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RESUMO GERAL

A vinhaga da cana-de-agucar (Saccharum spp.) € um residuo gerado durante a producdo de
etanol, com alto teor de nutrientes e matéria organica, por esta razao vem sendo fertirrigado nos
canaviais, provocando alteragdes biologicas, quimicas e fisicas do solo. Problemas
fitossanitarios afetam drasticamente essa cultura, dentre os quais se destacam as doengas
causadas pelos nematoide das lesdes radiculares (Pratylenchus spp.), especialmente P.
brachyurus, uma das espécies mais importantes em diversas culturas além da cana-de-agucar.
Este estudo teve como objetivos (i) avaliar a estrutura da comunidade de nematoides e a
qualidade do solo em canaviais fertirrigados com vinhaga e (ii) sequenciar € montar o genoma
mitocondrial (mtDNA) de P. brachyurus, além de identificar e caracterizar os elementos
repetitivos do genoma completo deste parasita. No estudo da comunidade de nematoides,
amostras de solo foram coletadas em quatro canaviais, trés dos quais fertirrigados com vinhaga
no Estado de Pernambuco, Brasil, realizando-se a identificagdo/caracterizacdo da nematofauna,
e analises fisicas e quimicas do solo. Para montagem do mtDNA e estudo dos elementos
repetitivos do genoma de P. brachyurus, o sequenciamento foi realizado na plataforma Illumina
NextSeq (2 x100 bp). Nove géneros de fitonematoides e cinco familias de nematoides de vida
livre foram identificados nos canaviais sem e com fertirrigagdo da vinhaga. Os nematoides
parasitas de plantas foram os mais dominantes, exceto na area com cinco anos de aplicacao
continua de vinhaga, enquanto, os predadores e fungivoros foram os menos abundantes. De
acordo com a atividade metabodlica dos nematoides na cadeia alimentar do solo,o0s canaviais em
estudo apresentam baixa a moderada perturbagdo. Na 4rea sem aplicacdo da vinhaga o género
Meloidogyne correlacionou-se positivamente com a condutividade elétrica dosolo. O genoma
mitocondrial parcialmente montado de P. brachyurus (17.369 pb) contém 24 genes, sendo 9
codificadores de proteinas, 13 tRNA e dois rRNA. Mais da metade do genoma de P. brachyurus
(67,3 %) ¢ composto por sequéncias de DNA repetitivo, no qual o satDNA foi o elemento
repetitivo mais abundante no genoma de P. brachyurus. Sendo assim, neste estudo
demonstramos que as alteragdes na estrutura e composi¢ao da comunidade de nematoides,
podem ter ocorrido devido a fertirrigagao da vinhaca nos canaviais, assim como foi o primeiro
estudo a realizar a montagem do mitogenoma de P. brachyurus e a identificar e caracterizar os

elementos repetitivos que compde o genoma deste fitonematoide.

Palavras-chaves: Saccharum spp., Indices ecolégicos, Nematoides do solo, Mitogenoma,

Sequéncias repetitivas, Nematoide das lesdes radiculares.



GENERAL ABSTRACT

Sugarcane vinasse (Saccharum spp.) is a residue from ethanol production, which has a high
content of nutrients and organic matter, for this reason, it has been fertigated in sugarcane fields,
improving biological, chemical and physical changes in the soil. Phytosanitary problems
drastically affect this crop, among which the diseases caused by root lesion nematodes
(Pratylenchus ssp.), stand out P. brachyurus is one of the most important species in several
crops besides sugarcane. This study aimed to (i) evaluate the nematode community structure
and the quality of the soil in sugarcane fields under continuous vinasse fertigation and (ii)
sequence and assembly the mitochondrial genome (mtDNA) of P. brachyurus, in addition to
identify and characterize the repetitive DNA of the complete genome of this parasite. In the
study of the nematode community, soil samples were collected in four sugarcane fields, three
of which were fertigated with vinasse in the State of Pernambuco, Brazil, carrying out the
identification/characterization of the nematofauna, and physical and chemical analysis of the
soil. To assembly the mtDNA and study the repetitive elements of the P. brachyurus genome,
sequencing was performed with Illumina NextSeq platform (2 x100 bp). Nine genera of plant-
parasitic nematodes and five families of free-living nematodes were identified in sugarcane
fields without and with vinasse fertigation. Plant-parasitic nematodes were dominant, except in
the field with five years of continuous vinasse application, while predators and fungivores were
the least abundant. According to the metabolic footprints of nematodes in the soil food web
revealed that all sugarcane fields can be classified as low to moderately disturbed environments.
In the area without vinasse application, the genus Meloidogyne was positively correlated with
the electrical conductivity of the soil. The partially assembled mitochondrial genome of P.
brachyurus (17,369 bp) contains 24 genes that comprises 9 protein-coding genes, 13 tRNA,
and two rRNA. More than half of the genome of P. brachyurus (67.3 %) is composed of
repetitive DNA sequences, being satDNA is the most abundant element in the genome of P.
brachyurus. Therefore, in this study, we highlight those alterations in the structure and
composition of the nematode community that can occur due to vinasse fertigation in sugarcane
fields, as it was for the first time, the assembly of the mitogenome of P. brachyurus was
performed and identified and characterized the repetitive elements that make up the genome of

this plant-parasitic nematode.

Keywords: Saccharum spp., Ecological indices, Soil nematode, Mitogenome, Repetitive

sequences, Root-lesion nematode.
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NEMATOFAUNA E QUALIDADE DO SOLO EM CANAVIAIS FERTIRRIGADOS
COM VINHACA E INFORMACOES SOBRE O GENOMA
DE Pratylenchus brachyurus

1. INTRODUCAO GERAL

1.1 A cultura da cana-de-acucar

A cana-de-agucar (Saccharum spp. L.) ¢ uma graminea originaria do continente Asiatico
que foi introduzida no Brasil durante o periodo colonial, sendo esta cultura considerada um dos
principais segmentos do agronegdcio brasileiro (SCHNEIDER et al, 2012).
Taxonomicamente, pertence a ordem Cyperales, familia Poaceae e género Saccharum L., cujas
principais variedades atualmente cultivadas sdo hibridos interespecificos entre as espécies S.
officinarum L. e §. spontaneum L. (COX; HOGARTH; SMITH, 2000; DILLON et al., 2007).

Em relacdo ao metabolismo, a cana-de-agucar ¢ classificada como uma planta C4,
caracterizada por possuir alta taxa fotossintética e eficiéncia na conversao de energia luminosa
em quimica. E também adaptada a temperatura alta, luminosidade elevada, tolerante a escassez
de 4gua, utilizando em média 120 litros de agua por quilograma de massa seca da planta. Possui
habito de crescimento do tipo cespitoso ereto, formando touceiras, cuja parte aérea ¢ composta
por colmos, folhas, inflorescéncias e frutos. A parte subterrdnea ¢ formada por raizes
fasciculadas e por rizomas, que sdo responsaveis pela formag¢do dos perfilhos na touceira
(SEGATO; MATTIUZ; MOZAMBANI, 2006).

A cana-de-acucar ¢ uma cultura semiperene, exigindo a renovacdo do canavial apods
varias colheitas ou cortes (VITTI et al., 2007). A produgdo ¢ dividida em dois ciclos basicos,
sendo o primeiro denominado de cana-planta, iniciado no plantio e finalizado apds a primeira
colheita, e o segundo ¢ a cana-soca, cujo inicio se d4 no primeiro corte e se estende, em média,
por mais quatro colheitas a partir da rebrota da cana cortada, totalizando 5 a 6 cortes
(CHEAVEGATTI-GIANOTTO et al., 2011). A duracao do ciclo da cana-planta ¢ de 12 a 18
meses, enquanto a da cana-soca ¢ geralmente de 12 meses (CAIXETA, 2013).

O desenvolvimento da cana-de-agtcar ¢ dividido em quatro estadios, cuja duragdo de
cada estadio pode variar de acordo com o ciclo da cultura: (1) Brotacdo (30 a 60 dias); (2)
Perfilhamento (60 a 90 dias); (3) Desenvolvimento e crescimento (180 a 210 dias) e (4)
Maturagdo (60 a 90 dias) (DINARDO-MIRANDA; VASCONCELOS; LANDELL, 2010;
DIOLA; SANTOS, 2012).

O Brasil ¢ o maior produtor mundial de cana-de-agticar, tendo produzindo 757.116.855

milhoes de toneladas de colmos na safra de 2020 (FAOSTAT, 2020). O cultivo da cana-de-
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acucar ¢ concentrado nas regides Sudeste, Centro-Oeste e Nordeste. O Estado de Sao Paulo ¢
considerado o maior produtor, responsavel por aproximadamente 50% da produg¢@o nacional na
safra de 2021 (IBGE, 2021). Na regido Nordeste, extensas areas ao longo dos Tabuleiros
Costeiros sao destinadas ao cultivo da cana-de-agticar (BARROS et al., 2010; CAVALCANTI
et al, 2019). Na safra de 2021, a regido Nordeste foi responsavel por 8,8% da produgdo
nacional, gerando 53 milhdes de toneladas de colmos. O Estado de Pernambuco, nesta mesma
safra, foi o oitavo maior produtor do pais e o segundo da Regido Nordeste, produzindo
14.522.953 toneladas em 258.488 hectares de area plantada, alcancando uma produtividade de
56.616 kg/ha (IBGE, 2021).

Centenas de anos cultivando cana-de-aglicar na regido Nordeste levaram ao
comprometimento das areas produtoras, reduzindo a produtividade em razdo da compactacao,
diminui¢do da qualidade do solo e aumento da incidéncia de pragas e doengas. Um dos
principais problemas fitossanitarios ¢ a ocorréncia de doencas provocadas por fitonematoides,
que ocasionam redugdes significativas da produtividade na regido Nordeste (CAIXETA et al.,
2011; CHAVES et al., 2018). As espécies de fitonematoides que provocam mais danos a cultura
sd0 Meloidogyne javanica (Treub) Chitwood, M. incognita (Kofoid & White) Chitwood e
Pratylenchus zeae Graham (JESUS et al, 2020; NORONHA et al., 2017). Entretanto, P.
brachyurus (Godfrey) Filipjev & S. Stekhoven também tem sido encontrado em amostras de
canaviais de diversas localidades, podendo em algumas situac¢des, ser mais agressivo que P.
zeae (BARBOSA et al., 2013). Essas espécies encontram-se amplamente disseminadas nos
canaviais nordestinos. Perdas de rendimento da cana-de-agucar de até 30 % sao observadas nos
primeiros cortes das cultivares suscetiveis, devido a presenca de P. zeae € M. javanica nos
canaviais, ¢ de 40 % ocasionadas por M. incognita (DINARDO-MIRANDA; GIL;
MENEGATTI, 2003).

Apesar de n3o ocasionarem 0s mesmos prejuizos que os géneros Meloidogyne e
Pratylenchus, outros géneros associados a cultura da cana-de-agucar foram relatados, como:
Helicotylenchus Steiner, Mesocriconema Andréssy, Paratrichodorus Siddiqi, Trichodorus
Cobb (SILVA; CARES; MOURA, 2019), Xiphinema Cobb, Hemicycliophora De Man,
Tylenchorhynchus Cobb, Tylenchulus Cobb, Aphelenchoides Fisher, Rotylenchulus Linford &.
Oliveira e Scutellonema Andrassy (BELLE et al., 2014; SINGH et al., 2020).

Outro fator limitante da produtividade da cultura na regido Nordeste ¢ a agua, devido
ao déficit hidrico provocado pela distribuigdo irregular das chuvas durante o ano (SILVA et al.,
2014). Portanto, visto que o potencial produtivo da cana-de-agucar pode sofrer variagdo, devido

as condicdes edafoclimaticas de cada regido, praticas diferenciadas de manejo sdo necessarias
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para garantir uma boa produtividade dos canaviais (CASAGRANDE; VASCONCELOS, 2010;
GAROFALO et al., 2020).

1.2 Vinhaca

O Brasil ¢ o maior produtor de etanol de cana-de-agucar do mundo e ocupa a lideranga
em tecnologia para sua producdo (UNICA, 2021). Entretanto, a produgdo de etanol esta
associada a geragdo de diversos residuos, ocasionando um problema relacionado a sua
destinagdo. Para atender a alta demanda por etanol, o volume da cana-de-agucar processada no
Brasil triplicou nos ultimos 20 anos, provocando um grande problema para o meio ambiente
(OLIVEIRA et al., 2020; UNICA, 2021).

A vinhaga ¢ o residuo mais produzido pelas usinas sucroalcooleiras, sendo gerados cerca
de 9 a 14 litros de vinhaca para cada litro de élcool produzido (CARRILHO; LABUTO;
KAMOGWA, 2016). A vinhaga ¢ um residuo liquido composto aproximadamente por 93% de
agua e 7% de solidos. E caracterizado por ser um composto acido (pH 3,5-5,0), possuir alto teor
organico, coloracdo marrom escura e odor desagradavel (CHRISTOFOLETTI et al., 2013;
REIS; HU, 2017). Ocasionalmente, contém metais pesados, como cobre, chumbo e zinco, que
podem contaminar solos, lengdis freaticos, sedimentos e adguas superficiais. Possui também
altos teores de calcio, potdssio, magnésio, sulfato, fosforo total e nitrogénio (BARROS et al.,
2010; CARRILHO; LABUTO; KAMOGWA, 2016; MORAN-SALAZAR et al., 2016).

O inadequado descarte da vinhaga, pode ocasionar danos tanto em ambientes aquaticos
como terrestres, visto que esse residuo ¢ altamente toxico para plantas, animais terrestres,
aquaticos, microrganismos ¢ microflora de agua doce. Possui também um alto potencial
poluidor, aproximadamente cem vezes mais que o esgoto doméstico, devido ao alto teor de
matéria organica, causando um esgotamento de oxigénio, diminui¢ao do pH, alta corrosividade
e altos niveis de demanda bioquimica de oxigénio (CHRISTOFOLETTI et al., 2013).

