-financial interests) that may
be important to readers should be disclosed. These may include but are not limited to personal relationships
or competing interests directly or indirectly tied to this research, or professional interests or personal beliefs
that may influence your research.
The corresponding author collects the conflict of interest disclosure forms from all authors. In author
collaborations where formal agreements for representation allow it, it is sufficient for the corresponding author
to sign the disclosure form on behalf of all authors. Examples of forms can be found here: The corresponding
author will include a summary statement in the text of the manuscript in a separate section before the reference
list, that reflects what is recorded in the potential conflict of interest disclosure form(s). See below examples of
disclosures:
Funding: This study was funded by X (grant number X).

Conflict of Interest: Author A has received research grants from Company A. Author B has received a speaker
honorarium from Company X and owns stock in Company Y. Author C is a member of committee Z.

If no conflict exists, the authors should state:

Conflict of Interest: The authors declare that they have no conflict of interest.

RESEARCH INVOLVING HUMAN PARTICIPANTS AND/OR ANIMALS

Statement of humanrights

When reporting studies that involve human participants, authors should include a statement that the studies
have been approved by the appropriate institutional and/or national research ethics committee and have been
performed in accordance with the ethical standards as laid down in the 1964 Declaration of Helsinki and its later
amendments or comparable ethical standards.

If doubt exists whether the research was conducted in accordance with the 1964 Helsinki Declaration or
comparable standards, the authors must explain the reasons for their approach, and demonstrate that the
independent ethics committee or institutional review board explicitly approved the doubtful aspects of the
study.

The following statements should be included in the text before the References section:

Ethical approval: “All procedures performed in studies involving human participants were in accordance with
the ethical standards of the institutional and/or national research committee and with the 1964 Helsinki
declaration and its later amendments or comparable ethical standards.”

For retrospective studies, please add the following sentence: “For this type of study formal consent is not
required.”

Statement on the welfare of animals

The welfare of animals used for research must be respected. When reporting experiments on animals, authors
should indicate whether the international, national, and/or institutional guidelines for the care and use of
animals have been followed, and that the studies have been approved by a research ethics committee at the
institution or practice at which the studies were conducted (where such a committee exists).

For studies with animals, the following statement should be included in the text before the References section:
Ethical approval: “All applicable international, national, and/or institutional guidelines for the care and use of
animals were followed.”


https://www.springer.com/gp/authors-editors/journal-author/journal-author-helpdesk/publishing-ethics/14214
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If applicable (where such a committee exists): “All procedures performed in studies involving animals were in
accordance with the ethical standards of the institution or practice at which the studies were conducted.”

If articles do not contain studies with human participants or animals by any of the authors, please select one of
the following statements:

“This article does not contain any studies with human participants performed by any of the authors.”

“This article does not contain any studies with animals performed by any of the authors.”

“This article does not contain any studies with human participants or animals performed by any of the authors.”

INFORMED CONSENT

All individuals have individual rights that are not to be infringed. Individual participants in studies have, for
example, the right to decide what happens to the (identifiable) personal data gathered, to what they have said
during a study or an interview, as well as to any photograph that was taken. Hence it is important that all
participants gave their informed consent in writing prior to inclusion in the study. Identifying details (names,
dates of birth, identity numbers and other information) of the participants that were studied should not be
published in written descriptions, photographs, and genetic profiles unless the information is essential for
scientific purposes and the participant (or parent or guardian if the participant is incapable) gave written
informed consent for publication. Complete anonymity is difficult to achieve in some cases, and informed
consent should be obtained if there is any doubt. For example, masking the eye region in photographs of
participants is inadequate protection of anonymity. If identifying characteristics are altered to protect
anonymity, such as in genetic profiles, authors should provide assurance that alterations do not distort scientific
meaning.

The following statement should be included:

Informed consent: “Informed consent was obtained from all individual participants included in the study.”

If identifying information about participants is available in the article, the following statement should be
included:

“Additional informed consent was obtained from all individual participants for whom identifying information is
included in this article.”

