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CHAPTER 4. A host-guided diversity and speciation of Bean golden mosaic virus
isolates from Phaseolus species and from other legume and non-legume plants.
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#1 was composed by BGMV isolates reported infecting Phaseolus vulgaris, soybean
(Glycine max), tomato (Solanum lycopersicum), Nicandra physalodes, Macroptilium
erythroloma, and Anadenanthera colubrina (with branches in red), Group #2 was
composed by BGMV isolates obtained from Macroptilium lathyroides (with branches in
blue) and Group #3 was composed by BGMV isolates obtained from P. lunatus (with
branches in green), and Group #4 was composed by two highly divergent BGMV isolates
reported infecting M. lathyroides (with branches also in blue)...........c.cccooveieeennnne. 132
Figure 2. Pairwise identity analysis in Sequence Demarcation Tool (SDT) was carried
out using the information of the DNA-A component sequences of isolates obtained from
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Anadenanthera colubrina, Nicandra physalodes, Glycine max and Solanum lycopersicum
showing their identities in relation to the reference (NC_004042) Bean golden mosaic
virus (BGMV) sequence (indicated in red font color). BGMYV isolates from P. vulgaris
are identified by a numerical order and they correspond to the following GenBank
accessions: [Isolates P. vulgaris: 01 (KJ939839), 02 (KJ939838), 03 (KJ939810), 04
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Figure 4. Pairwise identity analysis in Sequence Demarcation Tool (SDT) was carried
out using the information of the DNA-A component sequences of Bean golden mosaic
virus (BGMV) isolates obtained from Glycine max, Macroptilium lathyroides,
Macroptilium erythroloma, Anadenanthera colubrina, Nicandra physalodes, and
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identified by a numerical order and they correspond to the following GenBank accessions:
[Isolates from M. lathyroides: 01 (KJ939725), 02 (KJ939714), 03 (KJ939707), 04
(KJ939756), 05 (KJ939708), 06 (KJ939732), 07 (KJ939764), 08 (KJ939733), 09
(KJ939709), 10 (KJ939717), 11 (KJ939715), 12 (KJ939734), 13 (JN419004), 14
(JN419003), and 15 (JN419006)]; [Isolate from N. physalodes (MN737555)]; [Isolates
from S. lycopersicum: 01 (MN737552), 02 (MN737553), 03 (MN737554)]; [Isolate from
G. max (FJ665283)]; [Isolate from M. erythroloma (MN822294)]; [Isolate from A.
COlUDIINA (MNT734370) ] ..t e 137

Figure 5. Pairwise identity analysis in Sequence Demarcation Tool (SDT) was carried
out using the information of the of DNA-B component sequences of Bean golden mosaic
virus (BGMV) isolates obtained from unclassified Phaseolus species, Phaseolus vulgaris,
P. lunatus, Macroptilium lathyroides, M. erythroloma, Anadenanthera colubrina,
indicating their identities in relation to the reference BGMV (NC_004043) isolate
(highlighted in red font color). BGMV isolates from these hosts are identified by a
numerical order and they correspond to the following GenBank accessions: Isolates from
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Phaseolus sp. 01 (JF694457), Phaseolus sp. 02 (JF694456), Phaseolus sp. 03 (JF694458),
Phaseolus sp. 04 (JF694459), Phaseolus sp. 05 (JF694455); isolate from P. lunatus
(MH925107); isolate from A. colubrina (MN734371); isolate from P. vulgaris
(MG334553); isolates from M. lathyroides 01 (JN419008), and 02 (JN419017)........ 138

Figure 6. Common region, iterons and motifs of the Replication—associated protein (Rep)
with the reference DNA-A and DNA-B sequences of Bean golden mosaic virus — BGMV
(highlighted in red font color) compared with other isolates with identity levels greater
than or equal to 96%. Panel (A): Iterons, TATA region, nonanucleotide and Rep motif;
Panel (B): Conserved Rep protein sequence (ranging from 142 to 199 nucleotides).
GenBank accessions: Phaseolus vulgaris DNA-A (NC_004042), DNA-B (NC_004043);
Phaseolus vulgaris: DNA-A (KJ939833), DNA-B (MG334553); Macroptilium
lathyroides: DNA-A (KJ939776), DNA-B (JN419008); Anadenanthera colubrina:
DNA-A (MN734370), DNA-B (MN734371); Macroptilium erythroloma: DNA-A
(MN822294), DNA-B (MN822293); Phaseolus Ilunatus: DNA-A (KJ939711),
(KJ939710) and (KJ939710); Nicandra physalodes (MN737555); and Solanum
lycopersicum (MINT737552). .....cciiiiieiesieiie sttt 140
Figure 7. Common region, iterons and motifs of the Replication—associated protein (Rep)
with the reference DNA-A and DNA-B sequences of Bean golden mosaic virus (BGMV)
in red, compared with other isolates with identity levels between 89% and 91%. Panel
(A): Iterons, TATA region, nonanucleotide and Rep motif; Panel (B): Sequence
conserved of the Rep protein (from 142 to 199 nucleotides). GenBank accessions:
Phaseolus vulgaris NC: DNA-A (NC_004042), DNA-B (NC_004043); Phaseolus
lunatus: DNA-A (KJ939719), DNA-A (KJ939735), DNA-A (KJ939731), DNA-A
(KJ939764), DNA-A (KJ939709), DNA-A (KJ939725), DNA-B (MH925107);
unclassified Phaseolus species: DNA-A (JF694452), DNA-A (JF694451), DNA-A
(JF694449), DNA-B (JF694454); Macroptilium lathyroides: DNA-A (JN419003),
DNA-A (JN419006), DNA-A (JN419004), DNA-B (IN419017). ...oovvvrvrrerrrerrenes 141
Figure 8. Symmetric region ACTT— (N7) -AAGT of isolates described as Bean golden
mosaic virus (BGMV). Intergenic region sequences of the DNA-A component of the
BGMV reference isolate (highlighted in red font color) was compared with other BGMV
isolates with identity levels greater than or equal to 96%. Comparisons were also carried
out with other isolates displaying identity level ranging from 89% to 91% (all these
isolates were formerly classified @S BGMV)........cccooiiiiiiiiiiiiiecce e 143
CHAPTER 5. Complete genomic sequence of a Gemycircularvirus species detected
in natural association with open-field tomatoes in Brazil.

Figure 1. Phylogenetic and sequence demarcation tool (SDT) analyses using 74
representatives genomovirus sequences, including the Plant-associated genomovirus 12
isolate that was described in association with tomato leaf samples in the present work
(highlighted in red font color). Bayesian phylogenetic tree was based upon the
replication—associated (Rep) protein sequences. Sequences of geminiviruses were used as
outgroups. The Rep coding sequences were aligned using MUSCLE, and phylogenic tree
was constructed using Bayesian inference performed with MrBayes v3.2, with amino acid
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substitution model GTR + | + G selected by JModeltest v. 2.2. The analyzes were carried
out by running 100 million generations and sampling every 2,000 generations after 2
million burn—in generation. Genome-wide pairwise matrix was generated by SDT v1.2.
The isolates are identified by their name, by the GenBank accession number and by the
acronym of the countries where they were described: BR = Brazil; TON = Tonga; USA
= United States; ZAF = South Africa; NZ = New Zealand; CN = China; GH = Ghana; GE
= Germany; LK = Sri Lanka; IR = Iran; BFA = Burkina Faso, and NL = Netherlands.
GenBank accession numbers: 1. Pteropus associated gemycircularvirus 9 (KT732795); 2.
Pacific flying fox faeces associated gemycircularvirus 4 (KT732796); 3. Thrips
associated genomovirus 2 (KY308271); 4. Capybara Genomovirus 9 (MK483081); 5.
Plant-associated genomovirus 12 (Tomato — MT214094); 6. Plant Genomovirus 12
(MH939425); 7. Capybara genomovirus 11 (MK483083); Capybara genomovirus 1
(MK483072); 9. Poaceae associated gemycircularvirus 1 (KT253577); 10. Poaceae
associated gemycircularvirus 1 (KT253578);11. Poaceae associated gemycircularvirus 1
(KT253579);12. Plant Genomovirus 13 (MH939427); 13. Plant Genomovirus 13
(MH939434); 14. Faecal associated gemycircularvirus 1c (KF371641); 15. Blackbird
associated gemycircularvirus 1 (KF371643); 16. Faecal associated gemycircularvirus 3
(KF371639); 17. Faeces associated gemycircularvirus 4 (KF371638); 18. Miniopterus
associated gemycircularvirus 1 (KJ641719); 19. Soybean leaf associated
gemycircularvirus 1 (KT598248); 20. Pteropus associated gemycircularvirus 3
(KT732797); 21. Bemisia associated genomovirus AdO (KY230614); 22. Hypericum
japonicum associated circular DNA virus (KF413620); 23. Momordica charantia
associated gemycircularvirus (MHO047857); 24. Euphorbia heterophylla associated
gemycircularvirus (MHO047858); 25. Odonata associated gemycircularvirus 1
(KM598385); 26. Dragonfly associated circular virus 2 (JX185429); 27. Cassava
associated gemycircularvirus 1 (JQ412057); 28. Faeces associated gemycircularvirus 22
(KT862253); 29. Sewage derived gemycircularvirus 1 (KJ547638); 30. Sewage
associated gemycircularvirus 1 (KM821747); 31. Bromus associated gemycircularvirus
1 (KM510192); 32. Faeces associated gemycircularvirus 17 (KT862242); 33. Sclerotinia
gemycircularvirus 1 (GQ365709); 34. Sewage associated gemycircularvirus 6
(KJ547636); 35. Pacific flying fox faeces associated gemycircularvirus 2 (KT732792);
36. Faeces associated gemycircularvirus 16 (KT862251); 37. Poecile atricapillus Gl
tract-associated gemycircularvirus (KT309029); 38. Pacific flying fox faeces associated
gemycircularvirus 10 (KT732804); 39. Pteropus associated gemycircularvirus 8
(KT732806); 40. Pteropus associated gemycircularvirus 5 (KT732801); 41. Dragonfly
associated circular virus 1 (JX185430); 42. Capybara genomovirus 2 (MK483074); 43.
Plant associated genomovirus 2 (MH939414); 44. Black robin associated gemykibivirus
1 (KF371634); 45. Sewage associated gemykibivirus 3 (KJ547643); 46. HCBI8.215 virus
Gemykibivirus (LK931483); 47. Rhinolophus associated gemykibivirus 1 (KJ641737);
48. Gemycircularvirus SL1 Gemykibivirus (KP133075); 49. Dragonfly associated
gemyduguivirus 1 (JX185428); 50. Genomoviridae sp. (MK032706); 51. Gila monster
associated gemykrogvirus (MH378453); 52. HCBI9.212 virus Gemykrogvirus
(LK931484); 53. Caribou associated gemykrogvirus 1 (KJ938717); 54. Gila monster
associated gemykrogvirus (MN954869); 55. Sewage associated gemycircularvirus 4
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(KJ547634); 56. Human associated gemyvongvirus 1 (KP974693); 57. Common bean-
associated  gemycircularvirus  (KX434768); 58. Common  bean-associated
gemycircularvirus  (KX434770); 59. Pacific flying fox faeces associated
gemycircularvirus 6 (KT732798); 60. Pacific flying fox faeces associated
gemycircularvirus 7 (KT732800); 61. Beet curly top virus (AF379637); 62. Turnip leaf
roll virus (KT388088); 63. African cassava mosaic virus (FM877473); 64. Wheat dwarf
virus (EF536860); 65. French bean severe leaf curl virus (JX094280); 66. Spinach curly
top Arizona virus (HQ443515); 67. Ostrich associated gemytondvirus 1 (KF371630); 68.
Rabbit associated gemykroznavirus 1 (KF371631); 69. Human genital-associated circular
DNA virus 1 (KJ413144); 70. Sewage associated gemycircularvirus 5 (KJ547635); 71.
Pacific flying fox faeces associated gemycircularvirus 1 (KT732790); 72. Faeces
associated gemycircularvirus 15 (KT862254); 73. Meles meles fecal virus (JN704610)
and 74. Faeces associated gemycircularvirus 10 (KF371632). ......cccccovcvvivniviiinnennnns 151
Figure 2. Diagrammatic representation of the genomic organization of an isolate of Plant-
associated genomovirus 12 detected in natural association with open-field tomatoes in
Central Brazil. Panel (A): The tomato-associated circular genome (GenBank
MT214094) displayed 2,189 nucleotides (nts) in size. The genome contains three open
reading frames (ORFs): one capsid protein (CP) in the viral sense (with 906 nts) and two
OREFs in the complementary sense (RepA with 735 nts and Rep with 1008 nts). An intron
is located within the ORF Rep. Arrows are indicating the location of the motifs I, II, 111,
and C as well as the GRS domain and the Walker A and B motifs. Panel (B): Intergenic
region (with 128 nts) showing a conserved “stem—loop” which contains the
nonanucleotide sequence TAATGTTAT (highlighted). ........cccoeviviviiiieiieieee e, 154
CHAPTER 6. Tomato golden net virus (ToGNV) and Tomato yellow net virus
(ToYNV): Two novel begomoviruses from the Neotropics with monopartite
genomes.

Figure 1. Genomic organization of the two new tomato-infecting monopartite
Begomovirus species. Panel A: Diagrammatic representation of the circular genomes of
Tomato golden net virus (ToGNV) and Tomato yellow net virus (ToYNV) and their
respective open reading frames (ORFs). The ORFs AV1, AC1, AC2, AC3 and AC4 are
color-coded according to the putative function of their protein products. CP = capsid
protein; Rep = replication-associated protein; TrAp = transactivator protein; Ren =
replication enhancer; sd = possible symptom determinant; ss = possible silencing
suppressor; IR = intergenic region, encompassing the hairpin and Panel B: A segment of
the intergenic region showing iterons, TATA region, nonanucleotide, stem-loop and at
the end Rep = IRD (Rep Iteron-Related
DOmMaIN). .. .o e e e e saaessraaessrneesnreeesnes LOL

Figure 2. Pairwise identity in Sequence Demarcation Tool (SDT) analysis carried out
using the information of the DNA-A sequences of selected New World Begomovirus
species showing their phylogenetic identities/distances with two new tomato-infecting
species: Tomato golden net virus — TOGNV = MT214095 (in red) and Tomato yellow net
virus — TOYNV = MT214096 (in green). These Begomovirus species were identified by

18



their accession number and by the acronym of the countries where they were described:
BR = Brazil; URU = Uruguay; EC = Ecuador; JM = Jamaica; MEX = Mexico; CO =
Colombia; USA = United States; VEN = Venezuela; GT = Guatemala. Species and
GenBank accession numbers: Cabbage leaf curl virus — CaLCuV (MH359394);
Rhynchosia golden mosaic Yucatan virus — RhnGMYuV (KP641349); Rhynchosia golden
mosaic Sinaloa virus — RhGMV (MK618662); Bean leaf crumple virus — BLCrV
(KX857725); Bean calico mosaic virus — BcaMV (AF110189); Euphorbia mosaic virus
— EuMV (DQ395342); Tomato twisted leaf virus — ToTLV (MK440292); Jacquemontia
yellow vein virus — JacYVV (KY617094); Tomato severe leaf curl virus — ToSLCV
(AF130415); Desmodium leaf distortion virus — DeLDV (DQ875870); Abutilon golden
mosaic Yucatan virus — AbGMYV (KC430935); Sida golden mosaic Lara virus —
SiGMLaV (IX857693); Chenopodium leaf curl virus— ChLCV (HM626515); Cotton leaf
crumple virus — CLCrV (AY742220); Wissadula yellow mosaic virus — WYMV
(KX691409); Tomato bright yellow mottle virus — ToBYMoV (KC791691); Tomato
golden leaf spot virus — ToGLSV (KC626021); Tomato rugose yellow leaf curl virus —
TRYLCV (JN381823); Tomato common mosaic virus — ToCmMV (KT203558); Sida
yellow leaf curl virus — SiYLCV (EU710750); Tomato chlorotic leaf curl virus —
ToCLCV (MK558058); Abutilon Brazil virus — AbBV (FN434438); Abutilon mosaic
virus - AbMV (JF694482); Corchorus mottle virus — CoMoV (JQ805781); Sida mosaic
Alagoas virus — SIMAV (JF694472); Sida yellow blotch virus — SiYBV (JX871380);
Tomato golden leaf distortion virus — ToGLDV (HM357456); Tomato interveinal
chlorosis virus2 — TolCV2 (MK087038); Tomato leaf curl purple vein virus — ToLCPVV
(KY196216); Tomato yellow vein streak virus — ToYVSV (EF417915); Tomato golden
mosaic virus — TGVV (JF80325); Tomato mottle leaf curl virus — ToMoLCV (JF803251);
Macroptilium yellow net virus — MaYNV (JN418998); Tomato interveinal chlorosis virus
— TolCV (JF803252); Tomato chlorotic mottle virus — ToCMoV (KC706542); Tomato
bright yellow mosaic virus — ToBYMV (KC791690); Macroptilium yellow spot virus —
MacYSV (JN419013); Bean golden mosaic virus — BGMV (M88686); Tomato rugose
mosaic virus — TORMV (AF2917050; Tomato severe rugose virus — ToSRV (KC004074);
Tomato golden mosaic virus — TGMV (JF694490); Tomato mild mosaic virus — TOMMV
(EU710752); Tomato yellow spot virus — ToYSV (DQ336350); Okra mottle virus —
OMoV (EU914817); Tomato leaf distortion virus — ToLDV (KC706605) and Sida mottle
Alagoas Virus — SIMOAV (KXB896415). ......ccceiiiieiieie et eie st sre e e 163
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RESUMO GERAL

Reis, Luciane de Nazaré Almeida. Analise metagendmica da diversidade de begomovirus
em tomateiro no Brasil Central e impacto do gene Ty-1 na dinamica evolutiva viral. 2020.
NuUmero de paginas (205). Tese (Doutorado em Fitopatologia) - Universidade de
Brasilia, Brasilia, DF.

O tomateiro (Solanum lycopersicum L.) é uma das principais hortaligas cultivadas no
Brasil. Até o inicio década de 1990, a ocorréncia de doencas causadas por espécies de
Begomovirus (familia Geminiviridae) era esporadica no pais. Entretanto, a partir deste
periodo, um complexo extremamente diverso de espécies de begomovirus emergiu no
cultivo do tomateiro, coincidindo com a ampla dispersdo geogréafica do vetor Bemisia
tabaci MEAM 1 (Middle East-Asian Minor 1= bidtipo B). A maioria dos begomovirus
apresenta genoma bipartido e apresentam niveis variados de eficiéncia de transmissdo
pelo vetor. A utilizacdo mais intensa de hibridos resistentes/tolerantes (principalmente
com o gene Ty-1) é um potentical fator no processo de evolucao deste grupo de virus no
Brasil. A metagendmica aliada ao Next-Generation Sequencing — NGS é uma das
ferramentas mais eficientes para analisar, em larga escala, a diversidade de populac6es
virais em diferentes condi¢cdes ambientais. Neste contexto, o objetivo geral do presente
trabalho foi conduzir estudos de metagendmica sobre a diversidade de begomovirus em
tomateiro no Brasil. Os objetivos especificos foram: (a) conduzir estudos comparativos
da diversidade de begomovirus infectando tomateiros com e sem o gene Ty-1 e (b)
catalogar as espécies virais predominantes e/ou novas espécies de Begomovirus
ocorrendo em tomateiros com e sem o gene Ty—1. Para isto, 107 amostras foram coletadas
em campos de producao em Goias (n=56), Distrito Federal (n=27) e Minas Gerais (n=24)
entre os anos de 2002 e 2016. O DNA total das amostras foi extraido e submetido a PCR
usando primers para deteccdo de begomovirus e também com primers para regido
genbmica ligada ao gene Ty-1. Posteriormente as amostras foram submetidas a um
enriquecimento via RCA (Rolling Circle Amplification) e divididas em dois pools:
tomateiros sem o gene Ty-1 (n=64) e com o gene Ty-1 (n=43). Os dois pools foram
sequenciados em uma plataforma Illumina HiSeq 2500. As sequéncias obtidas foram
montadas no programa CLC Genomics Workbench 11.0 e analisadas no Geneious 10.1.
As sequéncias entdo foram comparadas com sequéncias virais presentes no GenBank
utilizando o algoritmo BLASTN. Pares de primers especificos foram desenhados visando
recuperar 0 genoma completo e confirmar a presenca dos virus em amostras individuais
dentro de cada pool. Os resultados destas analises estdo descritos no capitulo 2. Foi
observada uma maior diversidade de espécies virais (n=14) no pool de amostras sem 0
gene Ty-1 em comparacdo com aquelas obtidas de plantas com gene Ty-1 (n=6).
Observou-se uma aparente filtragem entre as especies detectadas nos dois pools. Foi
também observada uma grande frequéncia de infecgdes mistas nas amostras, tendo casos
da ocorréncia simultanea de até cinco espécies em uma unica amostra. Trés potenciais
novas espécies foram detectadas, duas em amostras sem o gene Ty-1 (MG-378 e GO-
169) e uma em amostras contendo o gene Ty-1 (DF-640). Além disso, uma espécie do
género Gemycircularvirus e um novo Alfasatélite foram detectados. Tomato golden vein
virus (TGVV) foi uma das espécies amplamente detectadas nessas analises. Estudos
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conduzidos no capitulo 3, mostraram que TGVV e Tomato yellow vein streak virus
(ToYVSV) estdo intimamente relacionados como indicado por anélises empregando
Sequence Demarcation Tool (SDT) e alinhamento MUSCLE. Dois grupos bem definidos
foram identificados, consistentes com os critérios atuais para demarcagdo de espécies de
Begomovirus, sendo também identificado um conjunto distinto caracteristicas gendmicas,
bioldgicas e ecologicas especificas para cada espécie viral. Uma reavaliacdo dos isolados
de TGVV e ToYVSV disponiveis no GenBank mostrou que uma grande fracdo esta
erroneamente classificada ao nivel de espécie. A espécie Bean golden mosaic virus
(BGMV) foi detectada em associacdo com tomateiro nas analises conduzidas no capitulo
1. No capitulo 4 a diversidade de 161 isolados classificados como BGMYV foi catalogada
comparando suas sequéncias completas com o DNA-A e DNA-B do isolado de
referéncia. Analises filogenéticas e com SDT indicaram que os isolados descritos
coletivamente como BGMV compreendem, de fato, duas espécies distintas: uma que
engloba isolados de BGMV de Phaseolus vulgaris e de uma ampla gama de hospedeiros
(incluindo o tomateiro) e uma espécie estreitamente relacionada (com identidade variando
de 89 a 91% em comparacdo com o isolado de referéncia de BGMV) principalmente
associada ao feijao-lima (P. lunatus). O capitulo 5 descreve as caracteristicas
moleculares de um Gemycircularvirus (2.189 nucleotideos) identificado em associacao
com o tomateiro no Brasil Central. As analises mostraram que a espécie identificada
compartilhou 99% de identidade com um virus provisoriamente denominado como Plant-
associated genomovirus 12 de Larrea tridentata. O capitulo 6 descreve duas novas
espécies de Begomovirus que foram identificadas em amostras de Minas Gerais e Goias.
Os genomas virais completos foram clonados, sequenciados via Sanger e provisoriamente
denominados Tomato golden net virus — TOGNV (2.649 nucleotideos) e Tomato yellow
net virus — ToOYNV (2.636 nucleotideos). Ambos os virus exibiram a organizacao do
DNA-A com caracteristicas tipicas das espécies de begomovirus do Novo Mundo. No
entanto, nenhum componente cognato do DNA-B foi encontrado, indicando que TOGNV
e ToYNV provavelmente compreendem um grupo peculiar de begomovirus neotropicais
monopartidos.

Palavras chaves: Begomovirus, diversidade, Solanum lycopersicum L., Next-Generation
Sequencing, resisténcia genética
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GENERAL ABSTRACT

Reis, Luciane de Nazaré Almeida. Metagenomic analysis of the begomovirus diversity in
tomatoes in Central Brazil and impact of the Ty-1 tolerance gene on viral evolutionary
dynamics. 2020. Number of pages (205). Thesis (PhD in Phytopathology) - University
of Brasilia, Brasilia, DF.

Tomato (Solanum lycopersicum L.) is one of the main vegetable crops cultivated in
Brazil. Until the early 1990s, the occurrence of diseases caused by Begomovirus species
(family Geminiviridae) was sporadic in the country. However, from this period on, an
extremely diverse complex of begomoviruses emerged in tomato fields, coinciding with
the wide geographical dispersion of the Bemisia tabaci MEAM 1 (Middle East-Asian
Minor 1 = biotype B). Most begomoviruses have a bipartite genome and have varying
levels of transmission efficiency by the vector. The more intense use of resistant/tolerant
hybrids (mainly with the Ty—1 gene) is a potentical factor in the evolution process of this
group of viruses in Brazil. Metagenomics combined with Next-Generation Sequencing
(NGS) is one of the most efficient tools for large scale analysis of the diversity of viral
populations in different environmental conditions. In this context, the general objective
of the present work was to conduct metagenomics studies on the diversity of
begomoviruses in tomatoes in Brazil. The specific objectives were: (a) to carry out
comparative studies of the begomovirus diversity infecting tomato plants with and
without the Ty-1 gene and (b) to catalog the predominant viral species and/or new
begomoviruses occurring in tomato plants with and without the Ty-1 gene. For this, 107
samples were collected in production fields in Goias (n = 56), Distrito Federal (n = 27)
and Minas Gerais (n = 24) between the years 2002 and 2016. The total DNA of the
samples was extracted and submitted to PCR using primers to detect begomovirus and
also with primers for the genomic region linked to the Ty-1 gene. Subsequently, the
samples were subjected to enrichment via RCA (Rolling Circle Amplification) and
divided into two pools: tomatoes without the Ty—1 gene (n = 64) and with the Ty—1 gene
(n = 43). The two pools were sequenced on an Illumina HiSeq 2500 platform. The
obtained sequences were assembled using the CLC Genomics Workbench 11.0 program
and analyzed in Geneious 10.1. The sequences were then compared to viral sequences
present on GenBank using the BLASTn algorithm. Specific primer pairs were designed
to recover the complete genome and confirm the presence of viruses in individual samples
within each pool. The results of these analyzes are described in Chapter 2. A greater
diversity of viral species (n = 14) was observed in the sample pool without the Ty — 1
gene compared to those obtained from plants with the Ty — 1 gene (n = 6). It was observed
an apparent filtering effect among viral species detected in the two pools. A high
frequency of mixed infections was also observed in the samples, with cases of the
simultaneous occurrence of up to five species in a single sample. Three potential new
species were detected, two in samples without the Ty—1 gene (MG-378 and GO-169) and
one in samples containing the Ty—1 gene (DF-640). In addition, a species of the genus
Gemycircularvirus and a new alpha-satellite were detected. Tomato golden vein virus
(TGVV) was one of the species widely detected in these analyzes. Studies conducted in
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Chapter 3 have shown that TGVV and Tomato yellow vein streak virus (ToYVSV) are
closely related as indicated by analyzes using Sequence Demarcation Tool (SDT) and
MUSCLE alignment. Two well-defined clusters were identified, consistent with the
current criteria for demarcation of Begomovirus species. In addition, a distinct set of
genomic, biological and ecological characteristics specific to each viral species was
identified. A reassessment of the TGVV and ToYVSV isolates available on GenBank
showed that a large fraction of them is erroneously classified at the species level. Bean
golden mosaic virus (BGMV) was also detected in association with tomato in the analyzes
carried out in Chapter 1. In Chapter 4 the diversity of 161 isolates classified as BGMV
was cataloged by comparing their complete sequences with the DNA-A and DNA-B
components of reference isolate. Phylogenetic and SDT analyzes indicated that the
isolates collectively described as BGMV actually comprise two distinct species: one that
encompasses isolates of BGMV from Phaseolus vulgaris and from a wide range of hosts
(including tomato) and a closely related species (with identity ranging from 89 to 91%
compared to the reference BGMV isolate), which were mainly associated with lima beans
(P. lunatus). Chapter 5 describes the molecular characterization of a Gemycircularvirus
(2,189 nucleotides) identified in association with tomato in Central Brazil. The analyzes
showed that the gemycircularvirus shared 99% of identity with a virus tentatively named
as Plant-associated genomovirus 12 of Larrea tridentata. Chapter 6 describes two new
Begomovirus species that were identified in samples from Minas Gerais and Goiés states.
The complete viral genomes were cloned, sequenced via Sanger and tentatively named as
Tomato golden net virus — ToOGNV (2,649 nucleotides) and Tomato yellow net virus —
ToYNV (2,636 nucleotides). Both viruses exhibited DNA-A organization with typical
features of the New World begomovirus species. However, no cognate components of
DNA-B were found, indicating that TOGNV and ToYNV might comprise a peculiar
group of monopartite neotropical begomoviruses.

Keywords: Begomovirus, diversity, Solanum lycopersicum L., Next-Generation
Sequencing, genetic resistance
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GENERAL INTRODUCTION

The tomato (Solanum lycopersicum L.) is one of the main vegetable crops in the
world, being cultivated across all continents. In Brazil, this crop has a high economic and
social importance, due to its high demand for labor, production value and cultivation area
(IBGE, 2020). According to FAOSTAT (2020), Brazil occupies the tenth global position
in tomato production (58.168 hectares), reaching = 4.1 million tons per year. The main
tomato-producing states are Goias (GO), Sao Paulo (SP) and Minas Gerais (MG) (IBGE,
2020). The almost uninterrupted cultivation of tomatoes throughout most of the year in
most of the Brazilian regions favors the incidence of several diseases in crops for fresh-
market and for processing. All groups of pathogens (viz. fungi, bacteria, nematodes, and
viruses) have been reported infecting tomatoes under natural conditions on a global scale
(Jones et al., 2014). However, viral pathogens are the ones that have the greatest difficulty
in establishing effective control strategies. In Brazil, the main diseases of viral etiology
are caused by species of the genera Begomovirus, Crinivirus, Orthotospovirus,
Tobamovirus and Potyvirus (Lopes and Reis, 2011; Inoue-Nagata et al., 2016b).

Species classified in Begomovirus genus (Family: Geminiviridae) are
characterized by single-stranded circular DNA (ssDNA) with either one genomic
component (DNA-A for monopartite species) or two genomic components (DNA-A and
DNA-B for bipartite species) separately encapsulated in twinned particles (Rojas et al.,
2005a; Rojas et al., 2018; ICTV, 2020). More than one hundred species of begomoviruses
have already been characterized infecting tomato in the world. Brazil is considered as one
of the most important centers of diversity of bipartite begomoviruses (Fernandes et al.,
2008). The transmission of viral species of this genus occurs naturally through a complex
of cryptic species of whitefly (Bemisia tabaci) in a relationship with the vector that is
characterized as persistent circulative (De Barro et al., 2011).

Currently, the highest incidence of viral diseases in tomato in Brazil are those
caused by begomoviruses. The major relevance of the begomoviruses is due to a series of
factors, including the type of dissemination and high population density of their vectors
(whiteflies), the wide range of alternative hosts, and the genetic mechanisms to generate
genetic diversity in this group of viruses, which favors the emergence of new species. The
first report of a begomovirus in tomato in Brazil occurred in 1960 (Flores et al., 1960).
However, until the 1990s, the occurrence of begomoviruses in tomato in the country was
sporadic and without economic importance. In the early 1990s, with the introduction in

the country of the polyphagous vector B. tabaci biotype B (= B. tabaci Middle East-Asia
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Minor 1- MEAML1), a significant increase in the incidence and in the diversity of
begomoviruses was observed (Ribeiro et al., 2003; Fernandes et al., 2008). Field surveys
of begomoviruses associated with the tomato crop revealed an extremely diverse complex
of viral species in Brazil (Ribeiro et al., 2003; Cotrim et al., 2007; Castillo-Urquiza et al.,
2008; Fernandes et al., 2008). Currently, 21 begomoviruses have been reported infecting
tomatoes in Brazil and all of them were accepted by the ICTV (Matyis et al., 1975;
Ribeiro et al., 2003; Fernandes et al., 2006; Calegario et al., 2007; Ribeiro et al., 2007,
Castillo-Urquiza et al., 2008; Fernandes et al., 2008; Albuquerque et al., 2012; Macedo
et al., 2018; ICTV, 2020). The mechanisms of generating genetic variability in
begomoviruses (mutation, recombination and pseudo-recombination) contribute to this
current scenario (for review see Rossinck 1997; Seal et al 2006; Duffy and Holmes,
2008). Mutation and recombination are the most important mechanisms in
begomoviruses, resulting in the emergence of new species and strains (Rocha et al., 2013).
In fact, omparisons of sequences of begomovirus isolates reported in tomato in Brazil
have indicated strong evidence of recombination events among viral species, resulting in
a high degree of genetic diversity of these species in the country. An illustrative example
is the case of Tomato rugose mosaic virus (ToORMV), which probably arose from a
recombination event between Tomato severe rugose virus (ToSRV) and Tomato chlorotic
mottle virus (ToCMoV) (Ribeiro et al., 2007).

The chemical control of the vectors has a low efficiency, making the use of
resistant varieties the major strategy to minimize the losses caused by begomoviruses. In
tomatoes, eight resistance genes/alleles have been reported: Ty-1 (Zamir et al., 1994),
Ty-2 (Hanson et al., 2006), Ty-3 (Ji and Scott, 2006), Ty—4 (Ji et al., 2009), ty-5
(Anbinder et al., 2009), Ty-6 (Hutton et al., 2012), tcm-1 (Giordano et al., 2005b), and
tgr-1 (Bian et al., 2007). Due to the extreme variability of the begomoviruses infecting
tomato in the country, it is possible that new species and strains (not yet detected and/or
characterized), may be occurring in the main producing regions. In fact, the increase of
the areas with varieties and hybrids carrying the Ty-1 gene (Boiteux et al., 2007a)
constitute a new selection factor towards more adapted isolates that may be even capable
overcoming this factor.

Distinct strategies have been used to analyze the evolutionary processes capable
of shaping the genetic-molecular structure of the begomovirus populations. The main
methodological approach has been the sequencing of the complete viral genome (DNA-

A and DNA-B components), which enables the characterization of the gene repertoire
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and the elucidation of processes potentially involved in plant-virus interaction, providing
crucial information for development of new control methods. Among the strategies
available to assess viral diversity, metagenomics combined with Next-generation
Sequencing — NGS has been providing great advances especially in the identification of
new plant-infecting and plant-associated virus species (Barba et al., 2014; Pecman et al.,
2017; Hadidi, 2019). In this context, the general objective of the present thesis was to
carry out a study on the diversity of begomovirus species occurring in tomatoes in Central
Brazil via metagenomic analysis using NGS. In addition, analyzes were also conducted
to estimate the potential impacts of the introduction of resistant / tolerant tomato varieties

(containing the Ty—1 gene) on viral evolutionary dynamics.

HYPOTHESES
e The use of tomato plants with the Ty—1 gene is restricting the genetic diversity of
begomovirus populations in tomatoes.
e New species of begomovirus are occurring in the Central region of Brazil due to

the selection pressure caused by presence of the Ty-1 gene.

GENERAL OBJECTIVE
e To conduct a study of metagenomic analysis of begomovirus diversity infecting
tomatoes in Central Brazil in order to estimate the impact of the introduction of
varieties containing the Ty—1 gene on the evolutionary dynamics of Begomovirus
species.

SPECIFIC OBJECTIVES
e To elucidate the diversity of the begomoviruses infecting tomato varieties with
and without the Ty—1 gene in Central Brazil.
e To catalog the predominant viral species and / or new species of begomovirus that

are capable of overcoming Ty-1 resistance gene.
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CHAPTER 1. LITERATURE REVIEW

1. The tomato

Tomato (Solanum lycopersicum L.) is classified in the class Magnoliopsida, order
Tubiflorae, family Solanaceae and genus Solanum (Naturdata, 2020). The Solanaceae
family contains 106 genera and ~ 3,000 species. It has a cosmopolitan distribution, with
South America being one of the main centers of diversity and endemism. In the
Solanaceae family, in addition to tomatoes, other species of great economic importance
are included, such as potatoes (S. tuberosum L.), eggplant (S. melongena L.), tobacco
(Nicotiana tabacum L.), hot peppers (Capsicum spp.), sweet peppers (C. annuum L.), and
scarlet eggplant (S. aethiopicum var. gilo L.). Solanum is the largest genus within the
Solanaceae family contains around 1,500 species that are distributed throughout South
America. In Brazil, about 350 species of the genus Solanum have been identified, many
of which are endemic (Silva et al., 2006; Pereira et al., 2016).

The tomato domestication was carried out by indigenous tribes in Puebla and Vera
Cruz in Mexico. The tomato was considered, for some time, as a poisonous plant, being
employed only for ornamental purposes. In Brazil, commercial tomato cultivation was
introduced by European immigrants at the end of the 19" century (Alvarenga and Coelho,
2013). The tomato crop is considered the most important vegetable in the world, being
used for fresh consumption and for industrial processing (Vilela et al., 2012). China is the
largest tomato producer followed by India, Turkey, and the United States. Brazil is
currently the 10" world producer (FAO, 2020). The total area cultivated with tomatoes in
the country is about 58,166 hectares (ha) with a production of 4.1 million tons and average
yield of = 58 tons per hectare.

In Brazil, the Southeast is the main tomato-producing region (= 45% of the total
Brazilian production) followed by the Center-East region (= 30%) and the Northeast (=
13%). The State of Goias (GO), located at Center-East region, is the main producer and
it concentrates the largest area with tomato crops for industrial processing (1,290,134
tons), followed by S&@o Paulo (SP) with 860,600 tons and Minas Gerais (MG) with
523,525 tons (IBGE, 2020). In Brazil, fresh-market tomato represents an important source
of employment and income across its entire production chain (Vilela et al., 2012). It is

estimated that tomato cultivation from soil preparation to up to harvesting, requires four
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to five workers per hectare, generating an average of 106,000 direct jobs (Socoloski et
al., 2017).

The type of conduction / management of the tomato crop is mainly defined by the
growth habit of the plant (i.e. determined or indeterminate). The determined tomato is
preferentially employed for industrial processing. This characteristic is conditioned by
the recessive self-prunning gene gene (sp), which phenotype is a plant with reduced size
and short internodes (Boiteux et al., 2012). In tomato cultivars with indeterminate growth,
even after the appearance of flower buds, the plant continues to grow, with the
simultaneous presence of ripe fruits and flower buds still opening (Silva et al., 2006;
Alvarenga and Coelho, 2013). In Brazil, tomato planting is carried out almost all year
round. This continuous cultivation represents a challenge for the growers, mainly due to
disease and pest problems that can affect the crop in different degrees of severity. Under
these growing conditions, tomato production can be affected by various pathogens, pests
and virus vectors that may cause yield losses and/or a significant increase in production
costs due to the use of pesticides (Lopes and Reis, 2011; Alvarenga and Coelho, 2013).