Por outro lado, devido ao alto teor de nutrientes e matéria organica neste residuo, a
vinhaca tem sido utilizada como fertilizante, melhorando a fertilidade e diminuindo a
compactagdo do solo (MORAN-SALAZAR et al., 2016; NASPOLINI et al., 2017; PRADO;
CAIONE; CAMPOS, 2013). O principal destino da vinhaca no Brasil tem sido a aplicagdo no
canavial como fertilizante liquido, promovendo grandes beneficios para a producdo agricola
(PARNAUDEAU et al., 2008). A fertirrigagdo ¢ umas das modalidades mais empregadas de
aplicagdo da vinhaca nos canaviais, que além de servir como irrigagdo, fertiliza a lavoura,

reduzindo assim os custos com fertilizantes quimicos (LAIME et al., 2011).
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O baixo pH, a alta condutividade elétrica e os elementos quimicos presentes na vinhaca
de cana-de-agticar podem causar alteracdes nas propriedades fisicas e quimicas do solo, bem
como promover efeitos benéficos a microbiota do solo (CHRISTOFOLETTI et al., 2013),
diminuindo a incidéncia de pragas e doencas, uma vez que a adi¢do de vinhaga pode mudar
significativamente as populagdes de bactérias e fungos presentes do solo (SANTOS et al., 2009).

O desenvolvimento de estudos sobre os impactos da fertirrigacdo com vinhaca na
estrutura da cadeia alimentar dos nematoides e as relagdes com as propriedades do solo ¢é
escasso no Brasil. A realizag¢do desse tipo de estudo ¢ de grande importancia para o manejo do
sistema solo-planta. A vinhaga, que ¢ produzida em grande quantidade nas usinas, melhora a
condi¢do dos solos, que sdo plantados hé centenas de anos com a cultura, favorecendo tanto a
microbiota natural, como também o desenvolvimento da cana-de-agtcar. Além disso, auxilia
na reposi¢do de agua para o sistema solo-planta, que sofre com varia¢des hidricas anuais,

comuns na regido Nordeste do Brasil.

1.3 Nematoides como bioindicadores de qualidade do solo

Os nematoides representam o grupo de organismos multicelulares mais abundantes e
podem ser encontrados no solo, ambiente aquatico, plantas e animais (SEESAO et al., 2017).
Pertencem ao Reino Animal, Filo Nematoda, possuem corpo tipicamente vermiforme e nao
apresentam segmentagdo (FERRAZ, 2018; VIGLIERCHIO, 1991). Atualmente, em 8 classes,
32 ordens e 276 familias, ja foram descritos 3030 géneros e 28.537 espécies (HODDA, 2022).
Podem ser separados em grupos funcionais, de acordo com a sua alimentagdo e estratégia de
vida (BONGERS; BONGERS, 1998; YEATES et al., 1993).

Os grupos troficos, de acordo com o habito alimentar, sdo divididos em: parasitas de
plantas ou fitofagos, que se nutrem das raizes e/ou parte aérea; micoéfagos ou fungivoros, que
se alimentam de hifas fungicas perfurando-as com um estilete rudimentar; bacteriéfagos, que
se alimentam de células bacterianas; entomopatogénicos, que se alimentam de insetos;
predadores, que se alimentam de invertebrados incluindo outros nematoides; e onivoros, que
possuem mais de uma fonte alimentar durante o ciclo de vida (YEATES et al., 1993). E, com
base na estratégia de vida, podem ser classificados como organismos de vida livre ou parasitas
(BONGERS; BONGERS, 1998).

A ampla distribuicdo dos nematoides em diferentes ambientes, bem como suas
diferentes estratégias de vida, coloca-os como peca-chave na producdo vegetal, na saude
humana e animal e no equilibrio do ecossistema (SEESAO et al, 2017). Os nematoides

parasitas de plantas sdo o grupo mais estudado, em decorréncia das significativas perdas para a
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agricultura mundial ao parasitarem culturas de elevada importancia economica (AGRIOS,
2005; FERRAZ, 2018). O controle ¢ muito dispendioso e eleva significativamente os custos,
acarretando reducdo dos lucros dos produtores. Perdas anuais causadas a producdo agricola
internacional sdo estimadas entre US$ 100 ¢ 157 bilhdes (SINGH; HODDA; ASH, 2013).

Os nematoides ocupam importantes posicdes na cadeia alimentar do solo.
Desempenham papéis fundamentais nos processos ecossistémicos, como melhorar as
propriedades fisicas do solo, participar da ciclagem do carbono e do nitrogénio e manter a saude
dos ecossistemas (FERRIS, 2010a; ZHANG et al., 2017). Além disso, possuem varios atributos
que permitem o seu uso como bioindicadores de qualidade do solo e de disturbios ambientais
(CARES; HUANG, 2012; NEHER, 2001), como sensibilidade a mudan¢as no ambiente,
variagdo na temperatura e umidade do solo (FERRIS, BONGERS; GOEDE, 2001; YEATES et
al., 1993), presenca nos mais diversos tipos de habitats, diversidade taxondmica, trofica e
funcional (GOULART, 2007).

Diversas agdes antrdpicas sobre os ecossistemas naturais, monocultivos, substitui¢ao de
ambientes naturais por agroecossistemas, aplica¢do indiscriminada de pesticidas e fertilizantes
tém alterado a abundancia, diversidade e distribuicdo das espécies de nematoides e seus
servicos ecossistémicos relacionados (SILVA et al., 2020; YAN et al., 2018). Areas cultivadas,
em compara¢do com dreas naturais, apresentam menor diversidade de nematoides, sendo o
grupo dos parasitas de plantas os mais predominantes (HANEL, 2003). Textura e tipo de solo,
teor de matéria organica, umidade e fatores climaticos também podem provocar mudancas na
composi¢cdo da comunidade de nematoides do solo (FERRIS; SANCHEZ-MORENO:
BRENNAN, 2012; HODSON et al., 2014; SIEBERT et al., 2019; SILVA et al., 2020).

Os solos s3o considerados complexos ecossistemas que abrigam, em um delicado
equilibrio, uma enorme variedade de plantas, microrganismos e pequenos animais. E & esse
equilibrio microscdpico nos solos € que sustenta os agroecossistemas e ecossistemas naturais
(WILSON, 1994). Atualmente, os solos encontram-se altamente ameagados por atividades que
atendam a crescente demanda humana, principalmente por alimentos. Apesar das modernas
tecnologias existentes, a produgdo de alimentos tem provocado excessiva degradacdo e desgaste
do solo, devido ao manejo inadequado do solo (EMBRAPA, 2018; GOULART, 2007).

A crescente preocupacdo com a conservacdo dos solos impulsionou estudos que
desenvolvessem indicadores bioldgicos de qualidade para avaliar, principalmente, os
agroecossistemas. Portanto, investigar a biodiversidade e a estrutura das comunidades dessas
areas ¢ fundamental para: a) identificar o efeito dos sistemas de manejo sobre a biodiversidade

do solo; b) construir uma base de dados que auxiliem no estudo do impacto dos sistemas
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agricolas sobre as propriedades fisico-quimicas, dindmica da matéria organica e na ciclagem de
nutrientes, e c¢) definir estratégias sustentaveis de manejo das dreas produtoras (GOULART,
2007; ZHANG et al., 2018;).

Neste contexto, indices baseados nos nematoides podem ser utilizados para avaliar e
descrever a estrutura da cadeia alimentar do solo, o status de nutrientes no ecossistema e a
relevancia dos canais de decomposicdo (bacteriano vs. fungico) (FERRIS; BONGERS;
GOEDE, 2001). Bongers (1990) classificou os nematoides em uma escala colonizador-
persistente (c-p) que varia de 1 a 5, com base em suas estratégias de vida. Os nematoides c-p1
e 2 sdo compostos por bacteriofagos e fungivoros, com curto ciclo de vida, alta taxa de
fecundidade, rapida reproducdo e tolerancia a ambientes enriquecidos. J4 as guildas cp-3 a cp-
5 sdo compostas principalmente por nematoides onivoros, predadores, fungivoros e alguns
bacteriofagos, sendo caracterizados por apresentarem ciclo de vida mais longo, baixa taxa de
reproducdo, cuticula semipermedvel, tornando-os mais sensiveis a poluentes e distirbios
ambientais (BONGERS, 1990; BONGERS; BONGERS, 1998).

Baseado na escala c-p, foram desenvolvidos o indice de maturidade (IM), o indice de
maturidade para nematoides com valores c-p variando de 2 a 5 (IM 2-5) e o indice de parasita
de plantas (IPP) (BONGERS, 1990). O IM avalia o nivel de perturbagcdo do sistema, numa
escala que vai de 1 (sistemas perturbados enriquecidos por nutrientes) a 4 (ambientes mais
estaveis ou menos perturbados) (BONGERS; FERRIS, 1999; BONGERS, 1990). O IM 2-5
avalia o nivel de perturbacdo levando em consideracao apenas os nematoides com valor c-p de
2 a 5, com o intuito de observar se os nematoides colonizadores (c-pl) influenciam o IM, pois
estes sdo considerados oportunistas que se multiplicam rapidamente em resposta a adi¢cdo de
matéria organica e diminuem sua populacdo quando ocorre reducao do alimento. Desta forma,
poderiam ndo expressar se houvesse mudanga nas condi¢des ecologicas do solo a longo prazo
(BONGERS; KORTHALS, 1995; BONGERS et al., 1995; NEHER, 2001). O IPP ¢ calculado
levando em consideracdo apenas os nematoides parasitas de plantas, e ¢ inversamente
proporcional ao IM. Logo, sob condi¢des de enriquecimento, este indice apresenta um valor
maior (BONGERS, 1990; BONGERS; VAN DER MEULEN; KORTHALS, 1997).

As guildas funcionais foram desenvolvidas por Bongers e Bongers (1998), para uma
melhor compreensdo da biodiversidade e fun¢des dos nematoides no solo, integrando os grupos
troficos (bacteriofagos, fungivoros, predadores, onivoros e parasitos de planta) (YEATES et
al., 1993) aos colonizadores-persistentes (c-p), sendo representadas por Bay, Fux, Pry, Ony e Ppx
(x =1 -5, corresponde ao valor c-p) e as letras aos grupos troficos (BONGERS; BONGERS,
1998; FERRIS, BONGERS; GOEDE, 2001) (Tabela 1).
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Tabela 1. Diagrama funcional com possiveis combinagdes entre os grupos troficos e a
estratégia de vida dos nematoides.

c-pl c-p2 c-p3 c-p4 c-pS
Parasitos de planta (H) - H> H3 Hy Hs
Bacteriofagos (Ba) Ba; Ba Bas Bay -
Fungivoros (Fu) - Fuz Fus; Fuy -
Predadores (Pr) - - Pr3 Pr4 Pr5
Onivoros (On) - - - Ongy Ons

Fonte: Adaptado de Bongers ¢ Bongers (1998).

Ferris, Bongers e Goede (2001) desenvolveram uma analise faunistica dos
nematodoides para avaliar as condi¢des da cadeia alimentar do solo, classificando-as em: basal,
enriquecida e estruturada. A condi¢do basal ¢ observada quando algum tipo de estresse reduz a
cadeia alimentar. A enriquecida ocorre devido a disponibilidade de recursos em razdo de
mudangas favoraveis no ambiente, como a adi¢ao de residuos com alto teor de matéria organica
ou adubacdo, ou pela morte dos organismos. Na estruturada, os recursos tornam-se mais
abundantes ou a cadeia alimentar esta se recuperando de um estresse (Figura 1). Desta forma,
as caracteristicas da cadeia alimentar do solo podem ser descritas por meio do calculo do indice
de enriquecimento (IE), indice de canal (IC), indice basal (IB) e indice de estrutura (IS)

(FERRIS, BONGERS; GOEDE, 2001).

Figura 1. Andlise faunistica dos nematoides indicando a condi¢do da cadeia alimentar do solo.
Quadrante A (condicdo enriquecida, mas desestruturada); Quadrante B (condi¢do enriquecida
e estruturada); Quadrante C (limitagdo de recursos e estruturada); e Quadrante D (recursos

esgotados e com estrutura minima).

Quadrante A Quadrante B
Estruturado
Quadrante D Quadrq‘l/';te c
| ;
| indice de Estrutura >
Om, Omg
Condigido Pry Pr, Pr
Fu, Fu, Fus
Basal Ba; Ba, Bas

Trajetéria Estruturada

Fonte: Adaptado de Ferris; Bongers e Goede (2001).
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O IE fornece informacgdes sobre o status do recurso do ecossistema investigado, que ¢
avaliado medindo o niimero de bacteriofagos e fungivoros oportunistas que respondem
rapidamente ao enriquecimento de recursos (fontes C e N), apresentando alto valor quando
ocorre aumento da atividade microbiana. As informagdes sobre o canal de decomposi¢do
predominante da matéria organica na cadeia alimentar do solo por fungos ou bactérias sao
fornecidas pelo IC (FERRIS, BONGERS; GOEDE, 2001). Baixos valores de IC indicam que
o canal de decomposi¢ao bacteriano ¢ o dominante, enquanto altos valores referem-se a uma
decomposi¢cdo dominada por fungos (CESARZ et al., 2015).

O IB avalia a perturbagdo da cadeia alimentar do solo que foi reduzida em razdo de
algum estresse, limitagdes de recursos e contaminagdo, com base nos grupos de nematoides
tolerantes a perturbacdo. O IS mensura o status e complexidade da cadeia alimentar do solo
como estruturada, degradada, em maturacdo ou perturbada (FERRIS, 2010a; FERRIS,
BONGERS; GOEDE, 2001). Altos valores de IS indicam um ecossistema estruturado,
enquanto baixos valores representam sistemas simplificados e perturbados (CESARZ et al.,
2015).