RESEARCH DATA POLICY

A submission to the journal implies that materials described in the manuscript, including all relevant raw data,
will be freely available to any researcher wishing to use them for non- commercial purposes, without breaching
participant confidentiality.

The journal strongly encourages that all datasets on which the conclusions of the paper rely should be available
to readers. We encourage authors to ensure that their datasets are either deposited in publicly available
repositories (where available and appropriate) or presented in the main manuscript or additional supporting files
whenever possible. Please see Springer Nature’s information on recommended repositories.

General repositories - for all types of research data - such as figshare and Dryad may be used where appropriate.
Datasets that are assigned digital object identifiers (DOIs) by a data repository may be cited in the reference list.
Data citations should include the minimum information recommended by DataCite: authors, title, publisher
(repository name), identifier. DataCite

Where a widely established research community expectation for data archiving in public repositories exists,
submission to a community-endorsed, public repository is mandatory. Persistent identifiers (such as DOIs and
accession numbers) for relevant datasets must be provided in the paper

For the following types of data set, submission to a community-endorsed, public repository is mandatory:

Mandatory deposition Suitablerepositories
Protein sequences Uniprot
DNA and RNAsequences Genbank

DNA DataBank of Japan (DDBJ)

EMBL Nucleotide Sequence Database (ENA)

NCBI Trace Archive
DNA and RNA sequencing data NCBI Sequence Read Archive (SRA)

dbSNP


https://www.datacite.org/
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Genetic polymorphisms dbVvar
European Variation Archive (EVA)

dbGAP

Linked genotype and phenotype data The European Genome-phenome Archive (EGA)
Worldwide Protein Data Bank (wwPDB)

Biological Magnetic Resonance Data Bank (BMRB)
Macromolecular structure Electron Microscopy Data Bank (EMDB)

Gene Expression Omnibus (GEO)
Microarray data (must be MIAME compliant) ArrayExpress

Cambridge Structural Database
Crystallographic data for small molecules

For more information:
Research Data Policy Frequently Asked Questions

Data availability

The journal encourages authors to provide a statement of Data availability in their article. Data availability
statements should include information on where data supporting the results reported in the article can be found,
including, where applicable, hyperlinks to publicly archived datasets analysed or generated during the study.
Data availability statements can also indicate whether data are available on request from the authors and where
no data are available, if appropriate.

Data Availability statements can take one of the following forms (or a combination of more than one if required
for multiple datasets):

1. The datasets generated during and/or analysed during the current study are available in the [NAME]
repository, [PERSISTENT WEB LINK TO DATASETS]

2. The datasets generated during and/or analysed during the current study are not publicly available due
[REASON WHY DATA ARE NOT PUBLIC] but are available from the corresponding author on reasonable
request.

3. The datasets generated during and/or analysed during the current study are available from the
corresponding author on reasonable request.

4. Data sharing not applicable to this article as no datasets were generated or analysed during the current
study.

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

More examples of template data availability statements, which include examples of openly available and
restricted access datasets, are available:

Data availability statements

This service provides advice on research data policy compliance and on finding research data repositories. It is
independent of journal, book and conference proceedings editorial offices and does not advise on specific
manuscripts.

Helpdesk

AFTER ACCEPTANCE

Upon acceptance of your article you will receive a link to the special Author Query Application at Springer’s web
page where you can sign the Copyright Transfer Statement online and indicate whether you wish to order
OpencChoice, offprints, or printing of figures in color.

Once the Author Query Application has been completed, your article will be processed and you will receive the
proofs.

Copyright transfer

Authors will be asked to transfer copyright of the article to the Publisher (or grant the Publisher exclusive
publication and dissemination rights). This will ensure the widest possible protection and dissemination of
information under copyright laws.


http://www.springernature.com/gp/group/data-policy/faq
http://www.springernature.com/gp/group/data-policy/data-availability-statements
http://www.springernature.com/gp/group/data-policy/helpdesk
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Creative Commons Attribution-NonCommercial 4.0 International License

Offprints
Offprints can be ordered by the corresponding author.

Color illustrations
Online publication of color illustrations is free of charge. For color in the print version, authors will be expected
to make a contribution towards the extra costs.