2. Main pathogens in tomato crop
2.1. Main fungal pathogens

The main fungal diseases of the tomato crop on a global scale are as follow: early
blight caused by Alternaria tomatophila (= A. linariae and previously referred as A.
solani), late blight (caused by the oomycete Phytophthora infestans), Septoria leaf spot
(Septoria lycopersici), Fusarium wilts (caused by three races of Fusarium oxysporum f.
sp. lycopersici), crown rot (caused by F. oxysporum f. sp. radicis-lycopersici), white mold
(Sclerotinia sclerotiorum), gray leaf spot (Stemphylium solani e S. lycopersici),
Corynespora spot (Corynespora cassiicola), adaxial powdery mildew (Oidium
neolycopersici), abaxial powdery mildew (Oidiopsis haplophylli), Cladosporium spot
(caused by different races of Passalora fulva), damping-offs (Pythium spp, Phytophthora
spp. e Rhizoctonia solani) and Verticillium wilt caused by two races of Verticillium
dahliae (Lopes and Reis, 2011; Jones et al., 2014).

2.2. Main bacterial pathogens
The main bacterial diseases causing significant damage to tomato production are:
bacterial spot caused by a complex of Xanthomonas species; bacterial speck caused by

Pseudomonas syringae pv. tomato, pith necrosis (P. corrugata and P. mediterranea);
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bacterial wilt (caused by a complex of species and isolates of Ralstonia solanacearum
and R. pseudosolanacearum); bacterial canker (Clavibacter michiganensis subsp.
michiganensis) and soft rot (caused by a complex Pectobacterium and Dickeya species)
(Lopes and Reis, 2011).

2.3. Main nematode pathogens

In Brazil, the main nematodes affecing the tomato crop are the causal agents of
the root-knot disease, which are classified within the genus Meloidogyne (Pinheiro et al.,
2014). Recently, populations of Pratylenchus sp. have also been reported inducing

necrotic root lesions in tomatoes in Brazil.

2.4. Diseases of viral etiology

The economic importance of viral diseases in tomatoes is dependent upon the
geographical region, the type of cultivation, and the vector dissemination and distribution.
Isolates from about 286 viral species have been reported infecting tomatoes worldwide
(Ong et al., 2020; Virus-HostDB, 2020) (Figure 1). In Brazil, the main viruses affecting
tomato crops are classified in the genera Begomovirus, Orthotospovirus, Crinivirus, and
Tobamovirus (Inoue-Nagata et al., 2016b). Isolates of Cucumovirus, Potyvirus and
Polerovirus have also been reported in the crop as well as isolates of Tobravirus
(Cupertino et al., 1991), Amalgavirus (Martins, 2017) and Tymovirus (Oliveira et al.,
2013).

Some emerging tomato viruses have not yet been reported in Brazil. The viral
pathogens present on the list of quarantine pests from the Ministério da Agricultura e
Pecuaria e Abastecimento (MAPA, 2020) are: Tomato black ring virus and Tomato
ringspot virus (genus Nepovirus), Pepino mosaic virus (genus Potexvirus) and
Perlagonium zonate spot virus (genus Anulavirus). Beside these species, there is the threat
of introducing the Tomato brown rugose fruit virus (genus Tobamovirus) into the country,
which is capable of ‘breaking’ the resistance controlled by the gene Tm—22 (Luria et al.,
2017).

However, diseases caused by Begomovirus species (Family Geminiviridae)
deserve special mention in Brazil because they induce severe symptoms and occur more
frequently (due to high population densities of the whitefly vector and due to the wide

range of alternative hosts of both vector and viral pathogens).
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Figure 1. Total number of viruses classified by genus and/or family reported in association with tomato worldwide.
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3. Family Geminiviridae

Species classified within the genera of the family Geminiviridae (Order:
Geplafuvirales) are responsible for economic crop losses around the world mainly in
tropical and subtropical regions. Viruses into Geminiviridae family are characterized by
single-stranded circular DNA genomes, encapsulated in twinned icosahedral particles
(18-20 x 30—32 nm), and may have only one (= monopartite species) or two (= bipartite
species) DNA molecules (Varsani et al., 2014a; Brown et al., 2015; Rojas et al., 2018).
Virus species within this family induce severe losses in a wide host range worldwide.
Some of the major disease in terms of economic and social impacts are the ones caused
African cassava mosaic virus (ACMV) in cassava in Africa, Bean golden mosaic virus
(BGMV) and Bean golden yellow mosaic virus (BGYMV) on beans in the Americas;
Beet curly top virus (BCTV) on eggplants in North America; Cotton leaf curl virus
(CLCuV) inffecting cotton in Asia; Maize streak virus (MSV) on corn crops in Africa;
Tomato yellow leaf curl virus (TYLCV) affecting tomato crops in Africa, the Americas,
Asia, and Europe (Fondong, 2013) and a complex of bipartite and monopartite species
also affecting tomato cultivation in South America (Inoue-Nagata et al., 2016a).

The family Geminiviridae is the largest family of plant viruses with 485 species
described to date (ICTV, 2020). These species are distributed in nine genera:
Becurtovirus, Begomovirus, Capulavirus, Curtovirus, Eragrovirus, Grablovirus,
Mastrevirus, Topocuvirus and Turncurtovirus (Table 1). The classification in genera is
based upon the host range, the type of insect vector(s), genomic organization and
phylogenetic relationships (Brown et al., 2015; Varsani et al., 2017; ICTV, 2020). Beside
the nine genera, two isolated species, accepted by ICTV, Citrus chlorotic dwarf associated
virus (CCDaV) (Loconsole et al., 2012) and Mulberry mosaic dwarf associated virus
(MMDaV) are classified in the Geminiviridae family (Lu et al., 2015; Ma et al., 2015).
Other species (not yet accepted by ICTV) have been reported as potential new
geminiviruses including: Mulberry crinckle leaf virus (Lu et al., 2015), Apple geminivirus
—AGV (Liang et al., 2015), Grapevine geminivirus A— GGVA (Al Rwahnih et al., 2016),
Tomato associated geminivirus 1 — TaGV1 (Fontenele et al., 2017), Tomato apical leaf
curl virus — TOALCV (Vaghi Medina et al., 2018; Batista et al., 2019) and Passion fruit
chlorotic mottle virus — PCMoV (Fontenele et al., 2018a). Recently, two species of
geminiviruses were found in Limeum africanum L. and Polygala garcinii L. in South
Africa and one in Juncus maritimus L. in France. The species were named Limeum

africanum-associated virus — LaaV, Polygala garcinii-associated virus — PgaV and Juncus
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maritimus-associated virus — JmaV (Claverie et al., 2018), respectively. Other recent
report described a new geminivirus (Common bean curly stunt virus — CBCSV) in
common beans (Phaseolus vulgaris L.), which recombination analyzes indicated that it

may have a recombinant origin (Zhang et al., 2020).
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Table 1. Genera classified in the family Geminiviridae (ICTV, 2020).

Genome type Hosts Genera Type species \Vectors Number of
species
classifiedin
the genera
Bipartite Dicotyledoneous Begomovirus Bean golden yellow Whitefly (Bemisia 424
mosaic (BGYMV) tabaci)
Monopartite Monocotyledoneous Eragrovirus Eragrostis curvula Unknown 1
streak virus (ECSV)
Mastrevirus Maize streak virus leafhopper (Cicadulina 41
(MSV) mbila)
Dicotyledoneous Becurtovirus Beet curly top Iran leafhopper 3
virus (BCTIV) (Circulifer haematoceps)
Begomovirus Tomato yellow leaf Whitefly (Bemisia 424
curl virus (TYLCV) tabaci)
Capulavirus Euphorbia caput- | Aphid (Aphis craccivora) 4
medusae latent virus
(EcmLV)
Curtovirus Beet curly top virus leafhopper 3
(BCTV) (Circulifer tenellus)
Grablovirus Grapevine red leafhopper 3
blotch virus (Spissistilus festinus)
(GRBV)
Mastrevirus Tobacco yellow leafhopper 41
dwarfvirus (Cicadulinambila)
(TbYDV)
Topocuvirus Tomato pseudo- Membracideo 1
curly top virus (Micrutalis malleifera)
(TPCTV)
Turncurtovirus Turnip curly top leafhopper 3
virus (Circulifer haematoceps)
(TCTV)
Total number of species classified into genera of the family Geminiviridae

483
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3.1. Genera of the Geminiviridae family
3.1.1. Becurtovirus

This genus is represented by isolates of three species: the type species Beet curly
top Iran virus (BCITV) with the species Spinach curly top Arizona virus (SCTAV) and
Exomis microphylla latente virus (EmLV) (ICTV, 2020). BCITV isolates have been
reported only in Iran and they can infect more than three hundred species of
dicotyledonous plants, such as tomato, beet (Beta vulgaris L.), Beta vulgaris subsp.
maritima, cowpea (Vigna unguiculata L.), beans (P. vulgaris L.) and hot pepper
(Capsicum frutescens L.) (Strausbaugh et al., 2017). The SCTAV species was reported
infecting only spinach (Spinacia oleracea L.) in Arizona, USA (Hernandez-Zepeda et al.,
2013). An EmLYV isolate was recently reported in Exomis microphylla L. (Claverie et al.,
2018). The isolates of species classified in this genus are characterized by having the
nonanucleotide (“TAAGATTCC”), which is distinct from the other geminiviruses in the
4" and 8" positions, where T and A are typically found, respectively. The species of this
genus have three ORFs (open reading frames) in the viral sense: V1 (capsid protein), V2
(movement protein) and V3 (movement protein) and two in the complementary sense: C1
(protein associated with replication) and C2 (transcription activation protein) (Figure 2)
(Varsani and Krupovic, 2017; ICTV, 2020).

3.1.2. Capulavirus

This genus currently has four described species: Euphorbia caput-medusae latent
virus (EcmLV), Alfalfa leaf curl virus (ALCV), French bean severe leaf curl virus
(FbSLCV) and Plantago lanceolata latent virus (PILV). Species of this genus were
reported infecting Euphorbia caput-medusae in South Africa, beans (P. vulgaris L.) in
India, alfalfa (Medicago sativa L.) in Spain and France, and Plantago lanceolata in
Finland (Varsani et al., 2017). Capulaviruses have a genomic organization with two
intergenic regions (similar to mastreviruses and becurtoviruses). The capulavirus isolates
(in common with begomoviruses and curtoviruses) have a large ORF in the
complementary sense (C3) that is incorporated into Rep. Another characteristic of the
capulaviruses is the presence of potential ORFs (located in the 5 region of CP) that
encode movement proteins (Figure 2). All capulaviruses are characterized by the
nonanucleotide “TAATATTAC” (Bernardo Pauline et al., 2016; Varsani et al., 2017
ICTV, 2020).
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3.1.3. Curtovirus

This genus is represented by three species: Beet curly top virus (BCTV),
Horseradish curly top virus (HrCTV), and Spinach severe curly top virus (SSCTV).
BCTV isolates infect a wide range of dicotyledoneous plants, including = 300 species in
44 families (Strausbaugh et al., 2008; ICTV, 2020). The curtovirus genome (as seen in
most of the geminivirus members) is composed by three ORFs in the viral sense (V1, V2
and V3) and four ORFs in the complementary sense (C1, C2, C3 e C4) (Figure 2)
(Varsani et al., 2017; ICTV, 2020).

3.1.4. Eragrovirus

This genus is currently represented by isolates of the species Eragrostis curvula
streak virus (ECSV). All isolates have been reported in Eragrostis curvula (Schrad.)
Nees. in South Africa. Like becurtoviruses, ECSV isolates have a peculiar nonanucleotide
with differences in the fourth and eighth position “TAAGATTCC” (Varsani et al., 2014a;
Varsani et al., 2017).

3.1.5. Grablovirus

This genus is represented by three species: the type-species Grapevine red blotch
virus (GRBV), which was initially reported in cultivated grapevines (Vitis vinifera L.)
(Krenz et al., 2012; Varsani et al., 2017). More recently, two new species have been
accepted: one in wild grapevine (Vitis sp.), named Wild vitis latent virus — WvLV (Perry
et al., 2018) and the other — Prunus latent virus (PrLV) — obtained from asymptomatic
samples of plum (Prunus salicina) (Al Rwahnih Maher et al., 2018). Like the most
members of the family Geminiviridae, the genomic organization of the viruses from the
genus Grablovirus consists of three ORFs in the viral sense (V1, V2, and V3) and three
in the complementary sense (C1, C2, and C3). ORF C3 is fully incorporated into C1 and

its function remains unknown (Varsani et al., 2017) (Figure 2).

3.1.6. Mastrevirus

The genus Mastrevirus is currently represented by 41 species. Most isolates of
these species have been reported infecting monocots. However, some isolates are capable
of infecting dicots (with hosts within the Solanaceae and Fabaceae families) such as
Tobacco yellow dwarf virus (TbYDV) (Trebicki et al., 2010) and Chickpea chlorotic
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dwarf virus (CpCDV), which has been reported infecting chickpeas (Cicer arietinum L.)
(Nahid et al., 2008). Initially, mastrevirus isolates were found only in the Old World
(Asia, Africa and Europe) and Oceania (Australia). However, more recently,
mastreviruses have also been reported in the Americas in Panicum virgatum L.
(Agindotan et al., 2015) and sweet potato (Ipomoea batatas L.) (Kreuze et al., 2009; Cao
et al., 2017). Recently, the first mastrevirus in the Americas was detected and identified
through metagenomic analysis of leafhopper tissues (Dalbulus maidis) in Itumbiara—GO,
Brazil (Fontenele et al., 2018b). Afterward, Sweet potato symptomless virus 1 (SPSMV
1) isolates have been reported in sweet potato clones collected across all Brazilian regions
(Souza et al., 2018). The mastrevirus genome is composed of four ORFs, two in the viral
sense — V1 (protein cover) and V2 (movement protein) — and two ORFs in the
complementary sense (C1 and C2) that are related to replication. The mastrevirus isolates
have the common nonanucleotide sequence of most geminiviruses, the only exception
referring to SPSMV-1 isolates that have different nucleotides in the fourth and eighth
position “TAAGATTCC” (Cao et al., 2017; Souza et al., 2018).

3.1.7. Topocuvirus

The monotypic genus Topocuvirus is represented by the type species Tomato
pseudo-curly top virus (TPCTV), which was reported infecting dicotyledonous species.
Analyzes of the TPCTV genome revealed that this virus probably arose from a natural
recombination between isolates of two distinct viral genera — Mastrevirus and
Begomovirus (Briddon et al., 2010; King et al., 2011; ICTV, 2020).

3.1.8. Turncurtovirus

This genus is represented by isolates of three species: the type species Turnip curly
top virus (TCTV), Turnip leaf roll virus — TULRV and Sesame curly top virus — SeCTV
(ICTV, 2020). TCTV and TuLRYV isolates have been found in chinese cabbage (Brassica
rapa L.), beet (B. vulgaris L.), lettuce (Lactuca sativa L.), basil (Ocimum basilicum L.)
and radish (Raphanus sativus L.). Isolates of two new species of turncurtovirus have
recently been reported infecting plants of Sesamum indicum L., which were called Sesame
curly top virus — SeCTV and Sesame yellow mosaic virus — SeYMV (Hasanvand et al.,
2018). All isolates have the same “TAATATTAC” sequence found at the origin of
replication of begomovirus, curtovirus, topocuvirus, capulavirus, grablovirus and most

mastreviruses.
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Figure 2. Genomic organization of Becurtovirus, Capulavirus, Curtovirus, Grablovirus,
Eragrovirus, Mastrevirus, Topocuvirus and Turncurtovirus of species-isolates. The ORFs
(Open Reading Frames) in the viral sense (V1, V2 & V3) and in the complementary sense (C1,
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V1 (Coat Protein — capsid protein); V2 (Movement Protein); V3 (Regulatory gene); C1
(Replication associated protein); C2 (Trans-acting protein); C3 (Replication enhancer protein)

and C4 (symptom-determining protein).

3.1.9. Begomovirus

Currently, the genus Begomovirus (type species: Bean golden yellow mosaic virus
—BGYMV) is the largest within the Geminiviridae (ICTV, 2020). These species include
viruses that infect exclusively dicotyledoneous and are characterized by having either

monopartite or bipartite genomes (Brown et al., 2015; Rojas et al., 2018). There is a
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correlation between the type of begomovirus and its geographic distribution. In Australia
and in Africa, Asia, and Europe (= Old World), most species have monopartite genomes.
In the Americas (= New World), species with bipartite genomes are predominat
(Melgarejo et al., 2013). As mentioned, the genomes of begomovirus species can be
monopartite or bipartite, encoding from five to eight proteins distributed in one or two
molecules of ssSDNA (Brown et al., 2015; Varsani et al., 2017; Rojas et al., 2018).
Monopartite species grouped the genes necessary for replication, encapsidation and viral
movement in just one component, called DNA — A (Brown et al., 2015; Varsani et al.,
2017). These species have an ambissense genomic organization, encoding two proteins
in the viral sense (V1 and V2) and four in the complementary sense (C1, C2, C3 and C4).
In the viral sense (Figure 3) it presents the V1 ORF that encodes the coat protein (CP),
which is responsible for encapsidating the genome, transmission, and long-distance
movement. The V2 ORF acts on the virus movement in the plant and the gene silencing
suppression. In the complementary sense (Figure 3), the ORF C1 encodes the protein
associated with replication (Rep), C2 encodes the transcription-activating protein (TrAp),
C3 encodes the protein that enhances viral replication (REn) and C4 is involved in the
expression of symptoms, viral movement and post-transcriptional gene
silencing(Gutierrez, 2002; Vanitharani et al., 2004; Gopal et al., 2007; Roy et al., 2019).

Bipartite begomoviruses have genomes comprising two genomic components
DNA-A and DNA-B (= 2.6 Kb each). The DNA-A contains genes encoding proteins
necessary for DNA replication, gene regulation and encapsidation, whereas the DNA-B
is composed by genes encoding proteins involved in intracellular and intercellular
movement. The two components do not show sequence similarity except for a common
region (CR) of =~ 200 nucleotides. The CR is conserved across the two components
belonging to a same species and it is the starting point for the genomic replication process.
The CR contains a sequence of nine nucleotides “TAATATTAC” (which is conserved in
almost all geminiviruses), the Rep protein cleavage site and the TATA box (Arguello-
Astorga and Ruiz-Medrano, 2001; Gutierrez, 2002; Zerbini et al., 2017). The DNA-A
component of bipartite begomoviruses has an ambissense genomic organization and can
encode four to six proteins (Figure 3). The DNA-A has an ORF in the viral direction
(AV1) that encodes the coat protein (CP). CP is a multifunctional protein, because in
addition to being responsible for capsid formation, it also acts on the accumulation of
viral ssDNA (single-stranded DNA), transmission of the virus by the vector and in

determining the vector specificity (Boulton, 2002). In addition, CP also plays a crucial
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role in transporting viral DNA by interacting with host cell transporters. After viral
infection, decapsidation occurs in the cytoplasm of the host plant and the entry of the viral
sSDNA into the nucleus, which is subsequently facilitated by CP (Sharma and Ikegami,
2009; Kumar, 2019). In relation to the four ORFs in the complementary sense, ORF AC1
encodes the Rep protein. Rep is the most conserved protein and performs a wide range of
functions within the host cell nucleus, such as: specific recognition of the origin of
replication, guiding the DNA synthesis, dSDNA binding, helicase activity and interaction
with various host proteins. Rep is also involved in the transcription process regulating the
expression of certain viral genes (Arguello-Astorga and Ruiz-Medrano, 2001; Liang et
al., 2015; Ruhel and Chakraborty, 2019). ORF AC2 encodes TrAp, which is a gene
product needed to activate the expression of CP and BV1. The ORF AC3 encodes REN,
which is a nuclear protein that interacts with Rep and increases the accumulation of viral
DNA (Castillo et al., 2003; Kumar, 2019). AC4 is also present in bipartite begomoviruses,
however, it has been demonstrated for some species that this ORF is not essential for viral
infectivity, as observed for Tomato golden mosaic virus (ToGMV), Potato yellow mosaic
virus (PYMV), Bean golden mosaic virus (BGMV), East African cassava mosaic
Zanzibar virus (EACMZV) and Tomato chlorotic mottle virus (ToCMoV) (Sung and
Coutts, 1995; Hoogstraten et al., 1996; Pooma and Petty, 1996; Bull et al., 2007;
Fontenelle et al., 2007). However, in other bipartite begomoviruses, AC4 is a determinant
factor for pathogenicity, being extremely necessary for viral infection as is the case of the
East African cassava mosaic Cameroon virus (EACMCYV) (Chen et al., 2019). AC4 is
also related to the suppression of post-transcriptional gene silencing as demonstrated for
the Sri Lanka cassava mosaic virus (SLCMV), ACMV (Gopal et al., 2007) and Tomato
leaf curl Palampur virus (ToLCPalV) (Kulshreshtha et al., 2019). ORF AC5 is present in
isolates of some begomoviruses and can have a dual function as a pathogenicity factor
and as a suppressor of post-transcriptional gene silencing (Liang et al., 2015).

The DNA-B component of bipartite begomoviruses comprises two ORFs, one in
the viral sense (BV1 or NSP — nuclear shuttle protein) that encodes a nuclear transport
protein and the other in the complementary sense (BCl or MP) that encodes an
intercellular movement protein. NSP assists viral DNA transport (replicated in the
nucleus) to the cytoplasm. NSP interacts with MP (Figure 3) to transfer DNA to the MP
complex, which is then systemically dispersed through plasmodesmata (Noueiry et al.,
1994; Sanderfoot and Lazarowitz, 1996; Nawaz-ul-Rehman and Fauquet, 2009; Zerbini
et al., 2017). In some bipartite begomoviruses of the “Old World”, only DNA-A is
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sufficient for the systemic viral movement due to the presence of the AV2 protein (Figure
3). In the “New World” begomovirus DNA-A is dependent on DNA-B for systemic
movement (Rojas et al., 2005a; Brown et al., 2015).

In order to classify all isolates of begomoviruses in a uniform manner and thereby
obtain a standard classification, some general taxonomic guidelines have been proposed
to define species and strains. In this way, a new monopartite or bipartite species must
display the identity levels of its complete DNA—A genome less than 91% when compared
to the complete genome of any other previously known begomovirus species. In turn, if
the sequence of a given virus shares levels of identity greater than 91%, but less than 94%
with the complete genome of all isolates described for that species, then it is classified as

new strain (Brown et al., 2015).
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Figure 3. Typical genomic organization of monopartite and bipartite begomovirus. (A) Old
World bipartite begomovirus; (B) New World bipartite begomovirus and (C) Monopartite
begomovirus. The circles represent the viral genomes and the arrows indicate the position of the
ORFs (Open Reading Frames) in the viral (V) and complementary (C) directions. CP (Coat
Protein = capsid protein); AV2 (Movement Protein); Rep (Replication associated protein); TrAP
(Transciptional Activator Protein); REn (Replication enhancer); AC4 (Symptom-determining
protein); BC1 (Movement protein involved in cell-to-cell viral movement) and BV1 (Nuclear
shuttle protein).

4. Transmission of begomovirus species
Under natural conditions, begomoviruses are transmitted by members of a
complex of biotypes and cryptic species called the “B. tabaci complex”. Transmission is

done a persistent circulative (Rosen et al., 2015). This complex is considered as the most
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destructive group of pests for world agriculture and is widely distributed in tropical and
subtropical regions (De Barro et al., 2011). Currently, the B. tabaci complex is divided
into 11 genetic groups encompassing 35 cryptic species (Dinsdale et al., 2010; De Barro
et al., 2011; Boykin and De Barro, 2014). This classification is based upon sequence
analysis of the mtCOI gene (mitochondrial cytochrome oxidase I) and its comparison
with the consensus sequences described for the different species. Divergence levels above
3.5% has been the major criterion adopted to define a new member of the complex
(Dinsdale et al., 2010; De Barro et al., 2011; Boykin and De Barro, 2014).

The species of the B. tabaci complex can also be differentiated by a number of
biological properties, including host plant range, resistance to insecticides, ability to
transmit different viral species and their ability to induce physiological disorders in a
given group of host plants. The most prevalent (and harmful) species are those of the
genetic group B. tabaci MEAML1 (Middle East-Asia Minor 1), formerly called B. tabaci
biotype B and B. tabaci MED (Mediterranean), formerly known as B. tabaci biotype Q
(Rosen et al., 2015). In Brazil, B. tabaci MEAM1 predominates, which is highly
polyphagous, infecting more than 1,000 plant species and transmitting more than 300
virus species. The B. tabaci complex also involved in the transmission of Crinivirus,
Carlavirus, Torradovirus and Ipomovirus species with different modes of transmission.
Species related to these genera can cause diseases in ornamental and cultivated plants
such as vegetables, cassava and cotton, resulting in decreased production (Barbosa et al.,
2014; Gilbertson et al., 2015). Recently, the invasion of B. tabaci MED was detected in
Brazil in the municipality of Barra do Quarai in Rio Grande do Sul, in plants of C. annuum
L. inagreenhouse and in Ipomoea batatas L. under field conditions (Barbosa et al., 2015).

The transmission of many plant viruses by B. tabaci and the ability of these insects
to develop resistance to many pesticides make them one of the most devastating groups
of pests for agriculture (Skaljac et al., 2017). Regarding the virus-vector interaction,
studies with bipartite and monopartite begomovirus species indicate that the acquisition
period may range from 10 to 60 minutes, inoculation period from 10 to 30 minutes,
latency period from 17 to 20 hours and the whitefly remains viruliferous around 7 to 20
days (Santos et al., 2003; Rosen et al., 2015).

The genetic mechanisms involved in the circulation and transmission of whitefly
viruses have not yet been fully elucidated. Gene expression studies of B. tabaci associated
with virus transmission were conducted in order to obtain a broader understanding of how

the vectors respond to food in agricultural crops infected by viruses, presenting different
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modes of interaction with the vector. Assays were conducted to study the gene expression
of B. tabaci colonizing tomato plants infected by Tomato yellow leaf curl virus (TYLCV
— Begomovirus genus) and by Tomato chlorosis virus (ToCV — genus Crinivirus). The
results showed that <100 genes were differentially expressed in whiteflies that fed on
TYLCV-infected tomatoes, while more than 1,000 genes were identified in whiteflies that
fed on ToCV-infected tomatoes. However, the results in three sampling times were very
similar between the two viruses, with a greater number of genes between 24 and 72 hours
and a smaller number of genes differentially expressed 48 hours after acquisition. In
addition, a subgroup of genes was identified in the two treatments, suggesting that two
viruses with different modes of transmission may have similar effects on B. tabaci (Kaur
etal., 2017; Hasegawa et al., 2018).

The ability of begomoviruses to replicate in tissues of the whiteflies is still
controversial. Initial studies with the TYLCV species concluded that the pathogen is able
to replicate in the insect when it is under stress conditions. However, under normal
conditions, the whitefly is able to prevent viral accumulation using its immune system
(Pakkianathan et al., 2015). On the other hand, a different study demonstrated (via
quantitative PCR) that the TYLCV DNA concentrations did not increase in the insects
until 96 hours after the acquisition (Sanchez et al., 2016). Thus, these results are not in
agreement with previous observations that TYLCV can replicate in B. tabaci (Sanchez et
al., 2016). A later study indicated that most begomoviruses remain associated with the
intestine of the insect and in its filter chamber. In these tissues, TYLCV genome could be
transcribed and replicated. However, due to the activation of an immune-like response of
the insect, there is inhibition of replication and a subsequent elimination of the virus
(Czosnek et al., 2017).

The potential transovarian transmission of begomoviruses by their vectors is of
great epidemiological relevance, since the vector could become a source of viral inoculum
even in the absence of host plants and could, therefore, facilitate viral spread over long
distances (Accotto and Sardo, 2009). Some studies were conducted with begomoviruses
in recent years aiming to elucidate their potential B. tabaci transovarian transmission. A
pioneer study was carried out using B. tabaci MEAML1 and B. tabaci MED and two
begomoviruses TYLCV and Tomato yellow leaf curl Sardinia virus (TYLCSV). The
results indicated that TYLCSV can be detected in eggs and nymphs, and to a lesser extent
in adults of the first-generation progeny. On the other hand, TYLCV was not detected in

any of the three stages (Bosco et al., 2004). More recent studies have confirmed the
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transovarian transmission of TYLCV by seven species of the B. tabaci complex native to
China. TYLCV was transmitted via B. tabaci eggs and nymphs, but this virus was not
detected in adults, indicating that TYLCV is lost in the first-generation offspring and
seems that it does not reach the adult stage. In addition, due to differences observed in the
transovarian transmission efficiency of TYLCV, it can be concluded that this

transmission capacity may vary according to the vector species (Guo et al., 2019).

5. Satellite DNAs associated with begomovirus species
The “Old World” monopartite begomoviruses are often accompanied by satellite

DNA (alphasatellites and betasatellites). Until recently, it was considered that only
monopartite viruses had this association with satellites. However, there is already a report
of a new class of satellite DNA associated with bipartite begomoviruses from the “New
World” (Rojas et al., 2005a; Brown et al., 2012). Currently, three types of satellite DNA
associated with begomoviruses are described: alphasatellites, betasatellites and
deltasatellites (Kumar et al., 2015; Kumar et al., 2017; ICTV, 2020).

Alphasatellites, also called DNA-1, belong to the family Alphasatellitidae,

established in 2017 with two subfamilies, 11 genera and 71 species. The genera of
alphasatellites associated with the geminivirus are found in the subfamily
Geminialphasatellitinae, genera Ageyesisatellite, Clecrusatellite, Colecusatellite and
Gosmusatellite. ~ The  demarcation of  species within  the  subfamily
Geminialphasatellitinae, indicates levels of identity less than 88% in comparison with
complete sequences already known (Briddon et al., 2018; ICTV, 2020). Alphasatellite
species are characterized by having a genome of =1,350 nts and a genomic organization
composed of an ORF that encodes a Rep protein (similar to that of nanoviruses), a region
rich in adenine and a structure in the form of “hairpin” containing the TAGTATTAC
string (Figure 4). Unlike betasatellites, these molecules have the ability to self-replicate
in the host plant, however they need their auxiliary virus for movement and transmission
by the insect vector (Briddon et al., 2004; Zhou Xueping, 2013; Briddon et al., 2018). At
least three types of alphasatellites (I, Il, and Ill) are known (Rosario et al., 2013).
Recently, type | alphasatellites have been shown to cause symptom attenuation when co-
infecting plants with their helper viruses and its associated betasatellite, suggesting that
they negatively regulate virulence to some degree, possibly reducing the accumulation of
betasatellite molecules (Idris et al., 2011). Alphasatellites of types Il and 111 were already
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found in association with bipartite begomoviruses in the New World (Brazil, Cuba and
Venezuela) (Paprotka et al., 2010; Romay et al., 2010).

Betasatellites (formerly known as DNA-B), belong to the Tolecusatellitidae
family (established in 2016), which is composed by two genera (Betasatellite and
Deltasatellite). The demarcation of species within the genera is based on nucleotide
identity less than 91% when compared to other species already described (ICTV, 2020).
Betasatellites are characterized by a small genome (=1,360 nts) and they not share
nucleotide identity with their auxiliary viruses. However, betasatellites depend on
auxiliary viruses for their replication, encapsidation, cell-to-cell movement and long-
distance movement (via phloem) as well as for transmission by the vector (Briddon et al.,
2003; Zhou Xueping, 2013; Gnanasekaran et al., 2019). The genomic organization of
these molecules displays highly conserved regions, composed of a region rich in adenine
(“A-rich region”), a region called SCR (= satellite conserved region) that contains a
structure in the form of “hairpin” encompassing the sequence “TAAGTATTAC” and a
single ORF that encodes the BC1 protein (Figure 4). The BC1 gene product plays an
important role in inducing symptoms in some hosts and in suppressing transcriptional and
post-transcriptional gene silencing. Betasatellites can also affect the replication of their
helper viruses (Briddon et al., 2004; Nawaz-ul-Rehman and Fauquet, 2009; Zhou
Xueping, 2013; Kumar et al., 2014; Rosario et al., 2016; Gnanasekaran et al., 2019).

The deltasatellites are characterized by having a genome of =~ 0.7 kb (Figure 4).
They were initially found in association with monopartite begomoviruses from the Old
World (Dry et al., 1997). Afterward, they were also found in association with bipartite
begomoviruses from the New World (Fiallo-Olivé et al., 2012) and also with sweepovirus
(Lozano et al., 2016). Unlike betasatellites and alphasatellites, deltasatellites do not
encode any proteins. They are entirely dependent on the auxiliary begomovirus for
replication and movement in plants as well as for transmission by B. tabaci. The presence
of deltasatellites in some host-virus combinations results in reduced begomovirus
accumulation and/or attenuated symptom expression (Fiallo-Olivé Elvira et al., 2016;
Hassan et al., 2016).
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Figure 4. Genomic representation of satellite DNAs (Alfasatellites, Betasatellites, and
Deltasatellites) that are found associated with isolates of Begomovirus species. Illustration of
the main genomic characteristics: ORFs (Open Reading Frames) Rep (Replication-associated
protein) in alphasatellites and BC1 and the Adenine (A)-rich region, which is present in all DNA
satellites; SCR (= satellite conserved region) and stem-loop (conserved).

6. Replication of begomovirus in host cells

The replication of begomoviruses, as well as of all members of the Geminiviridae
family, occurs in the nucleus of the host cell via a mechanism known as rolling circle
replication. Initially, the viral particles are inoculated into the plant by the vector and upon
entering the cell, the presence of the viral particles activates the host enzyme system that
releases proteases, which degrade the protein layer exposing the viral genome, which is
later transported to the nucleus (Stanley, 1995; Hanley-Bowdoin et al., 1999). Within the
nucleus, replication can be divided into three functionally distinct stages. In the first
stage of replication, single-stranded DNA (ssDNA) is converted to double-stranded

DNA (dsDNA), which is known as the replicative form (RF). This intermediate form will
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serve as a template for viral transcription and for the synthesis of new ssDNA strands by
the rolling circle mechanism (Stanley, 1995; Monsalve-Fonnegra et al., 2002). This
process is initiated by the connection of the Rep to a specific sequence in the CR
composed by two repeated sequences called “iterons”. Upon the binding of Rep, it cleaves
the ssDNA chain initiating the viral replication cycle (Gutierrez, 2002; Monsalve-
Fonnegra et al., 2002; Yadava et al., 2010; Pradhan et al., 2017). The second stage of
replication is carried out by the rolling circle mechanism, which consists of using dsSDNA
as a template for the amplification of ssSDNA. Rep is the protein responsible for the
initiation of the reaction that involves a cleavage within the nonanucleotide
“TAATATTAC” (which is conserved in most geminiviruses) located in the “stem loop”
present in the intergenic region. The third stage of replication consists of the synthesis
of ssDNA from dsDNA that takes place towards the end of the replication cycle, with the
accumulation of viral genomes for encapsidation (Gutierrez, 2002; Monsalve- Fonnegra
et al., 2002; Pradhan et al., 2017).

7. Genetic variability in begomovirus

Genetic variability in viral populations provides new opportunities for adaptation
to new hosts as well as in relation to changes in environmental conditions. This genetic
variability is generated by mechanisms such as mutation, recombination, and pseudo-
recombination. These mechanisms occur frequently in Begomovirus, resulting in a high
genetic variability that can lead to the emergence of new species and strains (Roossinck,
1997; Gutierrez et al., 2004; Seal et al., 2006).

7.1. Mutation — This type of genetic variation occurs due to the incorrect incorporation
of nucleotides during viral replication. This low fidelity genetic mechanism can generate
variability before the exchange of genomic fragments associated with recombination
events (Roossinck, 1997; Seal et al., 2006; Duffy and Holmes, 2008). Mutations can be
spontaneous or induced. Spontaneous mutations result from errors in base pairing during
DNA replication. Mutations that alter only one base pair are called point mutations. These
mutations are the most common and they can be caused by DNA base pair substitutions
as well as by the loss or gain of a single base pair. When the mutation does not affect the
sequence of the encoded polypeptide it is called a silent mutation. On the other hand,
nonsense mutation is a type of mutation that occurs when a codon that corresponds to an

amino acid becomes a stop codon, leading to the synthesis of an incomplete polypeptide.
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Deletions and insertions cause major changes in DNA, due to the fact that they often
affect the open reading frame, which normally results in loss of gene function (Simon-
Loriere and Holmes, 2011; Madigan et al., 2016).

7.2. Recombination — Begomoviruses replicate their genomes using the host DNA
polymerase, which has fidelity rates similar to those enzymes of RNA viruses (Duffy and
Holmes, 2008). Mutational events are the main factors in the diversification of viral
populations (Garcia-Arenal et al.,, 2003). However, recombination can also play a
significant role in generating virus diversity (Lima et al., 2013; Silva et al., 2014). The
simultaneous presence of several begomoviruses under field conditions, all transmitted
by the same vector, increases the frequency of mixed infections, where two or more viral
species are present at the same time in a single plant. This situation increases the
probability of occurrence of recombination and/or pseudo-recombination events among
distinct viral genomic components, which can potentially accelerate the generation of
recombinant genotypes with potentially novel biological features (Garcia-Arenal et al.,
2003; Seal et al., 2006; Silva et al., 2014). Recombination is the exchanging genomic
segments between two strands of DNA or RNA during replication (Padidam et al., 1999;
Lefeuvre and Moriones, 2015). Interspecific homologous recombination is considered an
active source of begomovirus genetic diversity and contributes to viral evolution,
including the emergence of new species (Lefeuvre et al., 2009; Kumar et al., 2010; Sahu
et al., 2018). In fact, recombination events have been directly involved in the emergence
of new diseases and epidemics in many cultivated plants. The first evidence of
recombination among geminiviruses was obtained from studies of the “cassava mosaic”
disease in Uganda. Sequence analyzes revealed that the causal agent of the “cassava
mosaic”, the East African cassava mosaic virus-Uganda (EACMV-UG) was most likely
originated from interspecific recombination between East African cassava mosaic virus
(EACMV) and ACMV (Zhou Xueping et al., 1997). Epidemics involving different
members of the Tomato yellow leaf curl virus (TYLCV) complex in Spain, allowed the
emergence of some recombinant pathogens such as Tomato yellow leaf curl Malaga virus
(TYLCMalV) and Tomato yellow leaf curl Auxarquia virus (TYLCAXV) (Garcia-Andrés
et al., 2007). In certain cases, recombinants can be more aggressive than their original
parents. Still in Spain, it was observed that a recombinant virus between Tomato yellow
leaf curl Sardinia virus (TYLCSV) and TYLCV had a broader host range, becoming the
predominant begomovirus in that country (Monci et al., 2002; Mnari-Hattab et al., 2014).
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A recent study showed that the begomoviruses (associated with the “cotton leaf
roll”) disease are in a continuous process of evolution. Isolates originated from
recombination events involving Cotton leaf curl Multan virus (CLCuMuV), Cotton leaf
curl Kohran virus (CLCuKoV) and Cotton leaf curl Rajasthan virus (CLCuRaV) were
detected in Asia. The results demonstrated interspecific and intraspecific recombination
events, leading to significant structural changes in the DNA components of CLCuMuV
isolates and the emergence of new variants. This genetic diversification can lead to the
adaptation of the isolates to different hosts, thus increasing the threat to other crops.
Differences may also be observed in viral transmission capacity as well as in the ability
to overcome of resistance factors, being, therefore, a great challenge for the management
of these cotton pathogens (Qadir et al., 2019). Recombination events between ToY MoV
and Jacquemontia yellow vein virus (JacYVV) caused the emergence of a new
monopartite begomovirus, which was able to induce major yield losses in tomato in
Venezuela. This new species was tentatively named asTomato twisted leaf virus (Romay
etal., 2019).