Esses indices oferecem informagdes complementares e, quando usados em combinagao,
revelam informagdes descritivas e quantitativas da comunidade de nematoide do solo e as
condi¢des dos ecossistemas naturais e/ou agricolas (MONDINO et al., 2009). Apesar de os
indices descritos acima serem ferramentas descritivas de grande utilidade para avaliar o status
da cadeia alimentar do solo, estes ndo sdo capazes de informar sobre fungdes e servigos dos
ecossistemas fornecidos pelos organismos na cadeia alimentar do solo. Sendo assim, a atividade
metabolica dos nematoides € a varidvel capaz de fornecer essas métricas de funcgdes e estrutura
do ecossistema, dividindo a quantidade de carbono utilizada pelos nematoides na atividade
metabolica (respiragdo) e no crescimento e produg¢do de ovos (biomassa), ou seja, permite
mensurar a magnitude da energia do solo e do fluxo de carbono (FERRIS, 2010b).

A atividade metabdlica de enriquecimento ¢ representada pelos nematoides
(bacteriofagos cp-1 e fungivoros cp-2) que respondem rapidamente ao enriquecimento dos
recursos. A atividade metabolica de estrutura possui uma func¢ao reguladora na cadeia alimentar
do solo, indicando também a abundancia de organismos que possuem fun¢des similares. Ja a
atividade metabdlica funcional resulta da combinagdo da atividade metabodlica de
enriquecimento e estrutura (FERRIS, 2010b).

Um alto valor de atividade metabolica de estrutura reflete a atividade de guildas tréficas
superiores (cp-3, cp-4 e cp-5) que possuem uma fun¢ao reguladora na cadeia alimentar do solo,

como um potencial supressor de organismos oportunistas. Por outro lado, um maior valor da
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atividade metabolica de enriquecimento indica a utilizagdo de biomassa-C pelas guildas troficas
menores (cp-1 e cp-2), em resposta ao enriquecimento de nutrientes (FERRIS, 2010b). A
atividade metabolica dos herbivoros, onivoros, predadores, fungivoros e bacteriéfagos podem
ser mensuradas a partir dos respectivos grupos tréficos de nematoides e indicam fluxo de
energia para a cadeia alimentar do solo através de seus respectivos canais (FERRIS, 2010b;
FERRIS; SANCHEZ-MORENO; BRENNAN, 2012).

A combinacdo de todas estas ferramentas para a avaliacdo da cadeia alimentar do solo
¢ um excelente instrumento para o estudo da estrutura da comunidade de nematoides presentes
nos mais diversos ambientes. Estudos realizados por Cardoso et al. (2015) e Cardoso et al.
(2016) foram uns dos primeiros e poucos a avaliar a estrutura da comunidade de nematoides
por meios dos indices e da atividade metabdlica dos nematoides nas areas de mata e canaviais
da regido Nordeste do Brasil. Portanto, tendo em vista a escassez de estudos sobre a estrutura
da cadeia alimentar dos nematoides em canaviais fertirrigados com vinhaga, faz-se necessario

avaliar o status desse agroecossistema e identificar os efeitos oriundos desse manejo.

1.4 O género Pratylenchus Filipjev, 1936

Os nematoides das lesdes radiculares, pertencentes ao género Pratylenchus Filipjev
(1936), sao considerados um dos géneros mais importantes no mundo, para diferentes culturas
agricolas (HANDOO et al., 2021). Esse género ¢ composto por muitas espécies polifagas e
encontra-se amplamente distribuido geograficamente, tanto em regides de clima tropical e
subtropical, como também em clima temperado (CASTILLO; VOVLAS, 2007; GOULART,
2008).

A primeira espécie desse género foi encontrada na Holanda e na Inglaterra, sendo
originalmente descrita como Tylenchus pratensis por De Man, 1880 [=Pratylenchus pratensis
(De Man, 1880) Filipjev, 1936]. Apds a publicagdo de uma revisdo taxonémica (BAYLIS;
DAUBNEY, 1926), as espécies atualmente incluidas no género Pratylenchus deixaram de
pertencer ao género Tylenchus Bastian,1865 (FERRAZ, 1999). No Brasil, o primeiro relato
desse género foi em 1928, sendo registrada a ocorréncia de Tylenchus coffeae, T. coffeae var.
brevicauda, 7. musicola [=P. coffeae] e T. penetrans [=P. penetrans] em lavouras de café,
banana e laranja no Estado de Sdo Paulo (CAFE FILHO; HUANG, 1988). A classificagdo
taxondmica dos nematoides das lesdes radiculares de acordo com De Ley e Blaxter (2002):

Reino: Animalia

Filo: Nematoda Potts, 1932
Classe: Chromadorea Inglis, 1983
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Subclasse: Chromadoria Pearse, 1942
Ordem: Rhabditida Chitwood, 1933
Subordem: Tylenchina Thorne, 1949
Superfamilia: Tylenchoidea Orley, 1880
Familia: Pratylenchidae Thorne, 1949
Subfamilia: Pratylenchinae Thorne, 1949
Género: Pratylenchus Filipjev, 1936

O género Pratylenchus ocupa o segundo lugar em importidncia econdmica para as
plantas cultivadas no Brasil. As espécies de maior ocorréncia associadas a diferentes culturas
sdo P. brachyurus, P. coffeae (Zimmermann, 1898) Filipjev & Schuurmans Stekhover, 1941,
P. jaehni Inserra et al., 2001, P. penetrans (Cobb, 1917) Chitwood & Oteifa, 1952, P. vulnus
Allen & Jensen, 1951 e P. zeae Graham, 1951 (CASTILLO; VOVLAS, 2007; GONZAGA et
al., 2016).

P. brachyurus ¢ uma espécie polifaga, acom agdo patogénica sobre varias culturas
agricolas de grande interesse economico. Os adultos dessa espécie medem 0,5 a 0,7 mm de
comprimento, possuem regido labial angulosa e reproduzem-se por partenogénese (FERRAZ,
2009; GONZAGA et al., 2016). No Brasil, as culturas mais atacadas por P. brachyurus sao:
soja (Glycine max (L.) Merr., algodao (Gossypium spp.), milho (Zea mays L.), feijao (Phaseolus
vulgaris L.), sorgo (Sorghum bicolor (L.) Moench), amendoim (4rachis hypogaea L.), abacaxi
(Ananas comosus (L.) Merr.), arroz (Oryza sativa L.), cana-de-agtcar, café (Coffea arabica L.)
e banana (Musa spp.) (GOULART, 2008).

As espécies de Pratylenchus sao parasitos obrigatorios, endoparasitos migradores, que
penetram através ou entre as células do cortex e se alimentam do contetudo celular, com auxilio
da liberacdo de enzimas e toxinas no cortex radicular, provocando a morte das células e o
aparecimento de lesdes necrodticas nas raizes. Em decorréncia dos danos provocados pelas
lesoes radiculares, a planta hospedeira tem o crescimento reduzido, amarelecimento das folhas,
redu¢do da produtividade e se torna mais suscetivel ao estresse hidrico (COSTA et al., 2019;
JONES et al., 2013; LORDELLO, 1984).

Os nematoides das lesdes radiculares possuem corpo fusiforme que varia de 0,3 a 0,9
mm de comprimento, com regido labial baixa e estilete com comprimento médio de 16 pum,
cuja forma dos nddulos basais pode variar de acordo com a espécie. As glandulas esofagianas
se sobrepdem ventralmente ao intestino, e as fémeas sao monodélficas e prodelfas, sendo que
a vulva se situa no terco posterior do corpo, geralmente em 70-80% do comprimento total do

corpo (ORLANDO et al., 2020; SOUSA, 2018).
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O ciclo de vida de Pratylenchus spp. dura em média de trés a nove semanas, dependendo
da espécie e das condigdes ambientais, como temperatura e umidade. Quando as condigdes sdo
favoraveis e o hospedeiro ¢ suscetivel, o ciclo de vida ¢ mais curto. O ciclo ¢ dividido nas
fases: ovo, quatro estadios juvenis (J1 a J4) e adulto (macho ou fémea) (JONES; FOSU-
NYARKO, 2014).

Todos os estadios moveis das espécies desse género podem infectar a planta hospedeira.
As fémeas dessas espécies produzem 70 a 120 ovos, depositando-os preferencialmente nas
raizes, um por um, e ocasionalmente no solo (FERRAZ; BROWN, 2016; GONZAGA et al.,
2016). A reproducdo das espécies de Pratylenchus pode ocorrer por anfimixia, dependendo da
presenca de machos, ou por partenogénese mitdtica ou meidtica (assexual), quando os machos
sdo raros ou inexistentes (JONES; FOSU-NYARKO, 2014).

A umidade e a textura do solo sdo os fatores que mais influenciam na distribui¢ao das
espécies de Pratylenchus, sendo que a maioria das espécies esta associada a solos arenosos,
devido a maior disponibilidade de oxigénio, e a solos com teor de umidade em torno de 70 a
80% da capacidade de campo (CASTILLO; VOVLAS, 2007; WALLACE, 1973).

As espécies de Pratylenchus podem causar perdas de rendimento de até 85% da
producgdo, e perdas ainda maiores quando estes nematoides interagem sinergicamente com
outros fitopatdogenos habitantes do solo (BUCKI et al., 2020; NICOL et al., 2011), como os
fungos do género Fusarium Link, 1809 (HAJIHASSANI; SMILEY; AFSHAR, 2013)
e Verticillium Nees, 1816 (HARDING; WICKS, 2007). O grande numero de espécies de
Pratylenchus, bem como o grande numero de hospedeiros, torna este género muito importante
sob o ponto de vista econdmico (HANDOO et al., 2020).

Portanto, tendo em vista a importancia desse género para o agronegdcio mundial,
medidas de manejo devem ser adotadas antes do estabelecimento de uma nova cultura, a fim
de reduzir as populagdes do fitonematoide na area, diminuindo assim prejuizos futuros
decorrentes do parasitismo desse patogeno (MACEDO et al., 2012). Uma vez estabelecido em
uma darea, as praticas de manejo visando a erradicagdo do nematoide sdo consideradas
complexas. A melhor pratica de manejo ¢ a preventiva, evitando assim a entrada e o
estabelecimentos desses patdgenos em areas isentas (FERRAZ et al, 2012; FERRAZ;
FREITAS, 2004).

1.5 Identificacido das espécies do género Pratylenchus
O género Praylenchus possui atualmente mais de 100 espécies descritas, parasitando

uma ampla gama de hospedeiros. A tomada de decisdes no manejo desses fitonematoides em

20



areas infestadas, depende da correta identificacdo em nivel de espécie (ASSUNCAO et al,
2019; JANSSEN et al, 2017). A separagdo taxondmica entre as espécies do género
Pratylenchus ¢ uma tarefa complexa, devido a grande variabilidade intraespecifica e ao
reduzido nlimero de caracteres empregados para o diagnostico a nivel de espécie (LOOF, 1960;
LUC, 1987).

A identificacdo de espécies de Pratylenchus com base nos caracteres morfoldgicos e
morfométricos ainda ¢ bastante utilizada para fins taxonémicos; porém, hoje j& existem técnicas
mais precisas baseadas em analises biomoleculares (FERRAZ; BROWN, 2016; GOULART,
2008). A taxonomia das espécies do género Pratylenchus ¢ geralmente realizada com base na
morfologia das fémeas adultas, pois estas possuem mais caracteres diagnosticos do que os
machos (LOOF, 1991).

Os caracteres morfométricos que definem as espécies de nematoides podem variar ndo
apenas entre espécimes de populacdes distintas, mas também entre individuos pertencentes a
mesma populacdo. Fatores ambientais, como isolamento geografico, temperatura e planta
hospedeira, influenciam parcialmente as diferencas morfométricas existentes entre as
populagdes de uma espécie (DOUCET et al., 2001; OLOWE; CORBETT, 1984). Recente
estudo demonstrou claramente esse problema, no qual foi detectada a presenca de diferentes
morfotipos dentro de uma unica espécie (Pratylenchus bolivianus Corbett, 1983), sugerindo
que varias das caracteristicas morfologicas para diagnostico podem ser dependentes da
estratégia reprodutiva de uma populacdo (TROCCOLI et al., 2016).

Diante das limitacdes da identificacdo morfoldgica cldssica, a utilizagdo de técnicas
moleculares e andlises filogenéticas, caminham em dire¢do para uma identificagdo através da
taxonomia integrativa para espécies de Pratylenchus (GONZAGA et al.,2016). Com o advento
do diagnostico molecular baseado em técnicas de PCR (reagdo em cadeia da polimerase), novas
espécies e reclassificagdes tém sido realizadas por meio da andlise do DNA, pois permitem o
estudo do gendtipo do individuo e possibilitam a avaliagdo de hipdteses evolutivas. O DNA
pode ser extraido a partir de pequenas quantidades de tecido de qualquer estadio de
desenvolvimento ¢ de ambos os sexos (GONZAGA et al., 2016; JONES; FOSU-NYARKO,
2014; MENDONCA et al., 2015).

A analise de sequéncias a partir do DNA ribossomal (rDNA) e do DNA mitocondrial
(mtDNA) tem sido a mais utilizada para a identificagdo de espécies de Pratylenchus
(SULTANA et al., 2013; JONES et al., 2013). A analise comparativa de regides do rDNA ¢
uma ferramenta bastante util para a identificagdo de espécies de Pratylenchus, pois, no rDNA

de eucarioticos, ocorre a repeticdo dos genes 18S, 5.8S e 28S, separados por duas regides
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intergénicas transcritas (ITS1 e ITS2), e cada repeti¢ao ¢ separada por um espagador transcrito
externo (ETS) e por um espacgador intergénico (IGS) (CASTILLO; VOVLAS, 2007; JONES;
PHILLIPS; ARMSTRONG, 1997). Os genes do rDNA sdo altamente conservados e evoluem
lentamente, enquanto as regides ITS evoluem rapidamente. Desta forma, os genes sdo mais
indicados para estudos de taxa mais distantes e, as regides ITS, para discriminar espécies
proximas e subespécies (JONES; FOSU-NYARKO, 2014).