Proof reading

The purpose of the proof is to check for typesetting or conversion errors and the completeness and accuracy of
the text, tables and figures. Substantial changes in content, e.g., new results, corrected values, title and
authorship, are not allowed without the approval of the Editor.

After online publication, further changes can only be made in the form of an Erratum, which will be hyperlinked
to the article.

Online First

The article will be published online after receipt of the corrected proofs. This is the official first publication citable
with the DOI. After release of the printed version, the paper can also be cited by issue and page numbers.

OPEN CHOICE

In addition to the normal publication process (whereby an article is submitted to the journal and access to that
article is granted to customers who have purchased a subscription), Springer provides an alternative publishing
option: Springer Open Choice. A Springer Open Choice article receives all the benefits of a regular subscription-
based article, but in addition is made available publicly through Springer’s online platform SpringerLink. Open
Choice

Copyright and license term — CC BY
Open Choice articles do not require transfer of copyright as the copyright remains with the author. In opting for

open access, the author(s) agree to publish the article under the Creative Commons Attribution License.
Find more about the license agreement.


http://creativecommons.org/licenses/by-nc/4.0/
http://springer.com/openchoice
http://springer.com/openchoice
https://creativecommons.org/licenses/by/4.0/
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OXFORD Qe =

ACADEMIC

Instructions to Authors
New Policy for Rapid Online Publication — Journal of Heredity now publishes accepted
manuscripts and corrected proofs on its advance access page. See the section below on

'Advance Access Publication' for more information.

SCOPE OF THE JOURNAL OF HEREDITY

The Journal features primary research on organismal genetics in the following subject areas:
Genomics and gene mapping

Conservation genetics and biodiversity

Population structure and phylogeography

Bioinformatics and computational genetics

Molecular adaptation and selection

Reproductive strategies and kinship analysis

Quantitative genetics and Mendelian inheritance

Molecular systematics and phylogenetics

Gene action, regulation and transmission

To be accepted for publication, a manuscript must make a significant contribution to one or more of these
subject areas and be of general interest to the members of the American Genetic Association. We discourage
papers that are primarily descriptive and are relevant only to the taxon being studied. We are no longer
considering manuscripts that are primarily marker development without broader population genetics

applications in a natural context. We do not publish human genetic or clinical research.

ARTICLE TYPES

Original Articles: Reports on important original research relevant to the scope of Journal of Heredity. There
is no page limit, but published articles of 10 pages or fewer are free of page charges for all authors. A 10-page

article is about 7500 total words, plus 6-8 tables and figures combined.
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Brief Communications: Short communications on current research, important preliminary findings or new
techniques. Brief Communications are narrower in scope than articles, but must still be novel, important and
of general interest. We recommend that they do not exceed 5000 words and contain no more than 4 tables

and figures combined.
Computer Notes: Short communications on new computer programs and applications.

Letters: Journal of Heredity encourages open debate on the interpretation of results published in the journal
and welcomes Letters to the Editor briefly summarizing observations and concerns. Our editorial procedure
is to forward such letters to the authors and allow them the final right to reply. If they accept and reply in a
timely fashion (usually within 2 weeks), we publish the Letter and Response together online and in print in
the next issue. A Letter to the Editor is not intended as a primary research article, and should not exceed 2500

words.

Reviews, Perspectives and Symposium articles are usually by invitation. Authors interested in providing a

review or perspective should contact the editor.

STREAMLINED SUBMISSION

Journal of Heredity has a streamlined process designed to avoid unnecessary work. Please submit your
manuscript to the journal’s online submission system. Instructions on how to use the online system can be
found here. To contact the editorial office, please email theaga@theaga.org.

Manuscripts can be submitted in any common document format that can be easily opened and read by
others. A single PDF file is usually reliable. For the final revised manuscript, text and tables should be
submitted in an editable file format such as Word, not in PDF. Figures should be submitted in one or more
high-resolution files. Figures may be in PDF or a graphic format. Supplementary Material is not typeset, and

may be in any readable format.

A basic formatting guide is given below.