7.3. Pseudo-recombination — The presence of two genomic components in most of the
“New World” begomoviruses promotes another mechanism, known as pseudo-
recombination. This mechanism involves the exchange of genomic components between
two different viruses (Andrade et al., 2006; Seal et al., 2006). The production of pseudo-
recombinants requires a highly specific interaction of the Rep protein with the region
around the origin of replication. For most begomoviruses, specific Rep binding sites
include one inverted snf two direct repeats known as ‘iterons’. Species with DNA—A and
DNA-B displaying identical iterons can eventually become pseudorecombinants. Other
factors can also promote the formation of pseudorecombinants, the Rep protein has
specificity determinants (SPDs) located in its motif I, which make iteron recognition
specific. A mutation or deletion of the SPDs eliminates the ability of the Rep protein to

specifically bind to the sequence (Orozco et al., 1997; Lima et al., 2013).
8. Begomovirus diversity in tomato in Brazil and the world

According to the criteria stablished by ICTV, 113 begomovirus species (Table 2) are
currently reported as having tomatoes as their primary host (ICTV, 2020).
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Table 2. Species classified in the genus Begomovirus already reported naturally infecting tomatoes (ICTV, 2020; Virus-HostDB, 2020)

Species of Begomovirus and acronyms Local of initial References
detection

Ageratum yellow vein Hualian virus (AYVHuV) Taiwan (Tsai et al., 2011)
Ageratum yellow vein virus (AYVV) Vietnan Choi et al., 2019)
Chili leaf curl virus (ChiLCV) India (Venkataravanappa et al., 2016)
Chino del tomate virus (CdTV) Mexico & USA (Brown et al., 2000)
Chino del tomate Amazonas virus (CAdTAV) Brazil (Fonseca et al., 2011)
Pepper golden mosaic virus (PepGMV) United States (Holguin-Pefia et al., 2004)
Pepper huasteco yellow vein virus (PHYVV) Mexico (Moreno-Félix et al., 2016)
Tomato bright yellow mosaic virus (ToBYMV) Brazil (Fonseca et al., 2013)
Tomato bright yellow mottle virus (ToBYMoV) Brazil (Fonseca et al., 2013)
Tomato chino La Paz virus (ToChLPV) Mexico (Holguin-Pefia et al., 2006)
Tomato chlorotic leaf curl virus (ToCLCV) Brazil (Quadros et al., 2019)
Tomato chlorotic leaf distortion virus (ToCILDV) Venezuela (Zambrano et al., 2011)
Tomato chlorotic mottle Guyane virus (ToOCMoGFV) French Guiana (Lett et al., 2015)
Tomato chlorotic mottle virus (ToCMoV) Brazil (Ribeiro et al., 2003; Ribeiro et al., 2007)
Tomato common mosaic virus (ToCmMV) Brazil (Castillo-Urquiza et al., 2008)
Tobacco curly shoot virus (ThCSV) China (Li et al., 2004)
Tomato curly stunt virus (ToCSV) South Africa (Pietersen et al., 2000)
Tomato dwarf leaf virus (ToDfLV) Argentina (Medina and Lambertini, 2012)
Tomato enation leaf curl virus (TOELCV) India (Swarnalatha et al., 2014)
Tomato golden leaf distortion virus (ToGLDV) Brazil (Fonseca et al., 2010)
Tomato golden leaf spot virus (ToGLSV) Brazil (Fonseca and Boiteux, 2013)
Tomato golden mosaic virus (TGMV) Brazil (Matyis et al., 1975; Hamilton et al., 1984)
Tomato golden mottle virus (ToGMoV) Mexico (Mauricio-Castillo et al., 2007)
Tomato golden vein virus (ToGVV) Brazil (Fernandes et al., 2008)
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Tomato interveinal chlorosis virus (TolCV) Brazil (Albuquerque et al., 2012)
Tomato latent virus (TLV) Cuba (Fuentes et al., 2016)
Tobacco leaf curl Thailand virus (TbLCTHV) Thailand (Knierim and Maiss, 2007)
Tomato leaf curl Anjouan virus (TOLCANV) Comoros (Lefeuvre et al., 2007a)
Tomato leaf curl Arusha virus (TOLCArV) Tanzania (Shih et al., 2006a)
Tomato leaf curl Bangalore virus (ToLCBaV) India (Tiwari et al., 2010)
Tomato leaf curl Bangladesh virus (ToLCBV) Bangladesh (Shih et al., 1998)
Tomato leaf curl Burkina Faso virus (TOLCBFV) Burkina Faso (Ouattara et al., 2017)
Tomato leaf curl Cebu virus (ToLCCeV) Philippines (Tsai et al., 2011)
Tomato leaf curl China virus (TOLCCNV) China (Yang et al., 2011)
Tomato leaf curl Comoros virus (TOLCV) Comoros (Delatte et al., 2005)
Tomato leaf curl Diana virus (ToLCDiV) Madagascar (Lefeuvre et al., 2007b)
Tomato leaf curl Ghana virus (TOLCGV) Ghana (Osei et al., 2008)
Tomato leaf curl Guangdong virus (ToLCGdV) China (He et al., 2005)
Tomato leaf curl Guangxi virus (ToLCGxV) China (Xu Youping et al., 2007)
Tomato leaf curl Gujarat virus (ToLCGV) India (Chakraborty et al., 2003)
Tomato leaf curl Hainan virus (ToLHaiV) China (Zhang Hui et al., 2010)
Tomato leaf curl Hanoi virus (ToLCHaV) Vietnam (Cuong et al., 2011)
Tomato leaf curl Hsinchu virus (ToLCHsV) China (Tsai et al., 2006a)
Tomato leaf curl Iran virus (TOLCIV) Iran (Bahjatnia et al., 2004)
Tomato leaf curl Japan virus (ToLCJV) Japan (Ueda et al., 2005)
Tomato leaf curl Java virus (ToLCJlaV) Indonesia (Kon Tatsuya et al., 2006)
Tomato leaf curl Joydebpur virus (ToLCJV) India (Tiwari et al., 2013)
Tomato leaf curl Karnataka virus (ToLCKV) India (Chatchawankanphanich and Maxwell, 2002)
Tomato leaf curl Karnataka virus 2 (ToLCKV?2) India (Swarnalatha et al., 2019)
Tomato leaf curl Karnataka virus 3 (ToLCKV3) India (Swarnalatha et al., 2019)
Tomato leaf curl Kerala virus (TOLCKeV) India (Pasumarthy et al., 2010)
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Tomato leaf curl Laos virus (ToLCLV) Laos (Tsai et al., 1999)
Tomato leaf curl Liwa virus (ToLCLWV) Oman (Khan et al., 2014)
Tomato leaf curl Madagascar virus (ToOLCMGV) Madagascar (Delatte et al., 2005)
Tomato leaf curl Mahe virus (ToLCMahV) Seychelles (Scussel et al., 2018)
Tomato leaf curl Malaysia virus (ToOLCMYYV) Malaysia (Shih et al., 1998)
Tomato leaf curl Mali virus (TOLCMLV) Mali (Zhou et al., 2008)
Tomato leaf curl Mindanao virus (TOLCMiV) Philippines (Tsai et al., 2011)
Tomato leaf curl Moheli virus (ToLCMohV) Comoros (Lefeuvre et al., 2007b)
Tomato leaf curl Namakely virus (ToLCNamV) Madagascar (Lefeuvre et al., 2007b)
Tomato leaf curl New Delhi virus (ToLCNDV) Bangladesh (Varma and Malathi, 2003)
Tomato leaf curl New Delhi virus 2 (ToOLCNDV?2) India (Chaudhary et al., 2012)
Tomato leaf curl New Delhi virus 4 (TOLCNDV4) India (Swarnalatha P et al., 2013)
Tomato leaf curl Nigeria virus (TLCNV) Nigeria (Kon et al., 2009)
Tomato leaf curl Palampur virus (ToLPalV) India (Heydarnejad et al., 2009)
Tomato leaf curl Patna virus (ToLCPalV) India (Kumari et al., 2009)
Tomato leaf curl Philippines virus (ToLCPV) Philippines (Dolores and Bajet, 1995)
Tomato leaf curl Pune virus (ToLCPuV) India (Chowda et al., 2004)
Tomato leaf curl purple vein virus (ToLCPV) Brazil (Macedo et al., 2018)
Tomato leaf curl Rajasthan virus (ToLCRaV) India (Sivalingam et al., 2005)
Tomato leaf curl Seychelles virus (ToLCSV) Seychelles (Lefeuvre et al., 2007a)
Tomato leaf curl Sinaloa virus (ToLCSiV) Nicaragua (Rojas et al., 2005)
Tomato leaf curl Sri Lanka virus (TOLCLKV) Sri Lanka (Samarakoon et al., 2012)
Tomato leaf curl Sudan virus (ToLCSDV) Sudan (Idris et al., 2005)
Tomato leaf curl Sulawesi virus (TOLCSuV) Indonesia (Tsai et al., 2009)
Tomato leaf curl Taiwan virus (TOLCTWV) China (Zi-Fu et al., 2007)
Tomato leaf curl Tanzania virus (ToLCTV Tanzania (Chiang et al., 1997)
Tomato leaf curl Toliara virus (ToLCToV) Madagascar (Lefeuvre et al., 2007b)
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Tomato leaf curl Uganda virus (ToLCUV) Uganda (Shih et al., 2006)

Tomato leaf curl Vietnam virus (ToLCVV) Vietnam (Ha et al., 2008)

Tomato leaf curl virus (ToLCV) India (Kumar et al., 2012)

Tomato leaf deformation virus (ToLDeV) Peru (Mérquez-Martin et al., 2011)
Tomato leaf distortion virus (ToLDV) Brazil (Castillo-Urquiza et al., 2008)
Tomato mild mosaic virus (TOMMV) Brazil (Castillo-Urquiza et al., 2008)
Tomato mild yellow leaf curl Aragua virus (ToOMYLCV) Venezuela (Romay et al., 2017)

Tomato mosaic Havana virus (ToMHaV) Cuba & Nicaragua (Zubiaur et al., 1998; Monger et al., 2008)
Tomato mottle leaf curl virus (ToMoLCV) Brazil (Albuquerque et al., 2012)
Tomato mottle Taino virus (ToMoTaV) Cuba (Ramos et al., 1997)

Tomato mottle virus (ToMoV) United States (Abouzid et al., 1992)

Tomato mottle wrinkle virus (ToMoWYV) Argentina (Medina et al., 2015)

Tomato rugose mosaic virus (TORMV) Brazil (Ribeiro et al., 2003; Fernandes et al., 2006)

Tomato rugose yellow leaf curl virus (TRYLCV)

South America

(Marquez-Martin et al., 2012; Guerrero et al., 2013; Fonseca, 2016)

Tomato severe leaf curl Kalakada virus (TSLCKYV) India (Swarnalatha et al., 2014)

Tomato severe leaf curl virus (ToSLCV) Mexico (Mauricio-Castillo et al., 2006)
Tomato severe rugose virus (ToSRV) Brazil (Cotrim et al., 2007; Fernandes et al., 2008)
Tomato yellow leaf curl Axarquia virus (TYLCAXV) Spain (Anfoka et al., 2016)

Tomato yellow leaf curl China virus (TYLCCNV) China (Yinetal., 2001)

Tomato yellow leaf curl Guangdong virus (TYLCGV) China (He et al., 2005)

Tomato yellow leaf curl Indonesia virus (TYLCIDV) Indonesia (Tsai et al., 2006b)

Tomato yellow leaf curl Kanchanaburi virus (TYCKaV) China (Bagewadi and Naidu, 2016)
Tomato yellow leaf curl Malaga virus (TYLCMaV) Spain (Monci et al., 2002)

Tomato yellow leaf curl Mali virus (TYLCMLYV) Mali (Sattar et al., 2013)

Tomato yellow leaf curl Sardinia virus (TYLCSV) Italy & Spain (Kheyr-Pour et al., 1991; Monci et al., 2002)
Tomato yellow leaf curl Shuangbai virus (TYLCShV) China (Zhao et al., 2015)

Tomato yellow leaf curl Thailand virus (TYLCTHYV) China (Attathom et al., 1994)
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Tomato yellow leaf curl Vietnam virus (TYLCVV) Vietnam (Ha et al., 2008)
Tomato yellow leaf curl virus (TYLCV) Japan, Israel & Iran (Bananej et al., 2004)
Tomato yellow leaf curl Yunnan virus (TYLCYnV) China (Ding et al., 2016)
Tomato yellow leaf distortion virus (ToYLDV) Cuba (Fiallo-Olivé et al., 2009)
Tomato yellow margin leaf curl virus (ToYMLCV) Venezuela (Nava et al., 2006)
Tomato yellow mottle virus (ToYMoV) Costa Rica (Maliano et al., 2012)
Tomato yellow spot virus (ToYSV) Brazil (Calegario et al., 2007)
Tomato yellow vein streak virus (ToYVSV) Brazil (Albuquerque et al., 2010)
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In Brazil, common bean (Faria et al., 2016), tomato (Ribeiro et al., 2003;
Andrade et al., 2006; Cotrim et al., 2007; Fernandes et al., 2008) and cowpea (Naito et
al., 2019) are the most severely affected crops by diseases caused by begomoviruses.
However, there are reports of occurrence of begomoviruses in other crops such as okra,
potatoes, sweet potatoes, Capsicum species, and soybean (Zerbini et al., 2005; Inoue-
Nagata et al., 2016a). The main symptoms observed in tomato production fields are:
internerval yellowing, epinastia and dwarfism (Figure 5). Yield reduction of up to 60%
can occur, mainly caused by significant lower number of fruits per plant (Giordano et al.,
2005b; Lemos et al., 2010).

Figure 5. Typical symptoms of Begomovirus in tomato (Solanum lycopersicum L.).

Internerval yellowing in A and B; C) Dwarfism; D) Leaf epinasty.

The first report of a begomovirus in Brazil was made in 1950 in Euphorbia
prunifolia Jacq. (Costa and Bennett, 1950). The first report on tomato was done in the
late 1950s, when plants with symptoms of golden mosaic and chlorosis were observed
(Flores etal., 1960). Later, this virus was characterized and named Tomato golden mosaic
virus (TGMV). Five other whitefly-transmitted viral species (in addition to TGMV) were
identified, but without causing significant damage (Matyis et al., 1975). TGMV was one
of the first begomoviruses to have the genome cloned and fully sequenced and became a
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model for studies to elucidate molecular interactions of virus and host (Hamilton et al.,
1984; Hanley-Bowdoin et al., 1999). TGMV was never considered an economically
important viral species, probably due to the low transmission efficiency by the vector B.
tabaci biotype A, which was the only species of whitefly present in the country at that
time (Bedford et al., 1994; Ribeiro et al., 2003).

Since the early 1990s, after the introduction of B. tabaci biotype B in Brazil, a
significant increase in reports of begomoviruses in tomato was observed (Ribeiro et al.,
1994). Biotype B is extremely polyphagous and this vector was probably able to transmit
endemic begomovirus species from the wild/native hosts to tomatoes (Ribeiro et al., 1994;
Ribeiro et al., 1998; Ribeiro et al., 2003). Surveys conducted over the years (Ribeiro et
al., 2003; Andrade et al., 2006; Cotrim et al., 2007; Fernandes et al., 2008) indicated a
great diversity of Begomovirus species infecting tomatoes. Interestingly, some of these
species have a restricted geographical distribution, while some were found to have a more
widely distribution across the country (Table 3). Tomato severe rugose virus (TOSRV) is
an example of a viral species with wide geographic distribution. TOSRV was reported by
the first time in tomato in 1999 in Minas Gerais (MG). Afterwards, ToSRV was reported
in almost all regions of Brazil (Rezende et al., 1997; Cotrim et al., 2008; Fernandes et al.,
2008). In contrast, Tomato yellow spot virus (ToYSV) was reported so far only in GO
and MG and Tomato interveinal chlorosis virus (TolCV) in Pernambuco (PE) (Calegario
etal., 2007).

The first nationwide survey of begomovirus species was conducted by Ribeiro et
al. (2003), in which 23 isolates collected between 1994 and 1999 in fields located at the
Midwest, Southeast and Northeast regions. At least seven potential new species were
reported in this study, four of which were restricted to the Southeast and two identified
exclusively in the Northeast. Subsequently, Cotrim et al. (2007) studied the diversity of
begomoviruses in tomato-producing regions in S&o Paulo state. Tomato samples (n = 166)
were collected between 2003 and 2004 and the presence of begomovirus was observed in
=~ 60% of the samples. Direct sequencing of the PCR products from 16 of these samples
indicated the predominant presence of ToSRV as well as isolates of Sida mottle virus
(SiMoV), Tomato yellow vein streak virus (ToYVSV) and one possible new viral species.
Another important begomovirus diversity study was carried out with isolates collected
between the years 2004 and 2005 (n = 138) in the states of Pernambuco, Bahia, Distrito
Federal, Goias and Minas Gerais. ToOSRV was predominant virus (61% of samples) with
report of TGVV,Tomato mottle leaf curl virus (ToMoLCV),ToYVSV isolates as well as
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two potential new species (Fernandes et al., 2008). In another study, Castillo-Urquiza et al.
(2008) analyzed 115 cloned viral genomes from tomato and weed samples collected in Rio
de Janeiro in 2005 and Minas Gerais in 2007, which indicated the predominance of ToYVSV
and ToCmMV species.

The large number of viral species infecting tomatoes in Brazilian conditions can
be explained by the extreme susceptibility of this host to begomoviruses. Another
explanation is the intensification of tomato crops in large areas of monoculture or
contiguous areas (almost year-round planting in all producing regions) can also generate
favorable conditions for the efficient propagation and survival of the virus and their
vectors, thereby increasing the potential for emerging new viruses (Hanssen et al., 2010).

Currently, 21 begomoviruses have been reported naturally infecting tomatoes in
Brazil (Table 3). In addition, a set of potential new species have been reported but are
still in process of characterization (therefore, not yet accepted by ICTV), including:
Tomato crinckle leaf yellow virus (ToCrLYV), Tomato mild leaf curl virus (TOMLCV),
Tomato severe mosaic virus (ToSMV), Tomato infections yellows virus (TolYV),
Tomato crinckle virus (ToCrV), Tomato chlorotic vein virus (ToCIVV), Tomato mosaic
Barbados and Tomato yellow mosaic virus (ToOYMYV) (Andrade et al., 2006; Fernandes
et al., 2008; Kitajima, 2020). Recently, two new bipartite species have been identified in
Brazil, Tomato interveinal chlorosis virus-2 (TolCV2) in Luziania in the state of Goias
(Régo-Machado et al., 2019) and Tomato chlorotic leaf curl virus (ToCLCV) in Igarapé-
Mirim in Para (Quadros et al., 2019).
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Table 3. Geographic distribution of 21 species of begomovirus reported naturally infecting tomatoes in Brazil (ICTV, 2020; Kitajima, 2020).

Species (acronym)

Geographic distribution

References

Chino del tomate Amazonas virus (CdTAV) AM (Fonseca et al., 2011)
Tomato bright yellow mosaic virus (ToBYMV) BA (Fonseca et al., 2013)
Tomato bright yellow mottle virus (ToBYMoV) TO (Fonseca et al., 2013)

Tomato chlorotic mottle virus (ToCMoV)

BA, MG, DF, ES, PE & RJ

(Ribeiro et al., 2003; Ribeiro et al., 2007)

Tomato common mosaic virus (ToCmMV) RJ, MG & ES (Castillo-Urquiza et al., 2008; Barbosa et al., 2016)
Tomato golden leaf distortion virus (ToGLDV) TO (Fonseca et al., 2010)
Tomato golden leaf spot virus (ToGLSV) TO (Fonseca et al., 2010)

Tomato golden mosaic virus (TGMV)

BA, DF, MG, PR, RN, RJ & SP

(Matyis et al., 1975; Hamilton et al., 1984)

Tomato golden vein virus (ToGVV) GO, DF & MG (Fernandes et al., 2008)
Tomato interveinal chlorosis virus (TolCV) PE (Albuquerque et al., 2012)
Tomato leaf distortion virus (ToLDV) MG & RJ (Castillo-Urquiza et al., 2008)
Tomato mild mosaic virus (TOMMV) MG & RJ (Castillo-Urquiza et al., 2008)

Tomato mottle leaf curl virus (ToMoLCV)

MG, GO, DF & PE

(Albuquerque et al., 2012)

Tomato rugose mosaic virus (TORMV)

MG, GO, DF, SP, PR & BA

(Ribeiro et al., 2003; Fernandes et al., 2006)

Tomato rugose yellow leaf curl virus (TRYLCV)

RS

(Fonseca et al., 2016)
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Tomato severe rugose virus (ToOSRV)

DF, GO, MG, RJ, SP, PE & RS

(Rezende et al., 1997; Cotrim et al., 2007,
Fernandes et al., 2008)

Tomato yellow spot virus (ToYSV)

GO & MG

(Calegario et al., 2007)

Tomato yellow vein streak virus (ToYVSV)

DF, GO, MG, RS, RJ & SP

(Faria et al., 1997; Albuquerque et al., 2010)

Tomato leaf curl purple vein virus (TOLCPVV)

Pl

(Macedo et al., 2018)

Tomato interveinal chlorosis virus-2 (TolCV2)

GO

(Régo-Machado et al., 2019)

Tomato chlorotic leaf curl virus (ToOCLCV)

PA

(Quadros et al., 2019)

Amazonas (AM); Bahia (BA); Tocantins (TO); Minas Gerais (MG); Distrito Federal (DF); Espirito (ES); Pernambuco (PE); Parana (PR); Rio Grande do Norte (RN); Rio Grande do

Sul (RS); Rio de Janeiro (RJ); Sdo Paulo (SP) and Para (PA).
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In addition, there are other four begomoviruses reported on tomato under Brazilian
conditions. However, these begomoviruses were initially reported affecting alternative
weed hosts such as Euphorbia heterophylla L., Sida rhombifolia L., Sida santaremnensis
L. and Sida micranta L. (Table 4).

Table 4. Begomovirus species reported infecting tomatoes in Brazil that were previously reported
infecting alternative hosts (ICTV, 2020; Kitajima, 2020).

Begomovirus species and acronyms Distribution References
Euphorbia yellow mosaic virus (EuYMV) DF & GO (Barreto et al., 2013)
Sida micranta mosaic virus (SimMV) MG (Calegario et al., 2004)
Sida mottle virus (SiMoV) SP (Cotrim et al., 2007)
Sida yellow net virus (SiYNV) AM & RJ (Fernandes, 2015)

Amazonas (AM); Minas Gerais (MG); Distrito Federal (DF); Rio de Janeiro (RJ); S&o Paulo (SP) and Goiés
(GO).

In Brazil, we can overall consider ToRSV, ToCMoV, ToRMV, ToYVSV, and

ToMoLCV as the predominant species affecting tomatoes (Ribeiro et al., 2003; Calegario
et al., 2007; Fernandes et al., 2008; Albuquerque et al., 2010) (Figure 6).
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Figure 6. Map of the geographic distribution of begomovirus species reported infecting
tomato in Brazil. (A) Acronyms of species with their respective colors and the map of Brazil
divided by regions; (B) North Region; (C) Northeast Region; (D) Midwest Region; (E) Southeast
Region and (F) South Region. Colors with white dots in the middle, refer to the first report of the
virus species. Chino del tomate Amazonas virus (CdTAV); Euphorbia yellow mosaic virus
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(EuYMV); Sida micranta mosaic virus (SiMMV); Sida mottle virus (SiMoV); Tomato bright
yellow mosaic virus (ToBYMV); Tomato bright yellow mottle virus (ToBYMoV); Tomato
chlorotic mottle virus (ToCMoV); Tomato common mosaic virus (ToCmMV); Tomato golden
leaf distortion virus (ToGLDV); Tomato golden mosaic virus (TGMV); Tomato golden vein virus
(TGVV); Tomato interveinal chlorosis virus (TolCV); Tomato leaf distortion virus (ToLDV);
Tomato mild mosaic virus (ToOMMV); Tomato mottle leaf curl virus (ToMoLCV); Tomato rugose
mosaic virus (ToRMV); Tomato severe rugose virus (ToSRV); Tomato yellow spot virus
(ToYSV); Tomato yellow vein streak virus (ToYVSV); Sida yellow net virus (SiYNV); Tomato
rugose yellow leaf curl virus (TRYLCV); Tomato leaf curl purple vein virus (ToLCPVV) and
Tomato chlorotic leaf curl virus (TOCLCV).

9. Resistance genes to begomovirus characterized in tomato

The use of cultivars with genetic resistance is the most effective control strategy
to minimize losses caused by diseases of viral etiology (Boiteux et al., 2012a). In the case
of diseases caused by begomoviruses, the use of host genetic resistance is the most
economically and environmentally sustainable strategy. Chemical control of the vector is
almost impossible in situations involving migration of large viruliferous whitefly
populations of from older crops to early established fields in association with the presence
of vector subpopulations with resistance to different groups of insecticides (Silva et al.,
2009; Yao et al., 2017).

The first breeding programs for begomovirus resistance in cultivated tomatoes (S.
lycopersicum) were based on the search for resistance genes/alleles in wild Solanum
species (Boiteux et al., 2012a; Pereira-Carvalho et al., 2014; Dhaliwal et al., 2019).
Several accessions of different species of wild tomatoes were identified as potential
sources of resistance within the germplasm of S. pimpinellifolium, S. peruvianum, S.
chilense, S. habrochaites and S. cheesmaniae. Several resistance genes/loci have been
identified and they were introgressed in commercial cultivars (Pereira-Carvalho et al.,
2014; Dhaliwal et al., 2019).

Eight resistance genes /loci were characterized and mapped in the tomato genome:
Ty-1 (Zamir et al., 1994), Ty-2 (Hanson et al., 2006), Ty-3 (Ji and Scott, 2006), Ty—4 (Ji
et al., 2009), ty-5 (Anbinder et al., 2009), Ty—6 (Hutton and Scott, 2014), tcm-1
(Giordano et al., 2005a) and tgr—1 (Bian et al., 2007). It is important to emphasize that,

until now, all characterized genes in tomato do not confer immunity-like responses, but
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they provide, in general, high levels of partial resistance and/or tolerance (sensu Cooper
and Jones, 1983).

The semi-dominant Ty—1 gene (Table 5): This gene is one of the most used in

breeding programs in the Americas, France, Italy, and Israel. Ty-1 is located (in repulsion
phase) in the chromosomal region containing resistance genes for other pathogens,
including the Mil.2 gene, which confers resistance to Meloidogyne species (Pereira-
Carvalho et al., 2010; Verlaan et al., 2011). The phenotypic expression of the Ty—1 gene
against a wide range of begomoviruses is best described as a tolerance response, since the
plant containing this factor allows a mild manifestation of symptoms in the apical
meristematic regions (Boiteux et al., 2007a). This tolerance manifests against a wide
spectrum of monopartite and bipartite begomoviruses and its action is related to the
inhibition of viral movement, being more efficient in conditions of low inoculum pressure
(Zamir et al., 1994; Boiteux et al., 2007a). Genetic mapping conducted by Verlaan et al.
(2011) allowed the cloning and identification of the Ty—1 gene. It encodes an RNA-
dependent RNA polymerase (RDR) belonging to the RDRYy type, representing an entirely
new class of genes that confers resistance by intensifying the levels of transcriptional gene
silencing (Butterbach et al., 2014). Subsequent studies have shown that the Ty—1 gene
also confers resistance to Beet curly top virus (BCTV) (genus Curtovirus) in transformed
Nicotiana benthamiana plants. Interestingly, plants of N. benthamiana transformed with
the Ty-1 gene showed, under conditions of TYLCV and Ageratum yellow vein
betasatellite (AYVB) co-infection, a higher intensity of symptoms and a higher
concentration of TYLCV, when compared with plants inoculated only with TYLCV
(Voorburg et al., 2020). The Ty—1 gene does not confer resistance to RNA viruses as
already demonstrated for Tomato spotted wilt orthotospovirus (TSWV) and Cucumber
mosaic virus (CMV) (Butterbach et al., 2014). However, simultaneous infections with
RNA viruses can compromise resistance against begomoviruses as shown previously
during TYLCV and CMV co-infection, where an increase in TYLCV concentration was
observed due to the inhibition of the transcriptional gene silencing response by CMV 2b
RNAI suppressor protein (Gonzélez et al., 2010; Hamera et al., 2012; Butterbach et al.,
2014).

The Ty-2 resistance gene (Table 5): This gene confers resistance to different

TYLCV isolates present in different countries, such as Taiwan, Vietnam, India, and Israel.
However, this resistance is not effective against isolates from northern India, Thailand,

the Philippines, and Central America. (Hanson et al., 2006). In Brazil, Ty—2 gene was
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found to be an efficient source of resistance to TORMV using inoculation with B. tabaci
biotype B (Boiteux et al., 2007b). This gene has recently been determined to belong to
the family of resistance genes containing nucleotide binding domain and leucine-rich
repeats (NB-LRR) (Yamaguchi et al., 2018).

The Ty-3 resistance gene/allele (Table 5): This gene was initially described as

a new gene/allele introgressed from S. chilense. However, subsequent molecular studies
have shown that the Ty—1 and Ty—3 genes are more likely allelic variants of the same gene
(Verlaan et al., 2013).

The Ty-4 resistance gene (Table 5): It is a gene that is less efficient than Ty-1
and it was found to be not effective for all TYLCV isolates (Ji et al., 2009; Kadirvel et
al., 2013).

The ty-5 resistance gene (Table 5): Segregation studies have suggested that

resistance in the accession ‘TY172’ is controlled by three genes, two of which have
partially dominant effects and the other recessive. However, additional studies have
indicated that the resistance observed in ‘TY172’ is conferred by a dominant QTL
(Quantitative Trait Loci = locus of quantitative characteristic) with great effect called Ty—
5 and by other smaller QTLs, mapped on chromosome 4 (Anbinder et al., 2009; Wang et
al., 2018). Functional mapping and validation studies have shown that a Pelo — Protein
pelota homolog (involved in the ribosome recycling phase in protein synthesis) is, in fact,
the gene product of a recessive factor (ty-5). Silencing this gene in a susceptible inbred
line made transgenic plants highly resistant to TYLCV. Therefore, the Pelo gene offers
an alternative route to promote resistance to TYLCV and other related viruses (Lapidot
et al., 2015; Wang et al., 2018).

The Ty—6 resistance gene (Table 5): The action of this gene is incomplete

dominance, with an intermediate response when Ty-6 is heterozygous. Another important
information is that Ty—6 complements the resistance conferred by the Ty—1 and ty—5 genes
in pyramidized inbred lines (Gill et al., 2019).

The tcm—1 gene (Table 5): It was the first recessive gene described for resistance

to begomovirus in tomatoes (Giordano et al., 2005b). Studies conducted to elucidate the
efficiency spectrum of this source, indicated that tcm-1 is effective against bipartite
species from Brazil and monopartite species from Europe (Pereira-Carvalho et al., 2010;
Pereira-Carvalho et al., 2015). Inheritance studies conducted in Brazil and Spain indicated
that the expression of resistance to both ToCMoV and TYLCV is better explained by a

monogenic recessive model (Giordano et al., 2005b; Garcia-Cano et al., 2008; Pereira-
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Carvalho, 2009), although the participation of a second minor gene (also recessive)
cannot be ruled out in some virus-specific responses (Garcia-Cano et al., 2008). The
original source of the tcm-1 gene (the inbred line ‘TX-468-RG’) also showed recessive
resistance to a set of species of the Tomato yellow leaf curl disease (TYLCD) complex.
The resistance response is associated with limitation of systemic virus accumulation and
absence of symptom expression (Garcia-Cano et al., 2008). Studies carried out with the
TYLCV isolate from Israel, indicated that the resistance of ‘TX-468-RG’ interferes with
the viral translocation over long distances within the infected plant and causes a reduction
in the viral accumulation in the apical leaves (Pereira-Carvalho, 2009).

The tgr—1 gene (Table 5): Another recessive gene was named as tgr-1 and it was

characterized in the inbred line ‘FLA-653". Plants with this gene showed high levels of
resistance to the begomovirus TYLCV (Bian et al., 2007).

Although the use of resistant cultivars constitutes the most efficient strategy for
reducing losses caused by begomoviruses, a considerable increase in the use of these
genetic materials could result in the selection of specific viral isolates, accelerating the
change in the population composition which may culminate in the emergence of isolates
capable of overcoming these resistance/tolerance factors. In fact, some studies have been
published reporting the breakdown of resistance of cultivars containing the Ty—1 gene by
TYLCV strains. In Morocco, Italy and Spain tomato plants containing Ty—1 have been
identified exhibiting severe symptoms caused by TYLCV. The analyzes revealed the
presence of a new viral variant which was found to be derived from a recombination event
between the TYLCV and TYLCSV, encompassing a non-coding region of the viral
genome between the origin of replication and the beginning of the V2 gene (Belabess et
al., 2015; Panno et al., 2018; Granier et al., 2019; Torre et al., 2019). Studies have also
reported one strain of TYLCV able to overcome the resistance mediated by the Ty-2
gene (Ohnishi et al., 2016) and also a strain of Tomato leaf curl Bangalore virus
(ToLCBV) leading to great losses in production in India (Tiwari et al., 2010). This
breakdown of resistance can be explained by multiple changes in replication efficiency,
and viral gene expression. Another hypothesis is that the region involved in the
recombination event may be less prone to transcriptional gene silencing (Voorburg et al.,
2020).
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Table 5: Genes of resistance against Begomovirus characterized in tomato.

Gene Chromosome / Reference | Resistance mechanism Viral species that resistance has been Original source of
demonstrated resistance
Ty-1 6 (Zamir et al., 1994) RNA-dependent RNA TYLCV (Zamir et al., 1994); S. chilense
polymerase (Verlaan et ToCMoV (Boiteux et al., 2007; Tobar,
al., 2013); Movement of 2013);
the long-distance virus ToRMYV (Pereira-Carvalho et al., 2009);
(Tobar, 2013). ToSRV & ToYVSV (Tobar, 2013).
Ty-2 11 (Hanson et al., 2006) Domain containing TYLCV (Hanson et al., 2006). S. habrochaites
leucine-rich repeats - ToSRV (Boiteux et al., 2007)
NB-LRR (Yamaguchi et
al., 2018)
Ty-3 6 (Ji & Scott, 2006) Not yet characterized TYLCV & ToMoV (Ji & Scott, 20006) S. chilense
Ty-4 3 (Jietal., 2008) Not yet characterized TYLCV & ToMoV (Nakhla et al.,2005) S. chilense
ty-5 4 (Anbinder et al., 2009) Protein translation TYLCV & ToMoV (Anbinder et al., 2009) S. peruvianum
(Lapidot et al. 2015).
Ty-6 10 (Hutton & Scott, 2013) Not yet characterized TYLCV & ToMoV (Hutton, 2012) S. chilense
tem-1 6 (Machado, 2013) Less viral accumulation ToYLCV; ToSRV; ToORMV; ToYVSV & TX-468
& translocation, ToCMoV (Pereira-Carvalho et al., 2009;
restriction in viral Machado, 2013)
replication, less
efficiency in viral
movement (Pereira-
Carvalho et al., 2009)
tgr-1 6 (Bian et al., 2007) Not yet characterized TYLCV (Bian et al., 2007) FLA 653°
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10. Next Generation Sequencing (NGS) applied to Plant Virology

The use of next-generation sequencing (NGS) technology is a powerful tool for
large-scale detection and identification of new virus species in different crops. Several
modern sequencing technologies are being employed including: lllumina, 454, Pacific
Biosciences, lonTorrent and Nanopore (Barba and Hadidi, 2015; Adams and Fox, 2016;
Hadidi, 2019; Villamor et al., 2019). NGS allows massive sequencing of biological and/or
environmental samples (including complex genomes) and generating an enormous
number of reads (short sequences) in small time intervals. The demand for NGS
technologies was generated by the need for large-scale sequencing in a more economical,
effective, and fast way. These demands were not being met with the automated
sequencing obtained with the use of “first generation” Sanger sequencer machines.

Analyzes using metagenomics combined with NGS for characterization of viruses
or viroids are collectively called “virome” (Barba et al., 2014; Villamor et al., 2019). To
carry out studies on the diversity of plant viruses, samples are subjected to previous
procedures for enriching viral particles via semi-purification protocols followed by
extraction of nucleic acid (DNA or RNA) as well as extraction of dsSRNA and sRNAs (=
small RNAs produced as a result of plant defense mechanisms against viruses, such as
gene silencing). For enrichment of DNA viruses, a protocol is performed employing
Rolling Circle Amplification — RCA (Idris et al., 2014; Roossinck et al., 2015; Kathurima
etal., 2016; Massart et al., 2019).

Studies with plant viruses using metagenomics combined with NGS started in
2009 (Adams et al., 2009; Al Rwahnih et al., 2009; Kreuze et al., 2009). Those studies
allowed the characterization of host-specific viromas and their insect vectors, which has
considerably increased the pace of discovery of new viruses as well as the expansion of
databases of complete sequences of many previously known virus species. It is estimated
that more than 100 new plant viruses associated with different genera and families have
been identified in recent years (Hadidi and Barba, 2012; Barba et al., 2014; Ho and
Tzanetakis, 2014; Barba and Hadidi, 2015; Roossinck et al., 2015; Wu et al., 2015;
Bernardo et al., 2018). Three new viroids were also discovered using this type of
technology: Persimmon viroid 2 (PVd2), Grapevine latent viroid (GLVd) and Apple
chlorotic fruit spot viroid (ACFSVd) (Ito et al., 2013; Zhang et al., 2014; Leichtfried et
al., 2019).

A new species of the genus Foveavirus (named as Grapevine virus T — GVT) was

identified in a recent work involving a grape transcriptome analysis (Jo et al., 2017). A
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new member of the genus Badnavirus was detected in Betula pendula and B. pubescens
and named as Birch leaf roll-associated virus (BLRaV) (Rumbou et al., 2018). The new
species Cherry virus A (CVA) and Little cherry virus 1 (LChV- 1) were detected in
apricot samples in Hungary (Barath et al., 2018). The complete genome of a new
rhabdovirus infecting corn and wheat in Argentina was obtained via NGS as named as
Maize yellow striate virus (MYSV) (Maurino et al., 2018). In the genus Dioscorea, the
complete genome of two Badnavirus species (Dioscorea nucleou bacilliform RT virus 1
— DBRTV1 and Dioscorea nucleous bacilliform RT virus 2 — DBRTV2) and one of
potyvirus (Yam mosaic virus — YMV) were also obtained via NGS. This work also
highlighted the NGS usefulness in detecting virus species in in tissue culture of Dioscorea
species (Bomer et al., 2018). Recently, the new species Prunus virus F (PrVF) was
detected via NGS on sweet cherry (Prunus avium L.) in Belgium (Tahzima et al., 2019).
The NGS strategy also allow the discovery a great viral diversity in different peach
cultivars. A total of eight viruses and viroids (belonging to five families) were identified:
Peach latent mosaic viroid (PLMV) of the genus Pelamoviroid (Family Avsunviroidae);
two new Nectarine species stem — pitting associated virus (NSPaV) and Peach-associated
luteovirus (PaLV) (Family Luteoviridae); Plum bark necrosis stem pitting-associated
virus (PBNSPaV) of the genus Ampelovirus (Family Closteroviridae); Apple chlorotic
leaf spot virus (ACLSV) from the genus Trichovirus, Asian prunus virus 1 and 3 (APV1
and APV3) from the genus Foveavirus; Cherry green ring mottle virus (CGRMV) and
Cherry necrotic rusty mottle virus (CNRMV) both from the genus Robigovirus (Family
Betaflexiviridae); and Peach virus D (PeVVD) belonging to the genus Marafivirus (Family
Tymoviridae) (Xu et al., 2019).