O emprego de genes do mtDNA como marcadores filogenéticos para o estudo de
populagdes, andlise e identificacdo a nivel de género e espécie tem como vantagem o fato de
ser facilmente amplificado, altamente conservado entre animais, com raras duplicagdes, sem
introns e regides interagéncias muito curtas (GISSI; IANNELLI; PESOLE, 2008). As
sequéncias do mtDNA mais utilizadas sdo os genes citocromo ¢ oxidade, subunidade I (COI) e
o citocromo b (ROBERTS et al., 2016).

Tendo em vista as significativas perdas provocadas pelo género Pratylenchus em
culturas de grande importancia econdmica cultivadas ao redor do mundo, a taxonomia
integrativa, a qual emprega critérios morfoldgicos e moleculares, tem agregado maior
confiabilidade ao processo de identificagao e descri¢ao, além de melhorar o entendimento das
relacdes filogenéticas entre as espécies desse género (CASTILLO; VOVLAS, 2007,
GONZAGA et al., 2016).

1.5.1 Sequenciamento do genoma mitocondrial

O genoma mitocondrial (mitogenoma) das células eucaridticas desempenham um papel
fundamental no metabolismo e na morte celular programada, evoluindo independentemente do
genoma nuclear ¢ formam uma unidade de informagdo genética. O mitogenoma tem sido
amplamente empregado na identificagdo de espécies e estudos evolutivos de nematoides
parasitas de plantas, devido a abundancia, pequeno tamanho, heranga materna, taxa evolutiva
rapida e auséncia de recombinagdo genética (LIU et al., 2013; SULTANA et al., 2013; SUN et
al., 2014b).

O mitogenoma dos nematoides ¢ similar aos de outros metazoarios em varios aspectos,
mas possuem algumas caracteristicas incomuns, como alta variagdo na conservagao da ordem
dos genes e a presenca ocasional de multiplos cromossomos (KERN; KIM; PARK, 2020;
ROBERTS et al., 2016). O genoma mitocondrial dos nematoides ¢ geralmente uma unica
molécula circular, variando em tamanho de 12 a 22 kb, e contendo 36 a 37 genes. Esses genes
codificam 12-13 proteinas (coxI-cox3, cytb, nadl-nad6, nad4L, atp6 e atp8), expressam dois
tipos de RNA ribossomal (rRNA) (rrnS e rrnL) e 22 tipos de RNA de transferéncia (tRNA)
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(JACOB et al., 2009; KERN; KIM; PARK, 2020). Outra caracteristica ¢ que osmtDNA dos
nematoides geralmente ndo possuem a subunidade 8 de ATPase (afp§) e contém moléculas de
rRNA encurtadas ¢ tRNAs truncados (HU; GASSER, 2006).

Os completos mitogenomas de mais de 80 espécies de nematoides encontram-se
depositados no GenBank (http://www.ncbi.nlm.nih.gov) (SUN et al, 2014b). Dentre as
espécies de fitonematoides com o mitogenoma completo sequenciado, estdo algumas de grande
importancia, como: Aphelenchoides besseyi (SUN et al., 2014b), Meloidogyne incognita, M.
chitwoodi (HUMPHREYS-PEREIRA; ELLING, 2014), M. graminicola (SUN et al., 2014a),
Bursaphelenchus xylophilus, Pratylenchus vulnus (SULTANA et al, 2013), Xiphinema
americanum (HE et al., 2005), Heterodera glycines (GIBSON et al., 2011) e Radopholus
similis (JACOB et al., 2009).

Para o género Pratylenchus, apenas P. vulnus teve seu genoma mitocondrial
completamente sequenciado. O mitogenoma de P. vulnus possui um tamanho de 21,656 bp,
contém 36 genes, sendo 12 genes codificadores de proteinas, sem o gene atp8. Possui também
22 tRNA e 2 rRNA, todos codificados na mesma direcdo. A composi¢do de nucleotideos do
genoma do mtDNA de P. vulnus foi de 42,1% T, 31,8% A, 16,3% G ¢ 9,8% C (SULTANA et
al., 2013).

Os genes mitocondriais evoluem mais rdpido que os genes ribossdmicos, 0 que os
tornam particularmente Uteis para o desenvolvimento de marcadores genéticos para a
identificacdo de espécies e os estudos de variabilidade intraespecifica (HUMPHREYS-
PEREIRA; ELLING, 2014). O sequenciamento de genoma mitocondrial fornece dados que
podem ser empregados em diversos estudos evolutivos e filogenéticos. A analise comparativa
da informag¢ao do genoma mitocondrial dos nematoides tem servido para resolver relagdes em
diferentes niveis de divergéncia, dentro do filo Nematoda (SULTANA et al., 2013).

Embora os pesquisadores tenham utilizado a variacdo de sequéncias de mtDNA para
descrever a diversidade genética e a estrutura genética populacional em vertebrados e
artropodes desde o final da década de 1970 (AVISE, 1994), os primeiros estudos sobre variagdo
intraespecifica da sequéncia de mtDNA em nematoides ndo foram publicados até o inicio da
década de 1990 (BLOUIN, 1999). As primeiras sequéncias completas do genoma mitocondrial
de nematoides foram de Caenorhabditis elegans e de Ascaris suum (OKIMOTO et al., 1992).

Avangos recentes nas tecnologias de sequenciamento, chamados Next Generation
Sequencing (NGS), revolucionaram o sequenciamento de genomas organelares. Até entdo, a
estratégia mais utilizada para montagem do mitogenoma era long-range PCR (HAHN;

BACHMANN; CHEVREUX, 2013). Uma das plataformas de sequenciamento mais utilizadas
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¢ a Illumina, que permite gerar dezenas de milhdes de segmentos curtos de DNA (leituras de
até 2x150 bp) (ILLUMINA Inc., 2022), que pode ser usado para o sequenciamento do genoma
mitocondrial. Essa tecnologia tem sido utilizada para a montagem do genoma mitocondrial de
varios metazodrios, dentre eles fitonematoides como: Meloidogyne graminicola (BESNARD

et al., 2014), Hoplolaimus columbus (MA et al., 2020) e H. galeatus (MA et al., 2022).

1.5.2 Sequéncias repetitivas de DNA

O complexo genoma de eucaridticos, incluindo o grupo dos metazoarios, ¢ compostos
por varios tipos de sequéncias repetitivas, que sdo fragmentos de DNA presentes em multiplas
copias no genoma, podendo representar até 90% do seu tamanho (MEHROTRA; GOYAL,
2014; NOVAK; NEUMANN; MACAS, 2020).

Por muito tempo, as sequéncias repetitivas do genoma eram consideradas “DNA lixo”,
sem fungdo conhecida (LOPEZ-FLORES; GARRIDO-RAMOS, 2012). Atualmente, sabe-se
que, além de exercer influéncia no tamanho do genoma, as sequéncias repetitivas facilitam a
rapida reestruturacdo do genoma e afetam a evolucao de gene e do genoma de varias maneiras
(BENNETZEN; WANG, 2014; GARRIDO-RAMOS, 2017). Além do mais, estdo envolvidas
em Varios processos como recombinacdo, movimento € pareamento cromossomicos,
condensagdo centromérica, pareamento de cromatides irmas, interagdo de proteinas da
cromatina, liga¢ao de histonas, determinagdo da estrutura cromossdmica, evolugao cariotipica,
regulagdo da expressdo génica e resposta do genoma a estimulos ambientais e mudangas
fisiolégicas (MEHROTRA; GOYAL, 2014; SHAPIRO; VON STERNBERG, 2005).

O DNA repetitivo € o componente mais importante na evolucao do genoma, e pode ser
classificado de acordo com a sua estrutura e localizacdo, incluindo: repeticdes em tandem e
repetigdes dispersas [elementos transponiveis (ETs)] (BISCOTTI, OLMO; HESLOP-
HARRISON, 2015; PAMPONET et al., 2019). As repeti¢des em fandem incluem DNA satélite
(satDNA), genes tandem e DNA ribossomal (rDNA) (LOPEZ-FLORES; GARRIDO-RAMOS,
2012). No grupo das repeticdes dispersas, estdo incluidos os elementos transponiveis (ETs),
como transposons e retrotransposons, genes de RNA de transferéncia (tRNA), pseudogenes e
genes pardlogos (RICHARD; KERREST; DUJON, 2008).

As sequéncias de DNA satélite, com base no comprimento da unidade de repeti¢ao e no
tamanho do arranjo, podem ser classificadas em trés grupos: (i) microssatélites com repeticdes
de 2-5 bp e um arranjo de 10-100 unidades; (i) minissatélites com repeti¢des de 6100 pb, e
arranjo de 0,5-30 kb e (iii) DNA satélite (satDNA) com uma unidade de repeti¢ao variavel e
rica em AT, formando arranjos de at¢ 100 Mb (MEHROTRA; GOYAL, 2014).
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Os satDNA representam um dos componentes principais da heterocromatina, e podem
estar associadas a especificas fungdes em cromossomo, como centromeros e teldomeros (RAO
et al., 2010). Sao encontrados principalmente nas regides centroméricas e subteloméricas e
possuem rapida evolugdo. A quantidade e o tipo de satDNA variam muito entre diferentes
espécies, bem como dentro de um mesmo género. A quantidade pode variar até mesmo entre
individuos de uma mesma espécie (GARRIDO-RAMOS, 2017).

Os elementos transponiveis (ETs) sdo sequéncias de DNA capazes de se mover de uma
posi¢do para outra dentro do mesmo genoma. Os ETs geralmente sdo os elementos repetitivos
mais abundantes e podem ser divididos em duas classes, de acordo com seu mecanismo de
transposicao: (i) elementos de classe I ou retrotransposons, que se movem no genoma por uma
transcri¢do reversa de um intermediario de RNA, produzindo uma nova copia em cada ciclo de
replicagdo; (if) elementos de classe II ou transposons, que s3o DNAs que se movem dentro do
genoma por um mecanismo chamado “cortar e colar” (“cut-and-paste”’) (LOPEZ-FLORES;
GARRIDO-RAMOS, 2012; WICKER et al., 2007). Os retrotransposons podem ser divididos
em dois grandes grupos: retrotransposons com “repeticdo terminal longa” (LTR), que sdo
considerados os elementos mais abundantes em plantas; e retrotransposons sem LTR (non-
LTR), que sdo mais frequentes em mamiferos (PAMPONET et al, 2019; RICHARD;
KERREST; DUJON, 2008).

As sequéncias repetitivas acumulam variagdes na sequéncia e numero de copias durante
a evolucdo. Por esta razdo, sdo ferramentas importantes para estudos taxondmicos e
filogenéticos. Sendo assim, conhecer as sequéncias repetitivas do DNA auxilia na compreensao
da organizacdo, evolucdo e comportamento dos genomas eucarioticos (KIDWELL; LISCH,
2001; MEHROTRA; GOYAL, 2014). Na era pos-gendmica, com a introdu¢do da tecnologia
de sequenciamento de ultima geracdo (NGS) e o desenvolvimento de ferramentas de
bioinformatica, ¢ possivel avaliar genomas complexos para analisar sequéncias repetitivas e
decifrar fungdes, ainda desconhecidas das sequéncias repetitivas (MACAS et al, 2015;
MEHROTRA; GOYAL, 2014).

Em relag@o ao estudo dos elementos repetitivos no Filo Nematoda, varios e detalhados
trabalhos foram realizados com a espécie modelo Caenorhabditis elegans (LEYVA-DIAZ et
al., 2017; NACLERIO et al., 1992; SURZYCKI; BELKNAP, 2000). Recentemente, estudos
sobre 0 DNA repetitivo também foram realizados com nematoides parasitas de plantas, como
M. graminicola (PHAN et al, 2020), H. galeatus (MA et al, 2022), H. glycines
(MASONBRINK et al, 2019) e H. columbus (MA et al., 2020).
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Embora o nlimero de publicagdes com genomas rascunho (draft genome) de nematoides
tenha aumentado significativamente nos Ultimos anos, a fragcdo repetitiva desses genomas ¢
pouco estudada na maioria dos nematoides, principalmente no grupo dos parasitas de plantas
(MA et al., 2022). Ainda ha um grande numero de novos elementos repetitivos associados ao
genoma de fitonematoides que ndo foram anotados, devido aos escassos estudos com esse foco,
surgindo assim a necessidade de que mais estudos dessa natureza sejam realizados para uma

melhor compreensao do genoma desses organismos.
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Nematode community structure in sugarcane fields under continuous vinasse fertigation

Abstract

Sugarcane vinasse is a residue from ethanol production, which has high content of nutrients and
organic matter, improving chemical, physical and biological changes in the soil. This study
evaluated nematode community structure, food web, metabolic footprint, and soil quality in
sugarcane fields under continuous vinasse fertigation. Soil samples were collected from four
sugarcane fields in Pernambuco State, Brazil, under continuous vinasse fertigation for
nematode identification at the genus (plant parasites) and family (free-living) level, physical
and chemical analyses of the soil. Nine genera of plant-parasitic nematodes and five families
of free-living nematodes were identified in sugarcane fields. Plant-parasitic nematodes were
dominant, except in the field with five years of continuous vinasse application. The genera
Mesocriconema, Meloidogyne, Helicotylenchus and Pratylenchus were frequent in all fields.
Predators and fungivores nematodes were few abundant, although, according to the soil food
web, all sugarcane fields were low to moderately disturbed environments. A positive correlation
was observed between the microbial respiration and Rhabdtidae in fields with five years of
vinasse application, and between the electrical conductivity of the soil and Meloidogyne in
fields without vinasse application. We highlight those alterations in the structure and
composition of the nematode community, and soil characteristics that can occur due to vinasse
fertigation in sugarcane fields.