BASIC FORMATTING GUIDE

When formatting your submission it is helpful to ask: Would | enjoy reading and reviewing a manuscript

formatted in this way? Some reviewers find it easier to assess manuscripts that use double line spacing.

Title page

The title page should contain the title of the article; all authors' complete first and last name(s) and
affiliation(s) with complete addresses; e-mail addresses; and a running title.

The title should concisely state the subject of the paper and the organism to which it relates, including

common name , in no more than 75 characters. A subtitle can be used when greater length is unavoidable.
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Abstract

An abstract is required. Abstracts consist of one paragraph of no more than 250 words that is complete
without reference to the text. Include total sample sizes and the important effect sizes found in your analyses.
Do not use acronyms and complex abbreviations, or refer to literature, figures, and tables. Below the abstract,
provide 3-6 keywords or short phrases that will assist in cross-indexing your article. Do not include words

from the Title as keywords.

Text

The text should be readable, clear, and concise. Unfamiliar or new terms, as well as abbreviations, acronyms,
and symbols, should be defined at first mention. Do not use italics for emphasis. Do not use footnotes; include

descriptive material parenthetically in the text. All tables and figures must be referred to in the text.

Data Availability

Our Data Availability Policy can be found here. In compliance with this policy, include a Data Availability
section after Funding and Acknowledgments, similar to the example shown below. We will pay the cost to
deposit data in Dryad for all published articles. If your manuscript is accepted, you will receive a link to deposit
your data in Dryad (if appropriate), and your specific Dryad doi will be included in your published article.
Where datasets already have a doi, please cite the data in the text and place the citation in the References

section.

Example:

Data Availability

We have deposited the primary data underlying these analyses as follows:

- Sampling locations, morphological data and microsatellite genotypes: Dryad

- DNA sequences: Genbank accessions F234391-F234402; NCBI SRA: SRX0110215

- Final DNA sequence assembly uploaded as online Supplementary Material

Tables and Figure

Tables and figures can be placed wherever the authors think is best, but should be large enough to be
readable. Define all symbols and abbreviations used in legends and captions. Legends and captions must be
‘stand alone’ — interpretable without reference to the manuscript text. Footnotes can be added to tables if

needed. Try to avoid overcrowding in tables and unnecessary clutter in figures.

Figures

Journal of Heredity includes the Flexible Color Option. All figures submitted in color will be published in color
online at no cost. Authors may choose to also publish their figures in color in the print journal for $600 per
figure — you will be asked to approve this cost in an e-mail after your article is accepted, and will be issued an

invoice at the time of publication.
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If you opt to publish figures in color online with black and white in print, each figure and its caption must be
interpretable in grayscale. Avoid referring to color names in the caption, and include graphic elements in the
figure for clarity (e.g., sample sets shown as red diamonds, green circles, blue triangles; graph bars shown as
yellow hashed, green vertically striped, pink horizontally striped). View the figure in grayscale before
submission to ensure it is legible. You may choose to add the phrase ‘See online version for full color’ to the
figure caption.

For maps, include geographic coordinates, a distance scale, and names of relevant features, including country
names and bodies of water.

For the final revised manuscript, figures should be submitted in one or more highresolution files. Figures may

be in PDF or a high-resolution graphic format.

Funding

Detail all funding sources for the work in question in a separate Funding section following the Discussion. A
separate page is not necessary. Follow these rules, as required by several funding agencies:

e Begin the sentence: ‘This work was supported by ...”

e Give the full official funding agency name, i.e. ‘the National Cancer Institute at the National Institutes of
Health’ or simply 'National Institutes of Health' not ‘NCI' (one of the 27 sub-institutions) or 'NCI at NIH'.
Include complete and accurate grant numbers in brackets: ‘(grant number ABX CDXXXXXX)’

e Separate multiple grant numbers by a comma: ‘(grant numbers ABX CDXXXXXX, EFX GHXXXXXX)’

e Separate agencies by a semi-colon (plus ‘and’ before the last funding agency)

e Where individuals need to be specified for certain sources of funding, add the following text after the
relevant agency or grant number 'to [author initials]".