Recently, in Mexico, 132 species of uncultivated plants belonging to 34 families
were submitted to metagenomic analysis combined with NGS. These analyzes indicated
a great diversity of Begomovirus in uncultivated plants of the families Brassicaceae,
Convolvulaceae, Curcubitaceae, Euphorbiaceae, Fabaceae, Malvaceae, and Solanaceae.
Fourteen begomoviruses with monopartite genomes and five with bipartite genomes were
detected, in addition to the curtoviruses BCTV and TPCTV (Rodriguez-Negrete et al.,
2019). In grapevine, NGS has been shown to be a very efficient method in detecting
viruses and satellites (Barath et al., 2018). Recently a new species classified in Vitivirus
(Family Betaflexiviridae) was identified in Argentina. The proposed name for the new
species was Grapevine virus L (GVL) (Debat et al., 2019). In Hungary, the NGS proved

to be very efficient in identifying commonly found virus species as well as others that had
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not yet been detected in that country. In this study, the following species were detected:
Grapevine chrome mosaic virus — GCMV (Nepovirus), Grapevine leafroll-associated
virus 1 — GLRaV1 (Ampelovirus), Grapevine virus A — GVA and Grapevine virus B —
GVB (Vitivirus); seven species of the order Tymovirales: Grapevine fleck virus — GFKV
(Maculavirus), Grapevine asteroid mosaic associated virus — GaMaV, Grapevine syrah
virus 1 — GSyV1 (Marafivirus), Grapevine rupestres stem pitting-associated virus —
GRSPaV (Foveavirus), Grapevine pinot gris virus — GPGV (Trichovirus), Grapevine red
globe virus — GRGV and Grapevine rupestris vein feathering — GRVFV and a species of
the genus Idaeovirus, Raspberry bushy dwarf virus — RBDV. It was also possible to detect
a satellite DNA Grapevine satellite virus — GSV and three viroids Hop stunt viroid —
HSVd, Grapevine yellow speckled viroid 1 — GYSVd1 and Grapevine yellow speckled
viroid 2 — GYSVd2 (Czotter et al., 2018).

In tomato, studies involving analyzes of the viroma through NGS contributed
significantly to the detection and discovery of new viral species present in this crop in
Brazil and in other countries. Studies with tomato samples collected in California, Mexico
and Arizona, were able to detect by Illumina sequencing, Potato spindle tuber viroid —
PSTVd, Pepino mosaic virus — PepMV and a new species member of the Potyvirus genus
named Tomato necrotic stunt virus— ToNStV (Li etal., 2012). In Slovakia, it was possible
to obtain the complete genome of the Carlavirus Potato virus M — PVM (Glasa et al.,
2019).

Recently, a survey aiming to study the diversity, distribution, and evolution of
viruses from tomato in China. Leaf samples were collected in 2013 and a total of 22 virus
species were identified belonging to the genera Polerovirus, Crinivirus, llarvirus,
Cucumovirus, Tobamovirus, Carlavirus, Potyvirus, Orthotospovirus, Begomovirus and
Amalgavirus. In addition, it was also possible to detect a mycovirus of the genus
Mitovirus and a probable new species, named as Tomato yellow mottle-associated virus
—TYMaV. Analysis of the genomic and phylogenetic organization indicated that TY MaV
is a possible new member of the genus Cytorhabdovirus (Xu et al., 2017a).

In Brazil, tomato samples with typical symptoms of viral infections were collected
in Brazlandia (DF), Campinas (SP) and Araguari (MG). The results showed a great viral
diversity of natural occurrence in the Brazilian production fields, such as the species
Groundnut ringspot orthotospovirus — GRSV and Tomato spotted wilt orthotospovirus —
TSWV (Orthotospovirus); Pepper ringspot virus — PepRSV (Tobravirus); Tomato

chlorosis virus — ToCV (Crinivirus); Sida micranta mosaic virus — SIMMYV and Tomato
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severe rugose virus — ToSRV (Begomovirus); Tomato blistering mosaic virus — ToBMV
(Tymovirus); Pepper yellow mosaic virus — PepYMV and Potato virus Y — PVY
(Potyvirus); and Pepper mild mottle virus — PMMoV (Tobamovirus). This study was the
first report of Southern tomato virus — STV belonging to the genus Amalgavirus, in the
country and report of a probable new species of Ilarvirus due to its low identity with the
species Ageratum latent virus — ALV and Parietaria mottle virus—PMoV (Martins, 2017).

In recent years, new members of the Geminiviridae family have been detected by
NGS. The geminiviruses Citrus chlorotic dwarf-associated virus — CCDaV and Mulberry
mosaic dwarf-associated virus — MMDaV were reported in citrus in Turkey and apple
tree in China, respectively (Loconsole et al., 2012; Ma et al., 2015). A new geminivirus,
Apple geminivirus — AGV was reported on apple in China. The AGV shows genomic
organization different from the other members of the Geminiviridae family, and has the
ability to infect hosts such as N. benthamiana, N. glutinosa and tomatoes (Liang et al.,
2015). Another geminivirus was detected in vines (V. vinifera L.), cultivars Black Beet
and Nagano Purple, from South Korea. The sequence of the monopartite circular genome
was confirmed in the samples by RCA, Sanger cloning and sequencing. Phylogenetic
analyzes allowed the classification of this isolate in the Geminiviridae family. The
proposed name for this new species was Grapevine geminivirus A — GGVA (Al Rwahnih
et al., 2016).

Fontenelle et al. (2017) identified a new geminivirus in tomato and cleome plants
collected in the central region of Brazil. The proposed name for the new species was
Tomato associated geminivirus 1 — TaGV1. The protein associated with TaGV1
replication is similar to that of species of Capulavirus genus (62—70% identity) while the
CP is closer to the species Tomato pseudo-curly top virus (genus Topocuvirus), indicating
that this species is a member of a probable new genus within the Geminiviridae family
(Fontenele et al., 2017).

All the examples mentioned above reinforce the importance of NGS as a
universal, fast and accurate method for the discovery and detection of virus species,
enabling a greater understanding of viral diversity in different species of cultivated and
non-cultivated plants. This contributes in a very significant way to plant virology,
especially regarding control measures, since information about the diversity of virus

species is crucial in establishing effective management strategies.
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11. Family Genomoviridae

Viruses with single-stranded DNA genomes are associated with organisms in all
domains of life (Archaea, Bacteria and Eukarya). The discovery of new viruses with
circular ssDNA has revealed a wide diversity within this group (Rosario et al., 2012b;
Varsani and Krupovic, 2017). These viruses share low, but significant degrees of
similarity with viruses with circular ssSDNA in the Geminiviridae, Circoviridae and
Nanoviridae families. Because of this, it was proposed that these new ssDNA viruses
(despite having similarities to members of these three families) would be more
appropriately allocated within a new family (Rosario et al., 2012a; Krupovic et al., 2016).

In 2016 the International Committee on Taxonomy of Viruses created two new
virus families with ssSDNA genomes (Pleolipoviridae and Genomoviridae). The family
Genomoviridae is represented by nine genera: Gemycircularvirus, Gemyduguivirus,
Gemygorvirus, Gemykibivirus, Gemykolovirus, Gemykrogvirus, Gemykroznavirus,
Gemytondvirus and Gemyvongvirus (Krupovic et al., 2016; ICTV, 2020). Genomoviruses
are circular non-enveloped sSDNA viruses with a genome size of around 2.0 to 2.4 kb.
Viruses belonging to this family generally have only two ORFs in bidirectional
transcriptional units, CP (protein encoded in the viral sense) and Rep (protein associated
with replication) in the complementary sense. All the genera share a typical intergenic
region that varies in size, and in some cases the presence of an intron in the Rep coding
region (Figure 7). The intron inside the Rep undergoes a splicing process generating the
functional Rep (Male et al., 2016; Varsani and Krupovic, 2017). Nonanucleotide
sequences are variable for each genus among genomoviruses (Varsani and Krupovic,
2017).
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Figure 7. Genomic organization of Genomoviridae family (Genome type 1 and type 2). ORFs
(Open Reading Frames) Rep (Replication associated protein - protein associated with replication)
and CP (Coat protein — capsid protein). (A) Genome type 1 presenting two intergenic regions
LIR (Long intergenic region), SIR (Short intergenic region) and the Rep ORF of this group does
not present an Intron; (B) Type 2 genome shows only one intergenic region, Rep A and the
presence of an Intron in the Rep ORF.

The terminal N region contains important motifs for initiating rolling circle
replication (RCR). Some of these motifs are conserved in sSDNA, phages and plasmids
that replicate using the RCR mechanism (Krupovic, 2013; Varsani and Krupovic, 2017).
Rep is a multifunctional protein that has essential functions in replication, with activity
of endonuclease and helicase. Rep helicase activity is mediated by conserved motifs
known as Walker A (GxxxxGKT), Walker B (uuDDu) and C motif (uxxN) located in a
C-terminal NTP-binding domain (Choudhury et al., 2006; Clérot and Bernardi, 2006).
The taxonomic criteria for the classification of new species within the Genomoviridae
family is that the new virus must present 78% of paired identity when compared to the
already established species. A differential criterion is adopted for the demarcation of
species within each genus (Krupovic et al., 2016; Varsani and Krupovic, 2017).

The Gemyduguivirus genus: has only one species Dragonfly associated
gemyduguivirus 1. The identity for the classification of a new species in the genus is
between 57% to 62% with other available sequences. The Dragonfly associated
gemyduguivirus 1 was found in association with insects, and shows the conserved
nonanucleotide sequence “TAATATTAT”. (Rosario et al., 2012a; Varsani and Krupovic,
2017; ICTV, 2020).

The Gemygorvirus genus aggregates five species: Canine associated
gemygorvirus 1, Mallard associated gemygorvirus 1, Pteropus associated gemygorvirus
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1, Sewage derived gemygorvirus 1 and the Starling associated gemygorvirus 1. Members
of this genus have been associated to birds (Van den Brand et al., 2012; Sikorski et al.,
2013; Kraberger et al., 2015; Male et al., 2016; Steel et al., 2016). The conserved
nonanucleotide sequences of this genus are variable in the fourth, fifth and seventh
position “TATWWAWAS”. The criterion for the classification of a new species within
the genus is to have a nucleotide identity less than 49%, when compared to other species
(Varsani and Krupovic, 2017).

At the Gemykibivirus genus 16 species have been accepted so far. The species
type is Dragonfly associated gemykibivirus 1 (DaGmV — 1), which was characterized in
association to insects (Rosario et al., 2012a; ICTV, 2020). The conserved nonanucleotide
sequence of this genus is variable in four different positions (“TATAWWMAV”). The
demarcation criterion for the classification of new species within the genus is to have a
nucleotide identity of less than 43% (Varsani and Krupovic, 2017).

The genus Gemykolovirus has 2 accepted species Pteropus associated
gemykolovirus 1 (type-species) and Pteropus associated gemykolovirus 2, that have been
reported in association to mammals (Male et al., 2016; ICTV, 2020). The conserved
nonanucleotide sequence of this genus is variable at fifth and sixth
position(“TAATRYTAT”) The demarcation criterion for the classification of new
species in Gemykolovirus is identity of less than 37% with other species (Varsani and
Krupovic, 2017).

The genus Gemykrogvirus has three accepted species: Bovine associated
gemykrogvirus 1 (type-species), Caribou associated gemykrogvirus 1, and Sewage
derived gemykrogvirus 1 reported in association with mammals (Lamberto et al., 2014;
Ng et al., 2014; Kraberger et al., 2015). The nonanucleotide sequence is the same found
in the genus Gemyduguivirus.The demarcation criterion for the classification of new
species within the genus is a nucleotide identity of less than 33% with other sequence
available (Varsani and Krupovic, 2017).

The genus Gemykroznavirus, is monotypic with the species Rabbit associated
Gemykroznavirus 1, also reported in association with mammals. The nonanucleotide
sequence is the same found in the genera Gemyduguivirus and Gemykrogvirus. The
identity of nucleotide to considere and to classify as a newspecies in the genus is between
56% to 61% (Sikorski et al., 2013; ICTV, 2020).

The genus Gemytondvirus, monotypic, is represented by Ostrich associated

Gemytondvirus 1 that was found in association with birds. The sequence has a conserved
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nonanucleotide sequence “TAACATTGA”. The identity of nucleotide for the
classification of a new species in this genus is between 53% to 61% (Sikorski et al., 2013;
Varsani and Krupovic, 2017; ICTV, 2020).

In the monotypic genus Gemyvongvirus, the species Human associated
gemyvongvirus 1 was found in association with mammals. The identity of nucleotide for
the classification of a new species in the genus is between 56% to 62%. This genus is
characterized by the conserved nonanucleotide sequence “TAAATAAGA” (Varsani and
Krupovic, 2017; ICTV, 2020).

In Brazil a new genomovirus has been identified associated with common bean
plants (Phaseolus vulgaris L.) collected in Pernambuco state. The proposed name for the
species was common bean-associated gemycircularvirus — CbaGmV (Lamas et al., 2016).
Analyzes with two samples of capybara feces (Hydrochoerus hydrochaeris) in Brazil,
revealed a great diversity of sSDNA viruses, in which 148 complete sequences of viruses
that belonged to the family were identified Microviridae, 14 Genomoviridae, a new type
of Cyclovirus (Family Circoviridae) it is a Smacovirus (Family Smacoviridae) (Fontenele
etal., 2019).

11.1 Gemycircularvirus

The genus Gemycircularvirus has the largest number of described species, 43 in
total. The genus is characterized by a circular ssDNA genome with 2.1 to 2.3 kb and two
ORFs, one encoding the capsid protein (in the viral sense) and another encoding the Rep
protein (in the complementary sense). The Rep protein contains two conserved domains
important for RCR, also present in the Rep proteins of the geminiviruses. In addition,
they have a stem-loop structure in the region of origin of replication, where there is a
conserved nonanucleotide sequence — TAATRYTAT (Rosario et al., 2012a; Krupovic et
al., 2016; Varsani and Krupovic, 2017).

The first described gemycircularvirus (the type species of the genus) was
Sclerotinia sclerotiorum hypovirulence associated circular DNA virus 1 (SSHADV-1),
isolated from the fungus Sclerotinia sclerotiorum, causing hypovirulence phenotype (Yu
et al., 2010). Currently, two techniques have been used to exploration and discovery of
these new sSDNA viruses: the amplification via rolling circle (Rolling Circle
Amplification — RCA) (Inoue-Nagata et al., 2004) and metagenomics (Edwards and
Rohwer, 2005). As a result, many species of gemycircularvirus have been reported in

association with plants. The species Cassava associated circular DNA virus (CasCV) was
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identified in Ghana (Africa) in association with cassava leaves (M. esculenta) infected
with Collectotrichum sp. and Plectosphaerella sp. (Dayaram et al., 2012). In Vietnam,
the Hypericum japonicum-associated circular DNA virus (HJasCV) was isolated from
plants of H. japonicum with yellow mosaic symptoms (Du et al., 2014). On the island of
Tonga, three gemycirculaviruses were identified in 43 grass samples, using Illumina
sequencing. The species Brachiaria deflexa-associated circular DNA molecule 1
(BdaCM-1) and Brachiaria deflexa-associated circular DNA molecule 2 (BdaCM-2)
were detected in Brachiaria deflexa (Schumach.) C. E. Hubb.) and Poaceae-associated
gemycircularvirus 1 (PaGmV-1) in sugar cane (Male et al., 2015). Analyzes of fungal
viromas from soybean leaf samples in the United States identified 22 mycovirus
sequences, including a new gemycircularvirus called Soybean leaf-associated
gemycircularvirus 1 (SlaGemV-1) (Marzano and Domier, 2016). Recently, two
gemycircularvirus Momordica charantia associated gemycircularvirus (MoaGmV) and
Euphorbia heterophylla associated gemycircularvirus (EuaGmV) were found in Brazil
associated with the weeds Momordica charantia L. and Euphorbia heterophylla L.
collected in Minas Gerais and Rio Grande do Sul (De Rezende et al., 2018).

Different strategies have been used to analyze the evolutionary processes capable
of shaping the genetic-molecular structure of begomovirus populations. In this context,
the general objective of the present work was to carry out a study on Begomovirus species
diversity occurring on tomato in Central Brazil through metagenomic analysis via NGS.
In addition, analyzes will also be conducted to estimate the potential impact of the

introduction of varieties containing the Ty—1 gene on viral evolutionary dynamics.
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Resumo

Um complexo de begomovirus (Geminiviridae) pode causar graves perdas de producao
de tomate em regiGes neotropicais. Nesse trabalho, a estratégia de next-generation
sequencing (NGS) foi empregada para avaliagdo em larga escala da diversidade do virus
de DNA de fita simples (ssDNA) em tomates com e sem 0 gene de amplo espectro
resisténcia Ty—1 no Brasil Central. As amostras foliares (n = 107) exibindo sintomas
tipicos de begomovirus foram coletadas em condi¢fes de campo. As amostras individuais
foram enriquecidas com DNA circulares e subdivididas em dois conjuntos (com e sem
Ty-1) e sequenciadas em uma plataforma Illumina. As validagGes por PCR com primers
especificos para os virus e sequenciamento Sanger confirmaram um total 15 virus de
sSDNA e/ou agentes subvirais (ocorrendo principalmente em infecges mistas). Esta
multiplicidade viral destaca a desvantagem potencial de se empregar resisténcia do tipo
virus-especifica em plantagdes de tomate. Uma maior diversidade viral (14 versus 6
espécies) foi observada em tomates sem o gene Ty-1. Um gemycirculavirus
(Genomoviridae), um novo alfa-satélite e duas novas espécies de Begomovirus foram
identificados exclusivamente em amostras sem o gene Ty-1, enquanto um novo
begomovirus foi encontrado apenas em amostras com o gene Ty—1. Esse ultimo virus foi
0 Uunico encontrado induzindo sintomas severos em plantas com o gene Ty-1 nesse
levantamento. Os resultados indicaram a necessidade de mais estudos sobre a potencial
adaptacdo viral ao Ty-1 e os efeitos desse gene na filtragem do tipo espécie-especifica
em um subconjunto de agentes virais/subvirais de sSDNA.

Palavras chaves: Begomovirus, tomate, gene de resisténcia, NGS, viroma.

Abstract

A complex of begomoviruses (Geminiviridae) can cause severe tomato yield losses in the
Neotropics. Here, next-generation sequencing was employed for large—scale assessment
of single-stranded (ss) DNA virus diversity in tomatoes either harboring or lacking the
large—spectrum Ty-1 tolerance gene in Central Brazil. Leaves exhibiting begomovirus—
like symptoms (n=107) were field—collected; circular DNA—enriched individual samples
were subdivided into pools (with and without Ty-1) and Illumina—sequenced. Virus—
specific PCR and Sanger dideoxy sequencing validations confirmed 15 ssDNA
virus/subviral agents in total (occurring mainly in mixed infections), which highlight the

potential drawbacks of employing virus-specific resistance in tomato breeding. More
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viruses (14 versus six species) were observed in tomatoes without the Ty-1 gene. A
gemycircularvirus (Genomoviridae), a new alpha—satellite, and two novel Begomovirus
species were identified exclusively in samples without the Ty—1 gene, whereas a novel
begomovirus was found only in the Ty—1 pool. This last virus was the only found inducing
severe symptoms in plants carrying the Ty—1 gene in our survey. Our results indicated the
need for further studies on the potential viral adaptation to Ty—1 and its virus-specific
filtering effects on a subset of sSSDNA viral/subviral agents.

Keywords: begomoviruses, tomato, resistance gene, NGS, virome.

1. Introduction

The Geminiviridae is the largest family of plant-infecting viruses with ~ 468
species described to date, which are currently allocated in nine genera: Becurtovirus,
Begomovirus, Capulavirus, Curtovirus, Eragrovirus, Grablovirus, Mastrevirus,
Topocuvirus, and Turncurtovirus (ICTV, 2020). The classification at the genus level is
based upon host range, the associated insect vector(s), genomic organization, and
phylogenetic relationships (Brown et al., 2015; Varsani et al., 2017; ICTV, 2020). In
2016, two novel viral families with non-enveloped, circular, single-stranded DNA
(ssDNA) genomes with size ranging from 2.0 to 2.4 kb were created and named as
Pleolipoviridae and Genomoviridae. The Genomoviridae family also comprises nine
genera:  Gemycircularvirus, = Gemyduguivirus,  Gemygorvirus,  Gemykibivirus,
Gemykolovirus, Gemykrogvirus, Gemykroznavirus, Gemytondvirus, and Gemyvongvirus
(ICTV, 2020).

The genus Begomovirus is composed by whitefly-transmitted species with one (=
monopartite) or two (= bipartite) circular, ssDNA genomic component(s) with = 2.6 kb
that are encapsulated separately into twinned particles formed by two incomplete
icosahedrons (Brown et al., 2015; Rojas et al., 2018). The begomovirus transmission is
characterized as being non-propagative, circulative and is carried out by insects members
of the Bemisia tabaci (Hemiptera: Aleyrodidae) cryptic species complex (De Barro et al.,
2011). The begomoviruses display a set of mechanisms for generating genetic variability
such as mutation, recombination, and pseudo-recombination, which have direct influence
in the continuous emergence of new species that are often reported in this genus (Ribeiro
et al., 2003; Seal et al., 2006; Silva et al., 2014).
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The tomato (Solanum lycopersicum L.) crop is grown year-round under distinct
cultivation systems across major tropical and subtropical regions (FAO, 2020). In Brazil,
outbreaks of Begomovirus species in tomatoes become more intensively reported after
the invasion of B. tabaci Middle East-Asia Minor 1 (MEAM 1 = biotype B) in the early
1990s (Ribeiro et al., 1994). The well-known biological attributes of B. tabaci MEAM 1
(viz. large host range, ability to transmit a wide range of viral species, and adaptation to
distinct environmental conditions) facilitated the rapid dispersal of tomato-infecting
begomoviruses across all major producing areas of the country (Ribeiro et al., 2003).
Field surveys conducted afterward have revealed an extremely diverse complex of
Begomovirus species (composed mainly by bipartite viruses), occurring in all Brazilian
biomes. Currently, over 21 tomato-infecting Begomovirus species have been
characterized and most of them are already accepted by the International Virus Taxonomy
Committee (ICTV). Some of these viruses are listed below in alphabetical order: Chino
del tomate Amazonas virus — CdTAV, Tomato bright yellow mosaic virus — ToBYMV,
Tomato bright yellow mottle virus — ToBYMoV, Tomato chlorotic mottle virus —
ToCMoV, Tomato common mosaic virus — ToCmMV, Tomato golden leaf distortion
virus — ToGLDV, Tomato golden leaf spot virus — ToGLSV, Tomato golden mosaic virus
— TGMV, Tomato golden vein virus — TGVV, Tomato interveinal chlorosis virus —
TolCV, Tomato leaf distortion virus — ToLDV, Tomato mild mosaic virus — TOMMV,
Tomato mottle leaf curl virus — ToMoLCV, Tomato rugose mosaic virus — TORMV,
Tomato severe rugose virus — ToSRV, Tomato yellow spot virus — ToYSV, Tomato
yellow vein streak virus — ToOYVSV, Tomato rugose yellow leaf curl virus — TORYLCV,
Tomato leaf curl purple vein virus — TOLCPVV and, more recently, Tomato interveinal
chlorosis virus 2 — TolCV2, and Tomato chlorotic leaf curl virus — ToCLCV (Quadros et
al., 2019; Régo-Machado et al., 2019). In addition, begomoviruses initially reported in
alternative weed hosts are also occasionally reported infecting tomatoes such as Sida
mottle virus — SiMoV and Sida micrantha mosaic virus — SIMMYV (Calegario et al., 2004;
Cotrim et al., 2007). Currently, ToSRV (a bipartite species) and ToMoLCV (a
monopartite species) are the most widespread and economically important
begomoviruses with occurrence reported across all major tomato-producing regions,
including Central Brazil. The remaining viral species have an overall more restricted

(sometimes endemic) geographic distribution (Inoue-Nagata et al., 2016a).
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The preferential strategy for begomovirus management in tomatoes is the
employment of cultivars with genetic resistance/tolerance, since the use of insecticides
for controlling viruliferous vector populations is neither efficient nor economically and
environmentally sustainable (Silva et al., 2009; Yao et al., 2017). Currently, eight
resistance/tolerance genes/alleles to begomovirus have been characterized in Solanum
(section Lycopersicon) germplasm: Ty—1 (Zamir et al., 1994), Ty-2 (Hanson et al., 2006),
Ty-3 (Ji and Scott, 2006), Ty—4 (Ji et al., 2009), ty—5 (Anbinder et al., 2009), Ty—6 (Hutton
and Scott, 2014), tcm-1 (Giordano et al., 2005b), and tgr-1 (Bian et al., 2007). The Ty-1
gene/locus introgressed from S. chilense LA 1969 (Zamir et al. 1994) is by far the most
employed genetic factor in tomato breeding programs across the globe. In Brazil, cultivars
carrying the Ty—1 gene have been widely used, mainly across producing regions in
Central Brazil (Boiteux et al., 2012a; Boiteux et al., 2012b). The Ty-1 gene is located on
chromosome 6 in a genomic region in repulsion phase linkage with resistance genes
against other pathogens, including the Mi—1.2 gene that confers resistance in tomato to
the three most important root—knot nematode species: M. incognita, M. javanica, and M.
arenaria (Pereira-Carvalho et al., 2010; Verlaan et al., 2011). Molecular markers capable
of monitoring the presence of the Ty—1 gene/locus in tomato cultivars are now available
(Maxwell et al., 2006; Caro et al., 2015; Jung et al., 2015).

The phenotypic expression of the Ty-1 gene is best described as a tolerance
response (Cooper and Jones, 1983), since plants harboring this factor allow for a mild
manifestation of symptoms mainly in the apical meristematic regions, which is followed
by a progressive recovery as the plant growth/development advances (Boiteux et al.,
2007a). This tolerant reaction is expressed against a relatively large number of
monopartite and bipartite begomoviruses and it is related to the inhibition of viral
movement, being more efficient under low inoculum conditions (Zamir et al., 1994;
Boiteux et al., 2007a). Genetic studies conducted by Verlaan et al. (2011) showed that the
Ty-1 gene encodes an RNA-dependent RNA polymerase. Therefore, the Ty—1 gene is
representing an entirely new class of disease resistance/tolerance genes that operates by
intensifying the levels of transcriptional silencing of viral genes. More recent studies have
shown that the Ty—1 gene can also confer resistance to Beet curly top virus (a viral species
of the genus Curtovirus) in genetically-transformed Nicotiana benthamiana plants

(Voorburg et al., 2020). However, no information is yet available about the effects of the
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Ty—1 gene on ssDNA viruses and subviral agents described in association with tomatoes

in the Neotropical areas.

Next-generation sequencing (NGS) technologies have intensified the advances in
elucidating many aspects of plant-microbe interactions by enabling the generation of a
huge amount of low-cost sequence data of both hosts and pathogens (Knief, 2014).
Currently, metagenomic analyses with NGS are the best tools available for large—scale
assessment of viral diversity under distinct environmental conditions. NGS has
contributed significantly in the sequencing of complete genomes as well as in detecting
novel Plant-associated viral species (Adams and Fox, 2016; Hadidi, 2019; Villamor et al.,
2019). In this regard, NGS technologies have also contributed to reveal the viral diversity
associated with the tomato crop. Illumina sequencing of tomato samples collected in
California, Arizona, and Mexico allowed for the detection of Potato spindle tuber viroid,
Pepino mosaic virus as well as a new Potyvirus species (Li et al., 2012). NGS analyses
of tomato samples in China allowed for the detection of Polerovirus, Orthotospovirus,
Crinivirus, Iarvirus, Cucumovirus, Tobamovirus, Carlavirus, Potyvirus, Begomovirus,
and Amalgavirus species as well as a new Cytorhabdovirus (Xu Chenxi et al., 2017b). A
metagenomic analysis with NGS also allowed the identification of a new geminivirus
(Tomato associated geminivirus 1 — TaGV1) in association of tomato and Cleome affinis
plants collected in Central Brazil (Fontenele et al., 2017). More recently, NGS analysis
with samples from 132 plant species belonging to 34 botanic families in Mexico detected
Becurtovirus and Topocuvirus species as well as a large diversity of monopartite and
bipartite begomoviruses in members of the families Brassicaceae, Convolvulaceae,
Curcubitaceae, Euphorbiaceae, Fabaceae, Malvaceae, and Solanaceae (Rodriguez-
Negrete et al., 2019).

Due to the extreme variability of tomato-infecting begomoviruses in the
Neotropics, it is possible that not yet identified species and strains can be emerging in
these areas. The increase in the crop acreage with tomato varieties and hybrids harboring
the Ty—1 gene may represent a relevant selection factor on viral populations that could
make them either more adapted or even capable of entirely overcoming this tolerance
factor (Boiteux et al., 2012a; Boiteux et al., 2012b). However, the viral diversity
associated with the Ty—1 gene and other tomato resistance/tolerance factors were not yet
extensively studied. The complete sequence information of the DNA-A and DNA-B

genomic segments generated by NGS provides large—scale assessment tools to study viral
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population diversity in virtually all tomato—virus pathosystems. In this context, the
objective of the present work was to carry out metagenomic analyses aiming to reveal the
diversity of Begomovirus species as well as other ssDNA viruses and subviral agents in

tomato cultivars either lacking or harboring the Ty—1 gene in Central Brazil.

2. Materials and Methods

2.1. Tomato leaf samples and confirmation of the presence/absence of the Ty-1
gene/locus in the genome of the tomato samples by employing a cleaved
amplified polymorphic sequence (CAPS) marker system

Foliar samples of field-grown tomato cultivars/hybrids (with and without the Ty-1
tolerance gene) were collected from 2001 to 2016 across three geographic regions (Goias
State — GO, the Federal District — DF, and Minas Gerais State — MG). In order to confirm
the presence of the Ty—1 gene/locus, we performed PCR assays with the DNA of all the
107 tomato leaf samples. We employed the primer pair UWTyF / UWTYR, which is
capable of generating a CAPS marker linked to this tomato genomic region (Maxwell et
al., 2006). This codominant marker system is able to discriminate the dominant resistance
allele (Ty-1) from the susceptible recessive allele (ty—1) after cleavage with the restriction
enzyme Taq | (Maxwell et al., 2006). In order to reveal these alternative alleles for the
Ty-1 gene/locus, PCR products (amplicons) were cleaved with the enzyme Tag | for two
hours at a constant temperature of 65°C. The products obtained after cleavage were
analyzed in 1% agarose gels, stained in ethidium bromide, and visualized under
ultraviolet light.

2.2. Viral isolates and preliminary confirmation of the presence of begomoviruses in
the tomato leaf samples

All the tomato samples/isolates (n=107) were collected from plants showing distinct
degrees of begomovirus-like symptoms (viz. apical and interveinal chlorosis, yellow
spots, golden mosaic, severe rugose mosaic, apical leaf deformation, and stunting). Each
individual sample was subjected to total DNA extraction using a modified (high pH
buffer) 2X CTAB + organic solvents protocol (Boiteux et al., 1999). These
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samples/isolates were stored at -20 °C and they currently comprise a section of the
begomovirus collection of the Plant Breeding Laboratory at CNPH (Brasilia-DF, Brazil).
The purified total DNA was subjected to polymerase chain reaction (PCR) assays aiming
to confirm the presence of begomovirus (es) in these tomato leaf samples. Amplicons
derived from a segment of the DNA — A component were obtained using the ‘universal’
primer pairs ‘PALIv1978/ PAR1c496’ (Rojas et al., 1993) and ‘BegomoAForl’ /
‘BegomoARevl’ (Ha et al., 2006), which produce two large and non-overlapping
segments (= 1120 bp and = 1205 bp, respectively). Amplicons derived from a segment of
the DNA — B component (= 690 bp) were obtained using the ‘universal’ primer pair
‘PBL1v2040’/ ‘PCRc1’(Rojas et al., 1993). The obtained amplicons were analyzed in 1%
agarose gels, stained in ethidium bromide, and visualized under ultraviolet light. Only
samples displaying begomovirus-derived amplicons were selected for a subsequent
enrichment of circular DNAs via rolling circle amplification and for next-generation

sequencing-NGS (see sections below).

2.3. Enrichment via rolling circle amplification of circular DNA molecules on each
individual sample

The virus-derived circular DNA molecules in the samples were selectively enriched by
rolling circle amplification (RCA) assays (Inoue-Nagata et al., 2004). After DNA analysis
on agarose gel and via NanoVue Plus®, the concentrations were adjusted to 1 microgram
per sample and then used to make up the two pools. The CAPS-characterized samples
were then subdivided into two pools: one composed by DNAs of tomato plants without
the Ty-1 (Table 1) gene (n=64) and one composed by DNAs of tomato samples with the
Ty-1 (Table 2) gene (n=43).
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Table 1. Identification of 64 samples (= isolates) exhibiting begomovirus—like symptoms that

were obtained from tomato plants without the Ty—1 gene/locus in Central Brazil. Information is

provided about the region where the isolate was collected, year of collection, and the respective

isolate code.
Geographic Year of Isolate
region collection code

2003 GO-023, GO-046, GO-109, GO-111,
GO-118, GO-120, GO-130, GO-134,
GO-136, GO-137, GO-142, GO-143,
GO-144, GO-168, GO-169, GO-191,
GO-192, GO-221, GO-244, GO-245,
GO-248, GO-249, GO-250, GO-251.

2004 G0O-298, GO-299, GO-301, GO-322,
GO-336.

Goias State-GO 2006 G0O-384, GO-390.

2011 GO-493.

2012 GO-505, GO-511.

2015 GO-594.

2003 DF-018, DF-023, DF-028, DF-043,
DF-045, DF-046, DF-050, DF-062.

2005 DF-166, DF-167, DF-211.

2010 DF-330.

Federal District- 2011 DF-447, DF-453.
DF
2013 DF-544.
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Minas Gerais
State-MG

2014

2016

2001

2002

2010

2012

2015

DF-566.

DF-667.

MG-046.

MG-012, MG-015, MG-016, MG-018,
MG-029.

MG-073, MG-113, MG-150.
MG-325.

MG-378, MG-388.

86



Table 2. Identification of 43 samples (= isolates) exhibiting begomovirus—like symptoms that

were obtained from tomato plants harboring the Ty—1 gene/locus in Central Brazil. Information

Geographic Year of Isolate
region collection code
2003 GO-145, GO-148, GO-149, GO-151,

GO-157, GO-161, GO-164.
2004 GO-247, GO-305, GO-307, GO-308,

G0-320, GO-326, GO-330.

Goias State-GO 2007 GO-371.
2010 GO-479, GO-487, GO-490.
2013 GO-550, GO-582, GO-583.
2007 DF-227, DF-236, DF-238.
2008 DF-252.
Federal District-DF 2010 DF-3309.
2011 DF-438.
2013 DF-529, DF-550, DF-556.
2016 DF-640.
2010 MG-092, MG-122, MG-169, MG-282,
Minas Gerais State- MG-283, MG-284, MG-285, MG-286,
MG MG-287.
2012 MG-326.
2015 MG-383, MG-387.

is provided about the region where the isolate was collected, year of collection, and the respective

isolate code.
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2.4. Next-generation sequencing (NGS) of the two tomato DNA pools and analysis
of the NGS-derived sequences

The sample pools (with and without Ty—1 gene) were subjected to high performance
sequencing in an lllumina platform with the HiSeq 2500 system (Macrogen Inc., South
Korea). The NGS-derived sequences were analyzed according to the following
workflow: (1) elimination of low—quality reads; (2) re-assembly of the sequences using
the program CLC Genomics Workbench 10; and (3) validation of the contigs via BLASTx
and BLASTN algorithms by comparing with the sSDNA virus database of the GenBank
(https://www.ncbi.nlm.nih.gov/). The viral contigs were annotated and the trimmed reads

were mapped back to the annotated genome using the tool ‘Map to reference’ available
in the Geneious 11.0 program (Kearse et al., 2012). The conserved regions/motifs present
in the begomovirus genomes such as: nonanucleotide, TATA box, stem loop, and iterons
were also selectively analyzed (Argiello-Astorga and Ruiz-Medrano, 2001).
Additionally, individual identification of the viruses was obtained in the NGS—derived
dataset by using the SegMan NGene Metagenomic sequence analysis software (DNAStar,
Madison, WI). Viral contigs were analyzed against the RefSeq viral database (NCBI) at
a very high stringency conditions (minimum match percentage = 99%).

2.5. Design of a collection of viral species-specific PCR primers for detection in
individual samples

For the confirmation of the viral species detected in each individual sample, specific PCR
primers (for both DNA-A and DNA-B genomic segments) were designed in opposite
and overlapping directions. Primer design was carried out based upon the consensus
contigs obtained with the Geneious 11.0 program (Table 3). Virus-specificity of the
primers was double—checked in silico by using the Primer-Blast tool and in preliminary
PCR assays using as template DNA samples from a reference collection of the NGS-

identified viral isolates.
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2.6. Validation of NGS-derived information via PCR assays with virus-specific
primers

PCR assays with the previously selected virus-specific primers (Table 3) were carried
with in all 107 individual DNA samples. These assays were performed in order to validate
the NGS results. PCR were carried with a total volume of 12.5 uL, containing 1.25 pL of
Taq polymerase buffer (100 mM Tris—HCI, pH 8.3 and 500 mM KCIl), 0.40 uL MgCl;
(50 mM), 0.25 pL, dNTPs (2.5 mM), 0.25 uL of each primer (forward and reverse) (10
uM), 2 uL of DNA, 8.0 uL of Milli-Q® water (Millipore, Bedford, MA, USA) and and
0,1 uL Tag DNA polymerase (5 U/uL). The reactions were amplified in thermal cycler
(Bio-Rad Laboratories, Hercules, CA) programmed for 35 cycles with the following
conditions: initial denaturation: 94 °C for 3 minutes, denaturation: 94 °C for 30 seconds,
annealing (ranging from 46 to 60 °C, according to the primer pair employed; Table 3) for
45 seconds, extension 72 °C for 3 minutes and final extension 72 °C for 10 minutes. The
begomovirus-derived amplicons were observed to 1.5% agarose—gel electrophoresis

stained with ethidium bromide and visualized under UV-light.