Keywords: Residue, Ecological indices, Soil nematode, Saccharum spp.
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1. Introduction

The global demand for renewable and sustainable fuels favored the expansion of
sugarcane (Saccharum spp.) crops in Brazil, due to the alcohol-based fuel (ethanol) produced
by the fermentation of sugarcane juice. This biofuel is clean, low cost and low carbon, making
the sugarcane one of the most promising crops for the Brazilian agribusiness (Oliveira, 2018;
Cavalcanti et al., 2019; Jesus et al., 2020). Brazil has been the leader in sugarcane production
in recent decades (Faostat, 2019) and it is the world’s largest sugarcane ethanol producer and a
pioneer in using ethanol as a motor fuel (Unica, 2021).

However, as the volume of sugarcane processed in Brazil tripled in the last 20 years to
attend to the high demand for sugarcane ethanol (Unica, 2021), waste from the fermentation
process can be a problem for the environment. One of these wastes is the vinasse, which can
damage the environment if not properly discarded (Fuess and Garcia, 2015; Oliveira et al.,
2020). Each liter of ethanol produced generates an average of 9-14 L of vinasse (Carrilho et
al., 2016). On the other hand, due to the high levels of nutrients and organic matter in this
residue, the vinasse is used as a fertilizer, being able to improve the fertility and decrease the
soil compaction (Prado et al., 2017; Moran-Salazar et al., 2016; Naspolini et al., 2017).

Vinasse is a liquid residue made up of about 93 % water and 7 % solids, characterized as
being an acidic compost (pH 3.5-5.0), high organic content, dark brown color, unpleasant odors
(Christofoletti et al., 2013; Carrilho et al., 2016), and occasionally contain heavy metals such
as copper, lead and zinc, which can contaminate soil, groundwater, sediments, and superficial
water. It has also high contents of calcium, potassium, magnesium, sulfate, total phosphorus,
and nitrogen (Moran-Salazar et al., 2016; Carrilho et al., 2016).

Sugarcane vinasse is applied directly in the soil as fertigation throughout the growing
season of the sugarcane in Brazil (Oliveira et al., 2013), where it can mobilize nutrients,

improve the microbiome, and interfere on diverse biological processes (Tenorio et al., 2000;
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Albuquerque et al., 2002). In addition, vinasse irrigation replaces water on soil, an important
attribute due to the annual water variations commonly found in the Brazilian Northeast.

Several studies have been carried out to demonstrate the effects of vinasse on the physical
and chemical properties of the soil (Prado et al., 2017; Fuess et al., 2017; El-Maslamany et al.,
2020), but few focus on the effects on the soil biota. Tendrio et al. (2000) demonstrated that the
high organic carbon content in sugarcane waste decreased the biological activity of soils of the
Brazilian Northeast. The effect of the vinasse irrigation in plant-parasitic nematodes was also
demonstrated by Matos et al. (2011), which observed a decrease in the soil population densities
of Meloidogyne and Pratylenchus species, the main nematode problem for the sugarcane crops
in Brazil (Noronha et al., 2017).

In addition to the plant-parasitic nematodes, other nematode trophic groups, which
comprise the soil communities, are used as indicators of soil quality and environmental
disturbances (Cares and Huang, 2012; Neher, 2001), due to their sensitivity to changes in the
environment, such as variation in soil temperature and moisture, as well as modification of the
natural environment for agroecosystems (Ferris et al., 2001; Yeates et al., 1993). In addition,
nematode-based indices can be used to assess and describe the structure of the soil food web
and nutrient status in the ecosystem (Ferris et al., 2001).

Studies aiming to verify the impacts of fertigation with vinasse on the structure of
nematode soil food web and the relationships with soil properties are scarce in Brazil. In this
study, nematode community structure and soil quality were evaluated in sugarcane fields under
continuous vinasse fertigation. We hypothesized that: (a) areas with a longer time of vinasse
application have lower abundance and diversity of plant-parasitic nematodes; and (b) in areas
with vinasse application, the population of microbiovorous and predatory nematodes is greater

than that present in areas without residue application.
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2. Materials and methods
2.1. Study sites and soil sampling

The study was carried out in sugarcane fields located in the municipality of Goiana,
Pernambuco, Brazil (7°33°38°'S and 35°00°09""W), which presents an As' hot and humid
climate, with rainfall from March to August and average annual temperatures around 24 °C,
according to the K&ppen climate classification (Alvares et al., 2013).

Three sugarcane fields cropped with the variety RB863129 under continuous vinasse
fertigation were evaluated: V5 — with five years of vinasse application; V10 — ten years of
vinasse application; and V15 — fifteen years of vinasse application. A field without vinasse
application (VO0) was included as the control. The soil texture of all fields was classified as
sandy. In each field, a 10 m x 10 m grid was demarcated, totaling 20 georeferenced points per
field. Soil samples were collected using a Dutch-type auger, between the plant rows at 0-40 cm

deep, for nematode extraction and physical and chemical analyses.

2.2. Nematode extraction

Each soil sample was homogenized and processed separately and nematodes were
extracted from a subsample of 100 cm?® of soil, according to the centrifugal flotation method
(Jenkins, 1964), using an 0.250 mm-aperture sieve nested over a 0.037 mm-aperture sieve. The
suspensions containing the nematodes were refrigerated (4 — 6 °C) for a maximum of three
days, until the identification and quantification of the nematodes. The population density of
nematodes was quantified at low magnification (40x) and then identified at the genus (plant
parasites) and family level (free-living) at higher magnification (100x), according to De Ley
and Blaxter (2002). The abundance (number of individuals in 100 cm?® of soil/sample), the
dominance (percentage of each taxon over total abundance), and the mean and standard error

of each taxon present in 100 cm? of soil/sample were calculated.
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2.3. Nematode community analysis

In addition, the nematode community was described by feeding habits, divided into five
trophic groups: Plant parasites (Pp), Bacterivores (Ba), Fungivores (Fu), Predators (Pr), and
Omnivores (Om) (Yeates et al., 1993), and in functional guilds, which result from the
combination of trophic groups and colonizer-persistent (c-p) groups, whose scale ranges from
1 to 5 (Bongers, 1990; Bongers and Bongers, 1998). The characteristics of the soil food chain
were described by calculating the Enrichment Index (EI), the Structure Index (SI), the Channel
Index (CI), and the Basal Index (BI) (Ferris et al., 2001).

Plant Parasite Index (PPI), Maturity Index (MI), and MI 2-5 were also calculated from
the colonizer-persistent (c-p) scale (Bongers, 1990). The metabolic activity of nematodes was
calculated to assess the ecosystem functions and services provided by the nematodes that make
up the soil food chain (Ferris, 2010). The calculations were performed using the online software
Nematode Indicators Joint Analysis — NINJA  (https://shiny.wur.nl/content/5/)

(Sieriebriennikov et al., 2014).

2.4. Soil physical and chemical analyses

Soil samples were air-dried for 72 h, chipped, and sieved with a 2 mm sieve. The analysis
of sand, silt and clay fractions was carried out by the hydrometer method, using a mechanical
stirrer as a physical dispersant and sodium hexametaphosphate as a chemical dispersant. The
electrical conductivity (EC) of the soil was obtained by measuring the soluble salts in the
aqueous soil extract using the saturation paste. The pH in water (1:2.5) was measured using a
potentiometer. Exchangeable calcium (Ca™) and magnesium (Mg™*) were extracted in 1 mol
L' KCI and determined by atomic absorption spectrophotometry (EAA). Meanwhile,
exchangeable sodium (Na") and potassium (K*) were extracted in a Mehlich-1 solution and

determined by flame photometry. All physical and chemical analyzes of the soil were carried
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out according to Teixeira et al. (2017). Microbial respiration was carried out based on the C-

CO; evolution of the soil according to the methodology of Grisi (1978).

2.5. Statistical analysis

Data were subjected to descriptive analysis. Multivariate canonical correspondence
analysis (CCA) was used to assess the influence of soil chemical variables on the nematode
community. The variables used were selected based on VIF < 10, and the test used was the
Permutation test with 999 permutations (o = 0.05). The forward selection was performed for
the selection of soil variables. All analyses were performed using the R software v. 4.0.4. (R

Core Team, 2021).

3. Results
3.1. Nematode community composition

Nine genera of plant-parasitic nematodes and five families of free-living nematodes were
identified in the samples collected (Table 1). The families Cephalobidae, Rhabditidae and
Dorylaimidae, and the genera Mesocriconema, Meloidogyne, Helicotylenchus and
Pratylenchus were common to all fields. Mesocriconema (35.54%), Rhabditidae (40.66%),
Dorylaimidae (30.31%) and Rotylenchulus (26.95%) were the most dominant in VO, V5, V10,

and V15, respectively (Table 1).

Table 1. Abundance and dominance (%) of nematodes in 100 cm? of soil from sugarcane fields

under vinasse application in Pernambuco, Brazil.

VO V5 V10 V15
Trophic groups
A D (%) A D (%) A D (%) A D (%)

Bacterivores

Cephalobidae 397 4.46 761 4.97 734 4.13 74 0.45

Rhabditidae 774 8.69 6227 40.66 836 4.71 1191 7.26
Fungivores

Aphelenchidae 137 1.54 142 0.93 331 1.75 0 0
Omnivores
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186
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Dorylaimidae 2339 26.26 5292 34.56 5386 30.31 3920 23.89
Predators

Mononchidae 0 0 78 0.51 0 0 254 1.55
Plant Parasites
Mesocriconema 3165 35.54 838 5.47 4825 27.16 171 1.04
Meloidogyne 1265 14.20 118 0.77 341 1.92 26 0.16
Helicotylenchus 324 3.64 973 6.35 2485 13.99 2678 16.32
Pratylenchus 505 5.67 665 4.34 2676 15.06 3574 21.78
Trichodorus 0 0 31 0.20 0 0 54 0.33
Xiphinema 0 0 0 0 48 0.27 0 0
Rotylenchulus 0 0 189 1.23 0 0 4422 26.95
Hemicycliophora 0 0 0 0 0 0 45 0.27
Paratrichodorus 0 0 0 0 124 0.70 0 0
Total 8906 100 15314 100 17786 100 16409 100

A = abundance; D (%) = dominance. V0 — without vinasse application; V5 — five years of vinasse application;

V10 — ten years of vinasse application; and V15 — fifteen years of vinasse application.

The plant-parasitic nematodes were the most dominant in almost all fields, especially in
V10 and V15, in contrast with the lower dominance of fungivores and predator. Dorylaimidae
(omnivore) dominance was quite similar in all fields and higher than almost all other free-living
nematodes (Table 1). The mean of Meloidogyne was higher in VO, than in other sugarcane fields
under vinasse application, while highest means of Helicotylenchus and Pratylenchus were
obtained in V10 and V15 (Table 2). Most nematodes identified in the fields belong to the c-p3
group, mainly in V10 and V15, while the highest means of nematodes c-pl were observed in

V5 (Fig. 1).

Table 2. Mean =+ standard error (SE) and functional guilds (FG) of nematode taxa in 100 ¢cm?

of soil from sugarcane fields under vinasse application in Pernambuco, Brazil.

VO V5 V10 V15
Trophic groups
FG Mean SE Mean SE Mean SE Mean SE

Bacterivores

Cephalobidae Bay 19.85 8.65 38.05 11.95 36.70 15.35 3.70 2.83

Rhabditidae Ba,; 38.70 13.08 311.35 65.43 41.80 10.85 59.55 12.39
Fungivores

Aphelenchidae Fu, 6.85 2.98 7.10 4.17 15.55 7.59 0.00 0.00
Omnivores

Dorylaimidae Oms 11695 18.71 264.6 75.49 269.30 45.55 196.00 34.38
Predators

Mononchidae Pry 0.00 0.00 3.90 1.83 0.00 b 0.00 12.70 3.52
Plant Parasites

Mesocriconema Pps 158.25 22.78 41.90 9.89 241.25 79.99 8.55 2.99

Meloidogyne Pps 63.25 14.51 5.90 2.56 17.05 6.05 1.30 1.30
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Helicotylenchus Pps

Pratylenchus Pps
Trichodorus Ppa
Xiphinema Pps

Rotylenchulus Pps

Hemicycliophora  Pps

Paratrichodorus Ppa
Total

16.20 5.47
25.25 10.58
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
445.30 53.86

48.65
33.25
1.55
0.00
9.45
0.00
0.00
765.70

12.87
13.87
1.07
0.00
5.84
0.00
0.00
132.06

124.25 45.81
133.80 33.43
0.00 0.00
2.40 2.40
0.00 0.00
0.00 0.00
6.20 4.30

888.30 141.82

133.90
178.70
2.70
0.00
221.10
2.25
0.00
820.45

25.38
37.90
1.91
0.00
104.40
2.25
0.00
137.19

V0 — without vinasse application; V5 — five years of vinasse application; V10 — ten years of vinasse application;

and V15 — fifteen years of vinasse application.

1000
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Mean number of nematodes in 100 ¢cm? of soil
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= i all D
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c-p2
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C-p values

Fig. 1. Colonizer-persistent (c-p) of the nematode assemblage from sugarcane fields under

vinasse application in Pernambuco, Brazil. VO — without vinasse application; V5 — five years

of vinasse application; V10 —ten years of vinasse application; and V15 — fifteen years of vinasse

application.