An example is given here: ‘This work was supported by the National Institutes of Health (P50 CA098252 and
CA118790 to R.B.S.R.); and the Alcohol & Education Research Council (hfygr667789).” Oxford Journals will

deposit all NIH-funded articles in PubMed Central. See http://www.oxfordjournals.org/for

authors/repositories.html for details. Authors must ensure that manuscripts are clearly indicated as NIH-

funded using the guidelines above. A full list of RIN-approved UK funding agencies may be found here .

Crossref Funding Data Registry

In order to meet your funding requirements authors are required to name their funding sources, or state if
there are none, during the submission process. For further information on this process or to Bind out more

about the CHORUS initiative please click here .
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References and citations can be formatted in any readable style at submission, although authors are

responsible for their accuracy.

Supplementary Material

We strongly encourage authors to deposit data in a public repository such as Dryad that assigns a permanent
URL (doi) or accession number, rather than uploading datasets as supplementary data. See our Data
Availability policy here. If you choose to include supplementary material, please include the file(s) when
submitting your main manuscript.

Supplementary material should not be essential to comprehension of the article, but should be relevant to
article content. Supporting material might include more detailed methods, extended data sets/data analysis,
or additional figures. Include a File name as a header on the SupMat pages (not in the main text): Author
1_SupMat_description (e.g., _table, _figure), followed by the article’s Running Title and JHered. Include any
captions on the SupMat, not in the main document.

Supporting material cannot be altered or replaced after the paper has been accepted, and will not be edited.
Please ensure that supplementary data is referred to in the main manuscript where necessary, for example

as '(see Supplementary material)' or '(see Supplementary Figure 1)'.

ADVANCE ACCESS PUBLICATION

Journal of Heredity Advance Access is the journal's system for the rapid online publication of articles ahead
of the printed issue. Manuscripts are published online as soon as possible after they have been accepted.
Beginning January 2016, accepted manuscripts are published online before copyediting and formatting have
been carried out. This version is indicated by the text "Accepted Manuscript" below the article details on our
Advance Access page. A second version, which has been copyedited, typeset, and author-corrected, is then
also published online ahead of print; this version is indicated by the text "Corrected Proof" and the previous
version is removed. Appearance of the accepted manuscript in Advance Access constitutes official

publication, and the Advance Access version can be cited by a unique DOI (digital object identifier).

LANGUAGE EDITING BEFORE SUBMISSION

If your first language is not English, to ensure that the academic content of your paper is fully understood by
journal editors and reviewers is optional. Language editing does not guarantee that your manuscript will be
accepted for publication. For further information on this service, please click here. Several specialist language
editing companies offer similar services and you can also use any of these. Authors are liable for all costs

associated with such services.

THE STEPHEN J. O'BRIEN AWARD

The Stephen J. O'Brien Award for the best student paper published in the Journal of Heredity the previous

year is awarded at the annual meeting of the AGA and includes a cash prize of $2,000, a travel award to the
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AGA symposium, and a 1-yr subscription to Journal of Heredity. The award honors Dr. O'Brien's many years
of service as Chief Editor of the Journal of Heredity. Papers are eligible for the award if the first author was a
registered student at the time of manuscript submission. Please tick the appropriate box on the online

submission form if your manuscript is eligible.

POST-PRODUCTION CORRECTIONS

No correction to a paper already published will be carried out without an erratum or corrigendum
(applicable), this applies to papers on Advance Access and published within an issue. This means that any
change carried out to a paper already published online will have a corresponding erratum or corrigendum
published with its own separate DOI.

Whether on Advance Access or in an issue, if an erratum or corrigendum is published, the online version of
the original paper will also be corrected online and the correction notice will mention this. Corrections will
only be made if the publication record is seriously affected by the academic accuracy of published
information.

Authors' corrections to Supplementary Data are made only in exceptional circumstances (for example major
errors that compromise the conclusion of the study). Because the Supplementary Data is part of the original
paper and hence the published record, the information cannot be updated if new data have become available

or interpretations have changed.