2.7. Sanger dideoxy sequencing validation of virus-specific PCR amplicons

Direct Sanger dideoxy sequencing reactions of positive virus—derived amplicons were
carried out to double check the viral diversity observed in a subset of individual samples.
Sequencing reactions were performed at the Genomic Analysis Laboratory (at CNPH),
employing the same virus-specific primer pairs (Table 3) in one ABI PRISM 3130
sequencer using the BigDye® Terminator Cycle Sequencing Ready Reaction Kit version
3.1 protocol (Applied Biosystems, Sdo Paulo-SP, Brazil). After contig assembling and
quality evaluation, the obtained sequences were analyzed using the BLASTn algorithm.
This tool was used to compare our sequences with the ones retrieved from the GenBank

- NCBI public database (https://www.ncbi.nlm.nih.gov/), aiming to verify the sample—

associated viral species. We adopted the current pairwise identities of 91% and 94% as
the demarcation thresholds to identify Begomovirus species and strains, respectively
(Brown et al., 2015).
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Table 3. PCR primer pairs designed based upon Next-generation Sequencing (NGS)-derived viral consensus sequences for validation of the Begomovirus

species as well as single-stranded DNA viruses and subviral agents identified in the tomato DNA sample pools (with the Ty—1 gene versus without the Ty-1

gene). For = forward direction and Rev = reverse direction.

Viral Species Primer Sequence 5°-3’ Annealing
temperature
Name (T°C)
Bean golden mosaic virus (BGMV) DNA-A BGMV-For GTGCGTGAATCCATGACCGT 55
BGMV-Rev ATTCACGCACAGGGGAACG
Cleome leaf crumple virus (CILCrV) DNA-A CILCrV-A—For GACTCGACGTTCTGTGGT 51
CILCrV-A-Rev TCCTAGTCGGGGCTCACT
Cleome leaf crumple virus (CILCrV) DNA-B CILCrV-B-For TAGGAAAGCAAAACGAGAATGGAA 58
CILCrV-B-Rev GCTTTCCTAAATCGCAATTGATC
ToSRV-For5.1 AGCGTCGTTAGCTGTCTGGCA 58
Tomato severe rugose virus (ToOSRV) DNA-A
ToSRV-Rev5 TGCCGCAGAAGCCTTGAACGCACCT
Tomato severe rugose virus (ToSRV) DNA-B ToSRV-B—For AAACCCACACGAAAGCAGAGTTT 55
ToSRV-B-Rev CACCACGTCTATACATATTGTCCAGG
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EuYMV-A-R- GGGGTTCCAAGTCCAATAAAGATGA 52
Euphorbia yellow mosaic virus (EuYMV) DNA-A For
EuYMV-A-R- CAGACACCTTATATTTGCCGGATTC
Rev
Euphorbia yellow mosaic virus (EuYMV) DNA-B EuYMV-B-R- GCCGAGGATAGAGGACACCAA 60
For
EuYMV-B-R- CCAGGCCCAAACGCATTATATTTTATC
Rev
Tomato chlorotic mottle virus (ToCMoV) DNA-A | ToCMoV-A—For TTTGGGCCGCTCTTTTGGG 47
ToCMoV-A- CAAACTGAATGGGCCTTAAA
Rev
Tomato chlorotic mottle virus (ToCMoV) DNA-B ToCMoV-B-For | GTATTTGTTCTGGGTGCAATCATAAAAC 55
ToCMoV-B-Rev | TTGTACTAATGACACATTATTCAATCACGA
Tomato golden vein virus (TGVV) DNA-A TGVV-A-Forl AAAGGAAGATAATTCAAATATAGGGA 51
TGVV-A-Revl ATCTTCCTTTACTCACGTTCCTGAT
Tomato golden vein virus (TGVV) DNA-B TGVV-B-S-For CCCACTTTCCATAACCTACATGAGA 55
TGVV-B-S-For | GGAGAGAAAATTGATAAGATCGGCATC
ToMoLCV-For TGTGGTCCAGTCAATAAATG 47

Tomato mottle leaf curl virus (TOMLCV) DNA-A
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ToMoLCV-Rev TGACTGGACCACATAGTAAA
Tomato common mosaic virus (ToCmMV) DNA-A ToCmMV-Forl ATTGCTCTCAACTTCTGTGC 54
ToCmMV-Rev2 GCAATCCCTGGTGTCCTCAC
Tomato rugose mosaic virus (ToORMV) DNA-A ToRMV-A-For TGAAAGTAATTTTGACCCAATC 52
ToRMV-A-Rev CAATTCATATGAGTTTTAGAGCAGC
Sida micrantha mosaic virus (SIMMV) DNA-A SiIMMV-For GATCTCGCTCCCCCCTCT 58
SiIMMV-Rev AGATCGCACGACAACCAG
Plant-associated genomovirus 2 Gemy-For GCTCTGAATCAAATCTCGCTTACTTG 54
Gemy-Rev CGATGTTGATTGGTTGGAAGCAAA
New Begomovirus Species #1 DNA-A DF-640-A—For GTTGACTGACATTTGCCTT 47
DF-640-A—Rev TGTCAGTCAACAATCTATACACA
New Begomovirus Species #1 DNA-B DF-640-B—For GTTGTTTCAAGGGCGTCGAC 55
DF-640-B-Rev | CAACATCAGACATCCAGCAATAATAAACT
New Begomovirus Species #2 DNA-A 1ToBYMV-A- ATCCATGTCCTCGGCAGTCT 55

For
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1ToBYMV-A- TCACGCACAGAGGAACGC
Rev
New Begomovirus Species #3 DNA-A Abuti-A-For GGACTCCAGGGGGCAAAA 55
Abuti-A-Rev AGTCCCGTCCGTACCACTTG
Alpha-satellite Alfa—For TGGTGTCCTGGCTTATAT 46
Alfa—Rev GGCGGAGTCCTTTTTTTT
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3. Results

3.1. NGS detection of previously reported Begomovirus species in the two pools of
samples (with and without the Ty-1 gene)

The total number of reads per viral species/genomic component obtained in the pool
without the Ty-1 gene is presented in Table 4. The total number of reads per viral
species/genomic component obtained in pool from plants with the Ty—1 gene is presented
in Table 5. After assembly, 19,487 contigs were obtained in the pool without the Ty-1
gene and 7,045 contigs in the sample pool with the Ty—1 gene. Even though with a slightly
different number of evaluated samples in the pools with (n=43) and without (n=64) the
Ty-1 gene, BLASTn analyses of the Illumina HiSeq 2500 sequencing against a reference
GenBank collection of ssSDNA viruses revealed a greater diversity of viral species in the
pool of tomato samples lacking the Ty—1 gene. Ten begomoviruses were found in the pool
without the Ty-1 gene viz. Bean golden mosaic virus — BGMV (only DNA-A was
recovered; GenBank MT214083), Cleome leaf crumple virus — CILCrV (both DNA-A
and DNA-B were recovered; MN337873 and MN337872, respectively), Tomato severe
rugose virus — ToSRV (DNA-A and DNA-B; MT214084 and MT214085, respectively),
Euphorbia yellow mosaic virus — EuYMV (DNA-A and DNA-B; MN746971 and
MN746970, respectively), Sida micrantha mosaic virus — SIMMV (only DNA-A;
MT214092), Tomato chlorotic mottle virus — ToCMoV (DNA-A and DNA-B;
MT214086 and MT214087, respectively), Tomato golden vein virus — TGVV (DNA-A
and DNA-B; MN928610 and MN928611, respectively), Tomato mottle leaf curl virus —
ToMoLCV (only DNA-A was recovered, confirming it as a monopartite species;
MT214088), Tomato common mosaic virus — ToCmMV (only the DNA-A of this
bipartite species was recovered; MT214089) and Tomato rugose mosaic virus — TORMV
(DNA-A and DNA-B; MT214090 and MT214091, respectively) (Table 4). In the pool
harboring the Ty—1 gene, four previously described bipartite Begomovirus species were
recovered with both DNA-A and DNA-B components viz. ToSRV (DNA-A:
MT215001; DNA-B: MT215002), ToCMoV (DNA-A: MT215003; DNA-B:
MT215004), TGVV (DNA-A: MN928612; DNA-B: MN928613), and TORMV (DNA-
A: MT215006; DNA-B: MT215007). The DNA-A component (MT215005) of the
monopartite species TOMoLCV was also recovered. ToSRV and ToORMV displayed the
two highest numbers of reads, indicating their relative predominance in the tomato

samples with the Ty-1 gene. Some of the Neotropical tomato-infecting Begomovirus
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species (included on the RefSeq database) displayed overall high identity levels (e.g. >
97% identity in the case of the DNA-B component that is shared by the species ToSRV
and ToRMV). This implies that some of our reads (Tables 4 and 5) were most likely
counted more than once. For this reason, virus identification was double-checked using
SeqMan NGene with high stringency parameters (99%). The validation of the NGS
results via PCR assays with virus-specific primers coupled with Sanger dideoxy
sequencing was also a very important tool to verify the presence of each individual virus

species described here.

Table 4. Viral circular, single-stranded DNA species detected after Illumina Hiseq sequencing in
the pool of tomato DNA samples lacking the Ty—1 gene.

Viral Species N° of Size (nts)
reads*

Bean golden mosaic virus (BGMV) DNA-A 63,525 2.626
Cleome leaf crumple virus (CILCrV) DNA-A 566 2.560
Cleome leaf crumple virus (CILCrV) DNA-B 702 2.664
Tomato severe rugose virus (ToSRV) DNA-A 3,225,120 2.593
Tomato severe rugose virus (ToSRV) DNA-B 4,018,351 2.572

Euphorbia yellow mosaic virus (EuYMV) DNA-A 1,122 2.609
Euphorbia yellow mosaic virus (EuYMV) DNA-B 1,822 2.579

Tomato chlorotic mottle virus (ToOCMoV) DNA-A 5,971,019 2.620

Tomato chlorotic mottle virus (ToCMoV) DNA-B 1,111,227 2.600

Tomato golden vein virus (TGVV) DNA-A 2,639,961 2.562

Tomato golden vein virus (TGVV) DNA-B 977,027 2.512

Tomato mottle leaf curl virus (TOMLCV) DNA-A 1,784,881 2.632

Tomato common mosaic virus (ToCmMV) DNA-A | 1,070,674 2.560

Tomato rugose mosaic virus (TORMV) DNA-A 3,267,808 2.619

Tomato rugose mosaic virus (ToORMV) DNA-B 4,742,730 2.571
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Sida micrantha mosaic virus (SIMMV) DNA-A 1,221,062 2.688
Plant-associated genomovirus 2 119 2.189

New Begomovirus Species #2 DNA-A 427,646 2.649
New Begomovirus Species #3 DNA-A 2,839 2.636
New Alpha—satellite 155,793 1.321

Table 5. Viral circular, single-stranded DNA species detected after Illumina Hiseq sequencing in

the pool of tomato DNA samples harboring the Ty-1 gene.

Viral Species N° of Size (nts)
reads

Tomato severe rugose virus (ToSRV) DNA-A 7,181,771 2.592
Tomato severe rugose virus (ToSRV) DNA-B 5,782,296 2.570
Tomato golden vein virus (TGVV) DNA-A 2,358,838 2.561
Tomato golden vein virus (TGVV) DNA-B 1,401,684 2.590
Tomato chlorotic mottle virus (ToCMoV) DNA-A 4,519,040 2.623
Tomato chlorotic mottle virus (ToCMoV) DNA-B 811,733 2.565
Tomato mottle leaf curl virus (TOMLCV) DNA-A 2,644,606 2.631
Tomato rugose mosaic virus (ToORMV) DNA-A 7,964,942 2.618
Tomato rugose mosaic virus (ToORMV) DNA-B 5,780,864 2.649
New Begomovirus Species #1 DNA-A 1,270,494 2.605
New Begomovirus Species #1 DNA-B 84,022 2.603
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3.2. NGS detection of putative three novel Begomovirus species as well as a new
alpha—satellite species and a Gemycircularvirus (Genomoviridae) in the tomato
samples

We were also able to identify three putative new Begomovirus species (one in the pool
with the Ty—1 gene and two species in the pool without the Ty—1 gene). In the pool of
samples with the Ty—1 gene, a putative new virus (named here as species #1 = isolate DF—
640) displayed a bipartite genome organization having a DNA-A component with 2,605
nts and a DNA-B component with 2,603 nts (GenBank DNA-A: MT215017 and DNA-
B: MT215018). The putative new species #1 displayed the highest level of identity (85%)
with Tomato rugose yellow leaf curl virus (TRYLCV) isolates. The isolate DF-640 was
recovered from a field-grown tomato plant in vicinities of Gama city (in the Federal
District) with severe symptoms, indicating a putative increase in virulence in relation to
the Ty—1 gene. Two putative new species were detected in the pool lacking the Ty—1 gene.
The first one was tentatively named here as new species #2 (= isolate MG-378) and
displayed only the DNA-A component with 2,649 nts (GenBank MT214095), Tomato
bright yellow mottle virus (ToBYMoV) displayed the highest identity level (84%) to the
new species #2. Additional PCR assays were carried out using the isolate MG-378 as
template, but no amplicon for the putative cognate DNA-B component was recovered
(data not shown), indicating that it is more likely a monopartite virus. The new species #
3 is more likely also a monopartite begomovirus with a DNA-A genome with 2,636 nts
(GenBank MT214096). The new species # 3 displayed the highest identity level (84%) to
Abutilon mosaic Brazil virus (AbMV). In addition, a novel alpha—satellite species
(MT214093) and a gemycircularvirus (Family: Genomoviridae) (MT214094) species
were also detected exclusively in the pool of tomato samples without the Ty-1 gene
(Table 4).

3.3. Confirmation via PCR assays with virus-specific primers and Sanger dideoxy
sequencing of the viral and subviral sSDNA species present in each individual tomato
sample and quantification of mixed infections

After carrying out PCR assays with virus-specific primers (Table 3) and Sanger
sequencing, it was possible to catalog all the viral and subviral sSDNA species present in
each individual tomato sample comprising the two pools. In the samples of the pool

without the Ty—1 gene, it was possible to confirm the presence of all Begomovirus species
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reported initially by the analyses of the NGS-derived results (Table 6). TOSRV was the

most prevalent begomovirus, mainly in samples from Goids-GO State. In the samples of

the pool with the Ty—1 gene, all species identified after NGS analyses were also confirmed

via PCR assays with virus-specific primers (Table 7). In addition, it is important to

highlight that the majority of the samples displayed mixed infections with two to five

viral species being simultaneously detected in a single tomato plant (Figures 1 and 2).

Table 6. Relative frequency of begomovirus and other circular single-stranded DNA viruses

detected after Illumina Hiseq sequencing of 63 tomato DNA samples lacking the Ty—1 gene.

Viral

species* followed
by the respective
number of
occurrences in each
region

Goias

State-GO

Federal

District-DF

Minas Gerais

State-MG

ToSRV

(32+9+5) = 46

GO-046, GO-109, GO-
118, GO-120, GO-130,
GO-134, GO-136, GO-
137, GO-142, GO-143,
GO-144, GO-168, GO-
169, GO-191, GO-192,
GO-221, GO-244, GO-
245, GO-248, GO-249,
GO-250, GO-251, GO-
298, GO-299, GO-301,
GO-322, GO-336, GO-
390, GO-493, GO-505,
GO-511, GO-594.

DF-043, DF-166, DF—
167, DF-211, DF-447,
DF-453, DF-544, DF—
566, DF—667.

MG-012, MG-018,
MG-029, MG-150,
MG-388.

TGVV

(23+8+5) = 36

GO-046, GO-109, GO-
130, GO-134, GO-137,
GO-142, GO-143, GO-
168, GO-169, GO-191,
GO-192, GO-221, GO-
244, GO-245, GO-248,
G0O-249, GO-250, GO-

DF-023, DF-028, DF—
045, DF-046, DF-050,
DF-062, DF-167, DF—
211.

MG-015, MG-016,
MG-018, MG-029,
MG-046.
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298, GO-299, GO-301,
GO-322, GO-336, GO-
493.

ToCMoV

(21+8+5) = 34

GO-023, GO-046, GO-
109, GO-111, GO-120,
GO-130, GO-134, GO-
136, GO-137, GO-143,
GO-144, GO-191, GO-
245, GO-249, GO-250,
GO-251, GO-298, GO-
299, GO-301, GO-322,
GO-390.

DF-018, DF-028, DF—
043, DF-045, DF-046,
DF-050, DF-167, DF—
566.

MG-015, MG-018,
MG-046, MG-073,
MG-150.

ToCmMV GO-023. - MG-388.
(1+0+1) =2
BGMV GO-142. DF-045, DF-046.
(1+2+0) =3
CILCrV - - MG-150
(0+0+1) =1
EuYMV --- --- MG-012, MG-016.
(0+0+2) =2
ToMLCV G0O-299, GO-384, GO- | DF-018, DF-023, DF- | MG-325.
505, GO-594. 028, DF-050, DF-062,
(4+8+1) = 13 DF-330, DF-453, DF-
566.
ToRMV GO-109, GO-118, GO- | DF-043. MG-150.

(19+1+1) =21

130, GO-134, GO-136,
GO-137, GO-143, GO-
144, GO-168, GO-191,
G0O-192, GO-244, GO-
248, GO-250, GO-251,
G0O-298, GO-322, GO-
336, GO-505.
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SIMMV

(8+3+0) =11

GO-118, GO-120, GO-
134, GO-168, GO-245,
G0O-248, GO-301, GO-
511.

DF-045, DF-050, DF-
166.

Plant-associated
genomovirus 2

(2+0+0) = 2

G0O-298, GO-301.

Alpha-satellite

(0+4+0) =4

DF-023, DF-028, DF—
050, DF-062.

New Begomovirus
species #2

(0+0+1) =1

MG-378.

New Begomovirus
species #3

(1+0+0) = 1

GO-169.

*ToSRV = Tomato severe rugose virus, TGVV = Tomato golden vein virus, ToOCMoV = Tomato chlorotic
mottle virus, ToOCmMYV = Tomato common mosaic virus, BGMV = Bean golden mosaic virus, CILCrV =
Cleome leaf crumple virus, EuYMV = Euphorbia yellow mosaic virus, TOMLCV = Tomato mottle leaf curl
virus, TORMV = Tomato rugose mosaic virus, and SIMMYV = Sida micrantha mosaic virus.
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Table 7. Relative frequency of begomovirus and other circular single-stranded DNA viruses in

association with 43 tomato DNA samples harboring the Ty—1 gene detected after lllumina Hiseq

sequencing.
Viral Goias Federal Minas Gerais
species* followed State-GO District-DF State-MG

by the respective
number of
occurrences in
each region

ToSRV

(14+5+7) = 26

GO-145, GO-148, GO-
151, GO-157, GO-161,
GO-164, GO-247, GO-
330, GO-371, GO-479,
G0O-487, GO-490, GO-
550, GO-582.

DF-236, DF-339,
DF-438, DF-550,
DF-556.

MG-169, MG-285, MG—
286, MG-287, MG-326,
MG-383, MG-387.

TGVV

(12+3+0) = 15

GO-145, GO-148, GO-
149, GO-151, GO-305,
G0O-320, GO-326, GO-
371, GO-479, GO-490,
G0O-582, GO-583.

DF-236, DF-238,
DF-438.

ToCMoV

(12+149) = 22

GO-145, GO-148, GO-
149, GO-305, GO-320,
G0O-326, GO-330, GO-

DF-550.

MG-092, MG-122, MG—
169, MG-282, MG-283,
MG-284, MG-285, MG—

371, GO_479, GO_490, 286, MG_287.
GO-_582. GO_583.
ToMLCV GO_307, GO_320, GO_ | DF 227, DF_236. | MG_326.
) 326, GO_582. DF_252, DF-339,
(4+8+1) =13 DF_438, DF_529,
DF_550, DF-556.
ToRMV GO_145 GO_148, GO | DF_227. MG_092. MG_122, MG

(13+1+8) = 22

149, GO-151, GO-157,
GO-161, GO-164, GO-
247, GO-307, GO-308,

169, MG-282, MG-283,
MG-284, MG-285, MG—
286.
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G0O-320, GO-330, GO-
479.

New Begomovirus
species #1

(0+1+0) =1

DF-640.

*ToSRV = Tomato severe rugose virus, TGVV = Tomato golden vein virus, ToOCMoV = Tomato

chlorotic mottle virus, and TORMV = Tomato rugose mosaic Virus.
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Figure 1. Frequency and relative predominance of Begomovirus species and single-stranded
DNA (ssDNA) viruses detected with via Illumina Hiseq sequencing of tomato samples with
(n=43) and without (n=64) the Ty-1 gene. Results were validated by PCR assays with virus-
specific primers and by Sanger dideoxy sequencing. Viruses detected: Tomato severe rugose virus
(ToSRV); Tomato golden vein virus (TGVV); Tomato chlorotic mottle virus (ToCMoV); Tomato

rugose mosaic virus (ToRMV); Tomato mottle leaf curl virus (ToMoLCV); Sida micrantha
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mosaic virus (SiMMV); Bean golden mosaic virus (BGMV); Tomato common mosaic virus
(ToCmMV); Euphorbia yellow mosaic virus (EuYMV) and Cleome leaf crumple virus (CILCrV).
A new alpha-satellite species and three putative novel Beomovirus species (= New species #1,
New species #2, and New species #3) were also detected. Black bars in each line are indicating
the presence of a given virus in a given individual sample = isolates (left column). Isolate with
GO abbreviation = isolates collected in Goiéas State; DF abbreviation = isolates collected in the
Federal District and MG abbreviation = isolates collected in Minas Gerais State, in Central Brazil.

25,
m Without 73-1

With 7i-1

1 2 3 4 5

Number of detected viruses

— — S
= W =)

Number of samples

i

Figure 2. Number of samples displaying single and mixed (ranging from two to five viruses per
sample) infections with Begomovirus species and single-stranded DNA (ssDNA) viruses detected
with lllumina Hiseq sequencing of tomato samples with (n=43) and without (n=64) the Ty-1 gene.
Results were validated by PCR assays with virus-specific primers and by Sanger dideoxy

sequencing.

4. Discussion

Over 286 viral species have been reported infecting tomatoes worldwide (Virus-
HostDB, 2020). In Brazil, the tomato crop is also affected by several virus—induced
diseases of great economic importance (Inoue-Nagata et al., 2016b). Diseases caused by
begomoviruses are among the most important ones for the tomato crop in the country,
mainly due to the widespread presence of their very efficient vector: B. tabaci MEAM 1
(De Barro et al., 2011; Rosen et al., 2015). A large number of surveys have been carried
out in tomato fields across many Brazilian regions after the introduction of B. tabaci

MEAM 1 in the early 1990s and they are revealing the presence of an extremely diverse
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complex of Begomovirus species. Currently, over 20 begomoviruses have been described

infecting tomatoes under natural conditions (Inoue-Nagata et al., 2016a).

The emergence per se of a large number of novel viral species is somewhat
expected since the begomoviruses display a well-known set of mechanisms for
generating genetic variability such as mutation, recombination, and pseudo-
recombination (Ribeiro et al., 2003; Seal et al., 2006; Sahu et al., 2018). The scenario of
Immense begomovirus variability in the Neotropics favors the emergence of new species,
which can be intensified by the frequent occurrence of mixed infections. However, there
is a surprisingly scarce amount of information quantifying the frequency of mixed
infections of tomato plants by members of the Neotropical Begomovirus species complex
under natural conditions. Our NGS-derived results displayed a substantial number of the
tomato samples with events of co—infection in both pools (with and without the Ty-1
gene). The simultaneous presence of distinct virus species detected in single plants ranged
from two to up to five (Figures 1 and 2). However, it is interesting to highlight that the
Ty-1 gene did not have a significant impact on reducing the overall number of multiple
viral infections, since samples with this genetic factor displayed non-significant
differences when compared to samples without this gene (chi—square test = 6.5193; p—

value = 0.1635, which was found to be not significant at p < 0.05).

In our study, in addition to the detection of Begomovirus species already reported
in the Neotropics, it was possible to detect two putative new Begomovirus species in the
samples without the Ty—1 and one novel Begomovirus species in a sample with the Ty-1
gene. The putative new species # 1 (DF-640) displays all typical features of the New
World bipartite begomoviruses, having a DNA-A with a size of 2,605 nts and a DNA-B
component with 2,603 nts. The new species # 1 displayed the highest identity level (85%)
with Tomato rugose yellow leaf curl virus (TRYLCV). Only the DNA—-A components
were found in the putative new species # 2 (= isolate MG-378) and in the new species #
3 (= isolate GO-169), suggesting that both might be novel monopartite viruses. The new
species # 2 (2,649 nts) displayed the highest identity (84%) with the Tomato bright yellow
mottle virus (ToBYMoV) and the new species # 3 (2,636 nts) displayed the highest
identity level (84%) with Abutilon mosaic Brazil virus (AbMBV). According to the
current criteria for species demarcation in the genus Begomovirus, nucleotide identities
of the DNA-A component that are less than 91% with the complete DNA-A genome of

any other known begomovirus sequence will correspond to a new species (Brown et al.,

105



2015). The overall low number of samples detected with these putative new
begomoviruses indicates that they may represent extremely rare emergence events of
novel viral variants. Therefore, it is most likely that we were able to identify these
emerging viruses here due to the enhanced analytical power provided by the NGS

technology.

A putative novel alpha—satellite (with 1,321 nts) was also detected in four isolates
(DF-023, DF-028, DF-050, and DF-062) collected in distinct areas of the Federal
District in plants lacking the Ty-1 gene. Alpha—satellite DNA molecules are subviral
agents classified in the family Alphasatellitidae that have been found in association with
Begomovirus (Briddon et al., 2018; ICTV, 2020). Here, alpha—satellite isolates were
found in samples with mixed infections with distinct viral species viz. isolate DF-023
(mixed with TGVV and ToMLCV), DF-028 (mixed with TGVV, ToCMoV, and
ToMLCV), isolate DF-050 (mixed infection with TGVV, ToCMoV, ToMLCV, and
SiIMMV), and isolate DF-062 (mixed infection with TGVV and ToOMLCV). The genera
of alpha—satellites associated with the geminiviruses are found in the subfamily
Geminialphasatellitinae, genus Ageyesisatellite, Clecrusatellite, Colecusatellite and
Gosmusatellite. Nucleotide identity less than 88% (in comparison with complete
sequences of the known alpha-satellites) is the criterion currently used for the
classification of a new species within the family Geminialphasatellitinae (Briddon et al.,
2018; ICTV, 2020). The alpha—satellite isolates found in the present study showed the
highest level of identity (81%) with other New World species that were found in
association with bipartite begomoviruses in Brazil, Cuba, and Venezuela (Paprotka et al.,
2010; Romay et al., 2010). Thus, according to the demarcation within the subfamily, the
alpha—satellite is more likely a new species, probably of the genus Clecrusatellite, which
is composed by species found in association with bipartite Begomovirus from the New
World (Paprotka et al., 2010; Romay et al., 2010; ICTV, 2020). All four alpha—satellite
isolates reported here were found in constant association with two begomoviruses (TGVV
and ToMLCV). Therefore, additional bioassays will be necessary to identify which
associated Begomovirus species is able to transreplicate this novel alpha—satellite.

A Plant-associated genomovirus 12, classified into the genus Gemycircularvirus
(family Genomoviridae), was also detected in two tomato samples from the pool without
the Ty—1 gene (isolates GO-298 and GO-301). Both isolates were collected in Leopoldo
de Bulhdes, Goias-GO State in 2004. These isolates displayed 98% identity to Capybara
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genomovirus 9 isolate capl 561 (MK483081.1) from Brazil. The gemycircularviruses
have ssSDNA and some species of this genus have been reported in association with plants
(Male et al., 2015; Marzano and Domier, 2016). Studies with these viral species are
recent, since the Genomovoridae family was only established in 2016 by the ICTV
(Krupovic et al., 2016). In Brazil, two gemycircularviruses (Momordica charantia—
associated gemycircularvirus — MoaGmV and Euphorbia heterophylla—associated
gemycircularvirus — EuaGmV) were found in samples obtained from weeds Momorcadia
charantia and Euphorbia heterophylla, respectively (De Rezende et al., 2018). However,
according to our knowledge, this is the first report of a gemycircularvirus associated with

tomatoes in Brazil and worldwide.

In the present study, the complete DNA-A sequences of the begomoviruses
BGMV, SIMMV, and ToCmMV were detected and subsequently confirmed in the
individual samples via PCR assays and Sanger sequencing. BGMV was found in two
samples collected in the Gama—DF region in 2003 (isolates DF-045 and DF-046) and in
one sample collected in Leopoldo de Bulh6es—GO (isolate GO-142). In fact, BGMV has
been previously found in association with tomatoes in the Submédio S&o Francisco River
valley in Northeast Brazil (Lima et al., 2001). However, this initial detection was carried
out by using only DNA-A specific probes without additional molecular characterization
of the putative BGMYV isolates (Lima et al., 2001). Therefore, our work is the first to
characterize tomato-infecting BGMV isolates. Interestingly, the DNA-B components of
these BGMYV isolates were not recovered from the samples that were positive for DNA-
A component of this virus; indicating that these isolates might be using one alternative
DNA-B component from another co-infecting species. Additional bioassays will be

necessary to confirm this hypothesis.

SiIMMV was detected in association with tomatoes in Goias State (nine samples)
and in the Federal District (three samples). SIMMV was already reported infecting
tomatoes in 2004 in Sdo Joaquim de Bicas—MG (Calegario et al., 2004). Interestingly, all
SIMMYV isolates were found only in the pool without the Ty—1 gene (Table 6), suggesting
virus-specific filtering effects by this genetic factor. It will be of interest to challenge
plants harboring the Ty—1 gene with infectious SIMMV clones to confirm this potential

high level of resistance to this pathogen. This work is now underway.
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Somewhat surprising, only the DNA-A component of the bipartite species
ToCmMV was detected in two samples of the pool without the Ty-1 gene (GO-023 and
MG-388) collected in Luziania-GO and Vigosa-MG, respectively. The isolate GO-023
is mixed infection with ToCMoV and the isolate MG-388 is mixed infection with
ToSRV. The absence of the DNA-B component of ToOCmMYV is also suggesting that these
isolates might be using this component of these co-infecting species. This hypothesis
remains to be investigated. ToOCmMYV was initially reported infecting tomato plants
collected in 2005 in Paty do Alferes in Rio de Janeiro and Coimbra-MG (Castillo-Urquiza
et al., 2008). In field surveys carried out in Espirito Santo, ToOCmMYV was identified as
the only bipartite Begomovirus species infecting tomatoes between the years 2007 and
2011 (Barbosa et al., 2016). However, ToCmMYV was not yet reported in Goiés State
(GO-023), having a predominant occurrence in regions comprising the Atlantic Rain
Forest biome and vicinities. Even though both ToCmMYV isolates were found in the pool
without the Ty-1 gene, there are reports indicating that this virus can replicate and cause
mild symptoms in tomato plants carrying this tolerance factor (manuscript in preparation).

The DNA-A and DNA-B genome sequences of EuYMYV and CILCrV were also
recovered in our NGS analyses only from samples without the Ty-1 gene. EUYMV was
detected in two samples in Minas Gerais State (isolates MG-012 and MG-016) collected
in 2002 and CILCrV was found in one sample collected in Minas Gerais State (MG-150)
in 2010. EuYMV was first characterized infecting the weed E. heterophylla (Fernandes
et al., 2011) and CILCrV was first reported infecting the weed Cleome affinis (Paprotka
et al., 2010). However, according to our knowledge, this is the first report of these two
viral species naturally associated with tomatoes. The detection of these two species
reinforces the hypothesis that weeds can serve as a natural reservoir for begomoviruses
that may able to move and be able to infect cultivated plants such as tomatoes.

We found that the NGS analyses in combination with PCR assays with virus-
specific primers and Sanger sequencing to be powerful tools that allowed us to assess the
relative prevalence of the predominant Begomovirus species in distinct geographic areas
of Central Brazil. In the present work, we were also able to recover the complete genomes
of the monopartite species TOMoLCV as well as the sequences of the DNA-A and DNA-
B components of the bipartite species ToCMoV, TGVV, ToRMV, and ToSRV, which
were detected in both pools (with and without the Ty-1 gene) of samples (Figure 1).

ToSRV has been described as the predominant begomovirus species as indicated by
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independent surveys carried out across all tomato-producing regions in Brazil (Rezende
etal., 1997; Cotrim et al., 2007; Fernandes et al., 2008). ToSRV was also the predominant
species in our study, being found in 46 samples of pool without the Ty—1 gene and in 26
samples in the pool harboring the Ty—1 gene (Figure 1). This ability of ToSRV isolates
replicate in plants with the Ty-1 gene could also be considered as an additional factor
explaining the overall predominance of the virus under Brazilian conditions. TOSRV is
predominant in the central and meridional regions of Brazil (Fernandes et al., 2008; Rocha
et al., 2013), whereas ToMoLCV is predominant in the Northeast region (Fernandes et
al., 2008). However, ToMoLCV is also often found in the Central Brazil (Albuguerque
et al., 2012), which was confirmed by our results. ToOCMoV has already been reported
across the Northeast, Southeast, and Central Brazil (Ribeiro et al., 2003; Ribeiro et al.,
2007). However, our results indicated that besides the Federal District, a large number of
ToCMoV-infected tomato samples were also identified in Goids State. TGVV is
commonly found in Central Brazil (Albuquerque et al., 2012) and our results are in
agreement with this observation. TORMV is a recombinant viral species with genomic
contributions of ToSRV and ToCMoV (Ribeiro et al., 2007). In accordance with our
results, TORMV was found to be one of the predominant viral species in the central region

of Brazil, especially in the Goiés State (Ribeiro et al., 2003; Fernandes et al., 2006).

The present work is the first exploratory study on the potential impact of the Ty—
1 gene on the diversity of Neotropical Begomovirus species. It was possible to observe
putative filtering effects as well as gene-specific viral selection in samples with the Ty-1
gene, indicating a potential evolution of viral populations more adapted to this genetic
factor. It would be interesting to know if the viruses detected in the apical mild symptoms
in plants carrying the Ty—1 gene are indeed able to escape its effects or if the occurrence
of multiple infections on these plants makes a more permissive cellular environment.
However, an illustrative example is the isolate DF-640 that was recovered from a field—
grown tomato plant carrying the Ty—1 gene in the Federal District, which was displaying
severe disease symptoms. This strong susceptible—like reaction associated with the isolate
DF-640 may indicate its potential ability to overcome the Ty—1 gene. Another possibility
is that the isolate DF—-640 may represent a singular “host switch” event that is not
necessary associated with viral adaptation to the Ty—1 gene. The production of infectious
DF-640 clones is now underway and they will be used to verify this hypothesis.
Nevertheless, it is well documented in the literature that the increase in the acreage of

109



cultivars harboring resistance genes such as the Ty—1 can result in strong selection forces
towards more aggressive viral isolates, accelerating the change in the composition of the
viral population and potentially culminating with the loss of effectivity of the source of
resistance/tolerance. Recently, it was reported the “breakdown” of Ty-1 mediated
resistance/tolerance by TYLCV strains in Morocco, Italy, and Spain. Tomato plants with
the Ty—1 gene showing severe symptoms caused by TYLCV were collected and the
analyzes revealed the presence of a novel virus derived from a recombination event
between TYLCV and Tomato yellow leaf curl Sardinia virus (TYLCSV) in which a non—
coding region between the origin of replication and the start of the V2 gene were switched
(Belabess et al., 2015; Panno et al., 2018; Granier et al., 2019; Torre et al., 2019). In
Brazil, a study was carried out, evaluating begomovirus diversity in samples of a
susceptible processing tomato cultivar (‘Heinz 9553°) and a Ty-1 harboring cultivar
(‘BRS Sena’). ToSRV and ToMoLCV were detected in both cultivars, being ToSRV the
most prevalent. Mutations were detected in the isolates of both viral species with a greater
number of substitution mutations occurring in the ToSRV and ToMoLCV DNA — A
sequences obtained from ‘BRS Sena’, indicating that these viral isolates are suffering
stronger selection pressure which was most likely imposed by the presence of the Ty-1
gene (Régo, 2016). Studies have also reported the “breakdown” of the resistance
mediated by the Ty—2 gene caused by a strain of TYLCV (Ohnishi et al., 2016) and by a
strain of the Tomato leaf curl Bangalore virus (ToLCBV) in India (Tiwari et al., 2010).
The effectivity loss of the Ty—2 mediated resistance to this virus was explained by a
combination of changes in replication efficiency, viral gene expression and by the
recombination events in viral genomic regions that may be less prone to transcriptional

gene silencing (Voorburg et al., 2020).

Our preliminary set of analyses showed no unique (i.e. pool-specific)
polymorphisms among a subset of Begomovirus species found in the two pools (data not
shown). Several point mutations were found, but none of them was specific to the viruses
present in pool with or without the Ty—1 gene. Thus, another plausible explanation for
some of the reported field events of Ty—1 mediated resistance/tolerance “breakdown”
under Brazilian conditions could be related to some natural synergistic interactions with
distinct group of viruses. In fact, it has been demonstrated that the Ty—1 gene does not
confer resistance to major tomato-infecting RNA viruses such as Tomato spotted wilt
virus — TSWV and Cucumber mosaic virus — CMV (Butterbach et al., 2014). However,
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it has been demonstrated that RNA viruses can compromise resistance against
begomoviruses as previously shown during TYLCV and CMV co-infection, where there
was a significant increase in TYLCV concentration that was due to the inhibition of the
transcriptional gene silencing response by CMV 2b RNAI suppressor protein (Gonzélez
etal., 2010; Hamera et al., 2012; Butterbach et al., 2014). In the present work, it was not
possible to assess the diversity of RNA viruses associated with the samples because the
employed methodological approach did not allow us to analyze this group of viruses.

5. Conclusion

The results reported here provide useful information about the population
dynamics of begomoviruses associated with tomato crops across three major tomato-
producing regions of Central Brazil in the last decade. However, in order to carry out a
more precise study on the potential selective impact of the Ty—1 locus on begomovirus
diversity and evolution, a distinct experimental strategy would be probably more
appropriate, since our analysis was conducted on samples collected in different regions
of a large country, in different years and from tomato plants grown in different
microenvironmental situations. Therefore, it is possible that these variables (geographic
area, climate, and year) can generate some biases that may not allow us to estimate the
actual effect of Ty—1 gene. For this purpose, the analysis could be more appropriately
conducted on samples collected from experimental plots cultivated with tomato isolines
with and without the Ty—1 gene. On the other side, our ecologically—oriented approach
allowed us to carry out a more ample exploration of an array of environments which may
enhance the opportunity to detect a larger number of yet undescribed viral species
associated with the tomato crop. Even though with a slightly different number of
evaluated samples in the pools with (n=43) and without (n=64) the Ty-1 gene, virus-
specific PCR assays and Sanger sequencing validations of NGS—derived data indicated
greater diversity (14 versus six species) in samples lacking this gene. Moreover, two novel
Begomovirus species, one gemycircularvirus (Genomoviridae) and one alpha—satellite
were identified exclusively in samples without the Ty-1, whereas a novel begomovirus
was found exclusively in the Ty-1 gene pool. These results indicated a potential viral
adaptation to this tolerance factor as well as virus-specific filtering effects of the Ty-1 on

a subset of single-stranded DNA viruses and subviral agents. However, these hypotheses
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will be better tested with tomato isolines (with and without the Ty—1 gene) after controlled

experiments employing infectious clones.
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Resumo

Tomato yellow vein streak virus (ToYVSV) e o Tomato golden vein virus (TGVV) séo
begomovirus bipartidos da Ameérica do Sul que apresentam estreita relacdo genetica. As
identidades de DNA-A entre os isolados ToYVSV e TGVV exibem uma variagao continua
(de 89 a 100%), o que tem gerado incertezas quanto ao real status taxonémico desses virus.
Um estudo abrangente com todos os isolados virais disponiveis foi realizado utilizando o
Sequence Demarcation Tool (SDT) e alinhamentos via MUSCLE. Dois grupos bem definidos
foram identificados, consistentes com os critérios atuais para demarcagdo de especies de
Begomovirus. Além disso, nossa reavaliacdo reconheceu uma variedade de isolados com
nomes errdbneos e um conjunto distinto de caracteristicas gendémicas, bioldgicas e ecoldgicas

especificas para cada isolado.