3.2. Nematode ecological and functional indices and metabolic footprints

Maturity (MI), basal (BI), and enrichment (EI) indices varied among fields. The highest

means of MI, EI and BI were obtained in VO, V5 and V10, respectively (Table 3). The higher

enrichment and bacterivore metabolic activity indices were observed in V5, and the metabolic

activity of herbivores and predators in VO and V15, respectively (Table 3). The nematode

metabolic footprint graph showed fields with low to moderate disturbance levels (Fig. 2).

47



207  Table 3. Mean + standard error (SE) of nematode ecological indices and metabolic footprints

208  from sugarcane fields under vinasse application in Pernambuco, Brazil.

Vo V5 V10 V15
Index/metabolic footprint
Mean SE Mean SE Mean SE Mean SE

Maturity Index (MI) 3.29 0.16 2.26 0.15 3.19 0.15 3.16 0.21
Maturity Index 2-5 (MI 2-5)  3.75 0.08 3.63 0.08 3.61 0.13 3.77 0.20
Plant Parasitic Index (PPI) 3.05 0.05 3.00 0.00 2.87 0.15 2.86 0.15
Channel Index (CI) 6.24 4.97 5.52 4.99 16.00 8.15 0.00 0.00
Basal Index (BI) 3.11 1.23 2.90 0.89 8.37 3.45 0.32 0.28
Enrichment Index (EI) 51.89 10.24 92.47 2.66 57.30 9.57 78.56 9.07
Structure Index (SI) 95.43 1.65 93.58 1.66 88.93 5.39 94.59 4.99
Enrichment footprint 1.11 0.22 2.43 0.14 1.31 0.22 1.49 0.19
Structure footprint 2.28 0.75 2.42 0.12 2.50 0.16 2.40 0.15
Herbivore footprint 2.33 0.15 1.56 0.11 2.01 0.16 1.85 0.16
Fungivore footprint 0.89 0.39 1.01 0.54 1.93 0.99 0.00 0.00
Bacterivore footprint 1.15 0.22 2.42 0.16 1.34 0.22 1.49 0.19
Predator footprint 0.92 0.92 3.56 1.97 0.00 0.00 14.57 4.04
Omnivore footprint 2.27 0.08 241 0.13 2.50 0.16 2.38 0.15

209 VO — without vinasse application; V5 — five years of vinasse application; V10 — ten years of vinasse application;

210  and V15 — fifteen years of vinasse application.
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213 Fig. 2. Functional metabolic footprint of nematodes in soil food web of sugarcane fields under
214  vinasse application in Pernambuco, Brazil. The length of the vertical axis and horizontal axis

215  of the rhombus represents the enrichment and structure footprints, respectively. VO — without
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vinasse application; V5 — five years of vinasse application; V10 — ten years of vinasse

application; and V15 — fifteen years of vinasse application.

3.3. Relationships of soil properties with nematode communities

The contents of Na, K, Ca, Mg, and EC were low in V5, comparing with other fields. The
value of pH was closer across the fields evaluated (Table 4). The canonical correspondence
analysis of data of nematode community and the soil physical, chemical, and microbiological
properties showed that the properties of soil samples explained 21.64% of the variance in the
nematode community (Fig. 3). The genus Xiphinema was positively correlated with Na and K
in V10, while Paratrichodorus, Meloidogyne, Aphelenchidae, and Mesocriconema were
positively correlated with Mg and EC in V0. Rhabditidae and Cephalobidae were positively
correlated with C-CO; in V5, and Mononchidae and Trichodorus were positively correlated
with pH in V15. Other soil properties were not significant in the analysis and were excluded

from the graphic representation.

Table 4. Physical and chemical analyses of soil samples collected in sugarcane fields under

vinasse application in Pernambuco, Brazil.

Vo V5 V10 V15
Soil properties
Mean SE Mean SE Mean SE Mean SE

C-CO; evolution (mg C-CO») 19.28 1.02 29.81 2.08 22.78 1.86 19.34 1.56
Na (cmolc/dm?) 0.34 0.02 0.03 0.00 0.48 0.02 0.32 0.01
K (cmolc/dm?) 0.51 0.02 0.09 0.01 0.44 0.03 0.31 0.01
Ca (cmolc/dm?) 1.88 0.55 1.79 0.10 2.53 0.12 2.06 0.06
Mg (cmolc/dm?) 0.71 0.05 0.61 0.05 1.59 0.08 0.78 0.05
Electrical conductivity (mS/cm)  0.71 0.05 0.29 0.01 0.54 0.03 0.32 0.01
pH 5.97 0.04 6.42 0.08 5.81 0.08 6.58 0.06
Sand (%) 93.88 0.08 89.48 0.22 91.90 0.27 76.57 0.18
Clay (%) 3.68 0.02 8.63 0.22 4.05 0.08 20.06 0.27
Silt (%) 2.44 0.08 1.89 0.07 4.06 0.21 3.37 0.14

SE = standard error; VO — without vinasse application; V5 — five years of vinasse application; V10 — ten years of

vinasse application; and V15 — fifteen years of vinasse application.
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Fig. 3. Canonical correspondence analysis bi-plot of association of soil physical, chemical and
microbiological properties (pH, C-CO», Na, K, Ca, Mg, and EC) and nematode community in
sugarcane fields under vinasse application in Pernambuco, Brazil. Data represent all samples
combined (n = 80). Eigenvalues are 0.26 and 0.19 for the first (horizontal) and second (vertical)
axes, respectively. The first two axes explained 21.64% of the cumulative variance. VO —
without vinasse application; V5 — five years of vinasse application; V10 — ten years of vinasse

application; and V15 — fifteen years of vinasse application.

4. Discussion

Our results rejected the first hypothesis that fields with a long time of vinasse fertigation
(V10 and V15) would have lower abundance and diversity of plant-parasitic nematodes. Only
in the field with five years of fertigation with vinasse (V5) we observed low abundance and
dominance of plant-parasitic nematodes, but high values of bacterivores and omnivores.
Maranhdo et al. (2018) also observed high dominance of plant-parasitic nematodes and

bacterivores in different sugarcane growing areas in Pernambuco State, Brazil. Worldwide,
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plant parasites are the most predominant trophic group in sugarcane fields (Kawanobe et al.,
2020; Steven et al., 2014; Zhang et al., 2017).

Mesocriconema, Meloidogyne, Helicotylenchus and Pratylenchus were the most
abundant plant parasites found in sugarcane fields. Nematodes of the Criconematidae family,
which encompasses the genus Mesocriconema, are considered sensitive to environmental
disturbances and are usually absent or found in low population densities in agricultural fields
(Cares and Huang, 1991) and are abundant in native vegetations (Goulart and Ferraz, 2003;
Tomazini et al., 2008), on the contrary to observed here. Similar results to our study were
reported by Matos et al. (2011) and Miranda et al. (2012) in sugarcane fields fertigated with
vinasse, suggesting that this residue could have a positive effect in the soil population densities
of this group of nematodes.

The abundance of Meloidogyne was lower in fields with vinasse application (V5, V10
and V15) than in the field without vinasse application (V0). Similar observations were reported
by Pedrosa et al. (2005) and Matos et al. (2011), in which the application of vinasse in infested
fields reduced Meloidogyne spp. populations. However, in fields with more than five years of
fertigation with vinasse (V10 and V15), the abundance of Helicotylenchus and Pratylenchus
was high. Some studies showed that this high abundance of both plant-parasitic nematodes was
also associated with high damage to sugarcane crops (Noronha et al., 2017; Dinardo-Miranda
and Fracasso, 2010). Pratylenchus and Helicotylenchus were dominant in fields cultivated with
sugarcane for up to ten years in Parand State, Brazil (Arieira et al., 2013). The low population
densities of some plant-parasitic nematodes in the fields with vinasse application can be
explained by their high sensitivity to vinasse (Miranda et al., 2012). However, decades of
monoculture in those fields may have favored the dominance of Meloidogyne, Pratylenchus
and Helicotylenchus.

In Brazilian Northeastern region, Meloidogyne spp. and Pratylenchus spp. are responsible

for losses up to 50% of sugarcane yields (Dinardo-Miranda and Fracasso, 2010). Other
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nematode genera associated with sugarcane, some of them we also found in our study, are
Helicotylenchus, Mesocriconema, Paratrichodorus, Trichodorus (Silva et al., 2019),
Xiphinema, Hemicycliophora, Tylenchorhynchus, Tylenchulus, Aphelenchoides, Rotylenchulus
and Scutellonema (Bellé et al., 2014; Singh et al., 2020), although associated with lower damage
than that provoked by nematodes in the genera Meloidogyne and Pratylenchus.

Predators and fungivores were the least abundant in the sugarcane fields sampled and no
predators were found in the VO and V10. Cardoso et al. (2015) also observed a low abundance
of predators and fungivores in sugarcane fields, with a predominance of plant parasitic
nematodes. The low number of predators may contribute to the high abundance of plant
parasites (Vicente et al., 2015), which could explain the dominance of plant parasites in the
fields here evaluated.

In northeastern Brazilian sugarcane fields, the dominance of bacterivores has been
already recorded (Vicente et al., 2016), corroborating our results. The high dominance of
bacterivores could be a result from the increase in the soil populations of fungi and bacteria due
to the application of organic matter to the soil (Ferris, 2010). Therefore, our results partially
confirm the second hypothesis, that a greater population of microbiovorous and predator
nematodes occur in areas with vinasse application in comparison to areas without vinasse,
because the population density of predators was lower than that observed to other groups of
nematodes, despite the high abundance of microbiovorous.

Although omnivorous are considered relatively sensitive to soil disturbances (Yeates et
al., 1993), rarely found in agricultural fields, such as in sugarcane crops (Goulart and Ferraz,
2003), this group of nematodes, represented by the Dorylaimidae family, was one of the most
abundant in all the sugarcane fields here evaluated. Cardoso et al. (2016) and Matos et al. (2011)
also found high abundance of omnivores in sugarcane fields with and without vinasse

application, corroborating our results.
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The c-p3 nematodes are tolerant to soil disturbances (Bongers and Bongers, 1998;
Korthals et al., 1996) and in our study they were the most abundant in the four sugarcane fields,
represented only by plant-parasitic nematodes (Mesocriconema, Meloidogyne, Pratylenchus,
Helicotylenchus, Rotylenchulus, and Hemicycliophora). The field V5 differed from the others
by the predominance of nematodes c-p1 and c-p4, which are considered colonizers and tolerant
to various environmental disturbances (c-pl) or persistent nematodes sensitive to ecosystem
disturbances (c-p4) (Bongers and Bongers, 1998; Bongers, 1990). The c-pl nematodes are also
known to be opportunistic in environments with high microbial activity due to the addition of
organic matter, as well as indicators of soil fertility (Neher, 2001; Ferris et al., 2001).
Rhabditidae is one of the main colonizing nematodes (c-p1) and it is associated with soils with
high nutrient contents (Jiang et al., 2013). Therefore, the application of vinasse should favor
the dominance of the c-pl group and the reduction of c-p3 nematodes. On the contrary, we
observed the prevalence of c-p3 in fields with and without vinasse.

High level of disturbance was observed in V5, and relatively stable conditions in the other
fields, by the analysis of the MI, which indicates the degree of disturbance in an ecosystem
(Bongers, 1990). Low MI values are associated with the dominance of bacterivores, a
phenomenon observed in this study (Yan et al., 2018). The performance of agricultural practices
stimulates microbial activity, providing resources for opportunistic nematodes and,
consequently, promoting a reduction in MI, followed by a gradual and successive increase
(Bongers and Ferris, 1999).

V10 showed the highest BI value, revealing that this environment suffered the greatest
reduction in the food chain due to scarcity of resources, stress, or contamination, compared to
other fields (Ferris et al., 2001). High values of BI and CI may indicate that the structure of the
soil food web was dominated by fungivores (Berkelmans et al., 2003), although this group was
not the dominant in VO, V5 and V15, only V10 showed high abundance of fungivores. High EI

values indicate an enriched environment in response to the development of opportunistic
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nematodes (Ferris et al., 2001). The highest EI was observed in V15, due to the dominance of
bacterivores, indicating that the application of vinasse in this monocropped field favored the
dominance of this group due to the availability of food (Berkelmans et al., 2003; Vicente et al.,
2016; Sanchéz-Moreno et al., 2006).

The metabolic footprint of nematodes provides information about ecosystem functions
and the services provided by organisms in the soil food web, allowing measurement of the
magnitude of soil energy and carbon flux (Ferris, 2010). The predator footprint was
significantly higher in sugarcane fields with more than 10 years of fertigation with vinasse
(V15) than in other fields, indicating that the soil food web in this field is more stable and
complex, due to the high number of individuals belonging to Mononchidae (Ferris et al., 2001).

The highest values of enrichment footprint and bacterivore footprint observed in V5
suggested a high quality of organic matter and recent input of energy and C through the bacterial
channel (Ferris, 2010). Low EI values in sugarcane fields can be attributed to the low quality
of organic matter due to management strategies (Cardoso et al., 2016). The enrichment and
structure footprint revealed that all sugarcane fields in this study can be classified as low to
moderately disturbed environments, with a mature N-enriched food chain, and with a channel
with multiple decomposition pathways (Cesarz et al., 2015; Ferris, 2010).

Vinasse fertigation promotes significant changes in the physical and chemical properties
of the soil (Barros et al., 2010; Miranda et al., 2012; Matos et al., 2013) as well as in the
nematode community in soils cultivated with sugarcane (Cardoso et al., 2016; Vicente et al.,
2015). Vinasse is an organic fertilizer with an acid pH, high electrical conductivity, rich in
organic matter, K, Ca and Mg (Christofoletti et al., 2013). In addition to biofertilizer, it has
been used as a soil conditioner for promoting the physical quality of sugarcane fields, mainly
caused by the compaction generated by the intense traffic of machinery (Pereira et al., 2015).