Abstract

Tomato yellow vein streak virus (ToYVSV) and Tomato golden vein virus (TGVV) are
closely-related bipartite begomoviruses from South America. The DNA-A identities among
ToYVSV and TGVV isolates display a continuum (from 89 to 100%), that has generated
uncertainty concerning their actual taxonomic status. A comprehensive study with all
available viral isolates was conducted employing Sequence Demarcation Tool (SDT) and
multiple MUSCLE alignments. Two clear-cut clusters were identified, consistent with the
current criteria for Begomovirus species demarcation. Moreover, our reappraisal recognized
an array of misnamed isolates and a distinctive set of species/isolate—specific genomic,

biological, and ecological features.

Viruses of the genus Begomovirus (family Geminiviridae) are efficiently transmitted
by members of the whitefly Bemisia tabaci (Hemiptera: Aleyrodidae) cryptic species complex
(ICTV, 2020). Their single-stranded DNA (ssDNA) genomes consist of either one (DNA-A
only) or two/bipartite (DNA-A and DNA-B) components that are replicated in the nuclei of
their host cells (Rojas et al., 2018). The genus Begomovirus aggregates the largest number of
species within the family Geminiviridae (ICTV, 2020). Due to the increasing number of
isolates that have been recently characterized within this genus, a more robust set of taxonomic
rules was established for novel species demarcation (Brown et al., 2015). In the first proposed
set of criteria, a new species was only defined when the nucleotide identity levels the of

complete DNA-A component was less than 89% in comparison with all the available virus
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sequences (Fauquet et al., 2008). In 2015, a new set of criteria was established that determined
standardized comparative analyses employing the MUSCLE alignment in combination with
Sequence Demarcation Tool (SDT). In the current classification system, a novel species can
only be defined when the nucleotide identity of the entire DNA-A displays less than 91% in
comparison with the complete genome of any other known begomovirus sequence. If the
DNA-A sequence of a given virus shares less than 94% identity with the complete DNA-A
genome of all the previously described isolates for that species it is then classified as a new
strain (Brown et al., 2015).

Begomoviruses are reported infecting tomatoes (Solanum lycopersicum L.), potatoes
(S. tuberosum L.), beans (Phaseolus vulgaris L.), cowpea [Vigna unguiculata (L.) Walp.],
cotton (Gossypium hirsutum L.) as well as more than 100 dicotyledonous species around the
world (Inoue-Nagata et al., 2016a; Naito et al., 2019). In Brazil, the invasion of B. tabaci
Middle East-Asia Minor 1 (MEAM 1 = biotype B) in the early 1990s favored the rapid spread
of begomoviruses across the main tomato-producing areas of the country (Ribeiro et al.,
2003). In addition, the mechanisms of generating genetic variability in begomovirus
(mutation, recombination, and pseudo-recombination) can lead to a more intense natural
emergence of novel species (Ribeiro et al., 2003; Seal et al., 2006). In fact, tomato field
surveys conducted after begomovirus outbreaks revealed a wide array of viral species (mainly
with bipartite genomes) affecting this crop under Brazilian conditions. Thus far, 21 tomato-
infecting species have been characterized in the country with the most prevalent ones being:
Tomato severe rugose virus — ToSRV; Tomato mottle leaf curl virus — ToMoLCV
(monopartite); Tomato chlorotic mottle virus — ToCMoV; Tomato common mosaic virus —
ToCmMV; Tomato golden vein virus — TGVV, and Tomato yellow vein streak virus —
ToYVSV (Faria et al., 1997; Ribeiro et al., 2003; Calegario et al., 2007; Castillo-Urquiza et
al., 2008; Albuquerque et al., 2012; Macedo et al., 2018; Quadros et al., 2019; Régo-Machado
et al., 2019). In addition, some begomoviruses that were reported infecting weed hosts were
also described in tomatoes including: Sida mottle virus — SiMoV and Sida micrantha mosaic
virus — SimMV (Calegario et al., 2004; Cotrim et al., 2007).

Isolates described as either ToYVSV or TGVV have been reported infecting tomatoes
as well as other hosts across South America (Arruabarrena et al., 2016; Vaghi Medina et al.,
2018; Varela et al., 2018; Bornancini et al., 2020). The close phylogenetic relationship as well
as the multiple and independent descriptions of novel viral isolates of these two putatively
distinct species have generated some uncertainty in relation to their taxonomic status. The first

ToYVSV isolate was described infecting tomato in Campinas, S&o Paulo State — SP, Brazil in
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1995 (Faria et al., 1997). This initial description was done with partial sequences of the DNA—
A (1,303 nts; U79998) and DNA-B components (1,077 nts; U80042) obtained after PCR
assays with the degenerate primer pairs ‘PACI1v1978°/‘PAVI1c715’ and ‘PBC1v2039°/
‘PBV1c¢800° (Rojas et al., 1993) respectively. Subsequently, the partial (1,320 nts) DNA-A
segment (encompassing the replication-associated protein — AC1 and the coat protein — AV1
genes) of a novel tomato-infecting ToYVSV isolate was characterized in Campinas—SP
(AY829113) in 2004. The first complete DNA-A genome sequences of tomato-infecting
isolates designated as ToYVSV were reported in 2007 (EF417915 = NC_010949 and
EF459696). Additional surveys in Paty do Alferes (in Rio de Janeiro-RJ State) provided the
complete DNA-A genome characterization of 23 novel tomato-infecting isolates that were
named as ToYVSV (Rocha et al., 2013). Meanwhile, independent analyses indicated that
ToYVSV isolates were also associated with a leaf deformation disease of potatoes known to
occur in Southern Brazil since the 1980s (Daniels and Castro, 1985). The complete DNA-A
and DNA-B sequences of the potato-infecting ToYVSV-Ba3 isolate (collected in 1983 in Rio
Grande do Sul) were deposited at GenBank. The reference ToYVSV DNA-A component is
EF417915 (= NC_010949)] and the reference DNA-B component is EF417916 (=
NC_010950) (Albuquerque et al., 2010). Isolates referred to as ToYVSV have been also
reported in association with tomato, bean, and Capsicum crops in the South Cone of South
America, including Argentina, Uruguay, and Chile (Arruabarrena et al., 2016; Varela et al.,
2018; Bornancini et al., 2020). In contrast, the first TGVV isolates were reported in 2004—
2005 as putative novel species closely related to ToYVSV. Partial DNA-A genome
characterization was carried with three tomato-infecting TGVV isolates (AY751742,
DQ346649, and DQ346650) collected in Central Brazil. In 2011, the complete DNA-A
sequence of five tomato-infecting TGVV isolates from inland areas of Central Brazil
(including the Federal District-DF as well as Goias-GO and Minas Gerais-MG States) were
obtained (JF803254, JF803255, JF803256, JF803257, JF803258, and JF803259). The DNA-—
A component of the isolate DF [BR:1ta1220:03] (= NC_038807) was established as the TGVV
reference sequence.

Even though the complete DNA-A of ToYVSV reference isolate (EF417916 =
NC _010949) displays 89.22% nucleotide identity with the TGVV reference isolate
(NC_038807), our preliminary analysis employing complete DNA-A segments of a subgroup
of the isolates from the GenBank identified as either ToYVSV or TGVV showed a continuum
with their identity levels ranging from 89 to 100%. This observation caused some uncertainty

in relation to their actual taxonomic status. Moreover, a subgroup of GenBank isolates with
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distinct names (either ToYVSV or TGVV) displayed 98 to 100% identities, indicating that
they may represent dubious/erroneous descriptions of the very same viral species. On the other
hand, a subgroup of isolates also designated as either ToYVSV or TGVV shared DNA-A
nucleotide identity >87.5%, indicating potential inaccuracy of their nomenclature. In view of
these apparently conflicting and complex aspects on the taxonomic status and nomenclature
of these isolates, we carried out a comprehensive set of analyses aiming to clarify the genetic
relationships among isolates previously characterized as either ToOYVSV or TGVV.
Complete DNA-A sequences of 42 isolates named as either ToYVSV (n=36) or
TGVV (n=6) were retrieved from the GenBank (www.ncbhi.nlm.nih.gov). In addition, efforts
to characterize additional ToYVSV and TGVYV isolates were also carried out in the present
work. Foliar samples of tomato cultivars showing typical begomovirus—induced symptoms
(interveinal chlorosis, apical leaf deformation, yellow mosaic, rugosity, and dwarfism) were
collected in across producing regions in GO, DF, and MG regions in Central Brazil. Foliar
samples of tomato cultivars harboring the Ty—1 gene, but expressing conspicuous symptoms
were also collected. These samples were subsequently subjected to total DNA extraction using
a modified CTAB protocol (Boiteux et al., 1999) and stored at -20 °C. To confirm the presence
of the Ty-1 gene, Polymerase Chain Reaction (PCR) assays were performed with the pair of
UWTyF / UWTYR primers which allow for the detection of polymorphic codominant Cleavage
Amplified Polymorphic Sequence (CAPS) markers associated with the resistant dominant
allele (Ty-1) and with the susceptible recessive allele (ty—1) after cleavage with Taq |
restriction enzyme. Total genomic DNA purifications were further enriched for circular
ssSDNA molecules via rolling circle amplification — RCA (Inoue-Nagata et al., 2004).
Afterward, the samples were grouped into two contrasting pools: one harboring the Ty—1 gene
and the other lacking the Ty-1 gene. The contrasting pools were submitted to the high—
performance sequencing at an Illumina HiSeq 2500 platform at the Macrogen Inc. (South
Korea). The sequences were assembled in the CLC Genomics Workbench program 10. The
generated contigs were validated by BLASTn and compared to a sSSDNA virus database. The
genomes of the Illumina-derived viral species were analyzed and amplified using the
Geneious 11.0 program. Both pools of samples showed the presence of TGVV-related
sequences, but not ToYVSV- related sequences. Therefore, PCR assays were performed for
the detection of individual TGVYV isolates using a pair of species—specific primers (TGVV
Forl: 5’-AAA GGA AGA TAA TTC AAA TAT AGG GA-3’/ TGVV Revl: 5>-ATC TTC
CTT TAC TCA CGT TC CTG AT-3’) designed in Geneious 11.0. Multiple MUSCLE
alignments were performed in SDT v1.2 (Muhire et al., 2014) and the phylogenetic
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constructions were performed using the Geneious 11.0 program by the PhyML method, model
F81 with 1,000 bootstrap replications. The figures were elaborated with Adobe Illustrator CC
and EvolView.

We were able to recover the complete DNA-A and DNA-B components of two novel
TGVV-related isolates: one from the pool without the Ty—1 gene [(the DNA-A component
with 2,562 nts (= GenBank MN928610) and the DNA-B component with 2,534 nts (=
MN928611)] and one from the pool of plants carrying Ty—1 gene [the DNA-A component
with 2,561 nts (= MN928612) and the DNA-B component with 2,575 nts (= MN928613)]. A
set of analyses using phylogenetic analysis and SDT was then carried out with these two novel
isolates plus all 43 isolates available at GenBank that were named as either ToYVSV or
TGVV. Our results showed two clear-cut clusters of isolates, which is consistent with the
current criteria for Begomovirus species classification (Brown et al., 2015). The first subgroup
was composed by tomato-infecting isolates named in the GenBank as either ToYVSV or
TGVV which displayed two common features: (1) tomato as a natural host and (2)
geographical occurrence in inland areas of Central and South-East Brazil. These isolates
displayed identity levels ranging from 95 to 100% among them, indicating that they represent
descriptions of a single viral species. Therefore, a large fraction of this cluster of viruses is
composed by misnamed isolates. These viruses should, according to our analysis, be
collectively referred to as TGVV isolates, since they have nucleotide identity levels above
91% with the corresponding reference isolate of this viral species (Figure 1). The second
phylogenetic subgroup was composed by the reference ToYVSV-Ba3 (the potato-infecting
isolate from South Brazil = EF417915) as well as by an array of isolates also named as
ToYVSV from the South Cone of South America (viz. KC136336; KC136337; KC136339;
GQ387369, KY555801, and MN508216). The overall nucleotide identity range of these
isolates in comparison with the reference ToYVSV isolate ranged from 96% to 100% (Figure
1).
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Figure 1. Phylogenetic tree and Sequence Demarcation Tool (SDT) of a set of DNA-A
component sequences showing the phylogenetic identities/distances among Tomato yellow vein
streak virus (ToYVSV) and Tomato golden vein virus (TGVYV) isolates. These isolates are
identified by their accession number and by the acronym of the countries where they were
described: BR = Brazil; URU = Uruguay; ARG = Argentina; CHI = Chile. Two TGVV isolates
(which complete sequences were obtained in the present study) are highlighted in red (MN928610
and MN928612). GenBank accession numbers of isolates classified/named as ToYVSV are the
following: KC706641, KC706633, KC706631, KC706630, KC706653, KC706629, KC706638,
KC706637, KC706634, KC706645, KC706651, KC7066, K7066, K7066, K7066, K7070, K7070
KC706644, KC706639, KC706640, KC706646, KC706636, KC706643, KC706642, EF459696,
KJ413253, KR024026, KC136339, GQ387369, MN508216, KC136336, KC136337, and
EF417915. GenBank accession numbers of isolates classified as TGVV are the following:
JF803257, JF803255, JF803258, JF803256, JF803254, and JF803259. GenBank accession
numbers of isolates classified as Tomato mottle wrinkle virus (ToMoWrV) are the following:
KM243018, KM243019, KM243020, JQ714137, and KY555800. The DNA—A component of a
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tomato-infecting ToYVSV isolate from Bolivia was only partially characterized (GenBank

JQ413300) and for this reason it was not included in the analyses.

These ToYVSYV isolates from the South Cone of South America have been reported
infecting not only tomatoes, but distinct hosts (such as potato, Capsicum, and beans) in Chile,
Argentina, and Uruguay. In addition, a partially characterized tomato-infecting ToYVSV
isolate was reported in Bolivia (JQ413300). Is important to highlight the identification of two
tomato-infecting isolates that displayed distinct genetic features: KJ413253 from Argentina
and KR024026 from Salto (Uruguay). These isolates were the two most divergent ones within
this subgroup, displaying identity levels of 91% with isolates of both species (TGVV and
ToYVSV). However, according to our analyses these isolates should be referred to as
ToYVSYV, since they have closer relationship to the reference isolate U79998. Tomato mottle
wrinkle virus (ToMoWTrV), which was reported infecting tomatoes in Argentina, was found
to be the begomovirus with the closest genetic relationship to ToYVSV and TGVV (Figure
1). The results observed with the available DNA-B sequences were similar to those described
for the DNA — A component (Figure 2).
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Figure 2. Phylogenetic tree and Sequence Demarcation Tool (SDT) of a set of DNA-B
component sequences showing the phylogenetic identity/distance among Tomato yellow vein
streak virus (ToYVSV) and Tomato golden vein virus (TGVV) isolates. The isolates are identified
by their accession number and by the acronym of the countries where they were described: BR =
Brazil; URU = Uruguay; ARG = Argentina; CHI = Chile. TGVV isolates which complete
sequences were obtained in the present study (MN928611 and MN928613) are highlighted in red.
GenBank accession numbers of isolates classified as ToYVSV are the following: KC706655,
KC706657, KC706665, KC706659, KC706656, KC706667, KC706662, KC706663, KC706660,
KC706661 KC706666, KC706664, KC706658, KR024027, KC136340, MN508217, KC136338,
and EF417916. GenBank accession number of the isolate classified as TGVV is JF803265.
GenBank accession numbers of isolates classified as Tomato mottle wrinkle virus (ToMoWrV)
are JQ714138 and KM243017. A tomato-infecting ToYVSV isolate from Bolivia was only
partially characterized (GenBank JQ413300) and for this reason it was not included in the

analyses.

As previously discussed, ToYVSV and TGVV are closely-related viruses that

were independently described in different years, hosts as well as geographic areas (Figure
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3). The original viral descriptions were also carried out with distinct amount of genomic
information (i.e. partial versus complete DNA-A sequences), which generated dubious
information about the taxonomic status and nomenclature of these pathogens. In this
context, the present study is the first comprehensive attempt to clarify the taxonomic
status and isolate nomenclature of these two economically important New World bipartite
begomoviruses. Our genome-wide pairwise identity analyses of multiple isolates
indicated that a substantial fraction of the 43 GenBank isolates identified as either
ToYVSV or TGVV were deposited with an erroneous virus name. For example, the same
research group responsible for the characterization of the original ToYVSV isolate in Sdo
Paulo State, Brazil (U79998) deposited another putative tomato-infecting ToYVSV
isolate in 2004 (AY829113). However, our analyses indicated that AY829113 was, in
fact, one of the first partial sequences available for TGVV. Likewise, the complete DNA-
A sequence of one of the first available TGVV isolates (named as isolate G-22 =
EF459696) was also misnamed as ToYVSV. Our analyses indicated that isolate G—22
displays 94.68% identity with the TGVV reference isolate. Similar inaccuracy in relation
to virus nomenclature was observed in a distinct study with tomato-infecting isolates
collected in Rio de Janeiro State, South-East Brazil (Rocha et al., 2013). Our analyses
indicated that 26 isolates from this survey deposited as ToYVSV in the GenBank
(KC706629-KC706640; KC706642; KC706643; KC706645-KC706650; and KC
706652-KC706654) are misnamed and they should be reclassified as TGVV isolates.
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Figure 3. Map of South America showing the geographical distribution of Tomato yellow vein
streak virus (ToYVSV) and Tomato golden vein virus (TGVV) isolates. The red dots are
representing the geographical areas of occurrence of tomato-infecting TGVV isolates in Brazil
(the Federal District-DF, Goias-GO, Minas Gerais-MG, and Rio de Janeiro-RJ States). The purple
dots are indicating the geographical areas of ToYVSV occurrence in Brazil (a potato-infecting
isolate in Rio Grande do Sul-RS State and tomato-infecting isolates in Sdo Paulo-SP State) as
well as ToYVSV isolates reported infecting tomato, bean, and Capsicum annuum crops in the
South Cone of South America, including Argentina (AR), Chile (CH), Uruguay (UR). The DNA-
A component of a tomato-infecting ToYVSV isolate from Bolivia (BO) was only partially
characterized (GenBank JQ413300).

We also carry out analyses of the genomic region encompassing the common region
(CR) of the DNA-A and DNA-B components of all available TGVV and ToYVSV
isolates. Our results showed that the TGVV and ToYVSV isolates are harboring distinct
cognate iterons as well as distinct Rep iteron—related domains (Rep IRDs) (Arguello-
Astorga and Ruiz-Medrano, 2001). The analyzed ToYVSV isolates displayed the GGGGA
iteron (Rep IRD = MPLPKRFLVN), whereas the TGVV isolates displayed a GGGTC
iteron (Rep IRD = MPPPKRFTVN). Positions with amino acid polymorphisms are
represented in bold/underlined. In the 3™ position, apolar amino acids were observed, being
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a leucine (L) residue detected in the ToYVSYV isolates and a proline (P) residue in the
TGVV isolates. For the polymorphism of the 8" amino acid residue, it was observed an
apolar amino acid (Leucine — L) in ToYVSV and a polar amino acid (Treonine — T) in the
TGVV isolates. These observations reinforce the notion that TGVV and ToYVSV are, in
fact, distinct species (Arguello-Astorga and Ruiz-Medrano, 2001). The divergent tomato-
infecting ToYVSV isolate from Uruguay displayed the iteron GGGGA (Rep IRD =
MPLPKRFQVN), whereas the other divergent isolate from Argentina (from which the
DNA-B component is not available) displayed Rep IRD = MPPPKRFQVN. These
genetically divergent ToYVSV isolates showed a distinct amino acid residue at the 8%
position in comparison with other isolates from the same species. However, the isolate of
Uruguay displayed Rep IRD more similar to that of the other ToYVSV isolates.

We also examined potential differences across isolates for the structural helix 4
motif (which amino acid sequence is strongly conserved across geminiviruses) (Arguello-
Astorga et al.,, 2004). The predicted sequence in the TGVV isolates was:
LSKALNILKEEQPRDYVLHLDKIQSHVQKIFAKAPAPWVPIEELSSFTHVPDEMQ
QWA, whereas for the ToYVSV isolates the predicted amino acid sequence was:
PSTALNILKEEQPRDYVLHLDKIRTHVQRIFAKAPTPWVSPFQLSSETNVPDEMQ
EW. The highlighted amino acid residues are the ones that are predicted to interact with

the plant retinoblastoma—related protein (PRBR) in order to modulate the overall host gene
expression (Arguello-Astorga et al., 2004). The TGVV reference isolate showed the
identical helix 4 motif when compared with a set of isolates previously classified as
ToYVSV from Rio de Janeiro (Rocha et al., 2013). Helix 4 motifs observed in the two
isolates divergent isolates from Uruguay and Argentina were more similar to the others
ToYVSV isolates.

Moreover, we analyzed the quasi-palindromic DNA-A segment [ACTT- (N7) —
AAGT] which is an structural element conserved across the CP gene promoters of several
members of the Geminiviridae family (Cantu-Iris et al., 2019). Most of the ToYVSV
isolates displayed the sequence ACTT-AGGCGCT-AAGT. However, stable differences
were observed in the 6" nucleotide [ACTT-AAGCGCT-AAGT] across the tomato-
infecting TGVV isolates from MG, DF, GO (Central Brazil) as well as in isolates from Rio
de Janeiro (Rocha et al., 2013). Interestingly, ToYVSYV isolates from Argentina, Uruguay,
and Chile also displayed an adenine (A) in this site. We also performed another set of
analyses aiming to verify the presence of the ORF AC5 across the GenBank collection of
TGVV and ToYVSV isolates. The ORF AC5 has been identified in a subgroup of
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begomoviruses, and it gene product is supposed to act as a pathogenicity factor by
suppressing RNA silencing-based antiviral host defenses (Li et al., 2015a). Our analysis
indicated that the ORF ACS5 is present in most of the isolates of both species. However, the
ORF ACS displayed a variable range in size (from 228 to 252 nts) in the TGVV isolates,
whereas all ToYVSV isolates displayed a standard size of 291 nts. The divergent ToYVSV
isolate KJ413253 from Argentina was the only one devoid of the ORF ACS5.

Hence, in agreement with the new set of criteria for taxonomic demarcation of
Begomovirus species (Brown et al., 2015), our work gives support to the notion that
ToYVSV and TGVV are closely-related but distinct and valid Begomovirus species with
EF417915 and JF803254 being their reference DNA—A genomic sequences, respectively.
Moreover, our reappraisal recognized an array of misnamed isolates as well as a
peculiar/distinctive set of species—specific genomic, biological, and ecological features.
According to our analyses, the current collection of 45 ToYVSV and/or TGVV isolates at
the GenBank is, in fact, composed by 35 instead of seven TGVYV isolates and by a group
of nine instead of 35 ToYVSV isolates. Therefore, a significant fraction of the ToYVSV
and TGVV isolates currently available at GenBank should be renamed in order to avoid
further misunderstandings. ToYVSV isolates are so far reported infecting a wider range of
natural hosts (e.g. tomato, potato, Capsicum, and beans) and it can be also mechanically
transmitted to Nicotiana benthamiana (Albuquerque et al., 2010). It was also observed a
prevalence of ToYVSV isolates in meridional (high latitude) areas with mild climates
across the South Cone of South America. On the other hand, the TGVV isolates were found
to be restricted to subtropical inland areas of Central and South-East Brazil (Figure 3) and
they were reported infecting only tomatoes thus far. From the plant breeding standpoint,
this information will be useful in guiding germplasm screening strategies in order to
develop resistant/tolerant cultivars to each specific virus as well as to each specific host

and region in South America.
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Resumo

O feijao-comum (Phaseolus vulgaris) e o feijdo-lima (Phaseolus lunatus) sdo os principais
hospedeiros de Bean golden mosaic virus (BGMV). Este begomovirus também foi descrito
infectando outras leguminosas e culturas solanéceas. Regras taxonémicas foram recentemente
estabelecidas para a demarcacéo de espécies de Begomovirus. No entanto, as identidades de
DNA-A entre isolados designados como BGMV exibem uma varia¢ao continua (89—-100%),
em claro conflito com os critérios taxondmicos para uma unica espécie. Aqui, avaliamos a
diversidade de 161 isolados classificados como BGMV comparando suas sequéncias
completas de DNA-A e DNA-B com o isolado de referéncia. Os isolados de BGMV foram
agrupados em quatro grupos discriminados principalmente pelas hospedeiras leguminosas
originais. As analises empregando Sequence Demarcation Tool (SDT) indicaram que 0s
isolados descritos coletivamente como BGMV compreendem, de fato, duas espécies distintas:
uma que engloba isolados de BGMV (de P. vulgaris e de uma ampla gama de hospedeiros) e
uma espécie intimamente relacionada com BGMV (com identidade variando de 89 a 91% com
o isolado de referéncia) que foi encontrada associada principalmente com o feijdo-lima. Além
disso, reconhecemos um conjunto de caracteristicas gendmicas especificas das espécies, como
iterons e seus motivos proteicos associados a Rep. Para esta nova espécie de P. lunatus,

sugerimos um nome previamente proposto — Lima bean golden mosaic virus (LBGMV).
Palavras chaves: Begomovirus, Feijdo-comum, Feijdo-lima, Sequence Demarcation Tool
Abstract

Common beans (Phaseolus vulgaris) and Lima beans (Phaseolus lunatus) are the major hosts
of Bean golden mosaic virus (BGMV). This begomovirus was also described infecting other
legumes species and solanaceous crops. Robust taxonomic rules were established for
Begomovirus species demarcation. However, DNA-A identities among isolates designated as
BGMV display a continuous variation (89-100%), in a clear conflict with the taxonomic criteria
for a single viral species. Here, we assessed the diversity of 161 isolates classified as BGMV
by comparing their complete DNA-A and DNA-B sequences with the reference isolate.
BGMV isolates were clustered into four groups mainly discriminated by the original legume
hosts. Sequence Demarcation Tool (SDT) analyses indicated that isolates collectively described
as BGMV comprise, in fact, two distinct species: one encompassing bona fide BGMV isolates
(from P. vulgaris and from a wide range of hosts) and one closely-related species (identities

ranging from 89-91% to the reference BGMV) mainly associated with Lima beans. Moreover,
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we recognized a set of species—specific genomic features of the iterons and their Rep—associated
protein motifs. For this novel species from P. lunatus we suggest the proposed name — Lima
bean golden mosaic virus (LBGMV).

Keywords: Begomovirus, common bean, Lima bean, Sequence Demarcation Tool

Viral species of the family Geminiviridae are responsible for significant yield losses in
many economically important crops across tropical and subtropical regions (Rojas et al. 2018).
Begomovirus is the largest genus within the family with over 400 species described (ICTV,
2020). These viruses are reported infecting exclusively dicotyledons and they are quite
efficiently transmitted by a cryptic species complex of the whitefly Bemisia tabaci (Hemiptera:
Aleyrodidae) (Rojas et al. 2018). Begomoviruses are characterized by circular, single-stranded
(ss) DNA genomes, encapsulated in twinned icosahedral particles (18-20 x 30-32 nm). These
viruses can have either only one (= monopartite) or two (= bipartite) DNA molecules (Brown
et al., 2015; Rojas et al., 2018). Due to the increasing number of viruses that have been
characterized within the Begomovirus genus, robust taxonomic rules have been established in
recent years for novel species demarcation. In the first proposed criteria set, a new species was
defined only when nucleotide identity levels of the complete DNA—A component was less than
89%, in comparison with all available viral sequences (Fauquet et al., 2008). Subsequently,
Brown et al. (2015) elaborated a novel standardized set of criteria that requires comparative
analyses employing multiple MUSCLE alignments in combination with Sequence Demarcation
Tool (SDT). In the current classification system, a novel species can only be defined when the
entire DNA-A nucleotide sequence identity displays less than 91% in comparison with the
complete reference genome of a given Begomovirus species. If a given DNA-A sequence shares
94% identity with the complete DNA—A genome that virus is then classified as a new strain
(Brown et al., 2015).

Bean golden mosaic virus (BGMV) and Bean golden yellow mosaic virus (BGYMV)
are the most important bean—infecting Begomovirus species in the Americas and Caribbean
region, being the causal agents of “bean golden mosaic disease” (Gilbertson et al., 1991,
Gilbertson et al., 1993; Faria et al., 2016). In Brazil, only BGMV has been reported and thus
far it is the most important begomovirus of common beans (Phaseolus vulgaris L.) and Lima
beans (P. lunatus L.) (Gilbertson et al., 1991; Faria and Maxwell, 1999; Faria et al., 2016).

More recently, the weed-associated Macroptilium yellow spot virus (MaYSV) has been
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reported as an emergent pathogen of beans in Northeast Brazil (Silva et al., 2012; Sobrinho et
al., 2014). However, BGMV is still very important in that geographic region (Sobrinho et al.,
2014). In many traditional bean-producing regions the cultivation of this crop has become
almost unfeasible due to high levels of BGMV incidence (Faria et al., 2016). Yield losses
caused by BGMV in common beans may vary from 90,000 to 280,000 tons, and isolates of this
virus have been described infecting other legume hosts [viz. Glycine max (L.) Merr. and
Macroptilium lathyroides (L.) Urb.] after the invasion of B. tabaci Middle East-Asia Minor 1
(MEAM 1 = biotype B) in the early 1990s (Fernandes et al., 2009; Silva et al., 2012; Sobrinho
et al., 2014). More recently, BGMV isolates have been described infecting the legume weed
Macroptilium erythroloma (Mart. ex Benth.), a Fabaceae tree [Anadenanthera colubrina (Vell.)
Brenan] as well as non-legume (solanaceous) hosts such as tomatoes (Solanum lycopersicum

L.), eggplant (S. melongena L.), and the weed Nicandra physalodes (L.) Gaertn.

Studies dealing with BGMV diversity in Phaseolus species as well as in other legume
hosts have been conducted under Brazilian conditions (Faria and Maxwell, 1999; Wyant et al.,
2012; Sobrinho et al., 2014). Overall, the results indicated relatively low genetic variability
among BGMV populations, but distinct host-guided genetic diversity was observed (Sobrinho
et al. 2014). These viral variants were initially classified as novel BGMV strains which were
mainly associated with P. Inatus samples (Wyant et al., 2012; Sobrinho et al., 2014). However,
DNA-A identities among isolates designated as either BGMV or BGMV strains that are
available in public databases display a continuous variation (89-100%), which is in a clear
conflict with the established taxonomic criteria for a single viral species. In fact, the observation
that a putative novel viral species (distinct from BGMV) might be associated with Lima beans
was done previously by Faria and Maxwell (1999). They suggested the name Lima bean golden
mosaic virus (LBGMV) for one of these isolates. However, this nomenclature was not adopted
more likely because this initial description was done only with a partial genomic sequence of
1185 bp (= GenBank U92531) encompassing a segment of the Rep protein (rep) and the coat
protein (cp). In addition, the standard taxonomic rules for novel Begomovirus species

demarcation were not well-established at that time.

Due to the economic and biological importance of the BGMV-bean pathosystem, we
decided to carry out an extensive analysis in order to catalog the genetic variability of all
available isolates classified as either BGMV or BGMV strains from Phaseolus species and
other legume hosts as well as novel isolates identified in non-legume (solanaceous) hosts. This

work was carried out by analyzing the complete DNA-A and DNA-B sequences of these
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isolates and by comparing them with both components of the reference BGMV isolate
(NC_004042 for DNA-A and NC_004043 for DNA-B). For this purpose, all 161 available
complete DNA-A genomic sequences of BGMV were retrieved from the GenBank database

(https://www.ncbi.nlm.nih.gov). The original hosts of these BGMV isolates were the following:

six unclassified Phaseolus species, 77 P. vulgaris, 56 P. lunatus as well as one isolate from
soybean, three from tomatoes, 15 from M. lathyroides, one from M. erythroloma, one from N.
physalodes, and one from A. colubrina. In addition, 12 complete DNA-B genomes were also
retrieved from the NCBI database corresponding to five isolates from unclassified Phaseolus
species, two from P. vulgaris, one from P. lunatus, two from M. lathyroides, one from M.
erythroloma and one from A. colubrina. Phylogenetic analyzes were carried out employing
genomic information of these 161 BGMYV isolates with the complete sequence of the DNA-A
component. The phylogenetic tree was generated from the alignment of the complete DNA-A
component of each isolate, using the MUSCLE program implemented by Geneious 11.0
(PhyML method, model F81 with 1,000 bootstrap replications). Multiple MUSCLE alignments
were performed in SDT v1.2 (Muhire et al., 2014) and the figures were elaborated with Adobe
Illustrator CC and EvolView (He et al., 2016). Comparative analyses were also carried out with
Geneious 11.0 program (Kearse et al., 2012) using genomic information from the quasi-
palindromic DNA-A segment [ACTT— (N7)-AAGT] which is an structural element conserved
across the Coat protein (CP) gene sequences of several Geminiviridae genera (Cantu-Iris et al.,
2019). We also analyzed the nucleotide sequences of the common region (CR) of the cognate
DNA-A and DNA-B components as well as the replication—associated protein (Rep) motifs
(Arglello-Astorga et al., 1994; Argiello-Astorga and Ruiz-Medrano, 2001).

Phylogenetic analysis of a set of the full-genomes of the DNA-A components indicated
a clear-cut discrimination of the BGMYV isolates in four clusters according mainly to their
original legume hosts (Figure 1). The Group #1 was composed by BGMV isolates reported
infecting mainly P. vulgaris, but also soybean, P. lunatus, tomato, N. physalodes, M.
erythroloma, and A. colubrina. The Group #2 was composed by BGMYV isolates obtained from
M. lathyroides, whereas the Group #3 encompassed BGMV isolates mainly obtained from P.
lunatus, but also from unclassified Phaseolus species and M. lathyroides. Finally, the Group
#4 was composed by only two divergent BGMYV isolates reported infecting M. lathyroides.
Analyzes using SDT and MUSCLE alignments, including the isolates of the Group #1 and
Group #2 as well as the DNA-A genome of the BGMV reference isolate (NC_004042), showed
identity levels ranging from 96-97% among them (Figure 2). These results indicated that all
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these viruses are isolates with close genetic relationship to the reference BGMV species. SDT
analyses employing the isolates belonging to Groups #3 and #4 displayed identity levels
ranging from 89 to 91% in relation to the reference BGMV isolate (NC_004042). In fact, the
majority of the isolates from P. lunatus and from unclassified Phaseolus species displayed
identity levels of 91% when compared to NC_004042. Exceptions were observed in three
isolates (KJ939711, KJ939710, and KJ939720), which nucleotide identities ranged from 94—
95% to the reference BGMYV isolate (Figure 3). Moreover, some isolates also classified as
BGMV (viz. KJ939735, KJ939731, KJ939719, JF694451, JF694449, and JF694452) displayed
identities of 90% (Figure 3), indicating that they are more likely isolates of a novel species
according to the current criteria for the classification in the Begomovirus genus (Brown et al.,
2015). On the other hand, SDT analyses among the Groups #3 and #4 isolates showed identity

levels ranging from 95-99%, indicating that they belong to the same species.
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Figure 1. Phylogenetic tree of a set of full-genome DNA—A components showing the phylogenetic
identities/distances of 161 Bean golden mosaic virus (BGMV) isolates available at the GenBank.
Midpoint-rooted ML with 1,000 bootstrap replications. Group #1 was composed by BGMV isolates
reported infecting Phaseolus vulgaris, soybean (Glycine max), tomato (Solanum lycopersicum),
Nicandra physalodes, Macroptilium erythroloma, and Anadenanthera colubrina (with branches in red),
Group #2 was composed by BGMV isolates obtained from Macroptilium lathyroides (with branches in
blue) and Group #3 was composed by BGMYV isolates obtained from P. lunatus (with branches in
green), and Group #4 was composed by two highly divergent BGMYV isolates reported infecting M.
lathyroides (with branches also in blue).
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Figure 2. Pairwise identity analysis in Sequence Demarcation Tool (SDT) was carried out using the
information of the DNA—A component sequences of isolates obtained from Phaseolus vulgaris,
Macroptilium lathyroides, Macroptilium erythroloma, Anadenanthera colubrina, Nicandra physalodes,
Glycine max and Solanum lycopersicum indicating their identities in relation to the reference
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(NC_004042) Bean golden mosaic virus (BGMV) sequence (indicated in red font color). BGMV isolates
from P. vulgaris are identified by a numerical order and they correspond to the following GenBank
accessions: [Isolates P. vulgaris: 01 (KJ939839), 02 (KJ939838), 03 (KJ939810), 04 (KJ939848), 05
(KJ939829), 06 (KJ939836), 07 (KJ939786), 08 (KJ939815), 09 (KJ939845), 10 (KJ939837), 11
(KJ939822), 12 (KJ939824), 13 (KJ939832), 14 (KJ939823), 15 (KJ939811), 16 (KJ939798), 17
(KJ939841), 18 (KJ939809), 19 (KJ939816), 20 (KJ939801), 21 (KJ939805), 22 (KJ939795), 23
(KJ939813), 24 (KJ939849), 25 (KJ939852), 26 (KJ939818), 27 (KJ939781), 28 (KJ939840), 29
(KJ939783), 30 (KJ939782), 31 (KJ939803), 32 (KJ939842), 33 (KJ939853), 34 (KJ939793), 35
(KJ939812), 36 (MG334552), 37 (KJ939843), 38 (KJ939851), 39 (KJ939792), 40 (KJ939802), 41
(KJ939850), 42 (KJ939799), 43 (KJ939806), 44 (KJ939844), 45 (KJ939826), 46 (KJ939847), 47
(KJ939835), 48 (KJ939830), 49 (KJ939821), 50 (KJ939831), 51 (KJ939819), 52 (KJ939825), 53
(KJ939827), 54 (KJ939788), 55 (KJ939787), 56 (KJ939785), 57 (KJ939820), 58 (KJ939833), 59
(KJ939828), 60 (KJ939780), 61 (KJ939784), 62 (KJ939790), 63 (KJ939779), 64 (KJ939817), 65
(KJ939800), 66 (KJ939789), 67 (KJ939794), 68 (KJ939807), 69 (KJ939808), 70 (KJ939791), 71
(KJ939796), 72 (KJ939797), 73 (KJ939814), 74 (KJ939804), 75 (KJ939834), and 76 (KJ939846)];
[Isolate from M. erythroloma (MN822294)]; [Isolate from Glycine max (FJ665283)]; [Isolate from A.
colubrina (MN734370)]; [Isolate from N. physalodes (MN737555)]; [Isolates from S. lycopersicum: 01
(MN737552), 02 (MN737553), 03 (MN737554)]; [lIsolates from Macroptilium lathyroides: 01
(KJ939725), 02 (KJ939714), 03 (KJ939707), 04 (KJ939756), 05 (KJ939708), 06 (KJ939732), 07
(KJ939764), 08 (KJ939733), 09 (KJ939709), 10 (KJ939717), 11 (KJ939715), 12 (KJ939734)].
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Figure 3. Pairwise identity analysis in Sequence Demarcation Tool (SDT) was carried out using the

information of the DNA-A component sequences of Bean golden mosaic virus (BGMV) isolates

obtained from Phaseolus lunatus, unclassified Phaseolus species, and Macroptilium lathyroides,
indicating their identities in relation to the reference BGMV (NC_004042) isolate (highlighted in red

font color). BGMV isolates from these hosts are identified by a numerical order and they correspond to
the following GenBank accessions: Isolates P. lunatus: [01 (KJ939748), 02 (KJ939739), 03 (KJ939749),
04 (KJ939738), 05 (KJ939746), 06 (KJ939743), 07 (KJ939750), 08 (KJ939741), 09 (KJ939751), 10

(KJ939737),
(KJ939753),
(KJ939729),
(KJ939759),
(KJ939756),

11 (KJ939744), 12 (KJ939747), 13 (KJ939740, 14 (KJ939745), 15 (KJ939752), 16
17 (KJ939742), 18 (KJ939730), 19 (KJ939728), 20 (KJ939727), 21 (KJ939726), 22
23 (KJ939736), 24 (KJ939762), 25 (KJ939760), 26 (KJ939754), 27 (KJ939763), 28
29 (KJ939761), 30 (KJ939758), 31 (KJ939757), 32 (KJ939755), 33 (KJ939765), 34
35 (KJ939712),36 (KJ939717),37 (KJ939715), 38 (KJ939714),39 (KJ939735), 40
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(KJ939731), 41 (KJ939722), 42 (KJ939723), 43 (KJ939724), 44 (KJ939764), 45 (KJ939721), 46
(KJ939707), 47 (KJ939718), 48 (KJ939713), 49 (KJ939709), 50 (KJ939734), 51 (KJ939733), 52
(KJ939732), 53 (KJ939725), 54 (KJ939708), 55 (KJ939716), 56 (KJ939719), 57 (KJ939711), 58
(KJ939710), 59 (KJ939720)]; [Isolates from unclassified Phaseolus species : 01 (JF694453), 02
(JF694454), 03 (JF694450), 04 (F694451), and 05 JF694449, 06 (JF694452)]; [Isolates from M.
lathyroides: 01 (JN419006), 02 (N419004), and 03 (JN419003)].

Comparisons of a subgroup of BGMV isolates obtained from the weed legume host M.
lathyroides (clustered in the Group #2) showed identities of around 97% with the reference
isolate (NC_004042) (Figure 4). However, a distinct subgroup of isolates also from M.
lathyroides (classified as BGMV) clustered in the Groups #3 and #4 showed identity levels of
89-90% (e.g. JN419004 and JN419003) and 91% (e.g. JN419006). Therefore, as previously
observed by Silva et al. (2012), M. lathyroides seems to be an “universal” host of distinct
BGMV-related isolates (Figure 4) as well as from other legume-infecting viral species. When
compared to P. lunatus isolates, a subgroup of M. lathyroides isolates from the Groups #3 and
#4 displayed identity levels ranging from 95 to 99%, indicating they are isolates of the same
species (Figure 3). On the other hand, the BGMV isolates from tomato (MN737552,
MN737553, and MN737554), soybean (FJ665283), M. erythroloma (MN822294), N.
physalodes (MN737555), and A. colubrina (MN734370) displayed identities ranging from 96—
97% with the reference BGMV sequence (Figure 4). Comparative analyses with the DNA-B
sequences available at GenBank showed that isolates from unclassified Phaseolus species, P.
vulgaris, P. lunatus, A. colubrina, and M. erythroloma displayed identities ranging from 89—
100%. However, the sequences of isolates obtained from M. lathyroides displayed the lowest

identity levels (79% and 82%) when compared to all available sequences (Figure 5).

136



01 - SDT

199 09 99 99 99 99 [100
12 99 99 99 99 99 09 99 99 99 99 400100
BGMV DNAANC_004042 07 (o7 (o7 97 97 97 97 97 (97 97 97 97 [}
Nicandra physalodes 97 97 97 97 97 97 97 97 97 97 97 97
01 97 97 97 97 97 97 97 97 97 97 97 97
02 97 97 97 97 97 97 97 97 97 97 97 97
03 97 97 97 97 97 97 97 97 97 97 97 97
Glycine max 97 97 97 97 97 97 96 97 97 97 97 97
Macroptilium erythroloma 97 97 97 97 97 97 97 97 97 97 97 97
Anadenanthera colubrina 97 67 ‘97 97 97 97 96 97 97 7 o7 97 96 [}99) 195)N0S) 155N 153N je) [0
(K 9090900/ 90908989898/ 9090]89|89/89|89]89/89[69]89] |
([ &0 89189[ 8989898989/ 89]89/8989]89]89]8989]89/89]89]80 LT |

B 91]91]91]91]91]91] 91010101 o1]or 919191/ 91]91]91]91] 91 LYY |
- ™~ — o ™ o <
S 8838853833832+ o o o - - -

Nicandra physalodes E

3
E
o
E
S
=
[G)

]
£
£
e
g
<
£
=
=
=1
e
8
=

BGMV DNA A NC 004042
Anadenanthera colubrina

Figure 4. Pairwise identity analysis in Sequence Demarcation Tool (SDT) was carried out using the
information of the DNA—A component sequences of Bean golden mosaic virus (BGMV) isolates
obtained from Glycine max, Macroptilium lathyroides, Macroptilium erythroloma, Anadenanthera
colubrina, Nicandra physalodes, and Solanum lycopersicum, indicating their identities in relation to the
reference BGMV (NC_004042) isolate (highlighted in red color). BGMYV isolates from these hosts are
identified by a numerical order and they correspond to the following GenBank accessions: [Isolates from
M. lathyroides: 01 (KJ939725), 02 (KJ939714), 03 (KJ939707), 04 (KJ939756), 05 (KJ939708), 06
(KJ939732), 07 (KJ939764), 08 (KJ939733), 09 (KJ939709), 10 (KJ939717), 11 (KJ939715), 12
(KJ939734), 13 (JN419004), 14 (IN419003), and 15 (IJN419006)]; [lIsolate from N. physalodes
(MN737555)]; [Isolates from S. lycopersicum: 01 (MN737552), 02 (MN737553), 03 (MN737554)];
[Isolate from G. max (FJ665283)]; [Isolate from M. erythroloma (MN822294)]; [Isolate from A.
colubrina (MN734370)].
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Figure 5. Pairwise identity analysis in Sequence Demarcation Tool (SDT) was carried out using
the information of the of DNA—B component sequences of Bean golden mosaic virus (BGMV)
isolates obtained from unclassified Phaseolus species, Phaseolus vulgaris, P. lunatus,
Macroptilium lathyroides, M. erythroloma, Anadenanthera colubrina, indicating their identities
in relation to the reference BGMV (NC_004043) isolate (highlighted in red font color). BGMV
isolates from these hosts are identified by a numerical order and they correspond to the following
GenBank accessions: Isolates from Phaseolus sp. 01 (JF694457), Phaseolus sp. 02 (JF694456),
Phaseolus sp. 03 (JF694458), Phaseolus sp. 04 (JF694459), Phaseolus sp. 05 (JF694455); isolate
from P. lunatus (MH925107); isolate from A. colubrina (MN734371); isolate from P. vulgaris
(MG334553); isolates from M. lathyroides 01 (JN419008), and 02 (JN419017).

In order to reinforce the hypothesis that isolates named as BGMV may represent
at least two distinct viruses, we also carried out analyses of the genomic region
encompassing the common region (CR) of the DNA-A and DNA-B components of all
available isolates. The iterons of the reference isolate as well as across all BGMV isolates

with identity levels greater than 91%, displayed the sequence GGTGT (Rep iteron—
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related domain — Rep IRD = MPPPKRFKIN) (Figure 6) (Arglello-Astorga et al., 1994;
Arglello-Astorga and Ruiz-Medrano, 2001). The CR of the DNA-A and DNA-B
components of isolates corresponding to putative new species also showed distinct
iterons. The iteron found in the sequences of P. lunatus, unclassified Phaseolus species,
and in a subgroup of the M. lathyroides isolates (JN419003 and JN419006) was GGGGT
and the inverted sequence ACCCC (Rep IRD = MPPPKRFKIYS) differing from the
reference BGMYV isolate in the last amino acid residue that was replaced by a serine. An
exception was observed in the isolate KJ939719 that showed a distinct Rep IRD =
MPPPKRFRIS. In the DNA-A genome of the M. lathyroides isolate (JN419004) and in
the corresponding DNA-B genome (JN419017), was found the iteron GGTAC and its
inverted GTACC sequence (Rep IRD = MPPPKRFKIS) (Fig.7).

We also examined potential differences across isolates classified as BGMV for
the structural helix 4 motif, which the amino acid sequence is strongly conserved across
geminiviruses (Arguello-Astorga et al., 2004). The sequence of the BGMV isolates
compared to the reference isolate showed minor amino acid differences. All isolates
differed with the reference isolate at position 184", The polar amino acid tyrosine (Y) is
present in the reference isolate, whereas in other isolates this residue was replaced by the
non—polar amino acid phenylalanine (F) (Figure 6). Other BGMV isolates showed
additional, but not biologically relevant differences at positions 167" (e.g. isolates of M.
lathyroides) as well as 175" and 178" (e.g. the isolate KJ939720 from P. lunatus) (Figure
6). Isolates previously classified as BGMV when compared with reference BGMYV isolate
also displayed differences in position 184". The reference isolate displayed the polar
amino acid tyrosine (YY), whereas in the other isolates this residue was replaced by the
non—polar amino acid phenylalanine (F) (Figure 7). Another difference in relation to the
BGMV reference sequence was at position 175" in which the basic amino acid lysine (K)
is present. However, most of the other sequences displayed the non—polar amino acid
proline (P), except for the sequences of M. lathyroides (JN419004 and JN419003), which
have a polar amino acid glutamine (G) (Figure 7, panel A). A subgroup of isolates
showed distinct but not significant differences at positions 171, 197 and 198, including
M. lathyroides (JN419004; JN419003) and 181" (the isolates KJ939735 and KJ939731
from P. lunatus) (Fig. 7). The highlighted amino acid residues (Figure 7, panel B) are
the ones predicted to interact with the plant retinoblastoma—related protein (pRBR) in
order to modulate the overall host gene expression (Arguello-Astorga et al., 2004).
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(A) isolates of BGMV Motif Rep

Iteron Iteron TATA region Nonanucleotide
NC 004z2  DNA-A BOTBIACCCOBATIGAGCTCTCGTTCAMAGTCTCTATGAATCI TGGTGCCAATATATAGTAAGAAGTTCTTTAAGGATCTGTAGACACGTGBCEGCCATCORET MPPPKRFKIN
NC 004043 DNA-B BGTGTACCCCGATTGAGCTCTCGTTCAAAAGTCTCTATGAATC) ATGGTGCC. AGTAAGAAGTTCTTTAAGGATCTGTAGACACGTGGCGGCCATCCGET.
Phaseolus vulgaris DNA-A CCCCGATTGAGCTCTCGTTCAAAAGTCTCTATGAAT \TGGTGCC) AGTAAGAAGTTCTTTAAGGATCTGTAGACACGTGGCGGCCATCCGLTA MPPPKRFKIN
DNA-B CCCOGATTGAGCTCTGGTTCAAAAGTCTCTATGAAT ATGGTGCCAA AGTAAGAAGTTCTTTAAGGATCTGTAGACACGTGGCGGCCATCCGCTA
- ; DNA-A ACCCCGATTGAGCTCTCGTTCAAAAGTCTCTATGAAT! TGGTGCC AGTAAGAAGTTCTTTAAGGATCTGTAGACACGTGGCGGCCATCCGCT
Macroptifiam lathyroldes 1\ p .ACCCCGATIGAGCT(ZTCGWCAAMGTCTCTATGMT”TGGTGCCA AGT)\AGMGT[C]TIAAGGATCTGIAGACACGIGGCGGCCATCCGCT_ MPPPKRFKIN

. DNA-A ACCCCGATTGAGCTCTCGTTCAAAAGTCTCTATGAAT TGGTGCCAATATATAGTAAGAAGTTCTTTAAGGATCTGTAGACACGTGGCGGCCATCCGCTA
Anadenanthera colubrina pyy s g ..a.ccccsATrGAGc'n:TcGmAAAAGTCTCTATGAATlﬁTGGTGCCA AGTAAGAAGTI’CITTAAGGATCTGTAGACACGTGGCGGCCATCCGCTA- MPPPKRFKIN
" DNA-A CCCCGATTGAGCTCTCGTTCAAAAGTCTCTATGAATCBBIBTAATGGTGCCAATATATAGTAAGAAGTTCTTTAAGGATCTGTAGACACGTGGCGGCCATCCGCTA]
Macroptiium eryjthroloma by, g CCCCGATI'GAGCTCTCGTTCAAAAGTCTCTATGAATC-AATGGTGCCA AGTAAGAAGTI'C'IT[AAGGATGTGTAGACACGTGGCGGCCATCCGCTA- MPPPKRFKIN
Phaseolus lunatus DNA-A \CCCCGATTGAGCTCTCETTCAAAAGTCTCTATGAATC ATGGTGCCA, AGTAAGRAGTTCTTTAAGGATCTGTAGACACGTGGCGGCCATCCGCT
DNA-A ACCCCGATTGAGCTCTCGTTCAAAAGTCTCTATGAATCBBIGIAATGGTGCCAATATATAGTAAGAAGTTCTTTAAGGATCTGTAGACACGTGGCGGCCATCOGET MPPPKRFKIN
DNA-A CCCCGATTGAGCTCTCGTTGARAAGTCTCTATGAATG TGGTGCCAATATATAGTAAGAAGTTCTTTAAGGATCTGTAGACACGTGGCGGCCATCOGCTA

Nicandra physalodes DNA-A BBTBIACCCCGATTGAGCTCTCGTTCAAAAGTCTCTATGAATCEBTBIAATGGTGCCAATATATAGTAAGAAGTTCTTTAAGGATCTGTAGACAC GTGECGGCCATCCGCTATARTATIAE MPPPKRFKIN

Solanum lycopersicum ~ DNA-A [BBTBTACCCCCATTGAGCTCTCOTTCAAAAGTCTCTATGAATCEBTBTAATCCTCCCAATATATAGTAAGAAGTTCTTTAAGGATCTGTAGACACGTGGCGGCCATCCECTATRRTATIAG) MPPPKREKIN
Glycine max DNA-A [BGIBIACCCCGATTBAGCTCTCGTTCARAAGTCTCTATGAATCEGTBIAATGGTGCCAATRIATAGTAAGAAGT TCTTTAAGGATCTGTAGACACGTGGCGGCCATCCGCTATARTATIAG. MPPPKRFKIN

(B)
Sequence canserved in Rep (AC1/C1) proteins of begomaoviruses

14z 167 175 178 184 198
NC_004042 SKEEAMQIIKEKLPEKFLFQYHNLSSNLDRIFTKAPDPWSPPYHLSSFTNVPREMQEW
Phaseolus virlgaris SKEEAMOIIKEKLPEKFLFQYHNLSSNLDRIFTKAPDPWSPPFHLSSFTNVPREMQEW

Macroptilium lathyroides SKEEAMQIIKEKLPEKFLFOQYHNLSCNLDRIFTKAPDPWSPPFHLSSFTNVPREMOQEW
Anadenanthera colubrine SKEEAMQIIKEKLPEKFLFQYHNLSSNLDRIFTKAPDPWSPPFHLSSFTNVPREMQEW
Macroptitium erythroloma SKEEAMQIIKEKLPEKFLFOYHNLSSNLDRIFTKAPDPWSPPFHLSSFTNVPREMQEW

SKEEAMQIIKEKLPEKFLFQYHNLSSNLDRIFTKAPDPWSPPFHLSSFTNVPREMQEW
Fhaseolus funatus SKEEAMOQIIKEKLPEKFLFOYHNLSSNLDRIFTKAPDPWSPPFHLSSFTNYPREMOQEW
SKEEAMOIIKEKLPEKFLFOQYHNLSSNLDRIFTPAPEPWSPPFHLSSFTNVPREMOEW

Nicandra physalodes SKEEAMQIIKEKLPEKFLFQYHNLSSNLDRIFTKAPDPWSPPFHLSSFTNVPREMQEW
Solanum Iyeopersicum SKEEAMQIIKEKLPEKFLFQYHNLSSNLDRIFTKAPDPWSPPFHLSSFTNVPREMQEW

Figure 6. Common region, iterons and motifs of the Replication—associated protein (Rep) with the
reference DNA-A and DNA-B sequences of Bean golden mosaic virus — BGMV (highlighted in red
font color) compared with other isolates with identity levels greater than or equal to 96%. Panel (A):
Iterons, TATA region, nonanucleotide and Rep motif; Panel (B): Conserved Rep protein sequence
(ranging from 142 to 199 nucleotides). GenBank accessions: Phaseolus vulgaris DNA-A
(NC _004042), DNA-B (NC _004043); Phaseolus vulgaris: DNA-A (KJ939833), DNA-B
(MG334553); Macroptilium lathyroides: DNA-A (KJ939776), DNA-B (JN419008); Anadenanthera
colubrina: DNA-A (MN734370), DNA-B (MN734371); Macroptilium erythroloma: DNA-A
(MN822294), DNA-B (MNB822293); Phaseolus lunatus: DNA-A (KJ939711), (KJ939710) and
(KJ939710); Nicandra physalodes (MN737555); and Solanum lycopersicum (MN737552).
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Phaseolus lunatus

Phaseolus sp.

Macropfilivm lathyroides DNA-A

Isolates classified as BGMV Motif Rep
Itero Itero TATA region Nonanucleotide

NC_OD042  DNA-A CCCCGATTGAGCTCTCGTTCAAAAGTCTCTATGAAT TGGTGCC) AGTAAGAAGTTCTTTAAGGATCTGTAGACACGTGGCGGCCATCCGET) WPPPKREKIN
NC D043 DNA-B CCCCGATTGAGCTCTCGTTCAAAAGTCTCTATGAAT TGGTGCC) AGTATGAAGTTCTTTAAGGATCTGGAGACACGTGGCGGCCATCCGTT

DNA-A GATTGAGCTCTCGCTCATAAGTCATTATGAA TGGTGGACAA AGTATAAGTTCCTAAGGGCTTAAGGGACACGTGTAGGCCATCCGTTA MPPPKRFRIS

DNA-A GATTGAGCTCTCGCTCATAAGTCATTATGAA TGGTGGACAA AGTATAAGTTCCTAAGGGCTTAAGGGACACGTGTAGGCCATCCGTTA MPPPKRFKIS

DNA-A GATTGAGCTCTCGCTCATAAGTCATTATGAA TGGTGGACAA AGTATAAGTTCCTAAGGGCTTAAGGGACACGTGTAGGCCATCCGTTA MPPPKRFKIS

DNA-A GATTGAGCTCTCGCTCATAAGTCATTATGAAT TGGTGGACAA AGTATAAGTTCCTAAGGGCTTAAGGGACACGTGTAGGCCATCCGTTA WPPPKRFKIS

DNA-A GATTGAGCTCTCGCTCATAAGTCATTATGAAT TGGTGGACAA AGTATAAGTTCCTAAGGGCTTAAGGGACACGTGTAGGCCATCCGTTA MPPPKRFKIS

DNA-A GATTGAGCTCTCGCTCATAAGTCATTATGAAT TGGTGGACAA AGTATAAGTTCCTAAGGGCTTAAGGGACACGTGTAGGCCATCCGTTA MPPPKRFKE
DNA-B GATTGAGCTCTCGCTCATAAGTCATTATGAAT TGETGGACA. AGTATAAGTTCCTAAGGGCTTAAGGGACACGTGTAGGCCATCCGTTA

DNA-A ATI'GAGCTCTCGCTCATAAGTCTCTATGAATT AAGGGGACAA AGTATAAGTTCCTAAGGGCTTAAGGGACACGTGTAGGCCATCCGTT. MPPPKRFKIS

DNA-A ATTGAGCTCTCGCTCATAAGTCTCTATGAATT AGGGGACAA] AGTATAAGTTCCTAAGGGCTTAAGGGACACGTGTAGGCCATCCGTT MPPPKRFKIS

DNA-A ATTGAGCTCTCGCTCATAAGTCTCTATGAATI’ AAGGGGACAA AGTATAAGTTCCTAAGGGCTTAAGGGACACGTGTAGGCCATCCGTT MPPPKRFKIS

DNA-B ATTGAGCTCTCGCTCATAAGTCTCTATGAATT AAGGGGACAA] AGTATAAGTTCCTAAGGGCTTAAGGGACACGTGTAGGCCATCCGTT MPPPKRFKIS

DNA-A GATTGAGGTGTCGGTGATAAGTCTCTATGAAT AAGGGGACA AGTATAAGTTCGTAAGGGGTTAAGGGACAGGTGTAGBCCATCCGTT) MPPPKRFKIR

GATTGAGCTCTCGCTCATAAGTCTCTATGAA AGGGGACA AGTATAAGTTCCTAAGGGCTTAAGGGACACGTGTAGGCCATCCGTT/ MPPPKRFKIS

DNA-A CGATTGAGCTCTCGCTCATAAGTCCTTATGAATTGGTGTARA Al AGTAAAAGTTCCTAAGGGCTTAAGGGACACGTGTAGGCCATCCGTT MPPPKRFKIN
DNA-B CGATTGAGCTCTCGCTCATAAGTCCTTATGAATTGGTGTARA Al AGTAAAAGTTCCTAAGGGCTTAAGGGACACGTGTAGGCCATCCGTT

(8) Sequence conserved in Rep {AC1/C1) proteins of begomoviruses

142 1T 78 181 184 197 198
NC_004042 SKEEAMQIIKEKLPEKFLFQYHNLSSNLDRIFTKAPDPWSPPYHLSSFTNVPREMQEW

SKEEAMQIIKEKLPEKFLFQYHNLSSNLDRIFTPAPDPWSPPFHLSSFTNVPREMQDW
SKEEAMGIIKEKLPEKFLFQYHNLSSNLDRIFTPAPDPWTPPFHLSSFTNVPREMQEW
Phaseolus funatus SKEEAMQIIKEKLPEKFLFQYHNLSSNLDRIFTPAPDPWTPPFHLSSFTNVPREMQEW
SKEEAMQIIKEKLPEKFLFQYHNLSSNLDRIFTPAPDPWSPPFHLSSFTNVPREMOEW
SKEEAMQIIKEKLPEKFLFQYHNLSSNLDRIFTPAPDPWSPPFHLSSFTNVPREMQEW
SKEEAMQIIKEKLPEKFLFQYHNLSSNLDRIFTPAPDPWSPPFHLSSFTNVPREMQEW

SKEEAMQIIKEKLPEKFLFQYHNLSSNLDRIFTPAPDPWSPPFHLSSFTNVPREMQEW
Phaseolus sp. SKEEAMGIIKEKLPEKFLFQYHNLSSNLDRIFTPAPDPWSPPFHLSSFTNVPREMQEW

SKEEAMQIIKEKLPEKFLFQYHNLSSNLDRIFTPAPDPWSPPFHLSSFTNVPREMQEW

" ) SKEEAMQIIKEKLPEKFLFQYHNLSSNLDKIFTGAPDPWSPPFHLSSFTNVPREMODW
Macroptiium lathyroides  gKEEAMQIIKEKLPEKFLFQYHNLSSNLDKIFTQAPDPWSPPFHLSSFTNVPREMKDW
SKEEAMQIIKEKLPEKFLFOYHNLSSNLDRIFTPAPDPWSPPEHLSSFTNVPREMOEW

Figure 7. Common region, iterons and motifs of the Replication—associated protein (Rep) with
the reference DNA—-A and DNA-B sequences of Bean golden mosaic virus (BGMV) in red,
compared with other isolates with identity levels between 89% and 91%. Panel (A): Iterons,
TATA region, nonanucleotide and Rep motif; Panel (B): Sequence conserved of the Rep protein
(from 142 to 199 nucleotides). GenBank accessions: Phaseolus vulgaris NC: DNA-A
(NC_004042), DNA-B (NC _004043); Phaseolus lunatus: DNA-A (KJ939719), DNA-A
(KJ939735), DNA-A (KJ939731), DNA-A (KJ939764), DNA-A (KJ939709), DNA-A
(KJ939725), DNA — B (MH925107); unclassified Phaseolus species: DNA-A (JF694452),
DNA-A (JF694451), DNA-A (JF694449), DNA-B (JF694454); Macroptilium lathyroides:
DNA-A (JN419003), DNA-A (JN419006), DNA-A (JN419004), DNA-B (JN419017).

We also carried out analyzes of the quasi-palindromic DNA — A segment [ACTT—

(N7)-AAGT] which is an structural element conserved across the coat protein (CP) gene
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promoter of several members of the Geminiviridae family (Cantd-Iris et al., 2019). The
sequences of the BGMV isolates as well as of the reference isolate are reported in Fig. 8.
Results showed a motif diversity among BGMV isolates when comparing a specific region
(ACTT-GTCGCCC-AAGT) with the reference isolate (NC_004042). Overall, the
sequences found were: GGCGACC, GGTGACC, GGCGACC, GGCAACC, GGTGTCC
and GGCCCCC. The differences in these sequences were detected mainly from the 2™ the
51 position (Fig. 8). Seventy—three isolates from P. vulgaris displayed the sequence
GGCGACC, with the exception of the sequences of P. vulgaris isolates KJ939851 and
KJ939795 that displayed the sequence GGTGACC with differences in the 3™ position.
Isolates from P. lunatus (KJ939710; KJ939720, and KJ939719) that shared identity greater
than 96% to the reference, presented the sequence GGTGTCC, with the exception of the
KJ939719 isolate, which displayed the sequence GGCCCCC. Twelve isolates from M.
lathyroides (with identity levels of 97%) displayed the sequence GGCAACC. On the other
hand, isolates obtained from tomato, M. erythroloma, N. physalodes, A. colubrina, and
soybean displayed the sequence GGCGACC (Fig. 8). The sequence found in isolates
classified as BGMV were ACTT-GGCCCCC-AAGT, with the exception of a subgroup
of isolates that displayed the alternative sequences (viz. GACCCTC, GGCCCCG, and
GGCCCCTC), with differences in the 2", 6™ and 7" positions (Fig. 8). Thirty isolates
from P. lunatus and all isolates from unclassified Phaseolus species (with identity levels
ranging from 90% to 91% with BGMV) displayed the GGCCCCC sequence. Exceptions
were found, however, in six P. lunatus isolates (KJ939731; KJ939764; KJ939707;
KJ939721; KJ939722, and KJ939723) in which the GACCCTC sequence was annotated.
Exceptions were also found in a group of 17 isolates (KJ939746; KJ939752; KJ939738;
KJ939749; KJ939744; KJ939751; KJ939748; KJ939739; KJ939743; KJ939741,
KJ939737; KJ939750; KJ939747; KJ939740; KJ939742; KJ939745, and KJ939753) that
displayed the alternative GGCCCCG sequence. Three isolates from M. lathyroides
classified as BGMV (with identity levels of 89-91%) displayed the alternative sequences
GGCCCCTC (JN419006) and GGCCCCC (JN419004 and JN419003). The AC5 ORF has
been identified in a subgroup of begomoviruses and its gene product is supposed to act as
a pathogenicity factor by suppressing RNA silencing-based antiviral host defenses (Li et
al., 2015a). We could detect the AC5 ORF (with a size of 252 nts) in a wide range of
isolates obtained from P. vulgaris, P. lunatus, M. lathyroides, tomato, N. physalodes,

soybean, A. colubrina, and M. erythroloma. Interestingly, two isolates reported infecting
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M. lathyroides (JN419004 and JN419003) displayed the AC5 ORF with a distinct size of
276 nts.

GC- rich spacer TATA-box
Phaseolus vulgaris NC_004042 CTTTACTA
Phaseolus vulgaris CTTTACT,
CTTTACTA
Macroptilium lathyroides CTTTACT.
1]
Q
= CTTTACT.
_ﬁ Phaseolus lunatus CTTTACT,
> CACTAACG
5 Solanum lycopersicum CTTTACT.
(7]
Macroptilium erythroloma CTTTACT,
Nicandra physalodes CTTTACTA
Anadenanthera colubrina TCTTTACT.
Glycine max CTTTACTA
2 GACTAACG
8 Phaseolus lunatus GACTAACG
® TGACTAAC
e Phaseolus sp. TGACTAACG
=
w
17} . . TGACTAAC
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©
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Figure 8. Symmetric region ACTT— (N7) — AAGT of isolates described as Bean golden mosaic virus
(BGMV). Intergenic region sequences of the DNA—A component of the BGMV reference isolate
(highlighted in red font color) was compared with other BGMYV isolates with identity levels greater than
or equal to 96%. Comparisons were also carried out with other isolates displaying identity level ranging
from 89% to 91% (all these isolates were formerly classified as BGMV).

In conclusion, the 161 isolates previously classified as either BGMV or BGMYV strains
were clustered into four phylogenetic groups that were discriminated mainly by their original
legume host. SDT analyses indicated (according to the current criteria for Begomovirus species
demarcation) that isolates collectively named as BGMV comprise, in fact,of two viral species:
one encompassing bona fide BGMYV isolates mainly from P. vulgaris (but also including other

legume and solanaceous hosts) plus one closely-related viral species (with identity levels below
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91%) that was mainly associated with Lima beans and also M. lathyroides. Differences were
also annotated among isolates of these viruses for a set of genomic features. Due to all these
evidences, we concluded that this latter group of isolates correspond to a novel Begomovirus
species for which is given the tentative name Lima bean golden mosaic virus (LBGMV), as
previously suggested by Faria and Maxwell (1999). The reason why these genetically divergent
BGMV isolates were not previously identified as novel species can be explained by the fact that
the majority of these isolates was characterized before the novel Begomovirus species
demarcation rules were established (Brown et al., 2015). Thus, with the current taxonomic
criteria, these viral variants can now be unambiguously recognized as being isolates of a new
Begomovirus species. In this context, the reclassification of a subset of BGMV isolates
available at GenBank with less than 91% identity to the reference genome (NC_004042) seems
to be necessary in order to avoid additional misunderstandings and, especially, for improving

the classification system of these closely-related legume-infecting Begomovirus species.

It is interesting to highlight that variability in symptom the expression caused by BGMV
isolates in beans has been detected as early as the 1960s in Brazil (Costa, 1965). Three distinct
whitefly-transmitted diseases were previously identified as ‘golden mosaic’; ‘mottled dwarf’,
and ‘crumpling’. These symptoms were so distinctive that Costa (1965) speculated that they
were more likely induced by a complex of closely related viruses. Therefore, a plausible
hypothesis is that one of these distinct diseases described by Costa (1965) could be caused by
LBGMYV isolates yet undetected at that time. Thus, it will be interesting to carry out
comparative assays inoculating P. lunatus and P. vulgaris cultivars with BGMV and LBGMV
isolates to identify if there is a peculiar set of symptoms associated with each virus. So far,
isolates of BGMV have been reported on P. lunatus, but no natural infection of P. vulgaris by
LBGMV. Practical implications of this pathogen diversity on classical and biotech Phaseolus
resistance breeding programs are expected since virus-specific genetic factors may not be
simultaneously effective against LBGMV and BGMV isolates (Faria et al., 2016).

As previously mentioned, the original description of the putative LBGMV species was
done by Faria and Maxwell (1999), but only with a genomic segment (1185 bp) encompassing
the partial Rep protein (rep) and coat protein (cp) genes of a single isolate (U92531). Our
BLASTnN analyses employing U92531 indicated identity levels ranging from 94.36% to 97.91%
with a collection of 56 accessions composed mainly by isolates obtained from P. lunatus
(Wyant et al., 2012; Sobrinho et al., 2014), from a group of unclassified Phaseolus species
(Wyant et al., 2012) as well as two isolates from M. lathyroides (Silva et al. 2012). The highest

144



identity levels of U92531 to bona fide BGMYV isolates was 89.74% (e.g. KJ939776), indicating
that the isolate described by Faria and Maxwell (1999) was, in fact, the first report of a novel
legume-infecting Begomovirus species distinct from BGMV.
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Complete genomic sequence of a Gemycircularvirus species

detected in natural association with open-field tomatoes in Brazil
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Resumo

A estratégia de Next-Generation Sequencing (NGS) foi utilizada para a identificacdo de um
Gemycircularvirus (Familia: Genomoviridae) associado com amostras foliares de tomateiro
em campos de produgdo no Brasil Central. O genoma viral (sSDNA com 2.189 nucleotideos)
foi amplificado por meio de primers especificos e sequenciados por Sanger. As analises do
BLASTn e da ferramenta Sequence Demarcation Tool (SDT) mostraram que a espécie
identificada no tomateiro compartilha 99% de identidade com um virus provisoriamente
denominado como Plant-associated genomovirus 12 de Larrea tridentata (Zygophyllaceae).
Anélises filogenéticas usando as sequéncias de amino&cidos da proteina associada a
replicacdo (Rep) dos genomas de Genomoviridade, confirmaram esse virus como um membro
do género Gemycircularvirus, representando o primeiro relato mundial de sua associacao

natural ao tomateiro.

Abstract

Using a next-generation sequencing (NGS) approach, we identified a Gemycircularvirus
(Genomoviridae) in association with foliar samples of open-field tomatoes in Brazil. The viral
ssDNA genome (2,189 nucleotides) was amplified via specific—primers and Sanger—
sequenced. BLASTn and sequence demarcation tool (SDT) analyses showed 99% identity
with a virus tentatively named as Plant-associated genomovirus 12 from Larrea tridentata
(Zygophyllaceae). Phylogenetic analyzes using the amino acid sequences of the replication—
associated (Rep) protein from Genomoviridade genomes confirmed this virus as a member of
the genus Gemycircularvirus, representing the first worldwide report of its natural association

with tomatoes.

In Brazil, tomato (Solanum lycopersicum L.; family Solanaceae) cultivation is of great
economic importance, with the Southeast region being the main producer (45%), followed by
the Central region with 30% of the total production (IBGE 2020). A large number of diseases
of viral etiology have been reported in tomatoes under Brazilian conditions, varying according
to the region, the type of cultivation and the dissemination and distribution of the vectors.
Worldwide, isolates of = 286 viral species have been reported either infecting or in association
with tomatoes, including many circular single-stranded DNA (ssDNA) viruses (Virus-

HostDB, 2020). Novel approaches for large—scale sequencing are allowing the discovery of a
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wide diversity of circular ssDNA viruses (Rosario et al., 2012b; Krupovic et al., 2016).
Viruses with ssDNA genomes were found in hosts of all three domains of life (Archaea,
Bacteria, and Eukarya) across a large array of environments. The initial genomic analyses of
a subgroup of these viruses indicated significant, but with overall low levels of similarity with
circular ssDNA viruses classified within the Geminiviridae, Circoviridae, and Nanoviridae
families. Because of this low genomic identities, it was proposed that these divergent sSSDNA
viruses should be placed into distinct families (Rosario et al., 2012a; Krupovic et al., 2016).
In 2016, the International Committee on Taxonomy of Viruses created two new families of
sSDNA: Pleolipoviridae and Genomoviridae (ICTV, 2020). The Genomoviridae family is
currently composed by nine genera: Gemycircularvirus, Gemyduguivirus, Gemygorvirus,
Gemykibivirus, Gemykolovirus, Gemykrogvirus, Gemykroznavirus, Gemytondvirus, and
Gemyvongvirus (Krupovic et al., 2016; ICTV, 2020). The genus Gemycircularvirus has the
largest number of described species thus far (43 in total), being characterized by circular
ssSDNA genomes (from 2.1 to 2.3 kb) with two open-reading frames (ORFs), one encoding
the capsid protein (in the viral sense) and another encoding (in the complementary sense) the
replication—associated protein (Rep). The Rep protein contains conserved domains that are
crucial for rolling circle replication (RCR), which are also present in the Rep proteins from
geminiviruses. In addition, they have a stem—loop structure in the region of origin of
replication, where a conserved nonanucleotide sequence (TAATATTAT) is located (Rosario
et al., 2012b; Krupovic et al., 2016; Varsani and Krupovic, 2017).

Currently, the rolling circle amplification — RCA (Inoue-Nagata et al., 2004) and the
metagenomics allied to Next-generation Sequencing — NGS (Edwards and Rohwer, 2005;
Pantaleo and Chiumenti, 2018; Liu et al., 2020) are the major techniques employed for the
discovery of new circular sSDNA viruses in various organisms and ecosystems. The first
gemycircularvirus described was the fungal Sclerotinia sclerotiorum hypovirulence—
associated circular DNA virus 1 (SsHADV-1) (Yu et al.,, 2010). Afterwards, many
genomoviruses have been reported in association with a large array of organisms such as
insects (Dayaram et al., 2012; Rosario et al., 2012a; Li et al., 2015b), rats (Li et al. 2015),
humans (Lamberto et al., 2014; Phan et al., 2015; Halary et al., 2016) as well as in
environmental samples such as sewage, faeces, and water (Sikorski et al., 2013; Conceigéo-
Neto et al., 2015; Da Silva Assis et al., 2016). In addition, these viruses have been found
across different kingdoms, being reported also in association with plant species such as citrus
(Chabi-Jesus et al. 2020); cassava (Dayaram et al. 2012); olive tress (Chiumenti et al. 2019);
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Hypericum japonicum Thunb. (Hypericaceae) (Du et al. 2014); Poaceae species (Male et al.
2015), and soybeans(Dayaram et al., 2012; Du et al., 2014; Kraberger et al., 2015; Male et al.,
2015; Marzano and Domier, 2016; Chiumenti et al., 2019; Chabi-Jesus et al., 2020). Here, we
described an experimental approach using NGS in combination with Sanger dideoxy
sequencing for the identification and complete genome characterization of a
Gemycircularvirus (Genomoviridae) found in natural association with open-field tomatoes in

Central Brazil.