V10 showed the highest levels of Na, K, Ca and Mg. Barros et al. (2010) observed that the use
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of vinasse for 10 years increased the availability of macronutrients, the same effect observed in
this study.

In CCA, positive correlations were observed between microbial respiration (C-CO;) and
the Rhabdtidae family. The addition of organic residues to the soil influences microbial
respiration by promoting an increase in the population density of microbiovores (Moura et al.,
2015; Silva et al., 2020). The family Mononchidae (predators) and the genus Trichodorus (plant
parasite) correlated positively with pH, but were negatively correlated with plant parasites
(Mesocriconema, Meloidogyne and Paratrichodorus) and fungivore (Aphelenchidae). Plant-
parasitic nematodes support soil pH fluctuations (Melakeberhan et al., 2004). A positive
correlation was also obtained between EC and Meloidogyne in VO, highlighting EC effect on
soil as the physical soil property that influences the abundance of plant-parasitic nematodes
(Simon et al., 2018).

The physical and chemical properties of the soil exert great influence on the nematode
community, as well as any climatic variation or disturbance in the environment can change the
composition of the species that make up this community (Karuri, 2021; Silva et al., 2020). In
this way, we proved the hypothesis that vinasse application alters and influences the

composition of the nematode community in sugarcane fields.

5. Conclusion

Vinasse fertigation in sugarcane fields promoted alterations in structure and composition
of nematode community, besides the physical and chemical soil characteristics. Decades of
monoculture in the Brazilian Northeast region may have favored the dominance of plant-
parasitic nematodes in the sugarcane fields. We suggest that application of the vinasse as an

organic fertilizer can influence these factors.
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Mitochondrial genome and identification of repetitive DNA sequences from a short-reads

sequence of the plant-parasitic nematode Pratylenchus brachyurus

Summary — The plant-parasitic nematode Pratylenchus brachyurus is an important pest to
several crops worldwide, such as soybean, sugarcane, cotton, coffee, maize, among others,
causing yield losses of up to 85% of the yields. This root-lesion nematode provokes necrotic
lesions on roots due to moving through the root cortex and excreting toxins and enzymes that
destroy root tissue during your feed. Despite its economic importance and recent advances in
sequencing technologies, no studies about the genome of this nematode have been performed.
Therefore, for the first time, we performed the short-read sequencing of P. brachyurus with
[llumina NextSeq (2x100 bp) and used it to assembly the mitochondrial genome and to identify
and characterize the repetitive DNA of the genome of this parasite. Paired-end reads of
Radopholus similis and Bursaphelenchus mucronatus were obtained from public database and
used for comparative analysis and identification of the repetitive elements. The partially
assembled mitochondrial genome of P. brachyurus (17,369 bp) contains 24 genes that are
encoded in the same direction, with exception of one tRNA (#7nF’), and comprises 9 protein-
coding genes, 13 tRNA genes, and two rRNA genes. More than half of the genomes of P.
brachyurus (67.3%), R. similis (89.5%) and B. mucronatus (59%) are composed of repetitive
DNA sequences. Considering only annotated repetitive elements, satDNA was the
most abundant element in the genome of P. brachyurus and B. mucronatus, while for R. similis,
was the LTR-retrotransposons. Results obtained in this study could be an important tool for
evolutionary, phylogenetic, and taxonomic studies, helping for a better understanding of the
genome of this nematode.

Keywords — Mitogenome, Repetitive sequences, Organellar genome assembly, Root-lesion

nematode.
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Nematodes are among the most abundant, common, and ecologically diverse
multicellular organism groups (Kern ef al., 2020) that are found in soil, aquatic environments,
plants, or animals (Seesao et al.,, 2017). Among these organisms, the group of plant-parasitic
nematodes causes significant losses to world agriculture due to the parasitism of high economic
important crops, causing damages to root tissues. Annual losses caused to worldwide
agricultural production due to nematode attacks are estimated between US$ 100 and 157 billion
(Bridge & Starr, 2007; Singh et al., 2013).

Root-lesion nematodes, taxonomically belonging to the genus Pratylenchus Filipjev
(1936), family Pratylenchidae, are migratory and polyphagous endoparasites, which develop
and reproduce into the root or on soil. These nematodes feed and move through the root cortex,
excreting toxins and enzymes that destroy the root tissues, as a result the necrotic lesions are
visualized, in addition to poor vigor of plants and crop yield losses. This genus is one of the
most important genera of plant-parasitic nematodes (PPNs) for crops worldwide (Handoo et
al., 2021; Jones et al., 2013). Currently, the genus includes more than 100 described species,
that can cause yield losses of up to 85% of the yields (Janssen et al, 2017; Nicol et al.,
2011). Among these species, P. brachyurus highlights due to its wide geographical distribution
and by the parasitism of a wide range of hosts (Castillo & Vovlas, 2007). P. brachyurus has a
high frequency of occurrence in important economic crops in Brazil, such as soybean,
sugarcane, cotton, coffee, maize, among others (Machado, 2014).

The taxonomic separation between the species of the genus Pratylenchus through
morphological characters is complex due to the high intraspecific variability and to the low
number of characters used for diagnosis at the species level (Castillo & Vovlas, 2007; Loof,
1960; Luc, 1987). Due to this limitation, molecular and biochemical tools have been used to
improves the correct identification of species belonging to the genus Pratylenchus (Gonzaga et
al., 2016). Ribosomal (rDNA) and mitochondrial DNA (mtDNA) sequences have been used

as a successful diagnostic approach in several organisms, including plant-parasitic nematodes
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(Sultana et al., 2013b; Jones et al., 2013). However, mitochondrial genes evolve faster than
ribosomal genes, which makes them particularly useful for the development of genetic markers
for species identification and studies of intraspecific variability (Humphreys-Pereira & Elling,
2014).

The mitogenome has been widely used in species identification and evolutionary studies
of plant-parasitic nematodes, due to their abundance, small size, maternal inheritance, rapid
evolutionary rate, and absence of mtDNA genetic recombination (Liu et al., 2013; Sultana et
al., 2013b; Sun et al., 2014b). Mitochondrial genome sequencing provides data that can be used
in several evolutionary and phylogenetic studies. The comparative analysis of information from
the mitochondrial genome of nematodes has resolved relationships at different levels of
divergence within the phylum Nematoda. To date, P. vulnus is the only species belonging to
this genus that had its mitogenome completely sequenced (Sultana et al., 2013b).

The application of the next-generation sequencing (NGS) to plant-parasitic nematodes
has allowed the study and elucidation of barely understood processes of the genome of these
pathogens (Kikuchi et al., 2017; Jacob et al., 2009). This technology has been used to assembly
the mitochondrial genome of several metazoans, including Meloidogyne graminicola (Besnard
et al., 2014), Hoplolaimus galeatus (Ma et al., 2022), and Hoplolaimus columbus (Ma et al.,
2020). Besides, next-generation sequencing reads can be used for the characterization of
repetitive DNA in eukaryotes (Novak et al., 2020).

The repetitive sequences, which are DNA fragments present in multiple copies in the
genome, can represent up to 90% of the genome size (Mehrotra & Goyal, 2014; Novék et al.,
2020). In addition to influencing genome size, repetitive sequences facilitate rapid genome
restructuring, affect gene and genome evolution in several ways, and are involved in various
processes such as recombination, chromosome pairing, determination of chromosome structure,
karyotypic evolution, regulation of gene and genome expression in response to environmental

stimuli and physiological changes (Bennetzen & Wang, 2014; Garrido-Ramos, 2017; Mehrotra
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& Goyal, 2014). Although the sequencing of plant-parasitic nematodes genomes has increased
in recent years, few studies have investigated the repetitive fraction of the genome of these
organisms. Therefore, the aims of this study were to assembly a mitochondrial genome and

identify and characterize the repetitive DNA using short-reads sequences of P. brachyurus.

Materials and methods
NEMATODE SAMPLES

The population of the root-lesion nematode P. brachyurus used in our study has been
maintained in okra plants [Abelmoschus esculentus (L.) Moench.] cv. Santa Cruz 47, under
greenhouse conditions at the Rural Development Institute of Parana - IAPAR-EMATER (IDR—
Parand), located at the municipality of Londrina, Parand, Brazil (23°21°20.0”S;
51°09°58.2”W). Nematodes were extracted from okra roots using the optimized Baermann
funnel methodology, as described by Machado & Silva (2019). Around 5,000 specimens of
mixed stages of P. brachyurus were collected under an optical microscope (40x-100x
magnification) and freezer storage (-20 °C) in a microtube (1.5 mL) with distilled water, until

further processing.

DNA EXTRACTION AND SEQUENCING

Total DNA of P. brachyurus was extracted using the Worm Lysis Buffer (WLB) with the
proteinase K method, according to Amorim et al. (2019). DNA extracted was quantified using
a Nanodrop spectrophotometer (Thermo Fisher Scientific) and 10 pl of genomic DNA (gDNA)
were loaded on 1% agarose gel to control the DNA quality. The library was built using the
Illumina DNA Prep Kit (Illumina, San Diego, CA, USA) according to the manufacturer’s
instructions. Paired-end sequencing (2x100 bp) of total genomic DNA was performed with
Illumina NextSeq 2000 System. DNA extraction and whole-genome shotgun sequencing were

performed at the NGS Genomic Solutions, University of Sao Paulo (USP), Piracicaba, SP,
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Brazil. A total of 13,831,964 reads (35-101 bp) were obtained, with 43% of GC content, and

all reads were of high-quality according to PHRED quality scores (Q-score) > 30.

MITOCHONDRIAL GENOME ASSEMBLY AND ANNOTATION

Raw reads were quality checked with FastQC v.0.11.9
(http://www .bioinformatics.babraham.ac.uk/projects/fastqc/) and trimmed with Trimmomatic
v.0.39 (Bolger et al., 2014). De novo assembly was performed in NOVOPlasty v.4.3
(Dierckxsens et al., 2017), and the mitochondrial genome of P. vulnus available on GenBank
(GQ332425.1) was used as a seed. Mapping and extension were performed with the software
Geneious R11 (Kearse et al., 2012). The assembled mitochondrial genome was annotated using
the invertebrate genetic code in the MITOS2 web server (http://mitos2.bioinf.uni-

leipzig.de/index.py) (Donath et al., 2019).

ANALYSIS OF REPETITIVE DNA SEQUENCES

The identification and characterization of the repetitive elements by similarity-based
clustering was performed using the RepeatExplorer2 pipeline (Novak et al, 2020),
implemented in the Galaxy server (https://repeatexplorer-elixir.cerit-sc.cz/galaxy). Initially, 2
million read pairs were extracted from each paired-end reads in Seqtk version 1.3
(https://github.com/lh3/seqtk/), as recommended by Novék et al. (2020). For large datasets
(>10 million read pairs), such as those used here (Table 1), this step is highly recommended,
because it is more than can be processed by RepeatExplorer2.

RepeatExplorer2 pipeline provides automated annotation of transposable elements (TEs)
and identification of tandem repeats, allowing us to detect the genomic proportion of each
repetitive element cluster, which was calculated as the percentage of reads (Novék et al., 2020).
Manual correction of automated repeat annotation was performed after obtaining the results.

Paired-end reads of Radopholus similis and Bursaphelenchus mucronatus were obtained from
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the C (ENA) database (https://www.ebi.ac.uk/ena) and used for comparative analysis and

identification of the repetitive elements (Table 1).

Results
MITOCHONDRIAL GENOME OF P. brachyurus

The partially assembled mitochondrial genome of P. brachyurus were 17,362 bp in
length. Twenty-four genes were detected in the mtDNA sequence annotated, that comprises 9
protein-coding genes (PCGs), 13 transfer RNA (tRNA) genes, and two ribosomal RNA (rRNA)
genes (rnS and rrnlL), all encoded in the same direction with exception of one tRNA (#rnF)
(Fig. 1). The nucleotide composition of the mtDNA genome was 27.8% A, 6.7% C, 11.7% G,
and 53.8% T. Several PCGs (nad4l, atp6 and nad6) and tRNA (trnl, trnA, trnS2, trnD, trnE,
trnK, trnl 2, trnR, and trnS) were missing in the assembly of the mitogenome of P. brachyurus.

The total length of 9 PCGs annotated in mtDNA is 8,906 bp, representing 51.3% of the
entire length of the mitogenome of P. brachyurus. The most common initiation codon is ATT
for five genes (nadl, nad2, cox3, cox2, and nad3), followed by ATG for two genes (nad5 and
nad4), and TTG and TCG for cob and cox1 gene, respectively. Seven genes (nad5, cox1, nadl,
nad2, cox3, cob, and nad4) have TAA terminate codon, and two genes (cox2 and nad3) uses
TAG as its termination codon. Among the 9 PCGs, the two longest genes were nad5 (1476 bp)
and cox! (1524 bp), and the two shortest genes were nad3 (345 bp) and cox2 (678 bp) (Table
2).

The rRNA genes of the mitogenome of P. brachyurus identified were rrnL (845 bp),
positioned between trnH and nad3, and rrnS (651 bp) between trnM and trnY. The length of
the 13 tRNA genes ranged from 53 bp (trnY) to 73 bp (trnL1) (Fig. 1, Table 2). Gene overlaps
were observed at eight genes junctions ranging from 1 to 37 bp in length: trnQ-trnF (34 bp),
trnF-cox1 (18 bp), cox1-trnT (15 bp), nadl-nad?2 (13 bp); nad2-trnP (37 bp), cox3-trnN (4 bp);

trnN-trnG (1 bp), and cox2-trnH (2 bp) (Table 2). Intergenic spaces were found in 10 gene
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junctions. The two longest intergenic space was in the gene junction #7nC-cox2 (1060 bp) and

nad5-trnQ (971 bp), while the two smallest were between trnM-rrnS (13 bp) and rraS-trnY (14

bp).