Seventy—two tomato leaf samples displaying virus—like symptoms were collected
across commercial fields in Goias State (GO). Total genomic DNA was extracted from these
samples, and circular DNA was enriched via RCA (Inoue-Nagata et al., 2004). The RCA
products from all tomato samples were pooled and sequenced using a Illumina Hiseq platform
at Macrogen Inc. (South Korea). The sequences were assembled and analyzed in the CLC
Genomics Workbench 10 program. The contigs were validated via BLASTn and compared to
the GenBank database of ssDNA viruses (https://www.ncbi.nlm.nih.gov/). A specific open—
primer pair (‘Gemy For’: 5>-GCT CTG AAT CAA ATC TCG CTT ACT TG-3’ / ‘Gemy
Rev’: 5°-CGA TGT TGA TTG GTT GGA AGC A-3’) was designed (Geneious 11.0

program) to anneal to a conserved Rep region of a putative Gemycircularvirus species found

in the initial NGS analysis. This primer pair had the double purpose of detecting this putative
Gemycircularvirus species in individual tomato samples and to amplify its complete genome.
The obtained PCR amplicons were purified with Gel DNA purification (Ludwig
Biotecnologia, Alvorada—RS, Brazil) and then Sanger—sequenced, employing the same
Gemycircularvirus-specific primer pair. Sanger dideoxy sequencing was carried out at
Genomic Analysis Laboratory (at CNPH), using the BigDye® Terminator Cycle Sequencing
Ready Reaction Kit version 3.1 protocol (Applied Biosystems, Sdo Paulo—SP, Brazil). After
contig assembling and quality evaluation, the obtained sequences were analyzed using the
BLASTnN algorithm. Seventy—four sequences representing all genera of the Genomoviridae
family were retrieved from NCBI and included in the phylogenetic analyses, employing the
Rep amino acid sequences. The phylogenetic tree was built by Bayesian inference (MrBayes
v. 3.2.) with amino acid substitution model GTR + | + G selected by JModeltest v. 2.2 (Posada,
2008). The trees were edited in the FigTree program (Rambaut, 2012) and in the Evolview
(He et al., 2016) at the online server http://www.evolgenius.info/evolview/. For comparisons

of the complete sequences, it was used the software SDT v.1.2 (Muhire et al., 2014). The
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RDP4 program (Martin et al., 2015) was employed for analysis of potential recombination

events.

After Illumina sequencing, the assembly of the contigs and analysis via BLASTn
revealed a sequence with = 98% identity to the viral species Plant-associated genomovirus 12
(genus Gemycircularvirus) that was reported in association with Larrea tridentata (Sesse &
Mocino ex DC.) Coville (MH939425) from the family Zygophyllaceae. After PCR with the
virus-specific primers, the gemycircularvirus was detected in two tomato samples (codified
as GO-298 and GO-301) collected in Leopoldo de Bulhdes, Goias-GO in 2004. The
amplicons corresponding to the full viral genome were validated via Sanger dideoxy
sequencing. Phylogenetic and SDT analyzes confirmed the results obtained initially by
BLASTN, where the tomato—associated isolates showed a 99% identity with Plant-associated
genomovirus 12, belonging to the genus Gemycircularvirus (Figure 1). SDT analyses also
showed that Plant-associated genomovirus 12 is closely-related to other species of this genus
because it shared identity levels ranging from 78 and 84% with Pteropus—associated
gemycircularvirus 9, Pacific flying faeces—associated gemycircularvirus 4 (PffaGmV-1),
Capybara genomovirus 9 (CapGV1-9), Capybara genomovirus 11 (CapGV1-11) and Thrips—
associated genomovirus 2 (Male et al., 2016; Kraberger et al., 2017; Fontenele et al., 2019).
The current taxonomic rule for the classification of a new Genomoviridae species is the overall
identity of 78% when compared to the already established species (Varsani and Krupovic,
2017; ICTV, 2020). All previously mentioned viruses (expect for Pteropus—associated

gemycircularvirus 9) have not yet been accepted as formal species by the ICTV.

150



1 KTT12795 (TON| Praropus assccisted qemycircularyinus §

3 KYSI8Z71 (USA| Thrips associated genomovius 2

P4 MKE3181 (BR) Capybara genomanins &

§ NT21418¢ (Tomalc-3R) Plant assoziated genomovius 12
ing 12

SDT
57

65

7 WKa33183 BR) Capybara genomaninus 1
L4 NK482072(BR) Cyhara genareenius
I’ KTI51577 (TON) Pn:cmauudalodmywwlmm 1

T T s s et
12MA38427 (ZAF| Plant associated genomavinus 13
13 MES33404 (20F) Plant asscciated genomanins 13
A4 KFST1641 NZ) Faecal associated gemyciculanvis 1o
15 KFIT168) (NZ) Blackbind associsted gemycirculsnyinus
16 KF3T1639 (N2 Fazesl associated gemyeirculzniirus 3
17 KFIT1613 |NZ) Faeces associzted gemycirculanirus ¢

80
90
100

L 197380240 USA) Sopbean ot esocited o
2KTTINST (TON) Prurogus associated gumyeireuanins I
I[” KA20614 8} Bamisiaassocated genoncvis A20

2%

26 JX185428 (USH) Dragortly sseociated cicule vias 2
27 JOH2IST |GH) Cassava associated gumpeireularins 1
23 KT462253 {NZ) Faeces associated gemyeirculanirus 22
29 KISHTE3H (NZ Sewage dciod gumyeieufaning

10 KNA21747 {NZ) Sewage assosiated gemyvircuianvin {
31 KUS10192 (NZ) Bromus essociated emyvircufarying |

o)

B Gemycircularvirus
B Gemyduguivirus
B Gemygorvirus

B Gemykibivirus

B Gemykolovirus

B Gemykrogvirus

B Gemykroznavirus
B Gemytondvirus

B Gemyvongvirus
B Geminiviridae

31 GQSTO8 (C) Snleratini gemyeieuiavinis /

34KISHTEIG (N2 Sewage assocsted gomyeieatonvins 6
J5KTTIZ192 (NZ) Pacific Ryleg fox fzacas associated qemycredanving 2
16 KTBE2251 {NZ) Fances associated camycicularires 1§

"Eas.lmsm TON)Drageny assaclated qumydhguivis 1
50 NK03270% (USA) Genomoriridas sp.

51 NHSTB453 (BR) Gila monster associated gemyhrogyis
52LKRA1484 (GE)HOBI 212 vius Geyhroguirss

50 K0T (08 Cartou aseelotsd gsmphregvins |

54 NNE3L163 (BR) Gilz monster associated gomyhrogvirus
56 KJWW Mll Sewageassociatod nlnr/mdammn

Ul W Cl ‘B’( Common bran-sssociated nm
5 KI434770 [BR; Common ban-essosiatad gemy
53 KTTS% TON) P Aying e v e gomycesbnins §
60 T7I200) TO Pach: it b Feces e s

L]
8
]

'd 0[53]%8
5‘!5\7&1525'*50 Eﬂ’\?&&.WEHGWEv"

vinis
8 IR) Tumip. s ol
61 FNBTTATS (BFA) Afrcan cassava mosait vinus
1] EFS‘G‘SK \C)ll Viheat diarfrires

strolf et i
NS5 iyt

12346678 910911213 14151617 101920 21 22 23 24 25 2627 20 29 30 31 92 33 34 35 36 37 38 39 40 41 42 4 A7 40 49 50 51 52 63 54 66 56 57560 59 60 61 62 63 64 65 86 67 09 69 1071 72 13 74

Figure 1. Phylogenetic and sequence demarcation tool (SDT) analyses using 74 representatives
genomovirus sequences, including the Plant-associated genomovirus 12 isolate that was described in
association with tomato leaf samples in the present work (highlighted in red font color). Bayesian
phylogenetic tree was based upon the replication—associated (Rep) protein sequences. Sequences of
geminiviruses were used as outgroups. The Rep coding sequences were aligned using MUSCLE, and
phylogenic tree was constructed using Bayesian inference performed with MrBayes v3.2, with amino
acid substitution model GTR + | + G selected by JModeltest v. 2.2. The analyzes were carried out by
running 100 million generations and sampling every 2,000 generations after 2 million burn—in
generation. Genome-wide pairwise matrix was generated by SDT v1.2. The isolates are identified by
their name, by the GenBank accession number and by the acronym of the countries where they were
described: BR = Brazil; TON = Tonga; USA = United States; ZAF = South Africa; NZ = New Zealand,;
CN = China; GH = Ghana; GE = Germany; LK = Sri Lanka; IR = Iran; BFA = Burkina Faso, and NL
= Netherlands. GenBank accession numbers: 1. Pteropus associated gemycircularvirus 9 (KT732795);
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2. Pacific flying fox faeces associated gemycircularvirus 4 (KT732796); 3. Thrips associated
genomovirus 2 (KY308271); 4. Capybara Genomovirus 9 (MK483081); 5. Plant-associated
genomovirus 12 (Tomato — MT214094); 6. Plant Genomovirus 12 (MH939425); 7. Capybara
genomovirus 11 (MK483083); Capybara genomovirus 1 (MK483072); 9. Poaceae associated
gemycircularvirus 1 (KT253577); 10. Poaceae associated gemycircularvirus 1 (KT253578);11.
Poaceae associated gemycircularvirus 1 (KT253579);12. Plant Genomovirus 13 (MH939427); 13.
Plant Genomovirus 13 (MH939434); 14. Faecal associated gemycircularvirus 1c (KF371641); 15.
Blackbird associated gemycircularvirus 1 (KF371643); 16. Faecal associated gemycircularvirus 3
(KF371639); 17. Faeces associated gemycircularvirus 4 (KF371638); 18. Miniopterus associated
gemycircularvirus 1 (KJ641719); 19. Soybean leaf associated gemycircularvirus 1 (KT598248); 20.
Pteropus associated gemycircularvirus 3 (KT732797); 21. Bemisia associated genomovirus AdO
(KY230614); 22. Hypericum japonicum associated circular DNA virus (KF413620); 23. Momordica
charantia associated gemycircularvirus (MHO047857); 24. Euphorbia heterophylla associated
gemycircularvirus (MHO047858); 25. Odonata associated gemycircularvirus 1 (KM598385); 26.
Dragonfly associated circular virus 2 (JX185429); 27. Cassava associated gemycircularvirus 1
(JQ412057); 28. Faeces associated gemycircularvirus 22 (KT862253); 29. Sewage derived
gemycircularvirus 1 (KJ547638); 30. Sewage associated gemycircularvirus 1 (KM821747); 31.
Bromus associated gemycircularvirus 1 (KM510192); 32. Faeces associated gemycircularvirus 17
(KT862242); 33. Sclerotinia gemycircularvirus 1 (GQ365709); 34. Sewage associated
gemycircularvirus 6 (KJ547636); 35. Pacific flying fox faeces associated gemycircularvirus 2
(KT732792); 36. Faeces associated gemycircularvirus 16 (KT862251); 37. Poecile atricapillus Gl
tract-associated gemycircularvirus (KT309029); 38. Pacific flying fox faeces associated
gemycircularvirus 10 (KT732804); 39. Pteropus associated gemycircularvirus 8 (KT732806); 40.
Pteropus associated gemycircularvirus 5 (KT732801); 41. Dragonfly associated circular virus 1
(JX185430); 42. Capybara genomovirus 2 (MK483074); 43. Plant associated genomovirus 2
(MH939414); 44. Black robin associated gemykibivirus 1 (KF371634); 45. Sewage associated
gemykibivirus 3 (KJ547643); 46. HCBI8.215 virus Gemykibivirus (LK931483); 47. Rhinolophus
associated gemykibivirus 1 (KJ641737); 48. Gemycircularvirus SL1 Gemykibivirus (KP133075); 49.
Dragonfly associated gemyduguivirus 1 (JX185428); 50. Genomoviridae sp. (MK032706); 51. Gila
monster associated gemykrogvirus (MH378453); 52. HCBI19.212 virus Gemykrogvirus (LK931484);
53. Caribou associated gemykrogvirus 1 (KJ938717); 54. Gila monster associated gemykrogvirus
(MN954869); 55. Sewage associated gemycircularvirus 4 (KJ547634); 56. Human associated
gemyvongvirus 1 (KP974693); 57. Common bean-associated gemycircularvirus (KX434768); 58.
Common bean-associated gemycircularvirus (KX434770); 59. Pacific flying fox faeces associated
gemycircularvirus 6 (KT732798); 60. Pacific flying fox faeces associated gemycircularvirus 7
(KT732800); 61. Beet curly top virus (AF379637); 62. Turnip leaf roll virus (KT388088); 63. African
cassava mosaic virus (FM877473); 64. Wheat dwarf virus (EF536860); 65. French bean severe leaf
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curl virus (3X094280); 66. Spinach curly top Arizona virus (HQ443515); 67. Ostrich associated
gemytondvirus 1 (KF371630); 68. Rabbit associated gemykroznavirus 1 (KF371631); 69. Human
genital-associated circular DNA virus 1 (KJ413144); 70. Sewage associated gemycircularvirus 5
(KJ547635); 71. Pacific flying fox faeces associated gemycircularvirus 1 (KT732790); 72. Faeces
associated gemycircularvirus 15 (KT862254); 73. Meles meles fecal virus (JN704610); 74. Faeces
associated gemycircularvirus 10 (KF371632).

The tomato—associated gemycircularvirus isolates displayed a genome of 2,189
nucleotides (nts) in size (Figure 2). The genome contains three ORFs: one capsid protein (CP)
in the viral sense (with 906 nts) and two ORFs in the complementary sense (RepA with 735
nts and Rep with 1008 nts). These two last ORFs overlap at the end as observed across species
of the genus Gemycircularvirus. In the intergenic region (with 128 nts), we annotated a “stem—
loop” with the TAATGTTAT nonanucleotide sequence, typical of the genus
Gemycircularvirus. Another peculiar feature is the presence of a “splicing” (intron) within the
Rep, with a size of 124 nts (Figure 2), which is typical of the gemycircularviruses and very
similar to that present in the genera Becurtovirus, Capulavirus, Grablovirus and Mastrevirus
(Geminiviridae family) (Varsani & Krupovic, 2017; ICTV, 2018). Conserved motifs and
domains present in the Rep protein were also identified. Motifs I, Il, 1, and GRS
(Geminivirus Rep Sequence) and helicase motifs are conserved in all ssDNAs of the
Genomoviridae family (Varsani and Krupovic, 2017). Here, the motif | (LLTYAQ) was
found in the N—terminal Rep domain. This motif is very important for dSDNA binding during
replication. We also found the motif Il (THLHYV), which is believed to be involved in the
coordination of DNA cleavage, and the motif 11l (YAVK) which contains a tyrosine residue
essential for dSDNA cleavage and assigns the covalent form at the 5” terminus of the cleaved
DNA. Motifs I, Il, and 111 are also present in the genomes of geminiviruses, nanoviruses, and
circoviruses (Rosario et al., 2012b; Varsani and Krupovic, 2017). The GRS domain
(GHHPNITP), located between motifs Il and 111, was also identified in the tomato—associated
viral isolates, it has a peculiar function when compared to geminiviruses, since it is involved
in the ssDNA cleavage reaction that occurs during the initiation of RCR. This domain is
related to replication initiation across geminiviruses, and it more likely have the same function
in genomoviruses (Nash et al., 2011; Varsani and Krupovic, 2017). The helicase domain (C—
terminal terminus of Rep protein) could also be identified, which has the well-characterized
motifs Walk A, Walk B, and C. The GRS domain is related to the denaturation of the double—
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strand DNA during viral replication. In the tomato—associated gemycircularvirus the amino
acid sequences of the motifs were as follow: Walk A (LYGPSRLGKTVW), Walk B
(YAVFDDMRG) and C (PDRNALWIC). Walk A and Walk B motifs were first identified
in enzymes that require the use of ATP. Walk A is part of the P—loop motif that is employed
for ATP recognition (Walker et al., 1982; Rosario et al., 2012b). Walk B is responsible for
ATP binding and hydrolysis, and the motif C interacts with ATP phosphate and water
molecules through a conserved asparagine residue (Choudhury et al., 2006; George et al.,

2014; Varsani and Krupovic, 2017).
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Figure 2. Diagrammatic representation of the genomic organization of an isolate of Plant-
associated genomovirus 12 detected in natural association with open-field tomatoes in Central
Brazil. Panel (A): The tomato—associated circular genome (GenBank MT214094) displayed
2,189 nucleotides (nts) in size. The genome contains three open reading frames (ORFs): one
capsid protein (CP) in the viral sense (with 906 nts) and two ORFs in the complementary sense
(RepA with 735 nts and Rep with 1008 nts). An intron is located within the ORF Rep. Arrows are
indicating the location of the motifs I, 11, 111, and C as well as the GRS domain and the Walker A
and B motifs. Panel (B): Intergenic region (with 128 nts) showing a conserved “stem—loop”
which contains the nonanucleotide sequence TAATGTTAT (highlighted).
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Recombination analyses for nucleotide sequence of the tomato—associated
gemycircularvirus showed evidence of recombination events in four statistical methods:
MaxChi (p-value = 1.890 x 10°), Chimera (p-value =1.374 x 10°), SiScan (p-value = 2.883 x
10%) and 3Seq (p-value = 3.883 x 107). The analyzes showed that this gemycircularvirus
closely resemble its major parent, which is an isolate of the Plant-associated genomovirus 14
(MH939452), whereas the minor parent is the Soybean leaf—associated gemycircularvirus 1 —
SlaGemV1 (KT598248) (Marzano and Domier, 2016). The initial breakpoint is at nucleotide
458 and the final breakpoint is at nucleotide 1807 (involving sequences from the CP and Rep

genes).

In conclusion, phylogenetic analyzes using the amino acid sequences of the
replication—associated (Rep) protein from available Genomoviridae genomes confirmed that
the tomato-associated virus (GenBank MT214094) as a member of the genus
Gemycircularvirus. SDT analyzes also corroborated this conclusion. To our knowledge, this
the first worldwide report of a Gemycircularvirus in natural association with either tomatoes
or other Solanaceae species. This virus displayed a close genetic relationship (99% identity)
to Plant-associated genomovirus 12, which was reported in samples of the creosote bush (L.
tridentata; family Zygophyllaceae) that is a plant native from desertic areas of North America.
Therefore, an intriguing aspect (which will require additional studies) is how viral isolates
sharing high levels of genetic identity can interact with two taxonomically divergent plant
species (from distinct botanic families) in such contrasting environments. In this context,
further studies will necessary to elucidate the type of interaction of this virus with tomatoes

as well as the potential effects (beneficial/detrimental) it may cause in this vegetable crop.
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Resumo

Dois novos begomovirus que infectam o tomateiro foram descobertos por sequenciamento
Illumina no Brasil. Os genomas virais completos foram clonados e sequenciados por Sanger.
Esses virus foram detectados em campos comerciais no Brasil e exibiram DNA-A com a
organizacdo tipica de espécies de begomovirus do Novo Mundo. As espécies foram
provisoriamente denominadas Tomato golden net virus (TOGNV) e Tomato yellow net virus
(ToYNV). A maioria dos begomovirus de &reas neotropicais possui genomas bipartidos. No
entanto, nenhum componente cognato de DNA-B foi encontrado para TOGNV e ToYNV.
Portanto, eles compreendem um grupo peculiar de begomovirus neotropicais com genomas

monopartidos, que apresentam um enorme interesse bioldgico, molecular e genético.

Abstract

Two novel tomato-infecting begomoviruses were originally discovered via Illumina
sequencing assays, subsequently they were cloned and Sanger—sequenced. These viruses were
detected in commercial fields in Brazil and displayed DNA-A components with typical
organization of New—World Begomovirus species. They were tentatively named as Tomato
golden net virus (ToGNV) and Tomato yellow net virus (ToYNV). The majority of the
begomoviruses from Neotropical areas has bipartite genomes. However, no cognate DNA-B
components were found for TOGNV and ToYNV. Hence, they comprise a peculiar group of
Neotropical begomoviruses with monopartite genomes, which have enormous biological,

molecular, and genetic interest.

The Geminiviridae family (Order: Geplafuvirales) is composed by viruses with single-
stranded DNA (ssDNA) genomes, which is currently composed of nine genera: Becurtovirus,
Begomovirus, Capulavirus, Curtovirus, Eragrovirus, Grablovirus, Mastrevirus, Topocuvirus,
and Turnucurtovirus. The classification at the genus level is based upon the host range, the
type of insect(s) vector(s), genomic organization, and phylogenetic relationships (Loconsole
etal., 2012; Ma et al., 2015; Varsani et al., 2017; Rojas et al., 2018; ICTV, 2020). The genus
Begomovirus aggregates the largest number of species within the Geminiviridae family
(ICTV, 2020). The Begomovirus genus is composed by whitefly-transmitted species with one
(= monopartite) or two (= bipartite) circular, ssDNA genomic component(s) with = 2.6 kb that

are separately encapsulated into twinned particles formed by two incomplete icosahedrons
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(Rojas et al., 2018). The begomovirus transmission is characterized as being non—propagative,
circulative and is done by insects members of the Bemisia tabaci (Hemiptera: Aleyrodidae)
cryptic species complex (Rojas et al., 2018).

The tomato (Solanum lycopersicum L.) crop is grown year-round under distinct
cultivation systems across major tropical and subtropical regions. The first reports of tomato-
infecting Begomovirus species in Brazil were done between the years 1950 and 1970 (Flores
et al., 1960). However, begomovirus outbreaks in tomatoes increased after B. tabaci Middle
East-Asia Minor 1 (MEAM 1 = biotype B) invasion in the early 1990s. Field surveys
conducted subsequently revealed a complex of Begomovirus species (composed mainly by
bipartite viruses), occurring across all Brazilian biomes. So far, over 21 Begomovirus species
have been reported naturally infecting tomatoes (Matyis et al., 1975; Ribeiro et al., 2003;
Calegario et al., 2007; Cotrim et al., 2007; Ribeiro et al., 2007; Castillo-Urquiza et al., 2008;
Fernandes et al., 2008; Albuquerque et al., 2010; Albuquerque et al., 2012; Macedo et al.,
2018; Quadros et al., 2019; Régo-Machado et al., 2019). In addition, viruses associated with
Malvaceae weeds were also reported infecting tomatoes (Calegario et al., 2004; Cotrim et al.,
2007). Currently, Tomato severe rugose virus — ToSRV and Tomato mottle leaf curl virus —
ToMoLCV are the most widespread and economically important begomoviruses in this crop.
ToMoLCV was first erroneously described as being a bipartite species by Albuquerque et al.
(2012) (Flores et al., 1960), but, is was subsequently characterized as a monopartite virus
(Loconsole et al., 2012; Ma et al., 2015; Varsani et al., 2017; Rojas et al., 2018; ICTV, 2020).
In fact, ToMoLCYV is thus far the only monopartite species reported infecting tomatoes under
Brazilian conditions. In the present study, Next-generation sequencing (NGS) was employed
in combination with Sanger dideoxy sequencing for the identification and complete genome

characterization of two new monopartite Begomovirus species.

As part of systematic field surveys for tomato-infecting viruses, leaf tissues were
collected from tomato plants growing in commercial fields between 2003 and 2015 across
three regions of Central Brazil [the Federal District (DF), Goias State (GO), and Minas Gerais
State (MG)]. The samples were collected from tomato plants with typical begomovirus
symptoms such as foliar chlorosis (generating typical yellow and golden net patterns), leaf
deformation, yellow mosaic, and dwarfism. These samples were subsequently subjected to
total DNA extraction using the modified CTAB protocol with organic solvents (Boiteux et al.,
1999) and stored at -20 °C. After confirming the presence of a begomovirus through PCR
(polymerase chain reaction) using the degenerate primers ‘PAR1¢c496°/ ‘PAL1v1978” (Rojas
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et al., 1993), viral circular DNAs were amplified by rolling—circle amplification (RCA)
(Inoue-Nagata et al., 2004). High—throughput sequencing (HTS) was then performed on an
Illumina HiSeq2500 platform (Macrogen Korea). The HTS—derived information was analyzed
according to the following workflow: (1) elimination of low—quality reads; (2) re—assembly
of the sequences using the program CLC Genomics Workbench 10; and (3) validation of the

contigs with the BLASTn algorithm by comparing with the sSDNA Genbank virus database

(https://www.ncbi.nlm.nih.gov/). The viral contigs were annotated and the trimmed reads
were mapped back to the annotated genome using the tool ‘Map to reference’ available in the

Geneious 11.0 program.

As a result of the lllumina HiSeq 2500 sequencing, 32,691,974 million reads were
obtained from the sample pool. After assembly, in the CLC Genomics Workbench 11
program, 19,487 contigs were obtained. Most of these contigs were composed by previously
characterized Begomovirus species such as: Bean golden mosaic virus (BGMV), Cleome leaf
crumple virus (CILCrV), Tomato severe rugose virus (ToSRV), Euphorbia yellow mosaic
virus (EuYMYV), Tomato chlorotic mottle virus (ToCMoV), Tomato golden vein virus
(TGVV), Tomato mottle leaf curl virus (ToMoLCV), Tomato common mosaic Virus
(ToCmMV), Tomato rugose mosaic virus (ToRMV) and Sida micranta mosaic virus
(SimMV). However, two full-length DNA-A contigs displayed identity levels of less than
91%. According to the current taxonomic criterion of the genus Begomovirus (Brown et al.,

2015), both isolates were two putative new species.

The DNA—-A genome of the initially named new species #1 (427,646 reads) displayed
84% identity to Tomato bright yellow mottle virus (ToBYMYV), whereas the species #2 (2,839
reads) displayed 85% identity to Tomato chlorotic leaf curl virus (ToCLCV). The new species
#1 was detected in a single sample with code MG-378, collected in 2015 in Itacarambi—-MG
and the new species #2 in two samples (GO-169 and GO-189) collected in 2003 in Leopoldo
de BulhBes—GO and Goianopolis—GO, respectively. Open primers specific for the DNA-A
component of each putative new viral species were designed. For the DNA-B detection, the
universal primer pair ‘PBL1v2040°’/’PCRc1’ (Rojas et al., 1993) were used. After exhaustive
PCR assays the DNA-A of both putative new species was detected. However, no DNA-B
component or DNA-B segment was amplified, indicating that they might be monopartite

viruses.
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The complete DNA — A sequence of both viruses was confirmed via Sanger dideoxy
sequencing employing the specific primer pairs, Sequencing reactions were carried out at
CNPH (Plant Breeding Lab) using the BigDye® Terminator Cycle Sequencing Ready
Reaction Kit version 3.1 protocol (Applied Biosystems, Sdo Paulo—SP, Brazil). The DNA —
A components of the viruses were cloned into pSL1180 plasmid vector (Addgene). For the
new species #1 (MG-378 sample), the RCA products were individually cleaved with Apal.
For putative new species #2 (GO-169), RCA products were cleaved with Kpnl. The vector
pSL1180, previously cleaved with the corresponding specific enzyme, was introduced into
Escherichia coli DH5a by transformation. Viral inserts were Sanger—sequenced at CNPH.
Full-length genomes were assembled using Geneious 11.0. Sequences were initially analyzed
using the BLASTn algorithm and sequence identity to the closest begomoviruses was
calculated with Species Demarcation Tool v.1.2 (SDT) (Martin et al., 2015). Full-length
genomes were aligned with MUSCLE. Phylogenetic trees based on DNA-A alignments were
generated by Maximum likelihood phylogenies — PhyML (Guindon et al., 2009) with HKY +
I+ G nucleotide substitution model selected by jModelTest (Posada, 2008) with 1,000
bootstrap replications. Figures were elaborated with Adobe Illustrator CC and EvolView (He
et al., 2016). To detect potential recombination events, the software RDP 4.77 program
(Martin et al., 2015) was used. Recombination events were considered reliable only if they
were detected by at least four of the seven methods implemented by the program.

The DNA — A of species #1 was detected in sample MG-378, collected in 2015 in
Itacarambi—-MG. The name Tomato golden net virus—=ToGNV (GenBank MT214095) was
proposed and displayed a genome with 2,649 nucleotides (nts). Species #2 was detected in
two samples (GO-169 and GO-189) and the proposed name Tomato yellow net virus—
ToYNV (GenBank MT214096) presenting a genome with of 2,636 nts. TOGNV and ToYNV
showed genomic organization typical of New World begomoviruses with the DNA-A
encoding one Coat protein (CP) in the virion sense strand, and four in the complementary—
sense strand Replication associated protein (Rep), Trans—acting protein (TrAP), Replication
enhancer (REn) and possible symptom determinant, and the silencing suppression gene (C4)
(Figure 1A). All components have the conserved nonanucleotide (S’-TAATATTAC-3’)
located at the origin of replication. In the intergenic region (IR) in addition to the
nonanucleotide, the analyzes identified in Rep the iterons: TGGTGTC for TGNV (Rep IRD
= MPRNQNSFRLA) and GGAGT for ToYNV (Rep IRD = MPRNPKSFRLQ) (Figure
1B) (Arguello-Astorga and Ruiz-Medrano, 2001).
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DNA-A

2.649 nts DNA-A

2.636 nts

Tomato golden net virus (TaGNV) Tomato yellow net virus (ToYNV)

(B)
GGACACCAGGCTTTGCTCTCAACTTCTGTGCTATTTGTTGGTGTTCTGGTCTCCCATTIATA
ToGNV  CTAAAAGCCTCTATGAATCTCTTAGGACACCAGGGGTAAAAGEGGCCATEETTATAATATTA

CTGGATGGCEEE] MPRNQNSFRLA

ACTCCAGGGGTTGAGCTCTCAACTTCTATGTCCTATTTGCTGGAGTCTGGAGTCCTATATAT
ToYNV  ACTAGAAGGCTAAAATCCTCTTCCAGGACTCCAAGTGGTACGGACGGGACTCCAGGGGGC

CTTAATATTACTGGATGGCCGC MPRNPKSFRLQ

B cP Iteron
B Rep [ TATA region
B TrAp [ stem-loop
I REN Nonanucleotide
Possible sd/ss Rep IRD
IR

Figure 1. Genomic organization of the two new tomato-infecting monopartite Begomovirus
species. Panel A: Diagrammatic representation of the circular genomes of Tomato golden net
virus (ToGNV) and Tomato yellow net virus (ToYNV) and their respective open reading frames
(ORFs). The ORFs AV1, AC1, AC2, AC3 and AC4 are color-coded according to the putative
function of their protein products. CP = capsid protein; Rep = replication-associated protein; TrAp
= transactivator protein; Ren = replication enhancer; sd = possible symptom determinant; ss =
possible silencing suppressor; IR = intergenic region, encompassing the hairpin; Panel B: A
segment of the intergenic region showing iterons, TATA region, nonanucleotide, stem-loop and
at the end Rep = IRD (Rep Iteron-Related Domain).
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The pairwise nucleotide sequence identities of DNA-A of two new species and other
begomoviruses were calculated using the SDT. The analysis showed that the TOGNV shared
in general 71-85% with other begomoviruses, whereas the closest identity levels of TOYNV
ranged from 74% to 85% (Figure 2). Phylogenetic analyzes showed that Tomato bright
yellow mottle virus (ToBYMoV — KC791691) and Tomato golden leaf spot virus (ToGLSV
— KC626021) were the viruses with closest genetic relationship (85% identity) to TOGNV. On
the other hand, Abutilon Brazil virus (AbBV — FN434438), Abutilon mosaic Brazil virus
(AbMBV - JF694482) and ToCLCV (MK558058) were the viral species with the closest
genetic relationship to ToYNV (Figure 2).
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Figure 2. Pairwise identity in Sequence Demarcation Tool (SDT) analysis carried out using the
information of the DNA—-A sequences of selected New World Begomovirus species showing their
phylogenetic identities/distances with two new tomato-infecting species: Tomato golden net virus —
ToGNV = MT214095 (in red) and Tomato yellow net virus — TOYNV = MT214096 (in green). These
Begomovirus species were identified by their accession number and by the acronym of the countries
where they were described: BR = Brazil; URU = Uruguay; EC = Ecuador; JM = Jamaica; MEX =
Mexico; CO = Colombia; USA = United States; VEN = Venezuela; GT = Guatemala. Species and
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GenBank accession numbers: Cabbage leaf curl virus — CaLCuV (MH359394); Rhynchosia golden
mosaic Yucatan virus — RnGMYuV (KP641349); Rhynchosia golden mosaic Sinaloa virus — RnGMV
(MK618662); Bean leaf crumple virus — BLCrV (KX857725); Bean calico mosaic virus — BcaMV
(AF110189); Euphorbia mosaic virus — EuMV (DQ395342); Tomato twisted leaf virus — ToTLV
(MK440292); Jacquemontia yellow vein virus —JacYVV (KY617094); Tomato severe leaf curl virus —
ToSLCV (AF130415); Desmodium leaf distortion virus — DeLDV (DQ875870); Abutilon golden
mosaic Yucatan virus — AbGMYV (KC430935); Sida golden mosaic Lara virus — SiGMLaV
(JX857693); Chenopodium leaf curl virus — ChLCV (HM626515); Cotton leaf crumple virus — CLCrV
(AY742220); Wissadula yellow mosaic virus — WYMV (KX691409); Tomato bright yellow mottle
virus— ToBYMoV (KC791691); Tomato golden leaf spot virus — ToGLSV (KC626021); Tomato rugose
yellow leaf curl virus — TRYLCV (JN381823); Tomato common mosaic virus — ToCmMV (KT203558);
Sida yellow leaf curl virus — SiYLCV (EU710750); Tomato chlorotic leaf curl virus — ToCLCV
(MK558058); Abutilon Brazil virus — AbBV (FN434438); Abutilon mosaic virus - AbMV (JF694482);
Corchorus mottle virus — CoMoV (JQ805781); Sida mosaic Alagoas virus — SIMAV (JF694472); Sida
yellow blotch virus — SiYBV (JX871380); Tomato golden leaf distortion virus — ToGLDV
(HM357456); Tomato interveinal chlorosis virus2 — TolCV2 (MK087038); Tomato leaf curl purple vein
virus — ToLCPVV (KY196216); Tomato yellow vein streak virus — ToYVSV (EF417915); Tomato
golden mosaic virus — TGVV (JF80325); Tomato mottle leaf curl virus — ToMoLCV (JF803251);
Macroptilium yellow net virus — MaYNV (JN418998); Tomato interveinal chlorosis virus — TolCV
(JF803252); Tomato chlorotic mottle virus— ToCMoV (KC706542); Tomato bright yellow mosaic virus
—ToBYMV (KC791690); Macroptilium yellow spot virus — MacY SV (JN419013); Bean golden mosaic
virus — BGMV (M88686); Tomato rugose mosaic virus — TORMV (AF2917050; Tomato severe rugose
virus — ToSRV (KC004074); Tomato golden mosaic virus — TGMV (JF694490); Tomato mild mosaic
virus — TOMMYV (EU710752); Tomato yellow spot virus — ToYSV (DQ336350); Okra mottle virus —
OMoV (EU914817); Tomato leaf distortion virus — ToLDV (KC706605); Sida mottle Alagoas virus —
SiMOAV (KX896415).

Recombination analyzes performed with the RDP 4 program, showed no evidence of
recombination events for TOYNV. However, for TOGNV, there was evidence of recombination
events in seven RDP statistical methods (p-value = 1.747 x 10'%), GENECONV (p-value =
5.362 x 10'1"), BootScan (p-value = 1.943 x 101%), MaxChi (p-value = 9.102 x 10®), Chimaera
(p-value = 2.360 x 107), SiScan (p-value = 7.445 x 10®), 3Seq (p-value = 4.509 x 10°). The
analyzes showed that this species closely resemble the major parent which is an isolate of

ToBYMoV, and the minor parent is Tomato severe rugose virus (ToSRV). The initial
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breakpoint is at nucleotide 1270 and the final breakpoint is at nucleotide 1476 involving

sequences from Rep, TrAP and REn genes.

The majority of tomato-infecting begomoviruses from Neotropical areas has bipartite
genomes. In our exhaustive set of analyzes, we were unable to detect cognate DNA-B
components in association with both ToOYNV and ToGNYV, indicating that they more likely
represent new monopartite begomoviruses. Currently ToMoLCV and ToLCPVV are the only
two tomato-infecting monopartite species reported infecting tomatoes in Brazil, which have
the typical genomic organization of New World begomoviruses (Ferro et al., 2017; Macedo
et al., 2018). Our overall analyses of the genomes of all four tomato-infecting monopartite
species (ToMoLCV, and ToLCPVV plus ToYNV and ToGNV) indicated that they are devoid
of the V2 movement protein which is present across the Old World monopartite
begomoviruses (Rojas et al., 2018). These observations suggest that the New-World
monopartite species may employ a distinct mechanism to perform this function. A study with
the Old—World monopartite species Tomato yellow leaf curl virus (TYLCV), indicated that
the proteins V1 (CP) and C4 may also be involved in the systemic viral movement within the
tomato cells (Rojas et al., 2001). Therefore, it is possible that V1 and C4 proteins display
analogous function to the BC1 protein responsible for cell-to—cell movement in bipartite
begomoviruses (Rojas et al., 2001). ToYNV was detected in species—specific PCR assays as
occurring in multiple infections with the bipartite species ToSRV and TGVV (in both GO-
169 and GO-189 samples), indicating that this novel virus may share the DNA-B component
with either one or both of these tomato-infecting viruses. Conversely, no co-infection was
detected in association with ToGNV (sample MG-378), suggesting that it might be a bona
fide monopartite virus. In conclusion, TOYNV and ToGNV comprise a peculiar group of
Neotropical monopartite begomoviruses, which convey enormous biological and molecular
interest. Additional characterization studies with infectious clones of these two new viruses
are necessary to elucidate their interaction with susceptible as well as resistant tomato cultivars

and in relation to their host range.
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GENERAL CONCLUSIONS

Using NGS combined with metagenomics, it was possible to catalog the
begomovirus diversity in samples of susceptible (without Ty-1) and resistant
(with Ty—1) tomatoes, collected in the Southeast (Minas Gerais) and Midwest

regions (Goias and Distrito Federal) of Brazil.

Tomato severe rugose virus (ToSRV), Tomato golden vein virus (TGVV),
Tomato chlorotic mottle virus (ToCMoV), Tomato mottle leaf curl virus
(ToMoLCV) and Tomato rugose mosaic virus (ToRMV) were the predominant

species in both pools of RCA samples.

Mixed infections were predominant in most of the tomato samples from both

resistant and susceptible pools.

Three new Begomovirus species were found, one with a bipartite genome in a
resistant tomato (DF-640) with the proposed name of Tomato mosaic severe
dwarf virus (ToMSDV). And two others in susceptible samples MG-378, GO-169
and GO-189, possibly containing monopartite genomes, which were provisionally
named Tomato golden net virus (TOGNV) and Tomato yellow net virus (TOYNV)

respectively.

A new Alfasatellite was identified in susceptible samples from the Federal
District, always in mixed infection with ToCMoV, TGVV and ToMoLCV. The

tentatively name was New world bipartite associated alphasatellite.

Sequence analyzes of Tomato yellow vein streak virus (ToYVSV) and Tomato
golden vein virus (TGVV) species indicated that both are closely related. Our
reassessment showed the need for a reclassification of misnamed isolates

available at GenBank.

166



e Thediversity of 161 isolates classified as BGMV indicated that they comprise two
distinct species: BGMV isolates from Phaseolus vulgaris and from a wide range
of hosts, and a closely related species (with identity ranging from 89 to 91% wotj
the reference BGMV isolate) which are occurring mainly in Phaseolus lunatus.
For this new viral species from P. lunatus, we suggest a previously proposed name

— Lima bean golden mosaic virus (LBGMV).

e In the present work, a Gemycircularvirus was identified in association with two
tomato samples collected in production fields in Goias. The species was identified
and tentatively named as Plant-associated genomovirus 12, also identified in
Larrea tridentata. This is the first worldwide report of a gemycircularvirus in

natural association with tomato.
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