REPEAT COMPOSITION OF PLANT-PARASITIC NEMATODES GENOMES

The repetitive fraction of the genome of P. brachyurus corresponded to 67.3% of all
analyzed reads (1,959,488 reads) and 32.7% remained as single copies. In the other genomes
of plant-parasitic nematodes here analyzed, the repetitive fraction corresponded to 89.5%
(1,387,910 reads) in R. similis and 59% (593,235 reads) in B. mucronatus (Fig. 2). A total of
352,054 clusters (CLs) were obtained, in which 139 CLs were identified as the most abundant
representative repetitive elements in the genome of P. brachyurus, whose percentage of
repetitive DNA in the top clusters was 5.70%. We reported a total of 224,225 and 99,746 CLs
in the genomes of R. similis and B. mucronatus, whose percentage of reads in top clusters was
18.89% (256 CLs) and 16.11% (106 CLs), respectively (Table 3). Clusters representing repeats
that comprised at least 0.01% of the evaluated genomes were characterized and quantified.

The genome proportions of each type of repetitive sequence of the plant-parasitic
nematodes here analyzed are summarized in Table 3. Unclassified CLs represented the major
fraction of repetitive DNA in all analyzed genomes, corresponding to clusters that were not
assigned to known repeat families. Satellite DNA was the second most abundant element in the
genome of P. brachyurus (1.35%) and B. mucronatus (1.74%). TEs were the second most
abundant repeats in R. similis (2.66%), in which the LTR-retrotransposons represented 1.09%
of the genome, and Ty3/Gypsy and Ty1/Copy elements represented the major proportion. In
addition, a moderately proportion in the genome of organellar DNA was observed, ranging

from 0.18% (B. mucronatus) to 0.57% (P. brachyurus), as well as rDNA (Table 3).
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Discussion

Only one species belonging to the genus Pratylenchus (P. vulnus) had its mitogenome
completely sequenced anteriorly (Sultana et al., 2013b). We observed that the gene arrangement
of the partial mitochondrial genome of P. brachyurus obtained in this study is quite different
from P. vulnus (Sultana et al., 2013b). Although the mtDNA genome of P. brachyurus is not
complete, it is smaller than that of P. vulnus (21,656 bp). The large size of the mitogenome of
P. vulnus is due to lengthy non-coding regions composed of tandem repeats (Sultana et al.,
2013b). Comparing with other nematodes, the size of mtDNA of P. brachyurus is smaller than
that of M. graminicola (20,030 bp) (Besnard et al., 2014), Heterodera glycines (~ 21-22 bp)
(Gibson et al, 2011), and H. columbus (25,228 bp) (Ma et al., 2020), and larger than
mitogenome of B. mucronatus (14,583 bp) (Sultana et al., 2013a), B. xylophilus (14,778 bp)
(Sultana et al., 2013b), Aphelenchoides besseyi (16,216 bp) (Sun et al., 2014b), and R. similis
(16,7191 bp) (Jacob et al., 2009).

Due to the lack of several PCGs and tRNA of the mtDNA of P. brachyurus, a more
detailed comparison of the mtDNA gene orders could not be performed between other
nematodes. As observed in the majority of the other mitochondrial genomes of metazoans, atp8
gene is not present (Hu & Gasser, 2006). In addition, the r7nL gene location in P. brachyurus
next to nad3 was reported in several mitogenomes of plant-parasitic nematodes (Humphreys-
Pereira & Elling, 2014; Jacob et al., 2009; Ma et al., 2020; Sun et al., 2014b). Disregarding the
position of tRNA genes, the small blocks “7rnl-nad3-cob’’ and “nadl-nad2-cox3” are
identical in the gene arrangements of M. graminicola and P. vulnus (Sun et al., 2014a).

Most nematodes encoded genes in the same direction. However, one tRNA gene (trnF)
in the mtDNA of P. brachyurus was encoded in the opposite direction. Similar results were
observed in the complete mitogenome of H. columbus with trnR gene (Ma et al, 2020).
Although nematodes belonging to the Enoplea class encoded genes in both strands and show a

greater variation in gene arrangement even among closely related species, in the mitochondrial
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genomes of the Chromadorea class, the genes are encoded on the same strand and the gene
order is moderately conserved. Gene arrangement can be used as a source of phylogenetic
information in nematodes (Kern et al., 2020; Kim et al., 2017).

The most common nucleotide in the mtDNA sequence of P. brachyurus and P. vulnus is
T, while the nucleotide A is the least found in these sequences (Sultana et al., 2013b). This
composition is also reported in other mitogenomes of nematodes such as A. besseyi, M.
graminicola, and R. similis (Jacob et al., 2009; Sun et al., 2014a; Sun et al., 2014b). Codons
composed of nucleotides A and T are more frequently used in PCGs. In the mitochondrial
genome of P. brachyurus the start codon ATT is commonly found as well as in several species
of plant-parasitic nematodes.

Of the 12 PCGs, ATT as an initiation codon was used in seven genes (cox/, cox2, cox3,
nad2, nad3, nad4, and atp6) in M. chitwood (Humphreys-Pereira & Elling, 2014), six (cox/,
cox3, nadl, nad3, nad5, and nad6) in A. besseyi (Sun et al., 2014b), nine (coxI-cox3, nadl-
nad3, nad3, nad6, and atp6) in B. xylophilus. However, in the mitogenome of P. vulnus ATA
is the most common start codon (six PCGS — cox-cox3, nad2, nad4, and cob), followed by
ATT with four PCGs (atp6, nad3, nad4L, and nad5) (Sultana et al., 2013b). The stop codons
TAA and TAG are used in the 9 PCGs of P. brachyurus, even as observed in the mtDNA of P.
vulnus and most nematodes (Hu & Gasser, 2006; Sultana er al, 2013b). The truncated
termination codon (T or TA) was reported in some metazoan mitogenomes, but in P.
brachyurus this phenomenon was not found (Ojala ef al., 1981).

The four biggest non-coding regions in the mitogenome of P. brachyurus contain the
replication origin as reported in many metazoans, that varies from a few hundred bp to tens of
kb with tandem repeats. We observed gene overlap in P. brachyurus, although no gene overlaps
were found in the mitogenome of P. vulnus. Such overlaps of a few genes are a feature in the

mitochondrial genomes of metazoan (Sultana et al., 2013b; Wolstenholme, 1992).
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Our results demonstrated that more than half of the genomes of P. brachyurus, R. similis
and B. mucronatus are composed of repetitive DNA sequences. In the eukaryotic genomes the
repetitive sequences are a major component, which can represent up to 90% of the genome size
(Mehrotra & Goyal, 2014). In the genomes of H. glycines and M. enterolobii, 32% and 47.62%
were considered repetitive, respectively (Koutsovoulos et al., 2020; Masonbrink et al., 2019).
Comparative analysis of repetitive DNA sequences between these three species revealed
differences in composition and quantity of repeat elements identified. We reported that the
highest fraction of repetitive DNA of the genome of nematodes analyzed is ‘unclassified’.
Similar results were observed by Ma et al. (2020), in which the most abundant repetitive
elements in the genome of H. galeatus were ‘unclassified’, they were not assigned to known
repeat families.

Few studies on repetitive DNA have been performed with planta-parasitic nematodes.
Recent studies have been carried out with genomes of M. incognita, M. javanica, M. arenaria,
M. hapla (Blanc-Mathieu et al., 2017), H. glycines (Masonbrink et al., 2019), M. enterolobii
(Koutsovoulos et al., 2020), H. columbus (Ma et al., 2020), M. graminicola (Phan et al., 2020),
and H. galeatus (Ma et al., 2022). However, most of these studies only assess the diversity and
abundance of TEs. R. similis showed the highest number of TEs, and Helitron transposons are
the most abundant, as well as in the genome of P. brachyurus, while in B. mucronatus only one
TEs (LTR-Bel-Pao) was identified.

It is known that mobile elements of Class I (DNA transposons) are the repetitive element
more abundant of TEs in the M. graminicola and H. glycines genomes (Masonbrink et al., 2019;
Phan et al., 2020). In the genomes of H. galeatus and M. enterolobii the transposon Maverick
was the most ubiquitous TEs (Ma et al., 2022). On the other hand, the most abundant TEs in
four genomes of Meloidogyne spp. were from Class I elements, also known as retrotransposons.
LTR retrotransposons represented the major proportion of the TEs in these genomes (Blanc-

Mathieu et al., 2017). We observed that the satDNAs were the second most abundant repetitive
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element in the genome of two nematodes (P. brachyurus and B. mucronatus) in this study, as
well as in H. galeatus (Ma et al., 2022).

Repetitive DNA accumulate sequence and copy number variations during evolution. For
this reason, they are essential tools for taxonomic and phylogenetic studies. Thus, knowing the
repetitive DNA sequences help to understand the organization, evolution and behavior of
eukaryotic genomes (Kidwell & Lisch, 2001; Mehrotra & Goyal, 2014). Although the number
of publications with draft genomes of nematodes has increased significantly in the last years,
the repetitive fraction of these genomes is poorly studied in most nematodes, especially in the
group of plant parasites (Ma et al., 2022). In this way, conducting studies on the repetitive
elements present in the genomes of plant-parasitic nematodes can be helpful for a better

understanding of the genome of these organisms.
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Table 1. Datasets of short-read sequences of plant-parasitic nematodes.

Reads
Species Study Run
Number Length (nt)
Pratylenchus brachyurus - - 13831964 35-101
Radopholus similis PRINA541590 SRR9054482 14006278 50-151
Bursaphelenchus mucronatus PRINA562094 SRR10271307 23882556 151
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Fig 1. Circular gene map of the mitochondrial genome of Pratylenchus brachyurus.
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Table 2. Mitochondrial genome organization and annotation of the plant-parasitic nematode

Pratylenchus brachyurus.

Name Position Length (bp) Initiation/ termination codons  Direction
nad5 484 — 1,959 1,476 ATG/TAA Forward
trnQ 2,931 -2,984 54 Forward
trnF 2,951 -3,016 66 Reverse
coxl 2,999 — 4,522 1,524 TCG/TAA Forward
trnT 4,508 — 4,561 54 Forward
trnlL1 4,565 — 4,637 73 Forward
nadl 5,358 - 6,275 918 ATT/TAA Forward
nad?2 6,263 — 7,150 888 ATT/TAA Forward
trnP 7,114 -7,167 54 Forward
cox3 7,204 — 7,995 792 ATT/TAA Forward
trnN 7,992 — 8,046 55 Forward
trnG 8,046 — 8,100 55 Forward
trnC 8,101 — 8,161 61 Forward
cox2 9,222 - 9,899 678 ATT/TAG Forward
trnH 9,898 —9,951 54 Forward
rrnL 9,950 — 10,794 845 Forward
nad3 10,779 — 11,123 345 ATT/TAG Forward
cob 11,159 -12,219 1,061 TTG/TAA Forward
nad4 12,383 — 13,606 1,224 ATG/TAA Forward
trnV 13,624 —13,677 54 Forward
trnM 13,681 — 13,736 56 Forward
S 13,750 — 14,400 651 Forward
trnY 14,415 — 14,467 53 Forward
trnW 14,819 — 14,877 59 Forward
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Fig. 2. Proportion of analyzed reads (%) that were clustered as repetitive DNA and remained
single in the genome of the plant-parasitic nematodes Pratylenchus brachyurus, Radopholus

similis and Bursaphelenchus mucronatus.
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526  Table 3. Repeat quantification in the genomes of the plant-parasitic nematodes Pratylenchus

527  brachyurus, Radopholus similis and Bursaphelenchus mucronatus.

Genome proportion (%)

Repeat
P. brachyurus R. similis B. mucronatus
Retrotransposons LTR-Ty3/gypsy 0.02 0.69 0
LTR-Tyl/copia 0 0.26 0
LTR-Bel-Pao 0 0.14 0.05
LINE 0.03 0.74 0
Transposons Maverick 0.05 0.02 0
Helitron 0.08 0.81 0
Total (TEs) 0.18 2.66 0.05
rDNA 0.06 0.84 1.14
satDNAs 1.35 1.33 1.74
Organellar DNA 0.57 0.31 0.18
Unclassified 3.54 13.75 13.00
Total Repeat 5.70 18.89 16.11
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CONCLUSOES GERAIS

A fertirrigagdo da vinhaca em canaviais promoveu alteracdes na estrutura € composi¢ao

da comunidade de nematoides, e nas caracteristicas fisicas e quimicas do solo;

Os fitonematoides pertencentes aos géneros Mesocriconema, Meloidogyne,

Helicotylenchus e Pratylenchus foram os mais frequentes nas areas estudadas;

Apenas a fertirrigagdo com vinhaga em canaviais durante 5 anos (V5) promoveu a
reducdo da abundancia dos nematoides parasitas de plantas, e favoreceu o aumento do

grupo dos bacteriofagos;

Os nematoides predadores e fungivoros foram os menos abundantes nas areas do estudo;

A maioria dos nematoides identificados nos canaviais pertence ao grupo c-p3;

O nivel de perturbagdo dos canaviais deste estudo varia de baixo a moderado;

Dos 24 genes detectados na sequencia anotada do mtDNA de P. brachyurus, nove sao

codificadores de proteinas, 13 tRNA e 2 rRNA;

Mais da metade do genoma de P. brachyurus (67,3 %), R. similis (89,5 %) e B.

mucronatus (59 %) é composto por sequéncias de DNA repetitivo;

O satDNA foi o elemento repetitivo mais abundante nos genomas de P. brachyurus e

B. mucronatus e o LTR-retrotransposons em R. similis.

Este ¢ o primeiro trabalho a realizar a montagem do genoma mitocondrial de P.
brachyurus, a identificar e caracterizar os elementos repetitivos presentes no genoma

completo deste fitonematoide.
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